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Jožef Stefan Institute
Ljubljana
Slovenia

David Payne
University of Illinois at Urbana-Champai
Urbana
Illinois, USA

ISBN 978-3-211-99310-1 ISBN 978-3-211-99311-8 (eBook)
DOI 10.1007/978-3-211-99311-8
Springer Wien Heidelberg New York Dordrecht London

Library of Congress Control Number: 2013956214

© Springer-Verlag Wien 2013
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief excerpts
in connection with reviews or scholarly analysis or material supplied specifically for the purpose of being
entered and executed on a computer system, for exclusive use by the purchaser of the work. Duplication
of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from
Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance Center.
Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

Chemical solution deposition (CSD) has emerged as a mature technique for the

fabrication of functional oxide thin films due to a number of advantages. While the

development of sol–gel type CSD processes for optical coatings of glass dates from

the mid-twentieth century, the first chemical solution-deposited complex electronic

oxide thin films were prepared only as recently as the 1980s. Since the initial

studies, a wide variety of perovskite-related and other compounds on various

types of substrates have been prepared as thin films with CSD techniques. Substan-

tial progress in the understanding of the processes has been made which enables the

fabrication of device quality films by CSDmethods nowadays. Various symposia of

the Materials Research Society on solution-based materials fabrication, workshops,

and conferences have been held and a number of more or less comprehensive

review articles and book chapters have been published on this topic. The whole

diversification, however, is barely represented in the above-mentioned reviews and

a comprehensive textbook on the CSD technology has not been available up to now.

The aim of the book is to comprise the experience of the last 25 years on CSD of

mainly electroceramic thin films, with some extensions, as well as CSD-related

application areas into a text and reference book. The content is written on a level

that should be comprehensible for Material Science students in their third year. So,

all the basic chemistry and physics knowledge for typical Material Science

curricula should be present.

With the unexpected death of Prof. Fred Lange, author of Chap. 16, and Prof.

Marija Kosec, coeditor and coauthor of several book chapters, during the work on

this monograph, the community unfortunately lost two outstanding researcher

personalities. While Lange was a pioneer in growing epitaxial films by CSD

methods, Kosec’s CSD-related work was dedicated to the understanding of compli-

cated reactions during solution synthesis and how to control these reactions with

regard to ferroelectric thin film preparation. She was always enthusiastically pro-

moting the field of CSD processing in the materials science community. In this

sense she was also an avid supporter of the European Union’s program for Cooper-

ation in Science and Technology (COST).
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General Introduction

Chemical solution based preparation of inorganic solid state materials by sol–gel

processing dates back to the mid of the nineteenth century, where Ebelmen discov-

ered that silicon alkoxides react slowly with humidity (hydrolysis) to yield hydrated

silica (gel) [1–3]. Almost 100 years later, first works to use sol–gel processes for

modification of optical glasses was focused on SiO2 layers [4] followed by further

single oxide coatings, such as TiO2, ZrO2, Al2O3 etc., as well as multilayer coatings

[5–7]. Since the 1950s optical coatings on large planes of glass have been produced

in this way on an industrial scale [8, 9].

In the 1970s, optically transparent electrically conducting films were developed

by the Philips research laboratory Aachen for heat-reflecting filters [10, 11]. In the

1980s, the pioneering works of Fukushima and coworkers [12] on metallo-organic

decomposition (MOD) and of the Payne’s group [13, 14] on sol–gel processing of

lead zirconate titanate (PZT) thin films have been the first steps into ternary and

quaternary perovskites, demonstrating that complex electronic oxide thin films can

be fabricated by chemical solution deposition (CSD) reaching desired properties

similar to the corresponding bulk materials. Together with the excellent works of

Klee [15–18], Sayer [19, 20], Kosec [21–24], Sporn [25], Milne [26, 27], Schwartz

[28, 29], and others on wet chemical synthesis of materials [30], these studies gave

the impetus for a rapid international growth of this field with investigations in the

world on functional oxide thin film devices. This is reflected in a number of review

articles and single book chapters [31–47]. The main drivers for the research

progress were ferroelectric thin film materials for applications in different kinds

of memory devices, in particular ferroelectric nonvolatile memories—FERAM, as

well as piezoelectric sensors and actuators, pyroelectric detectors of infrared radia-

tion, and integrated high-permittivity (high-k) capacitors. Thus most of the reviews

focus on these materials. Meanwhile the CSD method was also successfully applied

in other fields of functional oxides such as conducting thin films, i.e., electron

conducting, ion conducting, and superconducting films, for applications in displays,

solid oxide fuels cells, and coated conductors.
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The present book summarizes the developments of the last 25–30 years in the

field of CSD. It covers all relevant aspects starting from the precursor chemistry via

the processing aspects up to examples for applications. A generalized flow chart

of the CSD procedure, the main body of which is subdivided into parts according to

the different processing steps, is shown in Fig. 1.

These “Parts” plus “Analytical Methods” represent the organization scheme of

the book which will be shortly summarized below.

Film fabrication by CSD typically begins with the solution synthesis in the

chemistry lab (Part I). The main precursors are salts, carboxylates, or other

metallo-organic compounds such as metal alkoxides and metal β-diketonates,
which can often be purchased commercially or synthesized in-house by common

chemical synthesis strategies.

By simple dissolution or refluxing them at elevated temperatures in appropriate

solvents, sometimes with intermediate distillation steps, and mixing in the correct

stoichiometric ratio, precursor solutions are obtained, which usually contain the

desired thin film stoichiometry. Often additives such as chemical stabilizers are

included during synthesis to adjust the properties of the final coating solution.

Under certain circumstances compositional corrections with respect to the exact

metal oxide stoichiometry are required. These comprise:

• Losses due to the volatility of a component (e.g., PbO)

• Losses due to component diffusion into the substrate (e.g., Bi loss from stron-

tium bismuth tantalate—SBT)

• Intentional off-stoichiometry for desired generation of secondary phases or

native point defects

Next, the coating solution is deposited by a number of methods (Part III). Spin-

and dip coating in various modifications are the by far most frequently applied

techniques. Aerosol deposition (often denoted as spray coating) and, more recently,

ink-jet printing are more sophisticated methods allowing for a more conformal

coating or structured coating with reduced material consumption. Subsequently, the

(wet) as-deposited film is dried, pyrolyzed,1 crystallized, and (optionally) post-

annealed for further densification or microstructure manipulation (Part IV). Often,

individual processing steps such as gel formation and organic removal cannot be

separated as implied in Fig. 1. The conversion of the wet, as-deposited film into the

desired crystalline film is induced through controlled thermal processes in the

temperature range from ~200 to 800 �C, which have to be adjusted to the character

1 The term “pyrolysis” is normally defined as the conversion of solid organic materials into gases

and liquids by indirect heat under exclusion of air, or oxygen, respectively. The material within the

reaction chamber is heated to temperatures between 400 and 800 �C. The pyrolysis process is

sometimes referred to as thermolysis. This is merely a preference in the choice of terminology.

Although the process reaction volatizes and decomposes solid organic materials by “heat,” the

Greek translation of “pyro” is “fire,” whereas “thermo” is more correctly, “heat.” Thus—

thermolysis. Hence in case of the CSD technology, the term pyrolysis is predominantly used to

describe the decomposition of the organic matrix in air or oxygen [34].
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Fig. 1 Flow chart of a typical CSD process. It shows schematically the different processing steps

starting with solution synthesis, followed by deposition and crystallization, and ending with

functional oxide thin film devices. Frequently applied analytical methods are shown on the right

General Introduction ix



of the nucleation and growth behavior of the material under study. Typically hot

plates in combination with a conventional furnace or a rapid thermal annealing

(RTA) oven are employed for this transformation process. In specific cases, such as

temperature-sensitive substrates, the use of lasers for the annealing may be

indicated [48]. Depending on the specific CSD route and film deposition method,

numerous variations in thermal processing conditions are utilized. For example, if

the desired film thickness is not obtained in the first coating cycle, the deposition

and thermal process sequence are repeated to prepare thicker films. When the

desired film thickness is obtained, a final thermal treatment at a still higher

temperature may be employed to initiate crystallization, to improve microstructure,

or to increase film density.

As indicated by the double arrows in Fig. 1, the process can be monitored at

various stages by a number of analytical methods (Part II). X-ray diffraction (XRD)

and electron microscopy (scanning—SEM2 and transmission—TEM), well

established and often available in material science labs, are the standard methods

to characterize phase and morphology of pyrolyzed and crystallized films. To study

the solution chemistry and phase evolution, thermal analysis and Fourier transform

infrared spectroscopy (FTIR) are the most frequently applied methods. Moreover

X-ray absorption spectroscopy, although more sophisticated, is often employed

since it yields structural information from the precursors independent of the physi-

cal state, i.e., also from solutions and amorphous solids.

Finally oxide thin film devices, such as capacitors, piezoelectric actuators, or

conductors for various fields of applications can be fabricated from the crystallized

films (Part V).

In order to implement the CSD method for a thin film material system, a number

of general prerequisites for the precursor solutions, the substrates, and processing

itself have to be fulfilled in order to yield the desired results:

(a) Sufficient solubility of all educts in the solvent, i.e., formation of a stable 1-pot

coating solution

(b) Acceptable long-term stability of the precursor solution—reasonable minimum

times are about 1 month

(c) Selection of precursor systems that leaves solely the cations and oxygen present

upon pyrolysis and crystallization

(d) Adjusted solution rheology, i.e., modification of the solutions depending on the

applied coating technique to avoid failures such as striations in spin coating, or

sticking, and uncontrolled purging, respectively, of the precursor ink in the

nozzles of an inkjet printer

(e) Adequate wettability of the substrate.

(f) Homogeneity, ideally at an “atomic” level, should be retained during the whole

process, i.e., macroscopic phase separation of precursor components in the

solution, during drying or pyrolysis must not occur

2 Sometimes the term FESEM is used instead of SEM to indicate that the microscope works with a

field emission cathode.
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(g) Crack and compositional nonuniformity formation during thermal processing

have to be avoided

(h) Marginal interdiffusion of film and substrate constituents

(i) Minimal degradation of substrate properties during film processing.

If these requirements are fulfilled and if processing conditions are optimized, the

CSD technique represents a rapid and cost-effective method of synthesizing high

quality functional oxide thin films.

Organization of the Book

According to Fig. 1 the book is subdivided into the following five parts, which are

further subdivided into individual chapters:

• Part I—Solution Chemistry

• Part II—Analytical Methods

• Part III—Deposition Techniques

• Part IV—Processing and Crystallization

• Part V—Functions and Applications

Each “Part” starts with a short survey on the corresponding content. A comple-

mentary “Appendix” chapter containing practical recipes for CSD processing

concludes the book.

Aachen, Germany Theodor Schneller

Jülich, Germany Rainer Waser
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Gläser. Deutsches Reichspatent, assigned to Jenaer Glaswerk Schott & Gen., Jena 736 411

5. Dislich H (1986) Sol-gel: science, processes and products. J Non-Cryst Sol 80:115–121

6. Schroeder H (1962) Properties and applications of oxide layers deposited on glass from organic

solutions. Opt Acta 9:249–254

7. Geffcken W (1951) Dünne Schichten auf Glas. Glastech Ber 24:143–151

8. Dislich H, Hussmann E (1981) Amorphous and crystalline dip coatings obtained from organo-

metallic solutions. Procedures, chemical processes and products. Thin Solid Films 77:129–139

9. Aegerter MA, Mennig M (2004) Sol-gel technologies for glass producers and users, 1st edn.

Springer, Heidelberg

General Introduction xi
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Part I

Solution Chemistry

In Part I the most important classes of educts, and precursor solutions respectively,

used for CSD processing are discussed in detail. For solution synthesis from the

different precursors various approaches ranging from simple dissolution of the

starting material in a suitable solvent up to an initial conversion of the starting

material into a more soluble or more stable derivative by refluxing and distillation

are available. The simple rule “similis similia solvuntur” (like dissolves like), which
was already known by the alchemists in ancient times, still helps to find a suitable

solvent for the start of the syntheses. Certainly this rudimentary rule gives only the

first hint for the starting point and optimization has to be performed later on. This

means for example that highly polar educts like metal nitrates typically dissolve

well in water, but not in cyclohexane but on the other hand long chain metal

carboxylates such as 2-ethylhexanoates will not dissolve in water or methanol. In

any case the preparation of a “homogeneous” solution including all the necessary

cation species that may later be applied to a substrate according to the requirements

enumerated in the corresponding chapters of this book is mandatory. But dissolu-

tion of the educts is not the only issue for the choice of synthesis strategy. One has

also to consider other aspects like wettability, chemical stability and flowability of

the resulting precursor solution. Furthermore the requirements of appropriate solu-

bility combined with pyrolysis that leaves solely the cations (and oxygen) as a

residue, represent an exceptionally significant limitation regarding the choice of

educts. Typically, metallo-organic compounds are suitable due to the fact that their

solubility in polar or non-polar solvents can be tuned by modifying the organic part

of the molecule, and because the organic moiety pyrolyzes in oxidizing ambient

atmosphere without residue. The synthesized precursor solution must also ensure

that no macroscopic phase separation of precursor components during drying or

pyrolysis occurs, i.e. the crystallization of the individual components upon solvent

evaporation should be avoided and homogeneity at an “atomic” level should be

retained.

The first two chapters will deal with the educts which are mainly employed for

solution synthesis i.e. simple alkoxides and carboxylates. In Chap. 3 strategies to

prepare stable coating solutions from mixtures of these two classes of compounds

http://dx.doi.org/10.1007/978-3-211-99311-8_3


as well as precursor solutions containing different metal alkoxides are explained.

Then more specific precursor solution approaches, such as the single-source

precursors, polymer assisted deposition, and water based precursor solution

approaches will be described in Chaps. 4–6.

It has to be noted that also nitrates and sometimes chlorides (e.g. for indium tin

oxide—ITO) have been used for the preparation of precursor solutions, but less

frequently due to e.g. problems with “micro-explosions”, and the tendency of phase
separation during drying, because of crystallization of one component. For the

introduction of dopants however metal nitrates can be used due to the low absolute

amount of some mole percent. Halides may cause problems, if they are not

completely removed during processing and may change the defect chemistry of

the final oxide.

As it becomes clear from this short review of solution synthesis aspects that

exploring new or optimized compositions of (thin film) materials is often tedious

work so that combinatorial synthesis approaches have been adopted from the

biochemistry community. By means of PZT automated synthesis schemes have

been used to create libraries of compositionally varied mixed oxide thin films from

mixable precursor solutions of the end members lead titanate and lead zirconate

with different lead excess. The complementary established automated setup for the

measurement enabled a basic proof of concept [1, 2]. The influence of the kind of

precursor chemistry on the nucleation and growth of the PZT, as it was found in

conventional CSD has not been considered in this technique yet.
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Chapter 1

Simple Alkoxide Based Precursor Systems

Theodor Schneller

1.1 Introduction

Metal alkoxides, sometimes also called metal alcoholates, represent probably the

most important class of compounds used in the synthesis of precursor solutions for

CSD processing of metal oxide based thin film materials. Although they are

typically more expensive than metal nitrates, oxides, hydroxides, carbonates or

carboxylates, they offer a number of advantages such as purity and purification

possibilities (crystallization or distillation), respectively, solubility in organic

solvents, chemical reactivity and options for chemical modifications. Moreover

these compounds have great potential as precursors in bulk for producing new or

better ceramic materials which will not be part of this book but also shows the

relevance of metal alkoxides for modern technology. This is consequently also

reflected in a vast number of original research publications leading to an advanced

knowledge of the structural, chemical and physical properties of these compounds.

In 1978, Bradley and Mehrotra, and Gaur wrote the first in-depth book1 which has

become the reference book of choice for a large number of chemists and materials

scientists for many years [2]. More recently Turova et al. [3] published a further

valuable monograph on metal alkoxides which contains up-to-date findings and is

devoted to the general questions on their chemistry, and is therefore extremely

useful to chemists and technologists who apply metal alkoxides in practice.

It is not the aim of the present chapter to write a further detailed review on metal

alkoxides but instead this set out to provide a general introduction into their

chemistry, in particular in relation to the sol-gel reaction using commonly encoun-

tered homometallic alkoxides. The chemical principles which are important for

using them as starting compounds for CSD precursor solution synthesis will be
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given. Synthesis concepts for alkoxides are only briefly discussed since frequently

used good quality alkoxides are commercially available. For comprehensive details

on the manifold aspects of metal alkoxides, the reader is encouraged to refer to the

textbooks mentioned above [1–3] and references therein. Details on the modifica-

tion of titanium alkoxides, which represents the best investigated class of transition

metal alkoxides, may be found in a more recent review of Schubert [4].

1.2 Fundamental Properties

Metal alkoxides possess the general chemical formula [M(OR)z]n (where M can be

a metal or metalloid of the valence z, R is a general organic residue (often simple

alkyl, substituted alkyl, or alkenyl groups), and n represents the degree of molecular

association. They are formally derived by replacing the proton of the hydroxyl

group of an alcohol molecule (R-OH) with a metal cation and in some cases they are

the result of a direct reaction between a metal, M, and an alcohol, ROH. The direct

electrochemical preparation of metal alkoxides by anode dissolution of metals in

absolute alcohols in the presence of a conductive admixture is another interesting

method [5]. It represents a kind of extension of the simple dissolution to less

reactive metals. Most of the metal alkoxides are synthesized from the

corresponding metal chloride by reaction with an anhydrous alcohol. To remove

the formed hydrochloric acid (HCl) and to drive the reaction to completion,

ammonia is often added, leading to the formation of a precipitate of ammonia

chloride, which can be filtered of [1, 3]. Detailed information on almost all

alkoxides with regard to suitable preparation methods and physical properties

may be found in the book of Turova et al. [3]. Since numerous different alcohols

are available, a large variety of alkoxides can be produced for each metal. Table 1.1

gives an overview on the alkoxy ligands and alcohols [13] used for precursor

preparation in CSD processing. A rating of the importance of certain alkoxides

for the application in precursor solution synthesis is indicated in this table by “++”

(most frequently), “+” (frequently).

Compared to silicon, metals possess a lower electronegativity and typically

higher coordination numbers (N) than their oxidation state or rather valency,

which results in more polar M-OR bonds (Fig. 1.1) and the tendency to the

so-called coordination expansion. Thus metal alkoxides are typically regarded as

Lewis acids, which means that they can interact with molecules having lone pairs of

electrons, i.e. Lewis bases. The most obvious consequence of non-stabilized metal

alkoxides is that they are very sensitive towards the nucleophilic attack of water

molecules. On top of that, ligand exchange and molecular association may take

place, depending on the type of central metal, organic residue (R) and nature of

solvent (vide infra).

Hence in the presence of water, (often) hydrolysis is induced quickly and this

leads to the formation of metal hydroxides (M-OH) with the concurrent release of

alcohol molecules.
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M �ORð Þz þ z H2O ! M �OHð Þz þ z ROH (1.1)

In fact the situation is much more complex than what it seems from reaction

equation (1.1) and finally leads to the well-known sol-gel transition which is

Table 1.1 Structural elements and nomenclature of alkoxy ligands, and alkoxides, respectively

Alcohol

R(OH)

Skeletal structure of the

metal-bound alkoxy ligand

Alkoxide

R-O�
Abbreviation

OR residue

Methanol

CH3OH

Methoxide OMe

Ethanol

C2H5OH

Ethoxide+ OEt

1-Propanol

(n-propanol)

C3H7OH

1-Propoxide++

(n-propoxide)

OnPr

2-Propanol

(iso-propanol)

C3H7OH

2-Propoxide++

(iso-propoxide)

OiPr

1-Butanol

(n-butanol)

C4H9OH

1-Butoxide++

(n-butoxide)

OnBu

2-Butanol

(sec-butanol)

C4H9OH

2-Butoxide++

(sec-butoxide)

OsBu

2-Methyl-1-propanol

(iso-butanol)

C4H9OH

2-Methyl-1-

propoxide

(iso-butoxide)

OiBu

2-Methylpropan-2-ol

(tertiary-butanol)

C4H9(OH)

2-Methylpropan-

2-oxide

(tert-butoxide)

OtBu

1-Pentanol

(n-amylalcohol)

C5H11(OH)

1-Pentoxide

n-amyloxide

OnAm

3-Methy-1-butanol

(iso-amyl alcohol)

C5H11(OH)

3-Methy-1-butan

oxide

iso-amyloxide

OiAm

2-Methyl-2-butanol

(tert-amyl alcohol)

C5H11(OH)

2-Methyl-2-butan

oxide

tert-amyloxide

OtAm

2,2-Dimethyl-1-propanol

(neo-pentyl alcohol)

C5H11(OH)

2,2-Dimethyl-1-

propane oxide

(neo-pentoxide)

ONep

2-Methoxyethanol

CH3OC2H4(OH)

Methoxyethoxide+ –a

2-Aminoethanol

NH2C2H4(OH)

Aminoethoxide –b

aNo general abbreviation established, but sometimes “OMoe” may be found e.g. [6]. Usage of

other glycolethers also described e.g. [7, 8]
bNo general abbreviation established. Besides 2-aminoethanol (e.g. in [9]), also diethanolamines

and triethanolamine were used e.g. [10–12]
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explained in more detail in Sect. 1.4.1. Moreover this reactivity towards water is a

double-edged sword since on the one hand it helps to remove the organic material at

very moderate temperatures by simple evaporation of the released alcohol

molecules, but on the other hand several precautions, such as synthesis under

inert gas atmosphere or addition of stabilizing agents (Sect. 1.5) in order to avoid

premature particle or gel formation, have to be taken during solution synthesis

(cp. Chap. 3).

1.3 Structural Aspects

The chemical structure of metal alkoxides, which is important for the reactivity and

the usefulness in the synthesis of precursor solutions for CSD, usually does not

simply resemble the elemental formula M(OR)z derived from the valence (z), of the

metal M. In contrast to the silicon alkoxides, aggregation or coordination polymer-

ization often takes place and the resultant real structural formula of metal alkoxides

([M(OR)z]n) is typically very hard to know. From the literature [1], the general

electronic and sterical factors which influence the extent of aggregation or molecu-

lar complexity (n) can be summarized as follows:

• Higher electron deficiency of the metal atom increases the degree of aggrega-

tion, which depends on the electronegativity (e.g. according to the Pauling scale)

of the metal

• Coordinatively unsaturated metal atoms try to reach their preferred coordination

number (N), e.g. Ti+IV with N ¼ 4 tends to achieve an octahedral coordination

(N ¼ 6) (e.g. Fig. 1.2e)

• One or both of the lone pairs of the oxygen atom in the metal bound OR-group

can basically act as an electron pair donor for another metal leading to the

formation of alkoxo bridges (μ2 or μ3) (Fig. 1.2e, f)
• The larger the size of the metal atom, the greater is the tendency to increase the

degree of association (n) by forming alkoxo bridged systems

• Steric hindrance due to bulky alkoxide groups, i.e. increasing size of the alkyl

substituents R e.g. in the series CHMe2, < CMe3 < CHiPr2 < CHtBu2 < CtBu3,

leads to a decrease in molecular complexity

These steric and electronic factors also influence the physical properties of the

metal alkoxides to a large extent. According to Bradley et al. [1], the M-OR bonds

(in alkoxides of metallic elements) would be expected to possess significant ionic

Fig. 1.1 Schematic of the polar metal-oxygen bond in metal alkoxides. This polarity is caused by

the different electronegativities of the metal and the oxygen atoms leading to positive and negative

partial charges on these atoms as indicated by δ+ and δ�, respectively

6 T. Schneller
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Fig. 1.2 Selection of structures, which have been found for different metal alkoxides. The arrows
indicate the donor character of the free lone pairs of the oxygen atoms in the alkoxides enabling the

coordinative bonding in the alkoxides and thus increased molecular complexity. The grey boxes in (a)
and (b) indicate exemplarily the different bridging bonding modes μ2 and μ3, where two and three,

respectively, metals are bond through the oxygen of an alkoxide group by means of conventional

two-electron covalent bonds. (a) cubane structure (e.g. [Tl(OMe)]4 [14], [M(OtBu)]4 withM ¼ K, Rb,

Cs [15–18]); (b) dimer of bridged tetrahedral units, e.g. [Al(OtBu)3]2 [19, 20]; (c) tetramer of mixed
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character due to the high electronegativity of oxygen (3.5 on the Pauling scale).

Thus the polar metal-oxygen bonds (Fig. 1.1) in metal alkoxides could be expected

to possess around 65 % ionic character for metals with electronegativity values of

the order of 1.5–1.3 (aluminium, titanium, and zirconium) to about 80 % ionic

character for more electropositive metals with electronegativity values in the range

of 1.2–0.9 (alkali, alkaline earth, and lanthanide metals). However, most of these

alkoxides show a fair degree of volatility and solubility in common organic

solvents, which can be considered as characteristic of covalent compounds. In

order to explain the attenuation in the polarity of the metal-oxygen bond, three

main factors have been suggested [1].

1. The inductive effect (electron releasing nature, i.e. +I) of the alkyl groups at the
oxygen atom, which increases with the branching of the alkyl chain

2. The presence of oxygen p to metal d π-bonding for earlier transition metals,

which increase the covalent character and hence metal-oxygen bond strength

3. The formation of oligomeric species (higher molecular complexity, n) through

alkoxo bridges as shown for example in Fig. 1.2b

As an illustrative example, a comparison of the volatilities of the two isomeric

zirconium butoxides Zr(OnBu)4 and Zr(OtBu)4 can be made. While the former

butoxide had a high boiling temperature of 243 �C under 0.1 mmHg

(1.33 � 10�4 bar) pressure [26] the latter could be distilled at 55 �C under practi-

cally the same pressure [39]. This surprisingly large difference led to an increased

interest into these properties in the early 1950s [26, 30, 31, 39–41]. From the results

of the extensive studies, it was concluded that the significant difference in

the molecular complexity values of ~3.5 and 1.0 (in refluxing benzene) for the

Zr(OnBu)4 and Zr(OtBu)4 isomers, respectively, causes this behavior. Hence, the

more oligomeric Zr(OnBu)4 needs more energy to depolymerize the structure to

liberate monomeric molecules in the gas phase, indicating that the alkoxide bridges

are rather strong. Bradley states [42] that for most of the metal alkoxides, the

strength of the alkoxide bridges is sufficiently great to preclude the alternative

mechanism for coordination expansion, namely the addition of another ligand L

containing a donor atom. This is typically observed in the case of non-polar

solvents. On the other hand in polar solvents, the association of free solvent

molecules is often preferred, leading to a lower degree of oligomerization

(Sect. 1.2) [43]. It should be noted that this may have a large impact on the

achievable precursor solution homogeneity in a given educt/solvent system.

Fig. 1.2 (continued) tetrahedral and octahedral units, e.g. [Al(OiPr)3]4 [21, 22]; (d) tetrahedron,

e.g. Ti(OR)4 (R ¼ iPr, tAm) [23]; (e) tetrameric octahedral units (e.g. [M(OEt)4]4) M ¼ Ti, W

[24, 25]; bridged (edge shared) octahedral units consisting of (f) M2(OR)8(LH)2 with solvent

adduct L-H (L ¼ R0 or NHR00) which forms additional hydrogen bridges (e.g. M ¼ Zr, Hf, Ce;

R ¼ OiPr; L ¼ OiPr [26–28] , M ¼ Ti; R ¼ OiPr; L ¼ NHPr [29]) and (g), e.g. [M(OR)5]2
(M ¼ Nb, Ta; R ¼ Me, Et, iBu) [30–34]; octahedron, e.g. W(OMe)6 [35–38]
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Looking at some of the simplest soluble representatives of some quadrivalent

alkoxides (ethoxides2), the physical properties can be correlated to the size and

electronegativity of their central metal atom (Table 1.2). A clear enhancement in

molecular complexity and boiling points with reducing electronegativity and size of

the central atom is revealed. It may be argued that for CSD processing, in contrast to

metal organic chemical vapor deposition (MOCVD), the volatility of metal

alkoxides is not directly relevant or even unwanted at least for the solution itself,

but it should be considered as the volatility of various metal alkoxides is rather

interesting from the structural point of view, as well as synthetical point of view.

A reasonable volatility is quite useful for the purification of these precursor

compounds by distillation prior to use in solution synthesis.

The simplest way to get a rough indication if a metal alkoxide is molecular,

including oligomeric, or polymeric is through its solubility in organic solvents.

However, it leaves the question of the exact degree of oligomerization, n,

(e.g., monomer, dimer, trimer, . . .) unanswered [46]. This molecular complexity

is usually estimated from careful solution-phase molecular weight measurements

by cryoscopy or ebulliometry [1], but one has to bear in mind that even under

optimal conditions an accuracy of not more than 10 % for “real world” samples can

be achieved [46]. When one addresses objectively the possible coexistence of two

(or more) oligomers, this may cause certainly a problem. However in case of using

alkoxides as educts for the synthesis of CSD precursor solutions, the data obtained

from measurements of colligative properties still give good hints for the develop-

ment of the understanding of homogeneity issues in precursor systems.

Table 1.2 The effect of central atom electronegativity and atomic radius on some physical

properties of tetravalent metal ethoxides, M(OEt)4 after [2]

Central atom

M M(OEt)4

Electronegativity Atomic radius (Å) B.p. (�C/mmHg)

Degree of

polymerization

C 2.50 0.77 158/760 1.0

Si 1.74 1.11 166/760 1.0

Ge 2.02 1.22 86/12.0 1.0

Sn 1.72 1.41 –a 4.0

Ti 1.32 1.32 103/0.1 2.4

Zr 1.22 1.45 190/0.1 3.6

Hf 1.23 1.44 178/0.1 3.6

Ce 1.06 1.65 –b –b

Th 1.11 1.65 300/0.05 6.0
aTin tetraethoxide could not be volatilized without decomposition even under reduced pressure

[44]
bCerium tetra ethoxide is an insoluble non-volatile solid (decomposition without melting above

200 �C under reduced pressure) pointing to high degree of polymerisation [45]

2 The metal methoxides are typically polymeric and do not dissolve in organic solvents. They

decompose without melting and cannot be evaporated [3].
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With the advent of spectroscopic methods, such as infrared spectroscopy

(FT-IR—see Chap. 9), nuclear magnetic resonance spectroscopy (NMR-1H and

multinuclear), extended X-ray absorption spectroscopy (EXAFS—see Chap. 8) and

mass spectrometry, higher accuracy and even details of chemical structures could

be obtained. In some cases, single crystals could be prepared and the solid state

structure could be determined by X-ray structure analysis. Summary of the results

can be found in a number of text books and excellent articles [1, 4, 47–49].

Figure 1.2 shows some typical structures of metal alkoxides which are often

found.

Gaining knowledge of the exact chemical structure of molecules is of substantial

interest of every chemist, but in spite of the advanced spectroscopic methods

available nowadays, it is often hard to obtain for the “genuine precursor molecules”

in the real coating solutions. On the other hand, this lack of knowledge has not

prohibited the community to prepare excellent functional oxide film materials from

multi-source3 precursor solutions in most cases. However, some materials need

special precautions in order to get crystallites with phase pure, dense, and/or in a

specific orientation of the crystallites. The problem often happens if during thermal

processing, intermediate phases are formed. In addition inhomogeneities or phase

separation in the multicomponent precursor solutions prior or during the deposition

process can additionally contribute to secondary phases. Such phases are either

hard to decompose in the temperature range normally available for CSD, form

gaseous products upon decomposition, or act as nucleation sites. Multiphase, fine-

crystalline, nanoporous, and sometimes not well oriented ferroelectric (Ba,Sr)TiO3

(BST), Pb(Zr,Ti)O3 (PZT), and (K,Na)NbO3 (KNN) films may serve as examples to

illustrate these issues [50–57]. Therefore structural aspects are also relevant for the

development of the microscopic understanding of the transformation process from

the original solution to the finally crystalline film.

In addition to the more compound intrinsic factors mentioned above, extrinsic

parameters, such as temperature, concentration, and nature of solvent (coordinating

or non-coordinating), influence the degree of molecular complexity. This can give a

starting point to tailor the metal alkoxide precursor for the use in solution synthesis

for CSD because an increasing molecular complexity of a given metal alkoxide

M(OR)z leads to a decreasing reactivity [58]. On the other hand higher nuclearities

may lead to inhomogeneities in precursor solutions, in particular for complex metal

oxide thin films.

In the following sections, some general aspects of chemical reactivity including

approaches to chemical modification are presented. The behavior of titanium,

zirconium and aluminium alkoxides, representing the most frequently used and

investigated types of alkoxides, may serve as illustrative examples.

3 In contrast to single-source precursors (see Chap. 4), where well defined heterometallic precursor

molecules are synthesized and used as precursors in the coating solution, multi-source means that

individual educts, which could be alkoxides, carboxylates, nitrates are mixed together in such a

way, that a chemically stable one-pot precursor solution results (see e.g. Chap. 3).
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1.4 Chemical Reactivity

As already pointed out in Sect. 1.2 the Lewis acid properties4 of metal alkoxides

govern the chemistry of metal alkoxides to a large extent [1, 3, 4, 60]. Water

represents the most simple but also most critical Lewis base since it induces the

sol-gel transition, which has to be controlled if stable precursor solutions and good

coating properties are to be achieved. Due to the importance of metal alkoxides as

precursor molecules, in the following section at first some details of the sol-gel

transition are reviewed. Then in the further course of this section, typical

possibilities to modify metal alkoxides in order to tailor their properties for CSD

processing are presented.

1.4.1 The Sol-Gel Transition

Metal alkoxides undergo at first a hydrolysis reaction (often fast) which is typically

not the final stage but an intermediate step followed by condensation reactions

leading to metal-oxygen-metal bonds with an overall stoichiometric reaction equa-

tion given by:

M ORð Þz þ z=2 H2O ! MOz=2 þ z ROH (1.2)

This reaction will lead to oligomers, polymers or particle precipitates, i.e. a

macromelecular three-dimensional oxide network. The generally accepted main

steps of the key reactions of this so-called sol-gel process will be described in the

following paragraphs [13, 60, 61].

1.4.1.1 Hydrolysis

During hydrolysis, the alkoxy groups are successively replaced either by

hydroxoligands (-OH) or oxo-ligands (¼O) by similar substitution reactions. The

mechanism of the hydrolysis reaction is typically explained as a nucleophilic

substitution [60, 61] where water acting as a Lewis base attacks the metal atom

of the alkoxide (Lewis acid) in the first step (Fig. 1.3), followed by proton transfer

from the entering water molecule to the leaving group in the transition state. Finally

an alcohol molecule is released.

4 It should be noted that Kessler et al. [59] argumented that metal alkoxides are rather Lewis bases

and very weak Lewis acids and that ligand exchange and hydrolysis proceeds through a proton

assisted SN1 mechanism with a number of consequences. It is not the aim of this chapter to discuss

this issue. In order to use and modify metal alkoxides for CSD precursor solution synthesis, as well

as understanding the behavior at least on a qualitative level, the classical model description for the

sol-gel behavior of alkoxides is very illustrative and will be therefore presented here.
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If the hydrolysis is extensive, precipitation of ill-defined metal hydroxide or

oxide/hydroxide species may occur. However, the goal of using these alkoxide

precursors for CSD processing is to control the hydrolysis and subsequent conden-

sation reactions (shown below). If properly manipulated, these reactions lead to the

formation of short chain polymeric species referred to as oligomers which are still

soluble in the solvent of the precursor solution. The reaction is basically influenced

by the following factors [13, 60]:

• Character of the alkyl group (long/short chain, branched etc.)

• Nature of solvent

• Concentration of each species in the solution

• Molar ratio of water to alkoxide rw ¼ [H2O]/[alkoxide]

• Temperature [63, 64]

In principle, each metal alkoxide has to be considered separately. For a number

of technically relevant alkoxides of titanium, zirconium, and aluminium, such

hydrolysis studies have been performed, the details of which are beyond the

scope of this chapter and may be found summarized elsewhere [3, 13]. Nevertheless

the results from the different works lead to the generalized rule of thumb, that the

sensitivity towards hydrolysis and condensation, depends mainly on the positive

partial charge of the metal atom δ(M) [60] and the ability to increase its coordina-

tion number (N). Table 1.3 lists the various factors that affect the sensitivity for

some common cations.

A large positive partial charge corresponds to a rapid reaction rate for the

transition metal alkoxides compared to the silicon alkoxides with similar organic

residues. Thus the hydrolysis of the latter has to be typically accelerated by acid or

base catalysts. The coordinative unsaturation, i.e. the difference between the usual

coordination number and the valence z of the corresponding metal cation is a more

simple reactivity criterion. Applied to the series of different metal tetra

Fig. 1.3 Schematic of the hydrolysis mechanism after [60, 62]. The associative nucleophilic

substitution is typically characterized by a three step process. In the first step one of the oxygen

lone pairs of a water molecule attacks the partially positive charged metal atom M. This nucleo-

philic addition leads to the transition state (I) where the N of M has increased by one. In the second

step a proton is transferred within this transition state from the entering water molecule to the

partially negative charged oxygen of an adjacent alkoxy group leading to the intermediate state

(II). The third step is the departure of the better leaving group (grey box) [In general a leaving

group is an atom (or a group of atoms) that is displaced as stable species taking with it the bonding

electrons. Typically the leaving group is an anion (e.g. Cl�) or a neutral molecule (e.g. H2O or

ROH).] which should be the most (partially) positive charged species within the transition state (II)
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isopropoxies given in table above, the increasing values for N-z from Si to Ce are in

accordance to the found order of increasing sensitivity-to-hydrolysis (Si << Sn <
Ti < Zr < Ce) [1]. In addition to the positive partial charge and ability to achieve

higher coordination numbers, differences in the molecular structure of metal alkox-

ide with the same central metal will also lead to a different behavior in hydrolysis

and subsequent condensation reactions [66–68].

1.4.1.2 Condensation

Condensation, which is also a rather complex process, starts as soon as hydroxo-

groups have been formed. Different competitive pathways for the condensation

reaction are typically described in literature. According to Livage et al. [60],

condensation by (alkox)olation and by olation are defined as follows:

Condensation by (Alk)oxolation

Similar to the situation in aqueous metal salt solutions,5 in the condensation

mechanism of alkoxides by oxolation, first an “ol” bridge has to be formed

[13, 60]. Subsequently, a simple proton transfer to another hydroxy- or alkoxy

group has to take place to form an “oxo” bridge and the “leaving group” (Fig. 1.4).

Finally, the metal-oxygen-metal bonds are formed by water- or alcohol elimina-

tion. To differentiate between proton transfer to a hydroxy- or an alkoxy ligand, the

first condensation pathway (Fig. 1.4b) is denoted oxolation and the second one is

called alkoxolation (Fig. 1.4a).

In some cases, the formation of metal-oxygen-metal bonds by oxolation can also

result from a de-etheration as shown in Eq. (1.3) [13].

Table 1.3 Data for

coordinative unsaturation

(N-z) of some tetravalent

metal cations (z ¼ +4) and

positive partial charge

δ(M) on the metal atom of

their iso-propoxides

Cation N (N-z) Alkoxide δ(M)

Si 4 0 Si(OiPr)4 +0.32

Sn 6 2 Sn(OiPr)4 –

Ti 6 2 Ti(OiPr)4 +0.60

Zr 7 or 8 3 or 4 Zr(OiPr)4 +0.64

Ce 8 4 Ce(OiPr)4
a +0.75

Data from [65]
aCerium alkoxides are extremely sensitive to humidity. Even

small amounts of water lead to precipitation

5Metal salts are not subject of this chapter. However the hint to the similarity in the hydrolysis and

condensation scheme is given, because metal salts in aqueous media are used in the chemical bath

deposition technique, which is described in Chap. 14.
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‐M‐ORþ RO‐M ! ‐M‐O‐M þ ROR (1.3)

Condensation by Olation

Depending on the experimental conditions and the nature of the metal alkoxide,

olation, i.e., bridging two metals via an OH-group can occur. This so-called olation

can occur if the metal alkoxide is coordinatively unsaturated (N-z 6¼ 0). As shown

schematically in Fig. 1.5, it also follows a SN2 nucleophilic substitution mechanism

but without proton transfer in the transition state, which accelerates the whole

reaction. The leaving group is either an alcohol (Fig. 1.5) or a water molecule,

depending on the water and acid/base concentration in the medium [13, 60].

Water is released in case of solvated metal alkoxides and follows basically the

same scheme as shown above by replacing the organic residue (R) with a hydrogen

atom (H).

In summary, all of the four reaction types previously described may be involved

in the ongoing hydrolysis-condensation processes, which gradually develop a three

dimensional network. Depending on the degree and type of polycondensation in the

early stages, a stable suspension of colloidal solid particles or polymers in a liquid

(sol) and later a solid phase (gel) will form. By definition, gels consist of a porous,

3-D continuous network surrounded and supported by a continuous liquid phase

(wet gel). These gels can be formed by agglomeration of dense colloidal particles

(amorphous or crystalline), which are often denoted particulate gels, or the so

called polymeric gels that is resulting from the entanglement of polymer chains or

Fig. 1.4 Schematic of the condensation mechanism by (a) alkoxolation and (b) oxolation after

[60]. In both reaction pathways the reaction sequence starts according to the same principle than in

the hydrolysis, i.e. at first nucleophilic attack of an oxygen lone pair of a metal hydroxide species

to the partially positive charged metal atom M takes place. This nucleophilic addition leads to the

“ol” bridge containing transition state (I), followed by proton transfer yielding the “oxo” bridge

containing intermediate state (II). The release of an alcohol molecule (a) or a water molecule (b) as

leaving groups finalizes the sequence
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the aggregation of particles having a polymeric substructure [69]. Similar to any

chemical reaction, this sol-gel process is accelerated by heat as the rate of both

reactions increases together with the temperature [70]. In addition, the reaction

mechanisms shown above directly suggest a significant influence of the pH on the

kinetics and hence the type and shape of the inorganic polymers (linear or branched

polymers, colloidal particles). If carefully controlled, these factors are useful for the

tailoring of the sol-gel preparation of a large variety of bulk materials with different

structures.

However in CSD processing, the gel formation has to be avoided under all

circumstances until the as-deposited homogeneous film has been obtained. Thus

during solution synthesis, and also during long term storage, gel formation has to

avoided or at least be significantly delayed by suitable measures. In the following

section, common modifications of alkoxide precursors are described.

1.4.2 Chemical Modifications

The Lewis acid properties of metal alkoxides make them not only prone to fast

hydrolysis-condensation reactions, but also give the researcher possibilities to

chemically modify them. Thus substitution reactions lead to new molecular

precursors displaying different behavior not only with respect to the sol-gel reaction

but also display different volatilities and thermal stabilities. Nevertheless one has to

bear in mind that with substitution, some metal alkoxides (e.g. Ti(OR)4), which are

used in organic chemistry for a number of catalytic reactions due to their Lewis acid

properties, may give rise to competing organic reactions. The simplest way to

modify alkoxides is through the solvent itself, because it actually behaves as true

chemical reagent. If a solvent possesses hetero atoms, e.g. oxygen or nitrogen, it is

able to react with the metal alkoxides and change the precursor at a molecular level.

Organic compounds containing only these atoms are of major interest for applica-

tion in CSD of electronic oxides as they do not contain halide, sulfur, or phospho-

rous atoms, which, if they remain as impurities after decomposition, can have

deteriorating influence on the electrical properties. Nabavi et al. illustrated this

Fig. 1.5 Scheme of the condensation mechanism by formation of “ol”-bridges (olation) shown by

means of alcohol as a leaving group. This is the case if the attacked metal alkoxide complex

contains a protonated alkoxy ligand. Again the first step is a nucleophilic attack of the lone pair of

an oxygen atom, but already in the second step the leaving group separates from the complex (I)
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role of the solvent using the sol-gel chemistry of titanium and vanadium

alkoxides [71].

1.4.2.1 Alcohol Exchange

Alcohols, particularly their ether alcohol and polyol derivatives, represent the most

frequently applied class of solvents, which simultaneously behaves as reagent in a

metathesis reaction, named transalcoholysis or simply alcoholysis (Eq. 1.4).

M ORð Þz þ zR0OH ! M OR0ð Þz þ z ROH, (1.4)

where OR is a reactive alkoxy group and OR0 is another, often less reactive alkoxy

group such as 2-methoxyethoxy. The latter is a key reaction that occurs in the

standard procedures for PZT solution synthesis (Chap. 3) resulting in a decrease in

the hydrolysis sensitivity of starting reagents such as zirconium tetra n-propoxide
and titanium tetra i-propoxide.

A decreasing steric hindrance of the organic residue, R, of the attacking alcohol

molecule leads to increasing facility of this interchange reaction [60], i.e. from

tertiary to secondary to primary alcohols (e.g. MeOH >> EtOH > iPrOH >
tBuOH).

In general, transalcoholysis reactions are incomplete in case of bulky alcohols,

while the lower solubility of methoxide derivatives normally promotes a complete

substitution [46].

1.4.2.2 Reaction with β-Diketones and Related Compounds

β-diketones (R1-C(¼O)-CR2H-C(¼O)-R3) are compounds which undergo a rapid

keto-enol tautomerism. They possess a reactive hydroxyl group in the enolic form

(R1-C(¼O)-CR2¼C(R3)-OH), which may attack the alkoxide in a similar way as a

simple alcohol, leading to the corresponding alcoholysis reaction with the release of

the original alkoxy group as alcohol (Eq. 1.5).

n R1‐C ¼ Oð Þ‐CR2¼ C
�
R3

�
‐OHþM ORð Þz

! R1‐C ¼ Oð Þ‐CR2¼ C
�
R3

� �
‐O

�
n
M ORð Þz‐n þ n ROH

(1.5)

The second oxygen atom of the β-diketonate ligand is able to form an additional

bond to the central metal atom of the modified alkoxide, hence forming a chelate

complex (Fig. 1.6). These chelate complexes have higher stability constants than

the original metal alkoxide, which is the driving force for the reaction given in

Eq. (1.5). Details on metal-ß-diketonates can be found in [72]. As a further result,

the bidentate ligand is less readily hydrolyzed than the remaining OR-groups upon

exposure to water. This leads to a higher stability of the corresponding precursor
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solutions (vide infra). Depending on the type of organic residues R1, R2 and R3,

other properties such as volatility or UV-VIS absorption of the modified metal

alkoxide complexes can be varied over a wide range. While volatility is an issue for

the design of precursors for MOCVD processing (see e.g. [73]), changing the

β-diketonate ligand can allow for adjusting the light absorption bands of CSD

precursor solutions for photo-assisted techniques (see Chaps. 18 and 20). In addi-

tion the β-diketo-structure element can contain an organic component that is

polymerizable (e.g. R1,R3 ¼ Me, R2 ¼ allyl in Eq. (1.5) and Fig. 1.6: 3-allyl-2,4-

pentanedione, “apd-H”) or inorganic polymerizable (e.g. R1,R3 ¼ Me, R2 ¼
trimethoxysilylpropyl in Eq. (1.5) and Fig. 1.6: 3-acetyl-6-trimethoxysilylhexane-

2-one, “ats-H”) groups and further modifications such as β-diketoesters (e.g. allyl
acetoacetate, “aaa-H”). Such modifiers enable the incorporation of Ti complexes

by chemical bonding into organic materials. Ethyl acetoacetate (eaa-H,

i.e. R1 ¼ OCH2CH3, R
2 ¼ H, R3 ¼ Me in Eq. (1.5) and Fig. 1.6) may serve as

an example for a non-polymerizable β-diketoester which attracted considerable

attention [74–80].

2,4-pentanedione (R1,R3 ¼ Me, R2 ¼ H in Eq. (1.5) and Fig. 1.6) or more often

denoted acetylacetone (Hacac) is the by far most frequently used stabilizer for

metal alkoxides. In the classical sol-gel literature the reported examples comprise

relevant metal alkoxides of W (e.g. W(OEt)6 [81]), Ti (e.g. Ti(OiPr)4 [82], or

Ti(OnBu)4 [83]), Zr (e.g. Zr(O
iPr)4 [84]) or Al (Al(O

sBu)3 [85]). Consequently it

is also well established in precursor solution synthesis for CSD. Though from a

number of acetylacetonate modified compounds, the solid state structure could

be determined, it turned out that the structure in solution is much more complex

due to ligand exchange reactions and a series of equilibria encountered along the

way [86, 87]. Any way in solution new complexes will form depending on

the amount of added Hacac. Since the maximum N of Ti is 6 and a monodentate

coordination mode of β-diketonate ligands is rather unfavorable, the OR group

substitution is restricted to disubstituition [4]. For Zr alkoxides, the situation is

more complex. In case of Hacac addition to Zr(OnPr)4, which is a frequently applied

Zr educt for solution synthesis in CSD, a tri-substitution is possible but the complex

is not stable and rearranges into the tetra substituted Zr(acac)4 and free zirconium

alkoxide [86].

Fig. 1.6 Generalized schematic of the chelate bonding mode of β-diketonate (e.g. Acetylacetonate
(acac): R1, R3 ¼ CH3, R2 ¼ H) and β-diketoester (e.g. ethyl acetoacetate (eaa): R1 ¼ OCH2CH3,

R2 ¼ H, R3 ¼ CH3) compounds
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1.4.2.3 Reaction with Alkanolamines

Early works of Mehrotra [88] showed already that alkoxides can be modified with

alkonolamines (monoethanol-, diethanol-, and triethanolamines). They are a further

interesting group of modifiers which can substitute OR groups in metal alkoxides

by alcoholysis, but nevertheless they are less frequently applied in CSD processing

and their reaction products are typically not isolated [89–95]. Due to the lone pair of

the nitrogen atom, chelate complexes are formed which could stabilize the

compounds against premature hydrolysis and condensation for CSD processing.

Corresponding heteroleptic titanium alkoxide aminoalkoxide complexes are

summarized in [4].

1.4.2.4 Reactions with Carboxylic Acids

Carboxylic acids represent another class of common organic modifiers for metal

alkoxides. Alkoxides from a number of metals (e.g. Ti, Zr, Al etc.) have been

reacted with different carboxylic acids [8, 62, 96–106], but the mainly investigated

examples stem from the reaction of Ti alkoxides with acetic acid (HOAc)

[107–109]. Equation (1.6) describes the exothermic reaction which occurs initially

in case of an equimolar addition of the acid to the titanium alkoxide:

Ti ORð Þ4 þ HOAc ! Ti ORð Þ3 OAcð Þ þ ROH (1.6)

A thorough spectroscopic study of this reaction using titania tetra butoxide

showed that n-butanol was released and acetic acid was completely consumed.

FTIR results point to a bidentate bridging mode of the carboxylate group and no

esters where found in the initial state of the reaction [110]. The perception that the

first step of this reaction is indeed the formation of carboxylato-coordinated tita-

nium alkoxides is strongly supported by recent results of Czakler et al. [111]. Due to

the preferred N of 6 for Ti the smallest structure is a dimer ([Ti(OR)3(OOCR)]2),

where two bridging alkoxide ligands and two bridging acetate ligands are present.

This structure is similar to Fig. 1.2f and can be represented by a replacement of the

“OR--H–L” group by the “O-CR-O” group of the carboxylate. However this simple

exchange product normally cannot be isolated. Instead further reactions lead to the

formation of carboxylato-coordinated oxido/alkoxido clusters of the generalized

formula Tia(O)b(OR)c(OOCR
0)d [4]. If the very frequently used Ti(OiPr)4 and

Ti(OnBu)4 compounds are reacted with HOAc, typically hexameric clusters

(a ¼ 6, b ¼ 4, c ¼ 12 or 8, d ¼ 4 or 8) could be prepared as single crystals and

structurally characterized by X-ray diffraction [104, 108]. A time dependent study

of the reaction mixtures of the iso-propoxide derivative with different equivalents

of HOAc (1 and 2) under inert atmosphere yielded in all investigated cases

a hexameric cluster with slightly different ligand stoichiometry [99].

Iso-propylacetate formation was detected by 1H NMR in all cases. Esters have
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been also observed in the titanium tetrabutoxide based mixtures and two

mechanisms for the ester formation have been proposed by Sanchez et al. [107].

1. Direct esterification within the initially formed substitution product via a tem-

plate effect, known from homogeneous catalysis.

2. Esterification in the reaction solution according to the following equation:

CH3COOHþ ROH ! CH3C ¼ Oð ÞO‐Rþ H2O (1.7)

The required free acid may stem from a certain dynamic exchange between

acetic acid bound to the titanium atom and released to the solution in case of the

equimolar reaction mixture. If acid to Ti alkoxide ratios are larger than 1, unreacted

free acid may be directly available in the solution.

The in-situ produced water leads to homogeneous hydrolysis and condensation

thus forming the oxo bridges of the clusters. For CSD processing such esterification

reactions with the accompanied slow formation of water could account to the

widely observed ageing of precursor solution in particular of ternary and quaternary

compositions, e.g. in BST, where typically carboxylic acid based solutions of

alkaline earth carboxylate and titanium alkoxides are employed (Chap. 3).

Overall there is a rich chemistry behind the apparently simple reaction of metal

alkoxides with carboxylates. In spite of the considerable progress, this is still not

completely understood and thus a field of further research. Depending on the type of

metal alkoxide and carboxylic acid, a number of metal carboxylato-coordinated

oxido/alkoxido clusters could be isolated as single crystals and fully characterized

by spectroscopy and X-ray structure analysis. Most structurally characterized

complexes were reported for titanium (for an excellent survey see [4]) and less

frequently for other transition metals (e.g. Zr [97, 99, 102], Nb [101]). In the case of

the reaction of relatively bulky trimethyl acetic acid (HOBc) with titanium tetra

neopentoxide (Ti(ONep)4; cp. Table 1.1), even the simple substituted dimeric

species (i.e. [Ti(μ-OBc)(ONep)3]2) mentioned above could be isolated as single

crystal and fully characterized [99]. Things get even more sophisticated if precursor

solutions for multinary compositions such as perovskites have to be prepared.

Nevertheless it can be safely concluded that the use of carboxylic acids also leads

to a certain stabilization against hydrolysis. This might explain why mixed metallo

organic precursor solutions (Chap. 3), which contain acetic acid or propionic acid

are relatively stable. Care has to be taken with regard to the possible formation of

larger clusters, e.g., the B-site cation in perovskites, due to the processes described

above. As a consequence, inhomogeneities in the precursor solution can occur,

which in turn can affect the nucleation and growth process.

1.5 Coating Solutions

This section will highlight some exemplary approaches and basic criteria for

precursor solution synthesis for CSD. It will be predominantly restricted to

solutions for binary metal oxides, which are interesting for electroceramic film
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fabrication and have been studied as model systems for perovskites, e.g. Pb(Zrx,

Ti1-x)O3 [103, 105]. Though it has to be pointed out that sol-gel derived titania and

alumina layers for optical applications, such as antireflection filters (see Chap. 28)

belong to the first examples where transition metal alkoxides were used for wet

chemical film preparation [112].

The simplest option for the preparation of a coating solution is the dissolution

of the alkoxide in the parent anhydrous alcohol. Depending on the central metal

and the length of the hydrocarbon chain, such solutions are extremely prone to

hydrolysis and often have to be deposited in a dry glove box [113]. For dense

electroceramic thin films, these solutions are typically not suitable, but if porous

films are required, the hydrolytic reactivity can be utilized. For example, by

dissolution of highly reactive titanium ethoxide (Ti(OEt)4) in anhydrous ethanol,

coating solutions have been prepared which were only stable under inert atmo-

sphere. During the spin-coating process under different humidities, the in-situ build

particles formed an amorphous porous layer. The subsequent thermal treatment

crystallized these particulate layers into a porous anatase phase at ~400 �C. At
~850 �C, this layer began to transform to rutile [114]. If other alcohols such as

1-butanol or tert-butanol are used for the solution preparation, at first alcoholysis

occurs and the particle growth kinetics of these solutions is altered. In case of

Ti(OEt)4 in tert-BuOH, the particles formed upon exposure to water are smaller and

have an irregular shape [115]. Studies on the consolidation behavior of titania films

derived from such sols showed that the density increases with increasing heating

rate [116, 117].

Nevertheless the high sensitivity of metal alkoxides towards water often requires

the use of chemical additives which are mainly the various bidentate ligands

mentioned in Sect. 1.4.2. This facilitates the handling of binary metal oxide

precursor solutions during the coating process in ambient atmosphere and usually

increases the lifetime of the coating solutions. The same applies for ternary and

multinary metal oxide precursors and sometimes the preparation of a suitable mixed

metallo organic precursor solution would even not be possible without stabilizing

agents. In order to avoid a local over-concentration of the modifier, the synthesis

commonly starts with diluting the initial metal alkoxide in a suitable anhydrous

solvent, which is often the parent alcohol. Next the stabilizer (Hacac, HOAc etc.) is

added in well-defined ratios such as 1:1 in case of Al(OsBu)3 [78], 0.5–2 in case of

Zr(OnPr)4 [105], or 1:1
6 in case of (TiOiPr)4 [93, 98]. Finally the solution concen-

tration can be adjusted by further dilution with the solvent to the desired value and

is then ready for deposition and thermal processing.

In order to elucidate the stabilizing effect of modifiers, a number of studies have

been performed in which the amount of water, the type of metal alkoxide, the

modifier and the ratio ofmodifier tometal alkoxide was varied [6, 7, 118–121]. Com-

parative spectroscopic studies on the hydrolysis behavior of solutions consisting of

6 In case of multicomponent Ti(OR)4 based precursor solutions often 2 equivalents of Hacac

are used.
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Al-, Ti-, and Zr-butoxides complexes which have been reacted with saturated and

unsaturated β-keto ligands in equimolar ratio showed that Hacac has the highest

hydrolytic stability [7, 118]. Owing to this hydrolytic stability very small particles

with mean hydrodynamic diameters in the range of 1.5–6 nm were found for Hacac

modified Ti-, Zr-, and Ce-alkoxide colloidal solutions [7, 119–121]. If, however, for

instance no stabilizer [122] or sub-stoichiometric amounts of Hacac are used for the

solution preparation from Ti(OR)4 [123, 124] , the addition of water leads to the

formation of much larger particles (hydrodynamic diameters up to 40 nm) and less

stable colloidal solutions. Similar results for the hydrodynamic diameters have been

obtained for low-complexed cerium isopropoxides (45 nm) [121] and zirconium

n-propoxides (50 nm) [120]. Such large particles destabilize the precursor sols and

may lead to inhomogeneities in multicomponent precursor solutions for complex

metal oxides, such as PZT. This in turn can lead to the local heterogeneities

mentioned in Sect. 1.3.

Other strategies to stabilize metal alkoxide precursor solutions comprise the

addition of different carboxylic acids to the metal alkoxides [98, 105, 125–127],

aminoalkanols [92, 94], and combinations of different reagents such as carboxylic

acids and glycolethers [8, 128] or polyalcohols (ethylenglycol, polyethylenglycol)

[129]. To initiate a certain degree of hydrolysis and condensation, often various

amounts of water (mainly diluted in an alcohol) are added. Precursor solutions

prepared in such a way are useful for the preparation of rather porous binary metal

oxide films due to a more polymeric or particulate nature of the precursor species in

the sol and often high organic load.

To get dense films, small nuclearities or particles and an overall low organic

content are required. This was also confirmed in a study in which titania films were

prepared from spin coated solutions of well defined and fully characterized titanium

carboxylate complexes dissolved in toluene [99]. It has to be also pointed out that

multicomponent precursor solutions for complex oxide film processing should

normally consist of rather monomeric species or very small oligomers in order to

maintain a homogeneous distribution on a molecular scale. Therefore, either no

hydrolysis or only partial hydrolysis by addition of sub-stoichiometric amounts of

water is typically required. As already mentioned above, a certain degree of hydroly-

sis in the precursor solution enables the release of a larger portion of organic material

by simple evaporation. This can be beneficial if in a given material system residual

organic material is hard to remove by thermal decomposition in the accessible

temperature range. In case of Nb2O5 films it has been shown that such a procedure

improved the leakage current densities of the CSD prepared films considerably [125].

1.6 Concluding Remarks

The present chapter gives a survey on the fundamental properties of simple metal

alkoxides, the knowledge of which is important and useful to understand the

differrent approaches and issues of the CSD routes reported in various chapters of
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this book. Metal alkoxides are a lively field of chemistry for different disciplines of

material science as well as for pure chemists who are deeply interested in the

manifold structural chemistry of these compounds. It was beyond the scope of this

chapter to give a comprehensive overview but a condensed view through the eyes of

a scientist, interested in finding ways of synthesizing stable and reproducible

precursor solutions featuring a maximum degree of homogeneity and long term

stability. The control of the hydrolysis behavior and the nuclearity of the metal

alkoxide is the key to achieve this goal. Acetylacetone and acetic acid are often the

reagents of choice to adjust the reactivity of the metal alkoxides in the precursor

solutions. Further chelating reagents such as aminoalkanols, β-diketoesters or other
carboxylic acids are available but less well explored for CSD processing.

References

1. Bradley DC, Mehrotra RC, Rothwell IP, Singh A (2001) Alkoxo and aryloxo derivatives of

metals. Academic, London

2. Bradley DC, Mehrotra RC, Gaur DP (1978) Metal alkoxides. Academic, New York

3. Turova NY, Turevskaya EP, Kessler VG, Yanovskaya AI (2002) The chemistry of metal

alkoxides. Kluwer AP, Boston

4. Schubert U (2005) Chemical modification of titanium alkoxides for sol-gel processing.

J Mater Chem 15:3701–3715

5. Shreider VA, Turevskaya EP, Koslova NI, Turova NY (1981) Direct electrochemical synthe-

sis of metal alkoxides. Inorg Chim Acta 53:L73–L76

6. Sedlar M, Sayer M (1995) Reactivity of titanium isopropoxide, zirconium propoxide and

niobium ethoxide in the system of 2-methoxyethanol, 2,4-pentadione and water. J Sol-Gel Sci

Technol 5:27–40

7. Hoebbel D, Reinert T, Schmidt H, Arpac E (1997) On the hydrolytic stability of organic

ligands in Al-, Ti- and Zr-alkoxide complexes. J Sol-Gel Sci Technol 10:115–126

8. Glaubitt W, Sporn D, Jahn R (1994) A new way to spinnable sols derived from modified

aluminumalkoxides. J Sol-Gel Sci Technol 2:525–528

9. Fric H, Kogler FR, Puchberger M, Schubert U (2004) Structural chemistry of titanium

alkoxides substituted by the chelating bidentate ligands isoeugenolate or 2-aminoethanolate.

Z Naturforsch 59b:1241–1245

10. Ban T, Ohya Y, Takahashi Y (2003) Reaction of titanium isopropoxide with alkanolamines

and association of the resultant Ti species. J Sol-Gel Sci Technol 27:363–372

11. Harlow R (1983) Dimer of (2,20,200-nitrilotriethanolato)(2-propanolato)titanium(IV),

[Ti2(C6H12NO3)2(C3H7O)2]. Acta Crystallogr, Sect C: Cryst Struct Commun 39:1344–1346

12. Menge WMPB, Verkade JG (1991) Monomeric and dimeric titanatranes. Inorg Chem

30:4628–4631

13. Pierre A (1998) Introduction to sol-gel processing. Kluwer, Dordrecht

14. Dahl LF, Davis GL, Wampler DL, West R (1962) The molecular and crystal structure of

thallium (I) methoxide. J Inorg Nucl Chem 24:357–363

15. Chisholm MH, Drake SR, Naiini AA, Streib WE (1991) Synthesis and X-ray crystal

structures of the one-dimensional ribbon chains [MOBut•ButOH]1 and the cubane species

[MOBut]4 (M ¼ K and Rb). Polyhedron 10:337–345
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17. Weiss E, Alsdorf H, Kühr H (1967) Structure of alkali metal t-butoxides. Angew Chem Int Ed

Engl 9:801–802

18. Mann S, Jansen M (1994) Crystal structure of cesium-tert-butanolate, CsOC4H9. Cryst Mater

209:852

19. Cayton RH, Chisholm MH, Davidson ER, DiStasi VF, Du P, Huffman JC (1991) Crystal and

molecular structure of hexakis(tert-butoxo)dialuminum. Comments on the extent of M-O π
bonding in Group 6 and Group 13 alkoxides. Inorg Chem 30:1020–1024

20. Shiner VJ, Whittaker D, Fernandez VP (1963) The structures of some aluminum alkoxides.

J Am Chem Soc 85:2318–2322

21. Folting K, Streib WE, Caulton KG, Poncelet O, Hubert-Pfalzgraf LG (1991) Characterization

of aluminum isopropoxide and aluminosiloxanes. Polyhedron 10:1639–1646

22. Turova NY, Kozunov VA, Yanovskii AI, Borkii NG, Struchkov YT, Tarnopolskii BL (1979)

Physico-chemical and structural investigation of aluminium isopropoxide. J Inorg Nucl Chem

41:5–11

23. Babonneau F, Doeuff S, Leaustic A, Sanchez C, Cartier C, Verdaguer M (1988) XANES and

EXAFS study of titanium alkoxides. Inorg Chem 27:3166–3172

24. Ibers JA (1963) Crystal and molecular Structure of titanium (IV) ethoxide. Nature

197:686–687

25. Chisholm MH, Huffman JC, Leonelli J (1981) Hexadecamethoxy- and hexadecaethoxy-

tetratungsten: preparation and X-ray crystal and molecular structure of W4(OEt)16. J Chem

Soc Chem Commun 1981:270

26. Bradley DC, Mehrotra RC, Swanwick JD, Wardlaw W (1953) Structural chemistry of the

alkoxides. Part IV. Normal alkoxides of silicon, titanium, and zirconium. J Chem Soc

1953:2025–2030

27. Veith M, Mathur S, Mathur C, Huch V (1997) Synthesis, reactivity and structures of hafnium-

containing homo- and hetero- (bi- and tri-) metallic alkoxides based on edge- and face-

sharing bioctahedral alkoxometalate ligands. J Chem Soc, Dalton Trans 1997(12):2101–2108

28. Vaartstra BA, Huffman JC, Gradeff PS, Hubert-Pfalzgraf LG, Daran JC, Parraud S, Yunlu K,

Caulton KG (1990) Alcohol adducts of alkoxides: intramolecular hydrogen bonding as a

general structural feature. Inorg Chem 29:3126–3131

29. Fric H, Schubert U (2005) Amine adducts of titanium tetraalkoxides. New J Chem

29:232–236

30. Bradley DC, Wardlaw W, Whitley A (1955) Normal alkoxides of quinquevalent tantalum.

J Chem Soc 1955:726–728

31. Bradley DC, Chakravarti BN, Wardlaw W (1956) Normal alkoxides of quinquevalent

niobium. J Chem Soc 1956:2381–2384

32. Pinkerton AA, Schwarzenbach D, Hubert-Pfalzgraf LG, Riess JG (1976) Crystal and molec-

ular structure of niobium pentamethoxide – a structure with two different conformers in the

unit cell. Inorg Chem 15:1196–1199

33. Eichhorst DJ, Howard KE, Payne DA (1992) NMR investigations of lithium niobium

alkoxide solutions. In: Uhlmann DR, Ulrich DR (eds) Ultrastructure processing of advanced

materials. John Wiley, New York, pp 87–93, Chapter 8

34. Bradley DC, Holloway CE (1968) Nuclear magnetic resonance studies on niobium and

tantalum penta-alkoxides. J Chem Soc A 1968:219–223

35. Haaland A, Rypdal K, Volden HV, Jacob E, Weidlein J (1989) The molecular structure of

tungsten hexamethoxide, W(OCH3)6, by gas electron diffraction. Acta Chem Scand

43:911–913

36. Tatzel G, Greune M, Weidlein J, Jacob E (1986) Schwingungsspektren und Kraftkonstanten

von W(OCH3)6, Mo(OCH3)6 und [Sb(CH3)4][Sb(OCH3)6]. Z Anorg Allg Chem 533:83–92

37. Jacob E (1982) Metallhexamethoxides. Angew Chem Int Ed Engl 21:142–143

38. Bradley DC, Chisholm MH, Extine MW, Stager ME (1977) Some reactions of hexakis

(dimethylamido)tungsten(VI). Inorg Chem 16:1794–1801

1 Simple Alkoxide Based Precursor Systems 23



39. Bradley DC, Mehrotra RC, Wardlaw W (1952) Structural chemistry of the alkoxides. Part

II. Tertiary alkoxides of silicon, titanium, zirconium, and hafnium. J Chem Soc

1952:4204–4209

40. Bradley DC, Mehrotra RC, WardlawW (1952) Structural chemistry of the alkoxides. Part III.

Secondary alkoxides of silicon, titanium, and zirconium. J Chem Soc 1952:5020–5023

41. Bradley DC, Mehrotra RC, Wardlaw W (1952) Structural chemistry of the alkoxides. Part

I. Amyloxides of silicon, titanium, and zirconium. J Chem Soc 1952:2027–2032

42. Bradley DC (1989) Metal alkoxides as precursors for electronic and ceramic materials. Chem

Rev 89:1317–1322

43. Peter D, Ertel TS, Bertagnolli H (1994) EXAFS study of zirconium alkoxides as precursor in

the sol-gel process: I. Structure investigation of the pure alkoxides. J Sol-Gel Sci Technol

3:91–99

44. Bradley DC, Caldwell EV, Wardlaw W (1957) The preparation and properties of stannic

alkoxides. J Chem Soc 1957:4775–4778

45. Bradley DC, Chatterjee AK, Wardlaw W (1956) Structural chemistry of the alkoxides. Part

VI. Primary alkoxides of quadrivalent cerium and thorium. J Chem Soc 1956:2260–2264

46. Caulton KG, Hubert-Pfalzgraf LG (1990) Synthesis, structural principles, and reacticity of

heterometallic alkoxides. Chem Rev 90:969–995

47. Mehrotra RC, Batwara JM, Kapoor PN (1980) Coordination chemistry of lanthanides with

emphasis on derivatives with Ln-O-C bonds. Coord Chem Rev 31:67–91

48. Gugliemi M, Carturan G (1988) Precursors for sol-gel preparations. J Non-Cryst Solids

100:16–30

49. Hubert-Pfalzgraf LG (2004) To what extent can design of molecular precursors control the

preparation of high tech oxides? J Mater Chem 14:3113–3123

50. Hasenkox U, Hoffmann S, Waser R (1998) Influence of precursor chemistry on the formation

of MTiO3 (M¼Ba, Sr) ceramic thin films. J Sol-Gel Sci Technol 12:67–79

51. Gust MC, Evans ND, Momoda LA, Mecartney ML (1997) In-situ transmission electron

microscopy crystallization studies of sol-gel-derived barium titanate thin films. J Am

Ceram Soc 80:2828–2836

52. Malic B, Kosec M, Arcon I, Kodre A (2005) Homogeneity issues in chemical solution

deposition of Pb(Zr,Ti)O3 thin films. J Eur Ceram Soc 25:2241–2246

53. Lakeman CDE, Xu Z, Payne DA (1995) On the evolution of structure and composition in

sol-gel-derived lead-zirconate-titanate thin-layers. J Mater Res 10:2042–2051

54. Tuttle BA, Headley TJ, Bunker BC, Schwartz RW, Zender TJ, Hernandez CJ, Goodnow DC,

Tissot RJ, Michael J, Carim AH (1992) Microstructural evolution of Pb(Zr,Ti)O3 thin-films

prepared by hybrid metalloorganic decomposition. J Mater Res 7:1876–1882

55. Roescher M, Tappertzhofen S, Schneller T (2011) Precursor homogeneity and crystallization

effects in chemical solution deposition-derived alkaline niobate thin films. J Am Ceram Soc

94:2193–2199

56. Chowdhury A, Bould J, Londesborough MGS, Milne SJ (2010) Fundamental issues in the

synthesis of ferroelectric Na0.5K0.5NbO3 thin films by sol-gel processing. Chem Mater

22:3862–3874

57. Derderian GJ, Barrie JD, Aitchison KA, Adams PM, Mecartney ML (1993) Microstructural

changes due to process conditions in sol-gel derived KNbO3 thin films. Mater Res Soc Symp

Proc 310:339–343

58. Livage J, Ganguli D (2001) Sol-gel electrochromic coatings and devices: a review. Sol

Energy Mater Sol Cells 68:365–381

59. Kessler VG, Spijksma GI, Seisenbaeva GA, Håkansson S, Blank DHA, Bouwmeester HJM
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Chapter 2

Carboxylate Based Precursor Systems

Theodor Schneller and David Griesche

2.1 Introduction

Besides the alkoxides described in the preceding chapter, metal carboxylates are

the second most frequently employed class of educts which is used for the synthesis

of precursor solutions. Chemically they are regarded as derivatives of carboxylic

acids which are organic Brönstedt acids of the general formula R-C(¼O)OH,

usually written R-COOH or R-CO2H where R is a general organic moiety. The

length and chemical nature (single or double bonds, linear or branched shape,

number and type of hetero atoms etc.) of this organic residue determines the

polarity and the decomposition behavior of the acid and the corresponding carbox-

ylate, respectively. Short chain carboxylic acids (1–4 carbons) are soluble in water,

whereas longer carboxylic acids are less soluble in polar solvents due to the

increasing hydrophobic nature of the longer alkyl chain. These longer chain acids

tend to be rather soluble in less-polar solvents such as ethers, alcohols, toluene,

xylene etc. Examples for commonly known, simple carboxylic acids are the formic

acid H-COOH (R ¼H), that occurs in ants, acetic acid H3C-COOH (R ¼ CH3), that

gives vinegar its sour taste, and butyric acid (R ¼ CH3-CH2-CH2) that gives the

odor of rancid butter. Acids with two or more carboxyl groups are called dicarbox-

ylic, tricarboxylic, etc. Citric acid is an important example for a tricarboxylic acid

and is used in the water based precursor systems described in Chap. 5. The release

of the proton (Fig. 2.1) from the carboxylic acid corresponds to the formation of the

carboxylate anion, which is stabilized by the negative charge shared (delocalized)

between the two oxygen atoms (mesomerism). This means that each of the carbon-

oxygen bonds in a carboxylate anion has a partial double-bond character, which is

also reflected in the carbon-oxygen bond lengths (~136 pm). This value is between
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the bond length of a carbon-oxygen double-bond (~123 pm) and single-bond

(~143 pm) [1].

By substituting the acid proton with a metal cation (Mz+), metal carboxylates

are formed (Fig. 2.2). Thus according to their chemical structure, the carboxyl

group can act as a bidentate ligand (Fig. 2.2a) either in a chelating or a bridging

mode as shown in Fig. 2.2b [2, 3] and the binding mode can be determined via

Fourier transform infrared (FT-IR) spectroscopy [4] (see Chap. 9) for example.

The main reason for the popularity of metal carboxylate precursors is that they

are often commercially available, cheap, and insensitive to humidity. Moreover the

parent carboxylic acids can be used as solvent and are often less toxic compared to

other organic solvents such as 2-methoxyethanol. Although carboxylic acids are

weak acids, which means that their negative logarithmic acidity constant pKa is in

the range of 4–6, there is a correlation between the chain length (number of carbon

atoms) of the acids and the logarithmic acidity constants [5, 6]. It can be seen in

Table 2.1 that the acid strength decreases with increasing chain length. For a more

detailed discussion of the properties of metal carboxylates see also [7].

2.1.1 Synthesis Aspects

Several methods have been used to synthesize metal carboxylates [8–11]. One

possible synthesis method is the aqueous metathesis. To provide the desired

carboxylate ligands, an aqueous solution (aq) of the corresponding sodium or

potassium carboxylate is prepared. Then another solution containing a salt of the

desired metal is added. The metathesis reaction can be described by the following

general reaction equation.

x K;Nað Þ OOCRð Þ aqð Þ þM Að Þx aqð Þ ! M OOCRð Þx # þx K;Nað ÞA aqð Þ (2.1)

Here M represents the particular metal ion and A is the anionic leaving group of

the metal salt M(A)x. The metal carboxylate M(OOCR)x has low solubility in

water, especially when its organic moiety R consist of more than six carbon

atoms. Hence it can be removed by filtering, washed with an alcohol for example,

and dried. Several salts M(A)x have been used, e.g. copper and lead dodecanoate

Fig. 2.1 Schematic of the acidity effect of the carboxylic acid (I) which leads to the carboxylate

anion (III). This anion is stabilized by mesomerism (II), which is beside the polarity of the O-H

bond a further reason for the acidity of carboxylic acids. The free electron pairs may form

bondings to metal cations in different modes (see below)
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and octadecanoate prepared from the corresponding acetates [9]. Also the sulphates

of zinc, magnesium, lead nitrate and calcium chloride were successfully

transformed to the octadecenoates by metathesis reactions [10]. A second synthesis

route is to treat the metal hydroxides with an alcoholic solution of the carboxylic

acid [8]. This method had been used for the preparation of copper, silver, barium,

mercury, lead iron cobalt, nickel and alkaline carboxylates [11]. The reaction

formula can be given as follows.

M OHð Þx þ x RCOOH ! M COORð Þx þ x H2O (2.2)

The water which is formed in this reaction can be removed by distillation under

reduced pressure or by washing with anhydrous solvents. However, this method has

several disadvantages, e. g. the resulting carboxylates can be extremely viscous,

and hence the filtration is sometimes difficult and non-reacted carboxylic acid can

hardly be removed. In case of the carboxylates of lead, mercury, iron and the

alkaline earths, a modification of this method leads to better results. The

corresponding metal oxide was dissolved in the molten carboxylic acid and

the product afterwards is cleaned with hot ethanol and petroleum ether [11]. One

requirement of every synthesis is the accurate control of the product stoichiometry

and this is related to a well-defined amount of water of constitution. The control of

Fig. 2.2 Scheme of different bonding modes of metal carboxylates. In the chelating mode (a) the

metal ion is centered between the two oxygen atoms of the carboxylate group and is attracted to

both oxygen atoms, whereas in the bridging mode (b) each carboxylate-oxygen atom coordinates

to one metal ion, which can be different (M1 and M2)

Table 2.1 Negative

logarithmic acidity constants

(pKa) for different aliphatic

carboxylic acids

Name of the acid Number of carbon atoms pKa

Acetic 2 4.76

Propionic 3 4.87

Butyric 4 4.82

Isobutyric 4 4.86

Valeric 5 4.86

Hexanoic 6 4.88

Heptanoic 7 4.89

Octanoic 8 4.89

Nonanoic 9 4.96

In the mid column the number of carbon atoms is shown. Taken

from [5, 6]
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this issue is not only quite important because the composition of the product

directly relies on the used educts. The water of constitution can also change the

solution behavior drastically. This is often strongly dependent on the chemical

route which is used to prepare the desired metal carboxylate. The following

example can serve as an illustration. The metathesis reaction of magnesium

chloride with sodium octadecenoate in water yields a precipitate which could be

identified as Mg(OOC18H33)2 ∙ 2 H2O [12]. It was only moderately soluble in

benzene, but when it was refluxed in dry benzene and then recrystallized, the

recrystallization product was found to be Mg(OOC18H33)2 and this had better

solubility in benzene than the original precipitate [13].

In the following sections details on the use of metal carboxylates as an important

class of chemical educts for the synthesis of CSD precursor solutions are described.

Emphasis will be given to the carboxylates of alkaline and rare earth elements as

well as selected metals from the groups 4 to 14 of the periodic table of elements,

since they are relevant for the synthesis of precursor solutions for CSD of ferro-

electric, dielectric and conducting perovskite thin films. The coating process for

producing thin oxide films from pure carboxylate based precursor solutions is

known as metallo-organic-decomposition (MOD),1 which is an indication that the

organic matrix which surrounds the metal ions in the as-deposited films has

typically to be removed by thermal decomposition rather than simple in an evapora-

tion process which takes place in case of classical sol-gel processes. The “o” in

metallo-organic indicates that the bond formation of the organic ligands occurs via

an oxygen atom and not via direct carbon-metal bond as in real metal organic

compounds.

On top of syntheses based on only metal carboxylates, solution synthesis routes

based on suitable mixtures of metal alkoxides (Chap. 1) and metal carboxylates are

also frequently used. Such approaches are often called hybrid-routes and will be

described in more detail in subsequent Chap. 3.

2.2 General Considerations of MOD-Processes

Metallo-organic-decomposition is well established and a huge number of inorganic

thin films have been made by this technique [14, 15]. In many cases processing routes

are based on a hybrid of sol-gel chemistry and MOD-chemistry. A strict separation

between the pure sol-gel and the pure MOD chemistry is not always possible, but

some important characteristics of “pure”MOD processes will be given in this section.

Generally these types of CSD-processes can be divided into a few main steps, which

are summarized as flow-chart in the general introduction of this book.

1 In the literature the phrase “metal organic deposition” is also often used. It denotes the same kind

of precursor chemistry.
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In the first step, the M-carboxylates are dissolved in a suitable solvent such as the

parent acid or xylene. The stoichiometry of the educts and therefore the composi-

tion of the resulting layer can be directly adjusted by mixing defined amounts of the

prepared solutions or, in some cases, by direct weighting out the carboxylates and

alkoxides in one pot followed by dissolution in the desired solvent. The properties

of the resulting solutions such as viscosity can be influenced by further chemical or

physical modification (distillation, etc.). The precursor solution can be deposited on

the substrate by various techniques (e.g. spray coating, spin coating or dip coating,

(see Chaps. 11–13) in the second step, where the so called wet film is generated.

After this, a certain temperature treatment follows, in which the organic material is

removed and a crystalline film is formed. The last two steps can be repeated until

the desired layer thickness is achieved. Beside the mentioned often cheap an easy-

manageable educts, the main advantage of the carboxylate-based-routines is the

comparably low temperature which is needed in the crystallization step to form

thermodynamically stable phases. This is because the educt molecules are mixed at

the molecular level. Thus, the diffusion paths of the metal- and oxygen-ions are

short compared to classical powder based syntheses of ceramic bulk materials. In

addition the relatively low temperature often helps to prevent the evaporation of

volatile decomposition products. A skillful temperature treatment leads to the

possibility of precise control of the microstructure, e.g. grain size and orientation

(see Chap. 17). The carboxylates used should fulfill a few requirements:

• The educts should be available as highly pure materials and should possess a

defined molecular structure.

• If they are not commercially available, they should be easy to synthesize and

purify.

• They should be stable in air in order to facilitate handling.

• The metal content should be high to prevent massive reduction in volume (which

can lead to micro cracks in the layers) during pyrolysis and crystallization.

• They should show an adequate solubility in the desired solvent and they should

be compatible which each other.

• The decomposition should not lead to the formation of volatile metal containing

species, melts, carbon contamination, and toxic gases. This often restricts the

choice of the carboxylate chain, because heteroatoms such as, nitrogen, sulphur,

or in particular fluorine in the chain lead to highly toxic decomposition gases.

Next, a brief survey of the deposition and thermal treatment is given.

2.2.1 Thin-Film-Deposition and Thermal Treatment: Solvent
Evaporation Behavior

The deposition of a given MOD or hybrid solution is one of the most important

steps [14, 15], since it determines the final uniformity of the resulting film to a large
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extent, as can be seen in the later chapters (Chaps. 10–12). Spin coating is the most

common deposition technique and was adopted from classical semiconductor

fabrication technologies, i.e. deposition of photoresists for standard optical lithog-

raphy. Naturally, the deposition should be carried out in a clean room environment

to avoid the contamination of the film by dust particles. Such contaminations might

lead to the appearance of dust streaks, which of course degrades the quality of the

film. If the deposition process involves any solvent evaporation, the deposition

should be very rapid, because the solubilities of the metallo-organic species may be

different. Rapid processing might prevent the segregation of the species. In general,

there is a direct dependence between the viscosity and the concentration of the

metallo-organic species in the solution. With increasing concentration, the viscosity

also increases. This effect is relatively strong in MOD-derived solutions in com-

parison to pure sol-gel processes. Less viscous solutions result in thinner films,

i.e. more deposition steps are necessary to achieve thicker films. On the other hand,

a lower thickness per coating step may enable the deposition of ultrathin films. A

key feature of any deposition method is the ability to control the uniformity and film

thickness which is related to the pyrolysis step. Pyrolysis here refers to the removal

of the solvent followed by the decomposition of the organic residues through

thermal treatment in oxygen containing atmospheres. The spin coating process of

a simple MOD-system in a non-volatile Newtonian fluid, where no slip occurs at the

liquid-solid interface, can be theoretically expressed using a modified Navier-

Stokes equation [16]. Equation (2.3) describes the relation of the film thickness

after pyrolysis (hs) and the physical parameters of the precursor solution:

hs ¼ c

2ωρs

3ηρl
t

� �1=2

(2.3)

Here ρs and ρl are the solid and liquid densities, ω respectively is the angular

velocity, t refers to the spinning time, c is the mass concentration of the solution

formulation (weight of solid film/weight of solution) and η is the viscosity of the

liquid. This equation was verified experimentally with an MOD-derived lead

titanate (PTO)-film with lead neodecanoate and titanium di-methoxy-di-

neodecanoate as educts and xylene as solvent [15]. The agreement of the theoreti-

cally predicted film thickness and the experimentally derived values was notably

good. When comparing the pyrolysis of sol-gel routines with MOD-derived films,

there are also some significant differences. As described earlier, a MOD-solution

can be considered as a system where the metal cations are solvated and

complexated by the carboxylate functions. For this reason usually no or very little

reticulation occurs between the molecules. Hence it can be said that the hydrocar-

bon chain of the carboxylate provides a kind of protection due to its hydrophobic

nature. By contrast in pure sol-gel routines the precursor-solutions consist of

more or less colloidal sols, and depend on the additives for chemical protection.

Figure 2.3 shows the different events, which occur when the chemically different

precursor solutions are deposited on the surface, and heating starts [17]. The
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evaporation of the solvent in MOD-processes occurs perpendicular to the substrate,

which leads to a shrinkage in the perpendicular direction. Reticulation occurs later

when the decomposition occurs. In the sol-gel process, reticulation starts earlier,

e.g. before the evaporation of the solvent [17]. This early onset of reticulation is a

consequence of the more reactive nature of the metal alkoxides (the details of which

may be found in Chap. 1). Thus shrinkage parallel to the substrate takes place which

might result in the formation of microcracks.

Further thermal treatment at higher temperatures results in the decomposition of

the organic residues and leads to amorphous or crystalline ceramic thin films, which

is explained in the next section.

2.2.2 Decomposition Behavior

If the as-deposited layer is treated at higher temperatures decomposition of organic

residues takes place. This step usually results in a large decrease in volume, which

may also lead to microcracks. As mentioned before and described in more detail in

Chaps. 15 and 17, the thermal treatment determines the evolution of the micro-

structure and so the heat process has to be optimized for the desired film morphol-

ogy (dense, porous, fine grained etc.). In particular the heating rates play an

important role. In general, a low heating rate during solvent evaporation phase is

desirable to prevent cracking. The heating rates in the decomposition and crystalli-

zation phase are specific for every given system. Thermogravimetric analysis can

Fig. 2.3 Schematic

comparison of the events

which take place when a

MOD-derived solution (left
side) and a colloidal sol

(right side) are deposited on

a certain surface and

pyrolysis starts. The main

difference is that from a

MOD-solution the

evaporation starts earlier,

followed by the reticulation,

whereas in the case of

colloidal sols these two

events are switched, which

may result in the formation

of microcracks. Modified

after [17]
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be used to estimate the minimum temperature for decomposition and removal of the

organic species. If it is coupled with a differential thermoanalysis, crystallization

events are also distinguishable (for details see Chap. 7). The decomposition

mechanisms of the carboxylate based precursor solutions are rather complex and

not completely understood. A possible mechanism can be deduced from

comparisons of thermoanalysis data obtained from decomposition studies of the

individual PTO-precursors titanium-dimethoxy-dineodecanoate and lead-

ethylhexanoate with a precursor mixture of both components in xylene. It was

shown that the decomposition temperature of the individual components was

significantly lower than the corresponding temperature for the mixture. This

indicates a kind of domino effect in the decomposition process of the mixture. It

was assumed that the decomposition of the mixture consists of three steps, in which

radical reactions take place. First, free organic radicals are generated through

thermal fission. This step is rate determining and followed by a second step that

involves fast fragmentation of the organic radicals. The last step is a very fast

oxidative chain reaction of the organic radicals to yield longer chains. If this

mechanism is valid, the decomposition temperature should decrease with increas-

ing chain length, branching and oxygen partial pressure. Indeed this behavior has

been found in most but not all cases [14]. Thus the affirmation of this or other kinds

of decomposition mechanism should be the interest of further research. Neverthe-

less, there are many reports about the decomposition of metal carboxylates as single

components [18–34]. Care should be taken when single component decomposition

behavior is directly compared with precursor solution decomposition mechanisms,

but still the reaction pathways which have been determined for single components

are a good starting point for continuative experiments.

In the following sub-sections the behavior of some important examples which

concern the commonly used metal carboxylates (acetates, propionates and long-

chain carboxylates) are reviewed, followed by selected studies on the decomposi-

tion of MOD-mixtures.

2.2.2.1 Metal Acetates and Propionates

Metal acetates can be considered as the most investigated carboxylates with respect

to their decomposition behavior [18, 19]. One has to keep in mind the two important

considerations in all the analyses of the decomposition processes which can be

found in literature. First, metal carboxylates can contain a certain amount of water

of constitution. The second point concerns the atmosphere in which the decompo-

sition took place. In some cases the resulting decomposition products differ drasti-

cally in their nature according to the atmosphere under which the certain

experiment was carried out. In an infrared-spectroscopic study of the decomposi-

tion of several metal acetates in air it was found that there are three temperature

regions [18]: (a) the temperature of dehydration (80–130 �C), (b) the temperature

where intermediates are formed (105–230 �C), and (c) the decomposition tempera-

ture (100–440 �C), where the intermediates are converted into the final product.
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Based on the above discussion, the metal acetates can be classified by the

intermediates and final products that occur. For the alkaline acetates (potassium

and sodium), the intermediate is the corresponding oxalate, which decomposes and

yields the metal carbonate. For barium acetate the corresponding carbonate occurs

directly without an intermediate, whereas calcium acetate decomposes to the

carbonate over a crystalline anhydrous modification. Magnesium, lead, nickel,

and cadmium acetates form an intermediate basic salt. In case of cadmium, nickel,

and lead acetate this intermediate decomposes at higher temperatures to give the

metal, while magnesium acetate yields the corresponding metal oxide. The occur-

rence of the pure metal as final product was also observed for copper acetate, where

the decomposition proceeds via a crystalline modification of the anhydrous acetate

as the intermediate analogous to the calcium. Cobalt and silver acetate decompose

to the pure metal without the formation of an intermediate. Under air all metals are

immediately oxidized to form the oxides. The crystalline acetate modification as

intermediate is also observed for zinc and manganese acetate, which decompose

to the corresponding oxides. It should be noted that the generated carbonates

can be transformed into the corresponding oxides at higher temperatures. This

happened for example between 350 and 450 �C when anhydrous lead(IV) acetate

(Pb(OOCCH3)4) was heat treated in air [20]. The decomposition of a number of rare

earth acetates have also been investigated [19–24]. All the investigated rare earth

acetates consisted of three acetate ions coordinated to the central metal cation

complemented by 1–4 water molecules of constitution per metal ion. This leads

to the general formula Ln(OOCCH3)3 ∙ xH2O. Consequently the first reaction was

always found to be dehydration at temperatures between 90 and 250 �C. It could
elapse in one or more steps. For instance dysprosium acetate Dy(OOCCH3)3 ∙ 4H2O

loses 3.5 molecules of water at 90 �C and the last 0.5 molecule is released at 150 �C
[20]. The intermediate is a thermally unstable anhydrous acetate. This anhydrous

form can undergo several phase transitions [21], where monodentate, bidentate or

even polymeric species can occur. It could be shown that in the temperature range

of 250–500 �C the anhydrous acetates were transformed into a broad range of

secondary intermediates. These secondary intermediates can be the corresponding

oxyacetates, carbonates, oxycarbonates, and even hydroxides [19]. In most cases

these intermediates occur in succession. These in turn decomposed then to the

oxides in the temperature range from 500 to 900 �C. The structure of the oxide is

depending on the nature of the rare earth element. In most cases the sesquioxides

(Ln2O3) can be found, but for praesodymium e.g. the dioxide related structure

PrO1.833 was found [22].

Relatively less is known about the decomposition behavior of the metal

propionates. The decomposition of the monohydrated alkaline earth propionates

(M(OOCCH2CH3)2 ∙ H2O with M ¼ Ba, Sr, and Ca) proceeded over a single

stage dehydration step for the strontium and calcium propionates and a two stage

dehydration step for barium propionate, in which Ba(OOCCH2CH3)2 ∙ 0.5H2O

is formed at temperatures lower than 200 �C [25]. The anhydrous propionates

crystallize at about 200 �C. Above 300 �C, the decomposition took place simulta-

neously with melting, resulting in the formation of carbonates at 350 �C.
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In another study [26], the decomposition of the self-prepared propionates of

nickel (Ni(OOCCH2CH3)2 ∙ H2O), cobalt (Co(OOCCH2CH3)2 ∙ 3H2O), copper

(Cu(OOCCH2CH3)2 ∙ 0.5H2O) and zinc (Zn(OOCCH2CH3)2 ∙ H2O) was analyzed.

It was found that the stepwise dehydration processes took place in the temperature

range between 70 and 130 �C to form the anhydrous propionate, and the final

decomposition give rise to a few unidentified intermediates in the range of

250–360 �C. In all cases the final products were the corresponding metal oxides.

The decomposition behavior of iron propionate trihydrate (Fe(OOCCH2CH3)3 ∙
3H2O) was also investigated [27]. Here it could be shown, that the decomposition of

this carboxylate proceeds via the dehydration at 170 �C in one step, followed by the

reduction of the Fe(III)-ions to form anhydrous iron(II) propionate at 230 �C. At
570 �C the resulting α-Fe2O3 occurred. For in-situ-prepared nickel propionate and

lanthanum propionate interesting differences in the thermospectroscopically

detected decomposition behavior could be determined if one was varying the

atmospheres in which the heat treatments were carried out [28]. For the nickel

propionate it could be shown that by heating in air up to 150 �C, the dehydration

process took place, which was followed by the endothermic transformation of the

propionate ligands into acetate groups and the decomposition of these between

250 and 325 �C. The exothermic formation of nickel oxide was completed at

325 �C. In contrast, the decomposition to nickel oxide in nitrogen seems to be a

complete endothermic process although the temperatures of the different decompo-

sition were found to be only a few degrees lower than in air. In hydrogen atmo-

sphere, a sharp exothermic signal was found due to the reduction of nickel oxide to

elemental nickel around 325 �C. Contrary to these results the lanthanum propionate

decomposes in air around 325 �C to give a mixture of the corresponding oxide and

oxycarbonate. This mixture is transformed into the pure oxide at 720 �C. In

nitrogen, only the oxycarbonate was found as intermediate in the temperature

region between 250 and 575 �C. The characteristics in hydrogen atmosphere are

in this case quite similar to that in nitrogen.

The combustion of rare earth precursors (Ln-propionates Ln(OOCCH2CH3)3 ∙
xH2O with Ln ¼ Ho, Er, Tm, and Yb) in an argon atmosphere revealed a similar

decomposition behavior as discussed above [29]. Dehydration took place around

90 �C and the resulting anhydrous propionates decomposed to give the

oxycarbonates (Ln2O2CO3) between 300 and 400 �C. In the temperature region

of 500–700 �C a mixture of the oxycarbonate and the corresponding sesquioxide

(Ln2O3) could be detected. The transformation into the sesquioxide was found to be

complete around 1,100 �C.

2.2.2.2 Long Chain Metal Carboxylates

The most remarkable difference between long-chain and short chain carboxylates is

the onset state of thermal decomposition. While short chain carboxylates tend to

decompose from the solid state, the long-chain analogs decompose from the melt

[30]. The phase formation behavior and other characteristics of the melts are
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discussed elsewhere [30]. The difference due to chain length can be clearly seen in a

study involving eight saturated, non-branching sodium carboxylates [31]. The

authors found that in air the decomposition temperature decreases from 330 �C
for the formiate to 190 �C for the tetradecanoate. A similar behavior was found for

heating the same carboxylates in nitrogen. However here the decomposition

temperatures were slightly higher, which leads to the suggestion of an additional

stabilization effect in inert gas atmosphere.

In case of the long-chain lead carboxylates (dodecanoate, tetradecanoate and

octadecanoate) it revealed that the decomposition for the do- and tetradocenaoate

occurred in one step, whereas a two-step mechanism was found for the

octadecanoate in all cases between 230 and 460 �C, resulting in lead oxide

[32]. Furthermore, the thermal behavior of chromium, copper, nickel, and zinc

dodecanoates was investigated [33]. The chromium dodecanoate decomposes via

an oxydodecanoate intermediate, whereas the copper dodecanoate forms a tempo-

rary mixture of copper oxide and copper dodecanoate. The nickel containing

molecule seemed to decompose to the oxide without any intermediate and in the

case of zinc the zinc carbonate is transitionally formed. The temperature range for

the occurrence of intermediates was found to be from room temperature up to

460 �C, depending on the corresponding metal dodecanoate.

The researchers also investigated the interaction of the described soaps when

mixing them with different solvents such as the corresponding alcohol, ester, and

amine. In case of the copper and chromium dodecanoate the DTA curves changed

when the soaps were mixed with dodecanol. It was concluded that a form of

complexation due to hydrogen bonding or electron lone pairs occurred. No compa-

rable interaction was found for the other soaps. In a following study [34] the metal

dodecanoate-solvent interaction was further investigated for the chromium, copper,

nickel and zinc dodecanoates in combination with dodecanoic acid and

octadecanoic acid. It was found that only the chromium salt formed a complex

with the stoichiometry of soap/acid close to 2:1. The other soaps did not form such a

complex. When heating the dodecanoic salts with octadecanoic acid a metathesis

took place. Hence by heating the dodecanoic ligands were replaced by octadecanoic

ligands. This behavior was confirmed for all of these metal salts.

In the next sections a general view over established MOD processes is given,

with special emphasize on the precursor solution chemistry, the thermal treatment

and the resulting thin films.

2.3 Long Chain Versus Short Chain Carboxylates:

Solution Behavior and Established Processes

In general long chain carboxylates are popular for MOD type CSD routes since they

are moisture insensitive and can be dissolved in relatively chemically inert solvents

like toluene or xylene. In these solvents, often also alkoxides may be co-dissolved
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which enables the relatively simple preparation of the hybrid solutions. Even if the

long chain carboxylates are dissolved in alcohols like butanol, problems relating to

hydrolysis are not expected, since the esterification reactions which release water

are rather slow due to the lower acid constant of the long chain carboxylic acids

(Table 2.1).

Due to the above mentioned advantage, relatively long chain lead(II)

2-ethylhexanoate was used in one of the first synthesis routes to lead zirconate

titanate thin films in 1984 [35]. Using this route stable and moisture insensitive

precursor solutions have been obtained and this principle has often been used in

particular in the early days of PZT [36–38]. It was somewhat later transferred

to other materials like yttrium barium copper oxide (YBCO) [39, 40], barium

strontium titanate [41, 42], strontium bismuth tantalate [43] etc.

However sometimes problems may occur due to the relatively high content of

carbon. This carbon is typically removed by combustion in air resulting in larger

portions of carbon dioxide which in turn often leads to some porosity in the films

and possibly also to residual carbon. The latter may be detrimental for the leakage

properties of these MOD derived ferroelectric thin films [36, 38] or the current

transport in superconducting YBCO films [39, 40]. In order to reduce the problem-

atic parasitic carbon incorporation and crack formation short chain carboxylates

like acetates or propionates were introduced. A pioneer work with such educts was

carried out in 1984 by Heartling [44]. He used dip-coating to synthesize high

quality, crack-free PLZT-films, with an average grain size of ~1 μm in diameter.

The educts lead, lanthanum, and zirconium as acetate and titanium-acetylacetonate

were dissolved in a mixture of water and methanol. The use of water as solvent is

often problematic if the used substrates have hydrophobic surfaces and therefore

result in poor wetting. To overcome this issue, coating routines with short chain

carboxylates were developed which use organic solvents instead of water. Later

specific water based precursor systems (Chap. 5) and surface treatments were

developed which also led to good coating results.

One good example of the use of short-chained carboxylates is the so called

all-propionate-routine (APP), which was first published in 1997 [45, 46]. The

authors prepared magnetoresistive alkaline earth metal doped lanthanum manga-

nate thin films with perovskite structure on different substrates. Their precursor

solution was made by dissolving the corresponding metal acetates in a mixture of

propionic acid and propionic acid anhydride. The propionic acid anhydride was

used in this case to remove the water of constitution from the educts. Because the

acetate anion is the stronger base than the propionate anion, acetic acid was formed

which could be easily distilled of, resulting in the in-situ formation of metal

propionates. The authors point out that this routine fulfills the requirements listed

in Sect. 2.2. In contrast to other commercially available educts, such as lanthanum

acetate, the propionate showed significantly higher solubility. The precursor solu-

tion is moisture insensitive, can be easily prepared, and its substrate wetting

behavior was found to be excellent. In addition, the stoichiometry of the resulting

layer can be varied over a wide range. The decomposition was monitored by

infrared spectroscopic analysis. It was found that La2O2CO3 and CaCO3 were the
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intermediates formed by the thermal treatment. Dependent on the dopant concen-

tration the crystallization occurred between 650 and 700 �C. The Curie temperature

was determined to be�8.1 �C, with a resistivity of 1.6Ω∙cm. This value was higher

than for single-crystalline films grown by vapor phase techniques (~10�2 Ω∙cm)

[47, 48]. The all-propionate route could be used for various other systems, such as

LNO [49].

The issues of porosity, residual carbon, and poor leakage current properties are

maybe also the reason why only a very few of researchers made use of the the MOD

concept to prepare PZT. Most researchers use lead(II) acetate, which was

introduced in the first pioneering work of Budd et al. [50] or the oxidized counter-

part lead(IV) acetate [51] as the educt for the synthesis of PZT precursor solutions.

Although their decomposition temperature is significantly higher than those of the

long chain carboxylates (see Sect. 2.2.2.2), they have the benefit of having consid-

erably lower amount of carbon. Another distinct advantage of this synthesis strat-

egy is that Pb-O-M linkages are formed by release of an ester, reducing the amount

of carbon in these kind of hybrid solutions (see Chap. 3).

Table 2.2 gives an overview on the most popular carboxylates used for various

material systems and corresponding references. Certainly this list is not exhaustive

and the reader may find in the literature further examples of less common

carboxylates which might be useful for specific precursors.

Shaikh and Vest [70] characterized the PTO and the BTO system made through

MOD-routines in a kinetic study. They used titanium(IV)-dimethoxy-

dineodecanoate, barium(II)-neodecanoate, lead(II)-neodecanoate and commercially

available lead(II)-acetate for the synthesis. For the BTO-system the barium- and

titanium precursors were dissolved and mixed in xylene. XRD and DTA results

revealed that the BTO-formation process occurs first by the formation of inter-

mediate large BaCO3 particles, small TiO2-particles and a certain amount of BTO

up to a temperature of 600 �C. When the temperature was raised to 660 �C, only
BTO was visible in the XRD. Comparing the MOD-route with classic powder

syntheses of BTO, the reaction was shown to proceed 500 times faster in the

MOD-route at constant temperatures. On the other hand, 900 �C were needed for

completing the reaction in powder based synthesis at constant sintering time, while

in MOD-syntheses, 660 �C were sufficient. It was concluded that this massive

advantage was due to the smaller particle size and the greater homogeneity on

the molecular level, as discussed in section 2.2 of this chapter. Because TiO2 can

typically occur in two modifications2 (anatase and rutile), two different reaction

pathways were possible. The reaction of the rutile phase with BaCO3 is slower than

the reaction of BaCO3 with the anatase phase. In addition the BaCO3-rutile reaction

proceeds via Ba2TiO4 as intermediate. This intermediate could not be found, which

means that the BaCO3-anatase pathway was the more probable one.

2 It has to be noted, that there is also brookite as third modification possible, which however occurs

less frequently in CSD processes.
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In the PTO-system two Pb-educts were compared. Lead neodecanoate showed a

slightly higher volatility than lead acetate. The addition of additives with a high

boiling point such as ethyl- or methylstearate to the xylene based precursor solution

could solve this problem. At firing temperatures below 625 �C, the two common

PbO-modifications (litharge and massicot) and PTO were observed, whereas at

temperatures over 625 �C only the PTO-phase was left. The decomposition of lead

neodecanoate lead to spherical particles with a uniform size (diameter ~0.3 μm)

developed. The decomposition of lead(II) acetate led to irregular shaped particles

with diameters between 0.3 and 10 μm. In both cases, there is a TiO2-shell on these

particles. The larger diameter in the acetate-based system led to a slower long-term

kinetics in the formation of BTO, because these larger particles dominate the

process at longer firing times.

Table 2.2 Compilation of frequently used carboxyl groups and metal carboxylates, respectively

as well as resulting thin film material

Carboxylate Metal-cations Resulting material References

Acetate Pb2+, Pb4+ PTO

PZT

[50, 51]

Ca2+, Sr2+ LCMO, LSCO

Ba2+ BST [41, 42]

Mn2+

Co2+

In3+ ITO [52]

Bi3+ SrBi2Ta2O9 [43]

SrBi4Ti4O15 [53]

Trifluoracetate Y3+, Cu2+ YBCO [39, 40]

Ba2+ BTO [54]

Propionate Pb2+ PZT [55]

Ba2+, Sr2+ (Bax,Sr1�x)(Tiy,Zr1�y)O3 [41, 42, 56]

La3+, Ni2+ LNO [49]

Ca2+ LSCM

Co2+ LSCO [57]

2-Ethylhexanoate Pb2+ [35, 36]

La3+ [58]

Zr4+ PLZT

Ba2+, Sr2+ BaTiO3, SrTiO3 [59, 60]

Bi3+ Bi(s) [61]

SrBi2Ta2O9

SrBi2Nb2O9

SrBi4Ti4O15

[62–65]

In3+, Sn2+ ITO [66]

Ce3+ CeO2 [67]

Y3+ Y2O3 [68]

Fe3+ Fe2O3 [69]

Neodecanoate Pb2+ PTO [70, 71]

Ba2+ BTO [72]

Y3+, Cu2+ YBa2Cu3O7�x [39, 40]
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2.3.1 Another Well-Known Example: Trifluoracetates

The first working precursor system for the preparation of superconducting YBCO

thin films by MOD was found by Kumagai et al. [73]. They mixed yttrium stearate

with barium- and copper naphtenate in an organic solvent. The DTA-TG analysis of

the resulting precursor solution showed that pyrolytic decomposition took place

between 200 and 500 �C followed by crystallization up to 800 �C. Hence the dip

coated YSZ substrates were dried in air and fired at 800 �C. They found the quality

of the films is directly related to the firing time. This could be evaluated by

measuring the transition temperature, TC (resistance (R) ¼ 0 Ω), e.g. samples

fired for 2 h have TC that were significantly lower (23 K) than samples fired for

80 h (60 K). Although some improvements of the Tc (R ¼ 0 Ω) values could be

achieved by the use of other carboxylates and heat treatment procedures [74, 75],

the overall electrical properties remained poor owing to the formation of BaCO3,

which is very stable, as an intermediate compound during the decomposition of the

precursors [76], or the inadequate reactivity of the intermediate barium oxide [77].

Thus driven by the necessity to avoid intermediates such as carbonates, metal

trifluoracetates have been introduced in the CSD technology in particular for the

preparation of superconducting thin films (see Chap. 27). Gupta et al. [77] therefore

dissolved yttrium oxide, barium carbonate and solid copper in aqueous

trifluoracetic acid (TFA) and hydrogen peroxide. These solutions were dried and

re-dissolved in methanol. The products of the pyrolysis of the single educts were

found to be barium- and yttrium fluoride as well as a mixture of copper oxide and

copper fluoride. The mixed educt solutions were spun on YSZ substrates and the

annealing was done for 5–40 min in a humid or non-humid helium atmosphere at

850 or 920 �C. The resulting SEM images of the layers revealed large pellet-like,

(111)-oriented grains of the superconducting phase with smaller, spheroidal grains

lying on them when the samples were sintered without humidification. These small

grains were found to be rich in barium. The authors concluded that these grains

are barium fluoride, which was corroborated by XRD-measurements. Samples

sintered in humid conditions did not show such barium-rich phases and the strict

(111)-texture could not be found. Surprisingly, the specimen with barium fluoride-

rich grains showed higher transition temperatures (92–94 K) and smaller transient

regions. The group proposed that barium fluoride helps the superconducting phase

to grow oriented and that maybe there is an additional fluoride substitution. After

this study, further investigations of YBCO-layer syntheses were carried out.

McIntyre et al. [78] used the described solution process to prepare epitaxial films

on (001)-oriented LAO-substrates. They introduced a special kind of temperature

treatment which consisted of three parts: a pyrolysis step up to 400 �C, followed by
the crystallization at 700 �C, and the oxidation during the re-cooling. Pyrolysis and
crystallization were carried out in a humid atmosphere. After the pyrolysis step, the

layer consisted of the oxy-fluorides transformed into the tetragonal YBCO-phase

during the crystallization. The oxidation led to the orthorhombic superconducting

phase. There was a direct relationship between the partial pressure of the oxygen,
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the texture development and the transition temperature during the oxidation step; as

long as there were used low partial pressures, the XRD showed sharp (001)-

reflexes. The transition temperature increases in these samples as well as the

transient regions decreased. The described three-step temperature treatment with

humid and non-humid atmospheres was more or less adopted by other authors

[79–83] and is also relevant for industrial applications (Chap. 27). Yan et al. [81]

found another modification of the triflouractetate routine by dissolving yttrium,

barium, and copper-hydroxides in a mixture of water and TFA. After gelation, they

were coated on different substrates and crystallization took place in humid argon at

752 �C. They found an adequate (001)-texture, but the layers were porous with a

grain diameter of 1 μm. The transition of these layers was found to be at 91 K with a

very small transient region. Obradors et al. systematically investigated the forma-

tion of the YBCO thin films on different substrates from TFA-based solutions with

the metal acetates as educts [82]. The pyrolysis (up to 300 �C in humid oxygen) was

pointed out to be an important step in morphology development. Slow heating rates

were found to prevent morphological inhomogeneities. The humid oxygen helps to

avoid the sublimation of the Cu(TFA)2. The crystallization at 700–800
�C in humid

oxygen seemed to be a very complex process which needs further investigations. It

was supposed that the crystallisation occurs through the formation of a liquid phase

at the layer-substrate interface, where the nucleation process in c-direction took

place. Also an exchange with the gas phase is important, because the water

molecules of the humid atmosphere have to reach the interface. The water reacts

there with the in situ formed hydrogen fluoride and removes it. Otherwise hydrogen

fluoride would cause a kind of barrier for the further reaction. When temperatures

during this process step are too low or the growth rate is too high caused by to high

oxygen partial pressure, the crystal growth becomes faster in the a and b-direction,

which would lead to porosity formation in the film. The oxidation was performed in

dry oxygen at 450 �C. Finally the group could achieve high-quality films without

pores and with strict c-orientation. No other phases could have been detected.

Another route was developed by Roma et al. [83]. Instead of TFA, they used the

corresponding trifluoroacetic anhydride. In this so called anhydrous TFA route, the

YBCO bulk material was directly dissolved in the anhydride, after drying and

redissolving in anhydrous methanol a stable solution with a very small content of

water was formed. The low water content had the advantage of shortening the

pyrolysis step drastically. The slow pyrolysis in the other routes was due to the

inhomogeneous distribution of the educt molecules in the solution, which often

results in inhomogeneous layers. Water acts as a ligand especially for yttrium

trifluoractetate. This coordination may lead to the mentioned inhomogeneity. Nev-

ertheless, high quality layers could be also made by this routine.
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2.4 Summary

In this chapter, the basics of metal carboxylates which is a frequently used class of

chemical educts for solution synthesis was first reported. Metal carboxylates offer

several advantages in comparison to metal alkoxides, since they are insensitive

against moisture and can be produced in a cheap and simple way, e.g. by metathesis

reactions. In the second part, the concept of metallo-organic decomposition was

introduced, which typically relies on these metal salts and represents a powerful

technique for producing ceramic thin films. Concerning the deposition of a given

precursor solution and its effect on the film thickness, proportionality to the solution

concentration and to the root of the viscosity was found. Problems of substrate

wetting can be overcome through the wide range of potential solvents for this

routine. The thermal treatment of the as-deposited films leads to solvent evapora-

tion and decomposition of the organic residues. A radical mechanism was proposed

to explain the decomposition behavior. Shrinkage of the films parallel to the

substrate surface may result in the formation of microcracks. A few examples for

the decomposition of selected long-chain and short-chain metal carboxylates

illustrated the possibilities. It was shown that the long-chain carboxylates in general

decompose at lower temperatures, but the problem of carbon incorporation is

reduced when the length of the carbon chain is decreased. Some impressive

examples for established MOD processes are given, which resulted in thin films

with comparable electrical performances to films which were produced by physical

deposition techniques.

In this sense one remarkable research area is the solution based deposition of

superconducting YBCO thin films, where fluorinated carboxylates are used to

prevent the intermediate formation of carbonates and unreactive oxides. Decompo-

sition and crystallization proceeds via intermediate fluorides and finally yields

excellent film qualities. Thus this system is the precursor of choice for commer-

cially CSD produced superconducting layers.
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Chapter 3

Mixed Metallo-organic Precursor Systems

Barbara Malič, Sebastjan Glinšek, Theodor Schneller, and Marija Kosec{

3.1 Introduction

Chemical solution deposition (CSD) of complex-oxide thin films should ensure that

homogeneity on the (sub)nanometer level is achieved already in the solution-

synthesis step and then retained throughout the next processing steps, thus allowing

to obtain good functional properties at a low thermal budget. In the present chapter

strategies are presented where chemically different reagents such as metal

alkoxides and metal carboxylates (also called “hybrid routes”) or metal alkoxides

are dissolved and mixed and/or reacted in the solution-synthesis step to form a

heterometallic complex or a compound in a suitable solvent system. After deposi-

tion on the substrate and in the subsequent heating steps, which may include further

reactions, drying, pyrolysis (thermolysis) and crystallization, a crystalline film with

the stoichiometry of the target material is obtained.

A huge amount of research has been dedicated to lead-based complex

perovskites, with Pb(Zr,Ti)O3 (PZT) as the leading representative, and to alkaline
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Centre of Excellence SPACE-SI, Ljubljana, Slovenia

School of Engineering, Brown University, Providence, RI 02912, USA

T. Schneller

Institut für Werkstoffe der Elektrotechnik II, RWTH Aachen University, Aachen, Germany

T. Schneller et al. (eds.), Chemical Solution Deposition of Functional Oxide Thin Films,
DOI 10.1007/978-3-211-99311-8_3, © Springer-Verlag Wien 2013

51

mailto:barbara.malic@ijs.si


earth titanates, such as (Ba,Sr)TiO3 (BST). In recent years the environment aware-

ness has initiated the research of lead-free materials, in bulk ceramic and also in thin

film form. Complex alkali perovskites, niobates and tantalates, represent a group of

materials which could replace the lead-based counterparts in some applications.

The aim of this chapter is to introduce and discuss mixed-metal precursor

solutions containing metal alkoxides and/or other soluble compounds in organic

solvents of these three exemplary systems. Simple alkoxides (Chap. 1) have been

used as the reagents for B-site ions in the perovskite lattice, including transition

metals (TM) Ti, Zr, Nb, and Ta. Due to the low electronegativity and unsaturated

coordination number, the transition metal alkoxides are highly reactive and there-

fore require dry atmosphere for storing and manipulation. Large A-site cations,

such as Pb, Bi, and Ba have been used as short-chain carboxylates, acetates or

propionates (for details see Chap. 2). Alkalis have been introduced as alkoxides or

acetates.

The widely used solution route for Pb(Zr,Ti)O3 (PZT) or other Pb-containing

complex perovskite thin films follows the procedures introduced by Gurkovich and

Blum in 1984 for powders [1] and by Budd, Dey and Payne in 1985 for thin films

[2] and it is usually referred to as the 2-methoxyethanol based route, as this ether

alcohol was used as the solvent. Philips’s group [3] introduced a polyfunctional

alcohol 1,3-propanediol as the solvent, and this approach has been denoted as the

diol route. In the inverse-mixing-order (IMO) route for PZT first the B-site cations

were mixed and then the A-cation reagent in a methanol/acetic acid solvent system

was added [4, 5]. A comprehensive review of processing technologies for high-

permittivity thin films was written by G. Brennecka et al. [6].

The synthetic approaches for alkali perovskites have mainly included either all

alkoxide-based precursors or acetate-alkoxide based ones.

In contrast, the barium and/or strontium titanate films have been mainly prepared

from hybrid routes, i.e., mixtures of carboxylate precursors for the A-site compo-

nent and stabilized titanium alkoxides, which have been thoroughly investigated by

Waser’s group [7–10].

3.2 PZT and Other Pb-Based Perovskites

Figure 3.1 shows the flow chart for the processing of La-modified PZT (PLZT,

(Pb1-xLax)(Zr0.65Ti0.35)1-x/4O3, x ¼ 0.09), as described by Budd et al. [2]. The

reagents are lead and lanthanum acetates hydrates and zirconium and titanium

alkoxides, propoxides or butoxides. The first step was the dissolution of the acetate

hydrate in 2-methoxyethanol (2-MOE) and removal of water by distillation. Then

the transition metal alkoxides were added and the reaction mixture was distilled to

remove volatile reaction by-products. Experimental details and reagents differed

from one work to another, such as lead acetate was used either as hydrate or

dehydrated in vacuum prior use, different alkoxides were compared, which strongly
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influenced the course of reactions in solution, and consequently the structure of

reaction products.

Early studies of the mechanism of the synthesis of PbTiO3 gels and films from

Pb-acetate hydrate, Ti-isopropoxide and 2-methoxyethanol included gas chroma-

tography of distillates and distillation residues and Raman spectroscopy [11,

12]. The presence of iso-propylacetate could be explained by the reaction of

ester-elimination between the Pb-acetate and Ti-isopropoxide:

Pb OAcð Þ2 þ Ti ORð Þ4 ! PbTiO2 ORð Þ2 þ 2ROAc, (3.1)

where R is the isopropoxide group. The presence of isopropanol in the distillate

indicated a reaction between the solvent 2-methoxyethanol and the Ti-alkoxide

(Eq. 3.2). The transalcoholysis reaction, i.e., the exchange of alkoxide groups,

resulted in a less reactive mixed alkoxide [13, 14].

Ti OC3H7ð Þ4 þ xCH3OCH2CH2OH

! Ti OC3H7ð Þ4�x OCH2CH2OCH3ð Þx þ x C3H7OH
(3.2)

Using a number of spectroscopic and chromatographic methods Dekleva

et al. [15] confirmed the reaction between Pb-acetate and Ti-alkoxide and proposed

the structure of the reaction product as (RO)3-Ti-O-Pb-OAc. A large fraction of

propanol confirmed a strong transalcoholysis reaction of Ti-iso or n-propoxide with

the solvent 2-methoxyethanol. Beltram et al. [16] studied the reactions upon the

Fig. 3.1 Flow chart of the processing of PLZT gels and films (modified after [2]). M—Zr, Ti;

R—alkyl group
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synthesis of the (Pb,La)(Zr,Ti)O3 sols for thin film deposition by nuclear magnetic

resonance (NMR) and gas-liquid chromatography. They found that the Pb- and

La-acetates partly reacted with the solvent 2-methoxyethanol and confirmed the

reaction of the alkoxides with the acetates, similarly as in the case of PbTiO3.

Problems related to chemical heterogeneities in PZT thin films, evidenced by the

presence of pyrochlore-like or zirconium-rich phases, have been reported

[17–19]. Modification of TM alkoxides by substitution or addition of ligands less

reactive towards hydrolysis, such as acetylacetone or acetic acid, has been used to

decrease their reactivity [11, 20–22].

Extended X-ray absorption fine structure spectroscopy (EXAFS—see Chap. 8)

has been proven successful in tracing chemical heterogeneity at sub-nanometre

range both in coating solutions, in as-dried amorphous precursors and in amorphous

thin films [23–25]. Malič et al. [26] found that selective modification of

Zr-propoxide by acetic acid resulted in a more homogeneous distribution of con-

stituent metal atoms in the PZT sol, prepared by the 2-methoxyethanol-based route

as compared to the sol, synthesized from the as-received or acetylacetone-modified

Zr-propoxide. A further EXAFS study of the as-pyrolyzed films, deposited on

sapphire substrates revealed that in the case when the as-received Zr-alkoxide

was used, segregation of Zr-species was confirmed both in the PZT sol as well as

in the as-pyrolyzed film. In the case of acetic-acid-modified Zr-alkoxide, the

dimeric structure of Zr-species present in the PZT sol was retained also in the

film, contributing to a more homogeneous distribution of constituent metal atoms

[27]. In Fig. 3.2, zirconium EXAFS spectra of the unmodified PZT and acetic-acid

modified PZT sols, and as-pyrolyzed films on (0001) sapphire are collected,

revealing a less-populated neighborhood of Zr-atoms in the latter case.

The 2-MOE solvent has been successfully replaced by other ether alcohols,

especially 2-butoxyethanol as a less-toxic alternative [28–30]. Additionally other

solvents, such as 1,3-propanediol, have been introduced [3].

In the so-called inverse-mixing-order (IMO) route, the Ti and Zr alkoxides are

first reacted with acetic acid resulting in a more homogeneous distribution of B-site

cations as obtained by the conventional 2-MOE route [4, 5].

In publications on solution-derived (1-x)Pb(Mg1/3Nb2/3)O3�xPbTiO3

(PMN–PT) thin films the main difficulty has been related to the formation of

non-ferroelectric pyrochlore phases and chemical inhomogeneity [31–33]. In bulk

ceramic form the success in PMN preparation was achieved by developing the

columbite method where the columbite MgNb2O6 and PbO react to form the

perovskite phase [34]. The approach was implemented also in the synthesis of

PMN and PMN-PT thin films. FT-IR spectroscopy revealed a large number of

Mg-O-Nb bonds in the Mg-Nb precursor solution after a long reflux time [35].

A common problem related to the processing of lead-based perovskites is the

expected PbO loss during heating. The vapor pressure of PbO above the PZT

depends on the Zr/Ti ratio and is higher for the Zr-rich than for the Ti-rich solid

solutions [36]. An excess of lead reagent in the amount of 10–20 mole % has been

usually added already in the solution [37] or alternatively, introduced as an addi-

tional layer during the film processing [38, 39].
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3.3 Alkali-Metals-Based Perovskites

In recent years environmental issues evoked a large research interest in the field of

lead-free piezoelectric and ferroelectric materials. Because of the cost efficiency

and good composition control solution-derived thin films remain in focus. This

sub-chapter is divided according to the A-site ions; first Li-based perovskites are

reviewed, continuing with the K-based compounds. Special parts are devoted to

Na0.5K0.5NbO3 (KNN) and Na0.5Bi0.5TiO3 (NBT), promising lead-free compounds.

3.3.1 LiNbO3 and LiTaO3

The research of these compounds was initiated by Hirano et al. [40], who refluxed

Li- and Nb-ethoxides in ethanol up to 22 h. Using IR and 1H NMR spectroscopies,

the authors determined formation of heterometallic LiNb(OCH2CH3)6, whose

solid-state structure consists of alternating Nb(OC2H5)6 octahedra linked by

distorted tetrahedrally coordinated Li ions [41]. Its formation is strongly beneficial

for the crystallization; films, prepared from the long-refluxed and partially

hydrolyzed sols, start to crystallize as low as 250 �C [42].

Texture, grain size, porosity and roughness of the LiNbO3 films strongly depend

on Rw, defined as the ratio between moles of added water to the moles of metal

Fig. 3.2 The k3-weighted Fourier transforms of Zr EXAFS spectra of (a) the unmodified (PZT/0)

and (b) acetic-acid modified (PZT/OAc) sols and as-pyrolyzed films on (0001) sapphire substrates.

The films, pyrolyzed at 350 �Cwere XRD-amorphous (from [27]). k—wave vector. Reprinted with

permission of AIP@2006
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alkoxide in the sol. The effect was explained by the interplay between the

hydrolysis,

LiNb OC2H5ð Þ6 þ 3� x=2ð ÞH2O ! LiNbO3�x=2 OC2H5ð Þx
þ 6� xð ÞC2H5OH, (3.3)

and condensation reactions, the first leading to formation of different amorphous

species (depending on x in Eq. 3.3), and the second to condensation of the

molecules into an interconnected network. When larger amounts of water are

used, high concentration of amorphous LiNbO3 is formed. Ease of crystallization

in this case promotes homogenous nucleation within the films and allows substan-

tial grain growth. On the other hand, when lower amounts of water are used, the

crystallization is shifted to higher temperature, favoring heterogeneous nucleation

and grain growth in smaller extent [43].

The Hirano’s ethoxides-based synthesis of LiNbO3 sols has been modified

in terms of different starting compounds, i.e., Li-acetate [44, 45], Li-2,4-

pentanedionate [46], or isopropoxides of both metals [47]. Different solvents

were also used, such as methanol [47] and 2-methoxyethanol [44, 48], the latter

being especially effective in enhancing the stability of the sols.

Hirano’s group also developed an interesting water-based synthesis shown in

Fig. 3.3 [49, 50]. The authors first prepared LiNb(OCH2CH3)6 complex, performed

complete hydrolysis, evaporated the residual solvent and dissolved the obtained

gels in the excess of water. They proposed that the sols with pH ¼ 11 consist of

polynuclear oxo anions associated with the Li+ ions, for instance (Li5Nb6O19)
3�.

Acetic acid was used for the neutralization [50].

The water-based method was further modified by Takahashi et al. [51, 52], who

added up to 0.6 mol/l (monomer unit concentration) of polyvinyl alcohol (PVA) in

order to stabilize the sols and to increase the thickness of the individual dip-coated

layers. Improvement of the surface roughness of the films on (0001) LiNbO3

substrates was observed as well [51, 52].

Regarding LiTaO3, similar ethoxides-based synthesis with the optional refluxing

step has been undertaken. Because of a difficult control of the hydrolysis rate for the

Ta-ethoxide partial hydrolysis has been often avoided [53–55]. Several authors

modified the synthesis by using Li-methoxide [55] or Li-acetate [56] as the starting

compounds, as well as 2-methoxyethanol as the solvent [56, 57].

To control the hydrolysis rate Ta-ethoxide can be modified using a carboxylic

acid, which also acts as a catalyst:

Ta OC2H5ð Þ5 þ xRCOOH ! Ta OC2H5ð Þ5�x OOCRð Þx þ C2H5OH, (3.4)

where R is H (hydrogen) or CH3, for formic or acetic acid, respectively. As an

example, Ono and Hirano [54] used formic acid and successfully eliminated cracks

and high porosity in LiTaO3 films, which were present when non-modified

Ta-source was used.
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Kao and co-workers [58] used less sensitive starting compounds, i.e.,

Li-2,4-pentanedionate and Ta-isopropoxide. They first refluxed the Li-source in

1,3-propandiol solvent. Further refluxing was performed after the addition of B-site

metal starting compound.

An alternative peroxide-based synthesis route is presented in Fig. 3.4. The

starting Li- and Ta-ethoxides were mixed in ethanol, followed by the addition of

30 % aqueous hydrogen peroxide. The precipitated condensation product

formed upon heating to the reflux temperature. During reflux the peroxo bridges

(M-O-O-M, where M can be either Li or Ta) were formed and the precipitated

product re-dissolved. However, the concentration limit was exceeded during the

decomposition of the peroxide with Pt foil at 100 �C. Using these colloidal solutions,
the LiTaO3 films were successfully prepared on platinized silicon substrates [59].

3.3.2 K(Ta,Nb)O3

The sol-gel synthesis of the K(Ta,Nb)O3 (KTN) was studied in detail by the groups

of Hirano [60–62] and Kahn [63, 64]. The TM-ethoxides and K-ethoxide or acetate

were used as the starting compounds, while ethanol was used as the solvent. The

alkali metal starting compound has an influence on the crystallization of the KTN

Fig. 3.3 Flow chart of the water-based LiNbO3 sol preparation route (modified after [50])
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powders. In the acetate case, the pyrolysis and crystallization processes are well

separated, while the traces of the crystalline phases were observed in the air-gelled

samples already at room-temperature, when the K-ethoxide was used [63].

Both groups were preparing the sols by refluxing the starting compounds in

the solvent for at least 24 h. Recently, EXAFS was employed to follow the

structural evolution of the K-acetate and TM-alkoxide-based KTa0.6Nb0.4O3 sols

in 2-methoxyethanol upon refluxing. While the monomeric Ta-species were found

to be rather inert, the dimeric Nb-alkoxide started to form oligomers upon

prolonged refluxing. The K-O-transition-metal correlations were detected in all

the sols and the number of K neighbors around Nb increased upon refluxing,

saturating at 24 h [65].

The formation of bimetallic species between K and both transition metals

strongly affects the crystallization behavior of the films on polycrystalline alumina

substrates. Single-phase perovskite films were obtained only from the 24-h-refluxed

solutions, while the films prepared from the 1-h-refluxed solutions had a multi-

phase composition and heterogeneous microstructures. The dielectric properties

were strongly enhanced as well [66, 67].

Alternatively, Buršı́k et al. [68, 69] used metal isobutoxides, isobutanol solvent

and diethanolamine as a modifier.

3.3.3 K0.5Na0.5NbO3

Synthesis routes of the KNN-based sols can be divided according to the alkali metal

starting compounds on acetates- [70–74] and alkoxides- (mainly ethoxides) [75–80]

Fig. 3.4 Schematic

presentation of the

peroxide-based route for the

preparation of LiTaO3 sols

(modified after [59])
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based. Nb-ethoxide is usually employed as the transition metal source and

2-methoxyethanol is used as a solvent. Starting compounds are dissolved either

simultaneously or alkali metal compounds are mixed and/or refluxed together prior

to the addition of the Nb-ethoxide in order to enhance the A-site homogeneity.

According to the 1H-, 13C- and 93Nb-NMR analyses by Nakashima et al. [80],

the ethoxides-based KNN sols refluxed for 18 h consist of KNb(OCH2CH2OCH3)6
and NaNb(OCH2CH2OCH3)6 species mixed at the molecular level. The proposed

precursor structure is presented in Fig. 3.5. Both, acetates- and alkoxides-based

route lead to perovskite films, still, the work of Čakare-Samardžija et al. [81]

revealed that the crystallization of the single-phase films on platinized silicon

substrates at 670 �C is more favored in the case of the acetates sols.

Chowdhury et al. [82, 83] prepared the alkoxides-based KNN sols by simulta-

neously mixing the starting compounds. The gels were formed by stirring the sols at

ambient environment at 60 �C and were analyzed using thermal analysis, IR

spectroscopy and X-ray diffraction (XRD). The authors observed compositional

segregation in terms of the crystallization of K- and Na-rich compositions. The

heterogeneity was diminished by prolonged refluxing up to 70 h. However, in the

high-temperature heated powders (above 900 �C) the authors always determined

secondary alkali metal carbonate phases, residues of the intermediate products of

the alkoxides thermal decomposition.

Stabilizers, such as acetylacetone [70, 84] and acetic acid [77], are sometimes

added to the sols, however, care should be taken since acetylacetone may have a

negative influence on the thermal decomposition of the Nb-complex [85]. Recently,

Goh and co-workers [73] prepared acetates-based sols modified by the ethylene-

diaminetetraacetic acid (EDTA) and diethanolamine (DEA) in the ratio DTA:DEA:

KNN ¼ 0.25:2.1:1. The resulting films showed improved leakage current

characteristics. The authors proposed that hydrogen and coordinate bonds were

formed between both additives and alkali metal acetates in amorphous films, which

effectively reduced the losses of K and Na upon heating.

A different approach for diminishing the alkali metal losses upon heating was

proposed by Wang et al. [72, 86], who added polyvinylpyrrolidone (PVP) to the

acetates-based sols in the ratio PVP:KNN ¼ 1:1. In addition to the possible forma-

tion of the coordination complexes, the authors attributed the effect to large amount

of the heat formed upon combustion of organics and corresponding decrease of the

effective crystallization temperature. It should be noted that only PVP with the

appropriate molecular weight, i.e. 3.6 � 105, was effective.

Fig. 3.5 Molecular

structure of the alkoxides-

based KNN precursor after

18-h reflux (from [80]).

Reprinted with permission

of Elsevier©2011
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For the recent review on solution-derived KNN thin films the reader is referred

to [87].

3.3.4 Na0.5Bi0.5TiO3

Notable amount of the research activities in the field of solution-derived thin films

has been devoted to NBT. Either nitrates and/or acetates are used as the Na and Bi

sources, while alkoxides, most often n-butoxide, are employed as the Ti-source.

The synthesis begins with the dissolution of Na and Bi starting compounds in acetic

acid at elevated temperatures. Ti-alkoxide, dissolved in alcohol like methanol or

2-methoxyethanol, and modified by the acetylacetone, is then added. Using these

sols, single-phase perovskite NBT thin films were successfully prepared [88–90].

As mentioned above Ti-alkoxide is often stabilized by acetylacetone, forming

more stable chelate complexes. However, it results also in an increased temperature

of crystallization and/or even phase separation. Remondiere et al. [91] compared

three different NBT sol synthesis routes. The first was the above described synthesis

of the NBT sols, slightly modified by the 1-h reflux at 124 �C and subsequent

distillation (see Fig. 3.6, route n�1). The second route was derived from the

2-methoxyethanol route for the PZT sols (Fig. 3.6, route n�2, see also Fig. 3.1),

in which reactive dissolution of the starting acetates and alkoxide is performed by

heating and 1-h reflux at 124 �C. The last route was similar to the route no�2, with
the exception of vacuum distillation, which was used to decrease the reflux and

distillation temperature down to 30 �C (Fig. 3.6, route n�3). Note that the use of

Ti-alkoxide-modifier was avoided in the last two routes. The authors determined

that only 21 % of the total acetate groups were removed from the sol by distillation

in the route n�3, as compared to the 33 % of the acetate groups removed in the

route no�2, meaning that the ester-elimination reaction (see Eq. 3.1) is promoted

by the high-temperature reflux. The NBT xerogels, prepared by the route

no�2, crystallized directly from the amorphous phase, in contrast to the other two

routes, where some transient phases were observed. In addition, XRD-phase-pure

perovskite films were prepared on platinized silicon substrates from the route n�2
sols already at T ¼ 460 �C, while pyrochlore- or fluorite-type secondary phases

were detected in the films prepared from the other routes. The enhanced perovskite

crystallization in the NBT xerogels and thin films prepared from the route n�2 sols

was attributed to three factors:

a) absence of acetylacetone modifier, which retards the crystallization to higher

temperatures and promotes phase separation,

b) lower amount of organics in the sol due to enhanced ester-elimination reaction

kinetics

c) and enhanced homogeneity at the molecular level.

Kim and co-workers [92] used Na2CO3 and Bi2O3, dissolved them in nitric acid

(HNO3) and mixed the solution with ethylene glycol (EG) in a ratio of metal ions:
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EG ¼ 1:10. Afterwards the Ti-isopropoxide was added. Based on the FT-IR and

Raman investigations of the sols the authors proposed that the final solution consists

of Ti alkoxide modified by coordinated glycolic and/or oxalic acid, which are

formed upon oxidation of the EG by the nitric acid. The films were prepared on

platinized silicon substrates at 700 �C, however, secondary pyrochlore phase and

remains of the amorphous NBT phase were determined by the XRD and transmis-

sion electron microscopy (TEM) analyses, respectively.

3.4 Barium Strontium Titanate (Ba,Sr)TiO3 (BST) and

Related Systems

The practically accessible chemical routes for typical CSD BST thin film growth

are to some extent, limited by the availability of alkaline earth precursors with good

solubility in chemical solutions with good wetting properties, such as alcohols or

ether alcohols. Besides a few attempts to use single source precursors (Chap. 4),

barium or strontium alkoxide compounds are rarely used because of their limited

solubility in the parent alcohol and their high reactivity towards water which can

lead to uncontrolled hydrolysis and condensation already during solution synthesis

and deposition (cp. Chap. 1) [93]. Simple water based solutions often suffer from

Fig. 3.6 Flowchart of three different synthesis routes of the NBT sols studied by Remondiere

et al. [91]. Reprinted with permission of Springer©2008
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solubility problems of some compounds and poor wettability properties. Thus

although in recent years water based precursor systems have been developed

(Chap. 5), well established synthesis routes for precursor solutions containing

barium, strontium and titanium rely on alkaline earth carboxylates in combination

with stabilized or non-stabilized titanium alkoxides, which are dissolved in a

mixture of carboxylic acid and a suitable alcohol (simple alcohol, ether alcohol,

or polyols) [7, 10, 94–101].

The flow chart in Fig. 3.7 shows the motif of this CSD route which can be found

in the publications above in modified form. First, barium and strontium

carboxylates are dissolved in their parent carboxylic acid and titanium tetra

n-butoxide (TBT) is either stabilized by addition of acetylacetone forming Ti

(OnBu)2(acac)2 or by addition of carboxylic acid. Second, the alkaline earth and

the titanium solutions are mixed at room temperature. The final concentration of the

CSD solution is adjusted by addition of a parent polar or less polar alcoholic

solvent.

Often this hybrid approach is also classified in literature as “chelate process” due

to the stabilization of the alkoxide by a chelating reagent such as acetylacetone

[102]. Although the combination of metal carboxylate and metal alkoxide was

already mentioned in the early 1990s [103] only Hasenkox et al. [7] investigated

in detail the influence of different chain lengths of the metal carboxylates on the

film properties and Hoffmann et al. [10] optimized the CSD routine in order to get

high quality BST films with a columnar microstructure. For details how to control

the morphology and consequently the properties the reader is referred to Chap. 17.

With a very similar chemistry (Ba(OOCCH3)2, Sr(OOCCH3)2, TBT in acetic acid/

methanol solvent the concept of morphology design was confirmed [98].

Alkaline earth acetates and propionates for the A-site, as well as TBT and

titanium tetra isopropoxide for the B-site have proven to be the most popular

chemical educts which are used to synthesize the solution. This general scheme

offers high flexibility for modifications. Hence the related B-site substituted

compounds barium titanate zirconate (Ba(Ti1-yZry)O3, y ¼ 0–0.4) [104–106] bar-

ium titanate hafnate (Ba(Ti1-yHfy)O3, y ¼ 0–0.4) [107] have been prepared by a

corresponding modification of the general scheme shown in Fig. 3.7. In addition

dopants can easily be added [94, 108].

3.5 Summary

By means of a number of important perovskite material systems, solution synthesis

principles for suitable mixed metallo-organic precursors have been reviewed. They

are representative for other material systems with metal compounds, which have a

chemically similar behavior. The precursor systems have been classified according

to the A-site ions in the perovskite structure: Pb-based, alkali- and alkaline-earth-

based systems. Acetates and alkoxides have been usually used as the A- and B-site

ion sources in the Pb(Zr,Ti)O3 and related systems. Different solvents were used,
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such as 2-methoxyethanol and other ether alcohols, methanol and 1,3-propanediol

(diol-route). The starting compounds can be mixed in the solvent either together or

separately, when the A-site precursor is added to the pre-reacted solution of the

B-site alkoxides (inverse-mixing route).

An efficient all-ethoxide route was developed for the LiNbO3, in which the

Li-Nb complex forms upon long-time refluxing. The same precursor system was

used also in the course of the development of the water-based solutions. In the case

of LiTaO3 modifiers, usually carboxylic acid, must be used to stabilize the

Ta-alkoxide.

Fig. 3.7 Flow chart for the

CSD growth of (Ba1-xSrx)

TiO3 thin films utilizing a

solution from (stabilized)

titanium alkoxide and

alkaline earth carboxylates.

By modification of the

thermal procedure including

repetition of the coating step

the overall morphology can

be adjusted (thickness and

microstructure). By

courtesy of S. Hoffmann-

Eifert
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Either acetates or alkoxides were used as the A-site-ion sources for the synthesis

of K-based perovskites, such as K(Ta,Nb)O3 and K0.5Na0.5O3, and the complexes

are formed upon prolonged refluxing. Several modifiers can be employed, such as

acetic acid, acetylacetone, polyvinylpyrrolidone, diethanolamine and even

ethylenediaminetetraacetic acid. In the case of Ti[(Na0.5Bi0.5)TiO3] either nitrates

or acetates were used as the Na- and Bi-sources and acetylacetone-modifed

Ti-alkoxide in 2-methoxyethanol solvent.

For alkaline earth titanates and zirconates a popular hybrid precursor system

consisting of the alkaline earth carboxylate and the acetylacetone stabilized group

IV metal alkoxide was presented. It offers a wide synthesis window for adjustments

of the concentration, overall stoichiometry and dopant content.
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23. Malič B, Arčon I, Kodre A, Kosec M (1999) EXAFS study of amorphous precursors for

Pb(Zr,Ti)O3 ceramics. J Sol-Gel Sci Technol 16:135–141

24. Sengupta SS, Ma L, Adler DL, Payne DA (1995) Extended X-ray absorption fine structure

determination of local structure in sol-gel-derived lead titanate, lead zirconate, and lead

zirconate titanate. J Mater Res 10:1345–1348
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29. Mandeljc M, Kosec M, Malič B, Samardzija Z (2000) Low temperature processing of

lanthanum doped PZT thin films. Integr Ferroelectr 30:149–156

30. Schneller T, Waser R (2007) Chemical modifications of Pb(Zr0.3,Ti0.7)O3 precursor solutions

and their influence on the morphological and electrical properties of the resulting thin films. J

Sol-Gel Sci Technol 42:337–352

31. Udayakumar KR, Chen J, Schuele PJ, Cross LE, Kumar V, Krupanidhi SB (1992) Polariza-

tion reversal and high dielectric permittivity in lead magnesium niobate titanate thin films.

Appl Phys Lett 60:1187–1189

32. Shyu MJ, Hong TJ, Yang TJ, Wu TB (1995) Highly (100)-oriented thin films of sol-gel

derived Pb[(Mg1/3Nb2/3)0.675Ti0.325]O3 prepared on textured LaNiO3 electrode. Jpn J Appl

Phys 34:3647

33. Fan H, Kim HE (2002) Microstructure and electrical properties of sol-gel derived

Pb(Mg1/3Nb2/3)0.7Ti0.3O3 thin films with single perovskite phase. Jpn J Appl Phys 41:6768

34. Swartz SL, Shrout TR (1982) Fabrication of perovskite lead magnesium niobate. Mater Res

Bull 17:1245–1250

35. Nagakari S, Kamigaki K, Nambu S (1996) Dielectric properties of sol-gel derived

Pb(Mg1/3Nb2/3)O3-PbTiO3 thin films. Jpn J Appl Phys 35:4933–4935
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Chapter 4

Single Source Precursor Approach

Hydrolysis Mechanisms in Organic Media

Vadim G. Kessler

4.1 Introduction

The quest for single source precursors (SSP) in metal oxide sol-gel, more often

referred to today as Chemical Solution Deposition (CSD), was set in the late 1980s

in connection with the synthesis of complex ferroelectric oxide films, in the first

hand, those of barium titanate, BaTiO3, and lead magno-niobate, Pb(Mg1/3Nb2/3)O3,

and zinco-niobate, Pb(Zn1/3Nb2/3)O3. The difficulties in maintaining the stoichio-

metry of barium titanate using hydrolysis of metal alkoxides as approach have

been underlined already in the pioneering works of Mazdiyasni et al. [1, 2]. The

idea of applying a single source precursor—a molecule already containing neces-

sary atoms in a proper ratio, corresponding to the desired complex phase, comes

originally from the Metal Organic Chemical Vapor Deposition (MOCVD)

approach. It was urged by Boris Kozyrkin et al. (see [3] and refs therein) in the

late 1970s, when the convincement that gallium arsenide, GaAs, was destined to

replace silicon in electronic applications dominated the scientific community. It

was practically impossible at that time to achieve the control over different sources

down to the ppm scale, as required for the semiconductor applications, and the

demand for a single molecular source was seen as the only option. The distinct

focus on identification and purposeful construction of SSP for sol-gel applications

was set in the beginning of 1990s by the groups of Turova [4] and Hubert-Pfalzgraf

[5] respectively. The access to easy-to-handle and less hydrolysis sensitive

derivatives of alkaline earth and late transition metals in combination with com-

mercial availability of the alkoxides of early transition metals made heteroleptic

(mixed-ligand) derivatives to natural candidates for the role of SSP. The interest to

heteroligand SSP was additionally supported by the discovery of the fact that

introduction of chelating organic ligands into alkoxide precursors was generally

stabilizing the resulting colloid solutions applied then for film deposition [6].
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The evaluation of the need in and applicability of an SSP is determined by its fate in

the hydrolytic transformations and in the subsequent deposition and thermal treat-

ment procedures. Therefore, this chapter will commence with the description of the

mechanisms of hydrolysis in organic media and subsequent particle growth and

crystallization, and will continue with an overview of a large number of more and

less successful examples in application of SSP. Its final part will provide some keys

for understanding the design and synthesis of heterometallic alkoxide complexes—

possible SSP.

4.2 Hydrolysis in Organic Media: What Happens with the

Precursors?

The apprehension of the sol-gel transformations of metal-organic precursors,

e.g. metal alkoxides and chemically modified metal alkoxides, and even inorganic

precursors was until very recently dominated by the hypothesis of kinetically

controlled homogeneous hydrolysis-polycondensation supposed to result in the

reaction mechanisms analogous to the growth of true inorganic polymers such as,

for example, siloxanes [7–9]. Exploiting the knowledge about the alkoxides of

silicon, which, however, as a non-metal is not a plausible analogue, it was supposed

that the metal alkoxide “monomers” hydrolyze forming at the first step hydroxo-

alkoxide species like “Ti(OR)3(OH)” or “Zr(OR)3(OH)”, which then can either be

hydrolyzed further or undergo condensation with formation of oxo- (oxolation) or

hydroxo (hydroxolation) bridges in independent kinetic regimes [7]. The sol-gel

transition was attributed to the molecular percolation through polymeric condensa-

tion, i.e. it was supposed that the “polymeric oxo-hydroxo molecules” are growing

so big that they come into contact with each other and built up a solid framework.

The stabilization of the colloid solutions, obtained from precursors modified with

chelating ligands, was explained through a supposition that introduction of chelat-

ing moieties leads to moderation of the kinetic hydrolysis sensitivity of precursors

and is inhibiting the condensation reaction [10]. Possibility to form sols and gels of

complex oxides was attributed to “harmonizing” of the speeds of hydrolysis and

condensation between the species of different metals. Obtaining of heterometallic

precursors seemed as an immediate remedy for this problem.

These hypotheses failed, however, to explain the reasons of two major failures

experienced by the metal oxide sol-gel process: (1) in spite of numerous

heterometallic precursors applied, it turned completely impossible to produce

high temperature superconductor phases, as, for example, YBa2Cu3O7-δ, directly

through sol-gel process (even lowering of the synthesis temperature for it could not

be achieved) and (2) while modification of metal alkoxides with acetylacetone for

zirconium precursors was supposed to produce randomly condensed polymers, the

ZrO2 films produced from them were dense and did not display any microporosity.

72 V.G. Kessler



Supposition about kinetically controlled hydrolysis-polycondensation turned to be

inconsistent.

4.2.1 Molecular Mechanisms in Hydrolysis
and Condensation

Recent development in the studies of the structure and reactivity of metal alkoxide

precursors revealed a completely different picture. The metal alkoxide complexes

are in general not monomers, but oligomers. Even Ti(OiPr)4 generally considered

earlier to be a monomer at least in solution [11] was recently shown to display

dimeric structure in the solid state with possible monomer-dimer equilibrium in

solution (see [12] and refs therein). It is especially important to keep in mind that

the XANES/EXAFS data used in the early works on titanium precursors are for this

element always strongly influenced by adsorption and are very difficult to use for

structure elucidation. This trend is caused by the extreme Lewis basicity of the

alkoxide anions [RO]�, which are even strong Brönsted bases, being correspondent
bases of the alcohols—common solvents in the synthesis of oxides. The addition of

small amounts of water, microhydrolysis, does not proceed even for homometallic

titanium or zirconium alkoxides via any hydroxide intermediates, but results

directly in well-defined oligonuclear oxo-alkoxide species through one-step

hydrolysis-condensation transformation associated with complete re-structuring

of the precursor molecules, for example:

3 Ti2 OiPr
� �

8
þ 2 H2O ! 2 Ti3O OiPr

� �
10
þ 4 iPrOH 13½ � (4.1)

Zr4 OnPrð Þ16 þ H2O ! Zr4O OnPrð Þ14
�n
PrOH

�
2

14½ � (4.2)

In the cases, when the hydroxide alkoxide complexes really can be isolated (for

zirconium, but never for titanium species), they are not reactive intermediates, but

fully thermodynamically stable complexes without any trend to further condensa-

tion under conditions for their isolation. For homometallic alkyl alcohol derivatives

only a single example of hydroxo-species, Zr3O(O
tBu)9(OH) [15] with the molec-

ular geometry practically identical to Ti3O(O
iPr)10 and the triangular core in Zr4O

(OnPr)14(
nPrOH)2 (see Fig. 4.1) has been reported so far.

The complex Zr3O(O
tBu)9(OH) was obtained with over 80 % yield on in situ

microhydrolysis of monomeric Zr(OtBu)4 [16] with moist Li2S and was found to be

completely stable and well recrystallizable from a variety of solvents [15]. The

majority of the described zirconium hydroxo-alkoxides are, however,

heterometallic complexes. In this case, they also are thermodynamically stable

and do not show any trend at all to condensation at room temperature. The structure

of these oxo- or hydroxo-species is completely independent from the way of their

preparation. Thus one and the same complex Ba2Zr2(OH)2(O
iPr)10(

iPrOH)6 has
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been obtained with high yield both by alcohol interchange from a tert-butoxide

complex BaZr(OtBu)6(Thf)2 treated with excess of
iPrOH and then hydrolyzed with

1 equivalent of water [17] and by adding directly 1 eq. of H2O to a freshly prepared

mixture of Ba(OiPr)2(
iPrOH)x and [Zr(OiPr)4(

iPrOH)]2 [18]. The bimetallic

barium-titanium oxoalkoxide Ba4Ti4O4(O
iPr)16(

iPrOH)4, the first single-source

precursor of BaTiO3, was produced first via oxidation of a propoxide Ba:

Ti ¼ 1:1 solution by dry oxygen [19], but can be made quicker and with a higher

yield just by addition of the equivalent amount of water to a diluted alcohol solution

as in [18].

It is important to note that the molecular structures of the individual hydrolysis

products of metal alkoxides follow the structure types well known for oligonuclear

inorganic oxometallates, starting from trimolybdate type M3O11 and continuing

with, in particular, tetramolybdate type M4O16, Lindqvist type M6O19, Andersson

type M7O24, Keggin type M13O40 etc. [20] (see Fig. 4.2). The degree of hydrolysis

h ¼ [M(OR)n]:[H2O] is permitting to achieve the formation of a distinct structure,

but is not itself determining the structure. The latter is resulting from dense packing

of metal cations and oxygen atoms of the ligands and is a result of coordination

equilibrium. This structural feature is in itself a strong confirmation of the principal

conclusion that can be drawn from the theoretical studies of bonding in the

structures of the alkoxide complexes [21, 22]: these species are not covalently

bound molecules but ionic salts existing as close ion pairs and therefore often

soluble in organic solvents. The ability of modern computer methods to provide

molecular orbital structure and shape is often confusing the reader giving an

impression that all bonding can be considered as covalent (at least to some extent).

More thorough analysis of these results gives, however, a direct confirmation for

Fig. 4.1 The metal-oxygen core of Zr4(O
nPr)16 and the molecular structure of Zr4O

(OnPr)14(
nPrOH)2 [12]
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the predominantly electrostatic character of bonding to oxygen for metal cations as

the “bonding” orbitals do not contain any considerable contributions from the

atomic orbitals of the metal atoms except for those of the platinum group ones.

The chelating heteroligands turned out also to play a role completely different

from that put forward in the kinetic reactivity hypothesis. First and foremost, it has

been clearly demonstrated that introduction of chelating ligands is strongly increas-

ing the charge distribution in the molecules. The length of the bonds to oxygen

atoms in the chelating ligands is appreciably higher than to the alkoxide oxygen

atoms. This leads, in combination with the fact that the chelating ligands most often

are appreciably smaller than the alkoxide groups they are replacing, to the easier

accessibility of the metal centre for hydrolytic transformations. The introduction of

chelating ligands can, of course, in exceptional cases give direct thermodynamic

stabilization of an alkoxide complex over a hydroxide one (see [23] for such

example). The heteroligands are even easily transferred both within one molecule

and also between different molecules. The transfer of chelating β-diketonate
ligands within an oligonuclear molecule of heteroleptic aluminium alkoxide has

been first studied in detail by Wengrovius et al. already in 1986 [24]. The transfer of

chelating ligands between different molecules has also been demonstrated recently

[25]:

1=2 Hf OiPr
� �

3
thdð Þ

h i

2
þ Hf OiPr

� �
thdð Þ3 þ 2H2O !

Hf2 OHð Þ2 OiPr
� �

2
thdð Þ4 þ 2 iPrOH

(4.3)

It has even been demonstrated recently that the complete blocking of the

coordination sites does not have any effect towards decreased reactivity of metal

alkoxide complexes in hydrolysis. Thus highly sterically hindered homoleptic

Fig. 4.2 Metal-oxygen cores in the structures of metal alkoxide complexes—analogues of the

polyoxometallates [18] (the oxygen atoms are indicated by red dots)
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pinacolates of niobium and tantalum HM(O2C6H12)3 turned to be noticeably more

hydrolysis-condensation sensitive than aliphatic alkoxides, M2(OR)10, R ¼ Me, Et,
iPr [26].

In total, the hydrolysis-polycondensation appears to be a single kinetic phenom-

enon, leading to products, corresponding to the local equilibrium conditions. A very

illustrative demonstration of this fact is provided by the microhydrolysis of a

bimetallic nickel-titanium precursor Ni2Ti2(acac)4(OEt)8, resulting on addition of

1 eq. of water in practically quantitative precipitation of a complex with completely

different metal : metal and alkoxide : heteroligand ratios, Ni5TiO(acac)6(OEt)6 [27]

(see Fig. 4.3).

The hydrolysis of metal alkoxides is following normally the kinetically unhin-

dered proton-assisted SN1 mechanism [28] and introduction of chelating ligands,

enhancing the charge distribution, is apparently facilitating it further and resulting

in quicker and deeper condensation. Experimental confirmations of this fact have

arrived quite early in the history of application for mixed ligand precursors. In

particular, this observation was clearly stated in the comparison between alkoxide-

only and carboxylate-alkoxide precursors made by Hubert-Pfalzgraf et al. [29].

4.2.2 Supramolecular Sol-Gel Mechanisms, Formation
and Fate of Colloid Particles

The structures of the individual oxo-complexes resulting from microhydrolysis, the

process, where the amount of the water added is less than required for complete

removal of the organic ligands, are following the same structure types as the

Fig. 4.3 Thermodynamically driven transformation from Ni2Ti2(acac)4(OEt)8 to Ni5TiO

(acac)6(OEt)6 on microhydrolysis [27]
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structures of alkoxide derivatives in general and following those identified for the

formation of polyoxometallate compounds from water solutions. This permits to

conclude that the hydrolysis-condensation is a purely thermodynamically con-

trolled process, driven by the electrostatic forces that stay for bonding in the

metal alkoxide, hydroxide and oxide structures. The studies of formation of

polyoxometallate complexes in water have revealed during the last decade that

coordination equilibria for this type of particles can in fact result in well-defined

individual species with the size exceeding 2 nm [30–34]. The sol-gel process,

carried out in organic solvents, results normally at the first step in well-defined

primary particles with the size in the range of 2–5 nm [35–37], originating appar-

ently from the coordination equilibria in solutions. The growth of the particles is

self-limited. In the organic solvents the size of the primary particles obtained does

not normally exceed 5 nm. The reasons for this type of limitations can be thought

both in thermodynamic, such as extremely low solubility and absence of transport

for the oxide species, when they are formed, and kinetic factors. Among the latter

can be named the interplay between kinetic dependence of the nucleation on

concentration versus transport of non-hydrolyzed species to the already formed

nuclei or even the increasing activation barrier for inclusion of one more oxide unit

into the already formed particle. The theoretical estimations of the energies for

surface interactions of the forming nanoparticles with the solvents can be consid-

ered to give favour to the latter mechanism [38, 39]. This gave rise to an idea that

the growth of the particles can be limited by the growing force of the interaction

between residual organic ligands on their surface with the solvent molecules, which

lead to a term “Micelles Templated by Self-Assembly of Ligands” (MTSAL, see

Fig. 4.4) for denoting the primary particles in sol-gel processes [27, 37].

These particles have a core structure of a polyoxometallate type, which means a

crystalline or at least highly ordered one and an amorphous surface covered by

residual ligands. Their future transformations depend on the nature of the surface

ligands, degree of complexation, i.e. how densely it can be covered by them and the

desorption equilibria. If the degree of complexation is low, the particles stick to

each other and form bigger aggregates that even can develop a common surface and

continue aggregation with each other until they arrive at macro-size formations of

about 1 μm in size. If the degree of complexation is relatively high, the particles

remain mainly individual or tend to form relatively small aggregates (see Fig. 4.5)

[36, 37, 40, 41].

The MTSAL type particles are in reality NOT exclusively a product of applica-

tion of alkoxide precursors. They have even been documented for hydrolysis of

inorganic salts in alcohol and other organic media [42, 43]. The same type of

behaviour is apparently the case even for non-hydrolytic sol-gel process as it has

been recently demonstrated for the synthesis of TiO2 by Bradley reaction,

i.e. thermally enhanced ether elimination from a metal alkoxide in alcohol or

carbonyl compound as solvent [44–47], carried out in benzyl alcohol [48].

An important question deals also with the fate of heterometallic species. In fact,

the expectations set for them are very often not fulfilled. The oligonuclear

complexes and even oxo-alkoxo species are not clusters and most often do not

4 Single Source Precursor Approach 77



guarantee any “cluster behaviour”, i.e. conservation of the metal-oxygen core in the

course of hydrolytic transformation. Introduction of the oxo- or hydroxo-ligands,

which is the primary result of (micro)hydrolysis, leads to complete redistribution of

cations in at least relatively small aggregates. This phenomenon is demonstrated in

Fig. 4.6 for the single source precursors of perovskite materials. All of them can be

constructed following the tetramolybdate structure type, but addition of 1 eq. of

water changes both the molecular geometry and the cation ratio. In contrast,

addition of stoichiometric or superstoichiometric amounts of water is granting the

unchanged composition as the thermodynamic conditions for complete phase

separation for both oxide components is fulfilled [46].

Fig. 4.4 Schematic presentation of the MTSAL concept (the red dots denote the oxygen atoms,

while the blue balls stay for the rest of the ligand entities)

Fig. 4.5 Transformation of the MTSAL aggregates for higher complexation ratio, giving forma-

tion of a stable sol (a) and for lower complexation ratio leading to gelation (b). TEM image (b)

reproduced with permission from [36]
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It should, however, be noticed that the heterometallic species introduce the

proper stoichiometry on molecular level and in a few cases really do provide strong

advantages over a mixture of homometallic ones. At least three well documented

cases are reported in literature and will then be discussed in detail in the Sect. 4.3

below. First of them was the use of heterometallic oxoalkoxides for the synthesis of

BaTiO3 films [4], where the non-oxo homoleptic alkoxide precursors can lead

otherwise to parasite phases deteriorating the electric properties. The second dealt

with application of a heterometallic alkoxide ErAl3(O
iPr)12 in the preparation of

laser waveguides, where the effect was achieved in separation of Er cations from

each other and improved optical properties, while the use of homometallic Er5O

(OiPr)13 resulted in many Er-O-Er contacts and inferior characteristics [49]. The

third case was the application of diethanolamine ligand for binding titanium and

zirconium in a precursor for preparation of the homogeneous ZrTi2O6 phase for

hydrothermally stable microporous membranes [50].

4.3 Application of Single Source Precursors

for Preparation of Materials

In the described approaches to functional films, derived from SSP, it is possible to

identify three principal groups: (1) spin-on deposition of dispersions, prepared from

powders obtained by metallo-organic decomposition (MOD)—the powders were

Fig. 4.6 Transformation of the single source precursors of perovskites on microhydrolysis
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first obtained in dry form and then re-dispersed, (2) spin-on or dip-coating deposi-

tion of the solutions of SSP on dense substrates for preparation of continuous

coatings, and (3) dip-coating deposition of SSP solutions on porous substrates for

the preparation of membrane or nanocomposite materials.

4.3.1 Deposition of Dispersions Obtained from Powders
Produced from SSP by MOD

The historically first and actually rather complete demonstration of a single source

precursor approach dealt with the synthesis of BaTiO3 coating by spin-on

approaches, applying powders, produced by metallo-organic decomposition

(MOD) of such precursors. The challenge in identifying an approach to SSP for

this system was caused by the problems in obtaining phase-pure BaTiO3 from the

initially applied ethoxide solutions. Analysis of the molecular composition of these

solutions revealed simultaneous presence of two heterometallic complexes with

“wrong” composition, BaTi2(OEt)10(EtOH)5 and Ba4Ti2O(OEt)14(EtOH)2 [51]. A

possibility to obtain an alkoxide with the required 1:1 composition was reported by

Kirby, but the nature of this compound was not identified [52]. It was isolated in the

form of poorly soluble crystals from solutions in isopropanol subjected to

prolonged refluxing. The nature of these crystals was determined using the X-ray

single crystal study that has shown them to be an oxo-alkoxide

Ba4Ti4O4(O
iPr)16(

iPrOH)4 [17]. Thermal decomposition of this crystalline product

in inert atmosphere and in carbon dioxide-free air offered phase-pure tetragonal

(nano)powder of BaTiO3 at 700
�C [51]. Further studies have demonstrated that an

analogous oxo-complex with 1:1 composition is formed even in n-butanol

solutions. The higher viscosity of n-butanol provided an attractive possibility to

produce the (nano)powder of the desired oxide simply by hydrolysis from the

precursor solutions subjected to prolonged thermal treatment [4]. The process has

been commercialized by Symetrix Corporation in Colorado, USA for the produc-

tion of capacitor materials [47] (see Figs. 4.7 and 4.8).

Application of more-or-less well defined individual molecular complexes for the

hydrolytic or pyrolytic preparation of nanopowders for further use in film prepara-

tion, especially for perovskite materials for electronic applications, has become

then the major SSP based route. Thus, synthesis of Ba(Mg1/3Ta2/3)O3 powder form

a postulated trimetallic alkoxide SSP has been reported [54] in 1996, however,

without any convincing characterisation of the latter. A thorough characterization

of bimetallic precursors for barium magno-niobate has been reported in 1997,

including such complexes as bimetallic alkoxides.

BaNb2(O
iPr)12(

iPrOH)2 and MgNb2(OEt)12(EtOH)2 and acetate-alkoxides,

MNb2(OAc)2(O
iPr)10, where M ¼ Mg, Cd, Pb. The preparation of bimetallic

powders by hydrolysis has been carried out aimed at comparison between the

pure alkoxide and alkoxide-acetate routes [26]. The observations of the authors
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Fig. 4.7 Deposition methodology and the resulting morphology of single source precursor MOD

derived film of barium strontium titanate. Copyright Symetrix Corp. [53]. The process is carried

out stepwise with deposition, drying and then quick sintering for each layer

Fig. 4.8 Functional characteristics of the capacitor materials prepared by single source precursor

MOD derived deposition procedure. Copyright Symetrix Corp. [53]
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were in full agreement with the later proposed MTSAL concept and indicated lower

crystallization temperature and higher crystallinity for the powders produced from

acetate-alkoxides, and implied the ability of chelating ligands to facilitate hydroly-

sis and especially condensation of precursors. New SSP have then been identified

and used for the preparation of powders of BaTiO3 (Ba2Ti2(thd)4(OEt)8(EtOH)2
[5], Ba2Ti2(thd)4(O

nPr)8(
nPrOH)2 [55]), BaZrO3 (Ba2Zr2(OH)2(O

iPr)10(
iPrOH)6

[15, 16], Ba2Zr2(thd)4(OPr)8(PrOH)x [16] ), SrZrO3 (Sr2Zr2(OH)2(O
iPr)10(

iPrOH)4
[16], Sr2Zr2(thd)4(O

nPr)8(
nPrOH)2 [56]), and PbZrO3 (Pb4Zr4(OCOR’)8(OR)16(ROH)2,

where R’ ¼ C7H15, R ¼ iPr, nBu [57, 58]). An interesting approach to a powder of

BaTiO3 with application of octyl-beta-D-glucopyranoside along with postulated single

source precursor barium titanium methoxyethoxide was also recently described [59].

It should, however, be mentioned that the identity of BaTi(OC2H4OMe)6 has

never been proved. The only individual complex, obtained from the corresponding

solutions in parent alcohol had the formula Ba4Ti13O18(OR)24 [60]. Among other

oxide powders produced from identified heterometallic alkoxide precursors one

can also name GdFeO3 (from Gd2Fe2(O
iPr)13(

iPrOH)2 [61]), YAlO3 (from

Y2Al2(O
iPr)13(

iPrOH)2 [62]) and ZnFe2O4 (ZnFe2(OR)8, R ¼ iPr, tBu [63]).

An attempt to prepare a series of MTi2O5 catalyst nanopowders for photochem-

ical applications has been reported based on precursors with general formula

MO2Ti2(O
nPr)6, where M ¼ Mg, Mn, Fe,Co, Zn, Sn [64]. The precursors were

obtained via thermal condensation of metal acetates with titanium normal

propoxide. The chemical individuality of these precursors is extremely doubtful.

The only successfully obtained oxide with the desired composition was MgTi2O5,

while for the other metals the MTiO3/TiO2 composites were produced. This is

extremely logical as even if the precursors are homogeneous on molecular level, the

formation of the complex phases is controlled thermodynamically ( for details see
Chap. 15 “Thermodynamics and Heating Processes”). If the phase is not stable

under provided conditions it cannot be obtained. That was exactly that reason that

stood behind the inability of metal alkoxide sol-gel routes to produce high temper-

ature superconductors under milder conditions: the stable phases at lower tempera-

ture in those systems were completely different and their crystallites had possibility

to grow big enough to erase all the memory of the system about the molecular

homogeneity in the starting point.

4.3.2 Deposition of SSP Solutions on Dense Substrates:
Dense Films Through Self-Organization of MTSALs

High solubility of the solutions of mixed-ligand (heteroleptic) precursors and in

many cases their essential viscosity in combination with the stabilization effect

provided by the chelating ligands to the hydrolyzed solutions makes these systems

attractive for direct applications in both spin-on and dip-coating deposition of films.

The nature of the MTSAL particles that form in these solutions can in fact be
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exploited to achieve formation of extremely dense, uniform and especially smooth

films via self-assembly phenomenon. The aim of the synthesis should in this case be

to facilitate the transfer of the residual ligands to the surface of the assembling

layer. This can efficiently be achieved if the surface of the substrate and the

molecules of the solvent have sufficiently different polarity and bonding

preferences. Application of a polar surface in combination with non-polar solvent

was demonstrated to be an effective tool in creation of dense and smooth coatings

(see Fig. 4.9). Polar surface of aluminium oxide was successfully coated, for

example, by a dense crack-free layer of Co3O4/CoNb2O5 oxide nanocomposite

[33] and also by layers of different spinel phases [65, 66], applying alkoxide beta-

diketonate precursors in toluene as solvent. Dense protective films of NiTiO3 were

produced also on smooth metallic surfaces, applying the solution of

Ni2Ti2(acac)4(OEt)8 in toluene [24]. The mean square roughness of the obtained

surface was in the order of magnitude of 2–4 nm. Compact multilayer films with

indistinguishable single layers could be successfully produced.

An interesting example of a film for electronic applications deposited exploiting

this type of approach was used for preparation of smooth and dense LaCoO3 layers

Fig. 4.9 Preparation of dense and smooth films from heteroligand SSP, exploiting the self-

assembly approach. SEM and AFM images below are reproduced with permission from [36]
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on silica substrates, applying an SSP LaCo(ODiEt)5, where ODiEt ¼ OC

(Et)2CH2OCH3 [67]. The authors appreciated the functionality of this ligand,

providing it with affinity for both more- and less polar media.

4.3.3 Deposition of SSP Solutions on Porous Substrates:
Synthesis of Membrane and Nanocomposite Films

Control of porosity in application of organic precursors represents one of the major

challenges in the deposition of coatings in general and especially in the solution

deposition approaches, as the solvent has to be removed in this case from the

forming gels of particles that are strongly interacting with it and in addition are

often hydrated. The problems associated with cracking are treated separately in this

book, but within the present chapter some general considerations concerning the

chemically introduced porosity will be presented.

The MTSAL origin of the particles, interacting to form a coating, provides some

general trends that could not really be anticipated in the earlier applied concepts of

polymeric sol-gel processes. The absence of inherent porosity within the MTSAL,

constructed as dense polyoxometallate cores, leads to formation in the films,

deposited from sols, of either completely dense coatings, lacking porosity (such

as those described in Sect. 4.3.2, see Fig. 4.9) through complete coalescence of the

particles, or to areas with partly closed wormhole type mesoporosity (see Fig. 4.5b).

Macroporosity is often introduced in parallel by cracking. The controlled formation

of continuous microporous structure of metal oxides represents one of the major

goals in creation of membrane materials.

Creation of reproducible microporosity requires application of precursors able to

resist to the transfer of ligands at least partially, so that the residual ligands will be

removed already after the formation of a dense layer through surface interactions

between the particles. The solution to this problem was thought in introduction of

ligands able to act as both chelating and bridging ones, so that their transfer to the

surface of the particle will be associated with at least the activation energy

connected with their bridging function. One of the structurally best studied

examples is the modification of zirconium or zirconium and titanium alkoxides in

combination with diethanolamine [68, 69]. The precursors demonstrate in this case

a trend to transform into molecular species with the chelating-and-bridging ligands

associated to a metal atom inside the precursor molecule, and not on its surface (see

Fig. 4.10), which resulted in a reproducible synthesis of membrane materials with

controlled microporosity [50].

Another, technically simpler but based on same idea approach has been realized

via application of zirconium alkoxide sols modified by acetic acid (small carboxyl-

ate as chelating-and-bridging ligand) in n-hexanol (long chain alkoxide—good

surface ligand for MTSAL-stabilization). The details of the permeability and the

technical characteristics of industrially produced materials are reported in [70].
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4.4 Molecular Design of Complex Alkoxide Precursors

Theoretical approaches to purposeful construction of heterometallic and/or

heteroleptic alkoxides represent at present a relatively well established domain in

crystallographic research [71, 72]. In the view of predominantly electrostatic

interaction in the core of metal alkoxide complexes, the construction of a new

complex has to follow in a modified form the general principles, proposed by

V.M. Goldschmidt for the description and design of ionic inorganic solids [73]:

the structures should follow for a chosen composition one of the possible structure

types, which stability is provided by the size relationship between the cations and

anions. For metal alkoxide complexes it means that for design of a new structure

one has to choose a structure type possible for the desired cation stoichiometry and

complete it by ligands, providing both the necessary number of donor atoms for the

chosen structure and also the necessary sterical protection of the core. The proposed

approach is illustrated by Fig. 4.11.

The application of the concept can be demonstrated on a number of examples

already reported in literature. If, for instance, a precursor for a MIIMIVO3 phase is

sought, the most logical is to choose the M4O16 structure type (tetramolybdate one)

as it is even the most wide-spread in the metal alkoxide structure chemistry and

permits to incorporate two pairs of different metal atoms in the same molecule. The

sum of formal positive charges, corresponding to the possible number of

monodentate alkoxide ligands is in this case 2 � 2 + 2 � 4 ¼ 12, i.e. only 12 oxy-

gen atoms of 16 are available. To be sure that this structure type is realised, we need

actually four more donor oxygen atoms to be added. This can be achieved via use of

Fig. 4.10 Molecular design approach to precursors of microporous membrane materials: chelat-

ing-and-bridging ligand is locked within the precursor molecule
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four single-charged chelating bi-dentate ligands, instead of the monodentate alkox-

ide ones. How these ligands are provided is not really important in the view of the

electrostatic (ionic) bonding in the alkoxide molecules. In the first example, where

this approach was implemented, 4 equivalents of a beta-diketone 2,2,6,6-

tetramethyl-heptanedione, Hthd were added to a solution of 2 eq. of Ba(OEt)2
and 2 eq. of Ti(OEt)4 in toluene-ethanol mixture, resulting in quantitative formation

of Ba2Ti2(thd)4(OEt)8(EtOH)2 [5], belonging as expected to the M4O16 structure

type. For smaller cations than Ba or Sr, such as the late transition ones, e.g. Mn(II),

Ni, Co, Zn, and even for Mg(II) much smaller beta-diketonate ligands such as acac-

ones can be used. The advantage is that in this case the acac-derivatives of M(II)

can be used as starting reagents. Thus Ni2Ti2(acac)4(OEt)8 has been produced for

both sol-gel [24] and even MOCVD applications [74].

The complexes of 1:2 composition, derived from a late transition metal and an

early transition metal can be produced starting with the M3O12 structure type (see

Figs. 4.11 and 4.12). For a combination of a M(II) with two M(IV) atoms the sum of

the formal positive charges is 2 + 2 � 4 ¼ 10, which means that two oxygen

atoms are missing. The desired precursors can then be produced starting from a

M(acac)2 salt to be reacted with 2 eq. of M(OR)4 alkoxide. If a complex of one

M(II) and two M(V) atoms is desired, it can already be obtained without any

chelating ligands as the sum of the formal positive charges, 2 + 2 � 5 ¼ 12.

An attractive simple synthetic approach in this case can be to add 2 additional

eq. of M(OR)5 to remove the excessive acac-ligands from the reaction mixture.

When an aluminate spinel precursor with this structure type has to be prepared,

the sum of the formal positive charges is only 2 + 2 � 3 ¼ 8, which means that

Fig. 4.11 Molecular structure design concept, the principle and the most widespread structure

types. The requirement on the ligands is that they in combination have to cover all the space (4π
radian) around each metal atom and fit at the same time an arrangement of coordination

polyhedrons preset by the structure type
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even the use of a M(acac)2 reagent will require then addition of 2 extra equivalent of

Hacac. When the stoichiometry is followed, the formation of a precursor with

desired structure, MAl2(acac)4(OR)4, occurs again with quantitative yields [75].

4.5 Conclusions and Prospects

One can definitely put forward at this point a question in what circumstances the

application of single-source precursors is distinctly justified, more favourable than

simply the optimization of deposition conditions? It has been clearly demonstrated

that the use of such complex precursors does not guarantee formation of a desired

phase, because the precursor itself is destroyed in a coordination equilibrium

producing primary colloid particles, MTSALs. The use of single-source compounds

can be a mere simplification of otherwise challenging handling of homometallic

precursor components and there is quite a library of such compounds available

commercially.

Fig. 4.12 Molecular structure design concept application for the synthesis of SSP with 1:2

composition derived from a late and an early transition metal
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The most attractive prospect in the use of complex heterometallic molecules

emerges, however, with intensifying research in the fields of luminescent (and

especially LED) materials and oxide matrices for dye-sensitized solar cells. These

products are possessing rather complex compositions and set strong requirements

on the uniformity of distribution of dopants in the volume of the corresponding

(nano)powders and ceramics. It is also clear that the non-hydrolytic approach, the

Bradley reaction, is winning terrain in the production of such materials. Setting

together analogous heterometallic molecules with essentially the same thermody-

namics and kinetics of solution transformations offers a superior approach to

complex oxides with uniform distribution of the dopants. The first successful

application of this principle has been demonstrated in the preparation of

Eu-doped BaTiO3 [55], produced hydrolytically from Ba2Ti2(thd)4(OEt)8(EtOH)2
in combination with Eu2Ti2(thd)4(OEt)10, and in the non-hydrolytic synthesis of

Nd-doped LaAlO3 NIR nanophosphors from Ln2Al2(O
iPr)12(

iPrOH)2, Ln ¼ La,

Nd [47].
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Chapter 5

Aqueous Precursor Systems

Marlies K. Van Bael, An Hardy, and Jules Mullens

5.1 Introduction

One of the main advantages of chemical solution deposition of multimetal oxide

films is the ability to preserve chemical homogeneity throughout the whole synthe-

sis process. Maintaining a molecular scale mixing of the metal ions in the precursor

solution and all further steps involved in the CSD process, is a scientific challenge

requiring control over chemical reactions and physical phenomena during each of

the different steps, being [1] selection of precursors, solution processes, coating, gel

formation, removal of organic species and crystallisation. A relatively uncommon

CSD method involves the deposition of water based solutions with carboxylate

complexes as the metal ion precursors. While ceramic powder synthesis by means

of aqueous metal carboxylate based sol-gel processes is being reported already

more than two decades ago, e.g. in [2–10] the deposition of aqueous carboxylate

solutions to form metal oxide films is only being fully explored since about

10 years, due to wetting issues. In the past decade, it has been demonstrated that

aqueous chemical solution deposition of thin precursor films on top of an adequate

substrate can produce functional electroceramic layers with a thickness between a

few and a few hundreds of nanometers and with properties comparable to those

obtained by more conventional deposition techniques. This chapter will discuss and

review water based CSD of thin electronic oxide films from carboxylate based

precursors. The economic and ecological advantages of water based deposition

methods are very appealing. Water based deposition processes meet the current

environmental awareness restricting the use of ecologically harmful substances and

processes. Since water is used as a solvent, instead of the often used teratogenic
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etheralcohols (e.g. methoxy-ethanol), the aqueous solution-gel synthesis can be

considered healthier, safer and environmentally friendlier. Besides the absence of

hazardous solvents, the simple and inexpensive synthesis- and deposition equip-

ment is an additional asset. Unlike several conventionally used metal alkoxide

based precursors, the water based precursor solutions are insensitive to ambient

moisture. Therefore, an inert atmosphere to store and handle precursor solutions,

e.g. the use of a nitrogen flushed glove box or Schlenk apparatus, is not a necessity.

However very attractive, this ‘new’ CSD method had to deal with typical scientific

and technological obstacles. The strategy to mitigate these obstacles will constitute

the main part of this chapter.

First of all, the selection or development of water soluble precursors, especially

when high valent metal ions are involved, in a chemical environment suitable for

gel formation, has been and still is a real chemical challenge. A second obstacle,

namely the difficulty to deposit homogeneous thin layers of water based precursor

solutions onto typically silicon wafer based substrates is related with wetting

incompatibilities.

In spite of these challenges, in the past 10 years water based precursor chemistry,

deposition and film formation have been thoroughly studied and our insight in the

mechanisms and possibilities has steadily increased. Most recent literature

examples report on the deposition of films of various materials with control over

morphology and properties. Even ultrathin layers (below 10 nm) and

nanostructured layers are now being deposited by means of water based chemical

solution deposition [11–17].

Before going into the different aspects of aqueous CSD or sol-gel deposition

with carboxylate precursors, we will take a deeper look into the chemistry of

metal ions in water. In Sect. 5.2, a brief overview of the behavior of metal ions and

precursor complexes will demonstrate that it is far from evident to synthesize

stable water based solutions of metal ions suitable for gel formation and CSD.

However, insight in the basics of the chemistry involved, together with a prag-

matic experimental approach allows a successful synthesis of precursor solutions.

These aspects are discussed in Sect. 5.3 where we will give further details about

the gel formation mechanism and its chemical structure. From this knowledge we

can then assess the most important aspects of suitable water based precursor

systems.

In Sect. 5.4 the decomposition mechanism of gels formed by the most commonly

applied citrato(peroxo) complexes will be discussed together with possible routes

towards the so undesired phase segregation. The film deposition of water based

carboxylate precursors is discussed in Sect. 5.5. Besides the difficulty of preparing

stable water based solutions, the second most demanding challenge concerns indeed

the problematic wetting of water based solutions. Various ways to tackle this

problem are described. In the following paragraphs, the potential and the

possibilities of the aqueous carboxylate based CSD method from the field of

electroceramic thin films is demonstrated and exemplified by means of concrete

examples from our own work and from related work reported in literature. Film

properties can be drastically optimised by means of controlling all different
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processing steps. Finally, although the conviction existed that it was practically

impossible to deposit uniform metal oxide films with a thickness far below 100 nm

using chemical solution deposition, insights built-up during a decade of aqueous

CSD research have led to the realization of ultrathin metal oxide layers, from 30 to

3 nm in thickness as reported in Sect. 5.5.6.

Aqueous CSD can therefore be considered as a fairly mature technique enabling

the deposition of oxide layers for state of the art applications and providing a means

for the fast screening of highly advanced materials systems and processes [18–20].

5.2 Metal Ions in Water

The start, and also one of the most challenging steps in aqueous carboxylate-based

sol-gel synthesis of either powders or films, is the preparation of a water based start

solution in which all metal ions are stably dissolved. Especially in the case of highly

valent metal ions, this can be a very tough task. In order to synthesize water based

precursor solutions, it is therefore of high importance that aqueous chemistry of

metal ions is understood. A brief summary of the behavior of metal ions in water, in

the frame of synthesizing carboxylate precursors for CSD is presented here. Based

on the insights of the behavior of metal ions in water, appropriate precursors for

sol-gel synthesis, allowing gel formation can be synthesized.

5.2.1 Solvatation and Hydrolysis

Metal ions in water will undergo solvatation (Fig. 5.1), followed by hydrolysis and

condensation depending on the physicochemical circumstances of the solvent and

the chemical properties of the metal ion. Whether a metal ion is ‘soluble’ in water or

hydrolyses and precipitates, depends on the degree in which these reactions occur,

which varies according to the metal ion.

In order to be able to discuss the carboxylate based aqueous chemical solution

deposition method, and understand the chemistry behind this method, it is worth-

while to briefly overview the behavior of metal ions in water. For an elaborated

discussion, we refer to some excellent instructive works presented in [21–23].

When a metal salt dissociates in water, the cation Mn+ is initially solvated by

water molecules. The number of solvating water molecules and the bond type

depend basically on the polarizing strength (z/r2) of the metal ion. Small-size,

high-charge cations have strong electrostatic interactions with water, demonstrated

by a high hydration energy and a well defined structural geometry. In the case of

divalent and trivalent first row transition cations, these hydrated cations can be

considered as true coordination complexes with six water molecules acting as

σ-donating ligands.
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Reference works such as [24] and [21] comprehensibly describe the thermo-

chemistry of ion-solvent coordination interactions.

Small-size and small-charge cations, such as those of alkali metals, exhibit

relatively weak electrostatic interactions with the surrounding solvating water

molecules. As the charge of the cation increases, the electrostatic interaction with

the water molecules becomes more strong. As a consequence of the high

polarisability of high-charge and small-size cations, electron transfer from the

molecular orbitals of the water molecules towards empty or partially filled (d-)

orbitals of the metal ion will take place. The solvating water molecules can then be

considered as true aqua ligands, due to the coordination type bonding with a strong

covalent character.

Metal ions with higher charges will exhibit a more complicated behavior in

water, as the charge transfer from water molecules towards the metal ion will

reduce the electron density in the bonding orbital of water, and therefore weaken

the O-H bond. As a result, the solvated water molecules become more acidic than

those of the surrounding solvent molecules and tend to release a proton

(see Fig. 5.2).

This process, where a proton from a solvating water molecule is released, is

called hydrolysis and can be represented by the following equation:

�
H2O

�
N‐1‐M‐OH2

h izþ
þ H2O! H2Oð ÞN‐1‐M‐OH

� � z‐1ð Þþ þ H3O
þ (5.1)

As a consequence of the hydrolysis reaction, aqua -OH2 ligands become hydroxo

-OH ligands, and the charge of the solvated complex is reduced, whereby also the

positive charge on the metal ion decreases.

The higher the valency of the metal ion, the more charge is transferred from the

water orbitals to the metal ion and the further the hydrolysis can proceed whereby

even oxo -O ligands become possible. Hence, depending on the degree of hydroly-

sis, which is a consequence of the degree of charge transfer, three types of ligands

can coordinate the metal ion, as is represented in the equation below:

M‐OH2½ �zþ  !H2O
M‐OH½ � z‐1ð Þþ þ Hþaq !

H2O
M‐OH½ � z‐2ð Þþ þ 2 Hþaq (5.2)

Or, for metal ions with a coordination number of N (only the first equilibrium is

presented):

Fig. 5.1 Schematic

representation of a solvated

cation and hydrolysis

reaction
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M
�
OH2

�
N

h izþ
 !H2O

M OHð Þh OH2ð ÞN‐h
� � z‐hð Þþ þ h Hþaq (5.3)

Whereby h is called the hydrolysis ratio.

Since these hydrolysis equilibria are essentially acid-base equilibria, they can be

somehow displaced by changing the acidity of the surrounding medium. C. K.

Jorgensen [25] has empirically determined the nature of the ligands coordinating a

cation depending on its charge z and the pH of the medium (Fig. 5.3). This

schematic can be used as a first guide to predict which species could be present in

water at a certain pH. For example, it can be seen that high valent cations (z > 4)

give rise to oxo-complexes in a basic environment. In less basic circumstances,

oxo-hydroxo-anions are being formed. Tetravalent metal ions, such as Ti4+ can, at

room temperature, not exist as purely aqua-complex. Lower valent cations (z � 4)

tend to form aqua-complexes in acid environment. Upon increasing the pH, also

aqua-hydroxo-complexes can be obtained. In general, one can derive that all

coordinated water molecules keep their proton in the aqua domain, while in the

oxo domain, oxygen cannot be protonated. In the hydroxo domain, at least one

hydroxo ligand is present within the coordination sphere.

However, this scheme, though useful, is too simplified. For, not only the oxida-

tion state of the cation (z), but also its size and the intrinsic nature of the element

determines its polarizing strength, and acid base behavior, as mentioned before.

E.g. this diagram does not explain for the difference in behavior between B3+ and

Al3+ or between Si4+ and Ti4+ etc. . . .Amore detailed discussion is given by Jolivet

in [22]. Properties that come into play are for instance electronegativity and

electron configuration.

Fig. 5.2 Protons of the

aqua ligand become more

acid as charge is transferred

towards the metal ion

Fig. 5.3 Empirical charge

(z) versus pH diagram after

Jorgensen [25] from which

domains for aqua-,

hydroxo- and oxo- ligands

can be distinguished
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A simple quantitative approach that does take into account electronegativity to

assess the distribution of charges, and hence providing information on the polarity

of bonds in a chemical entity is the Partial Charges Model, developed by Livage and

Henry in the late 1980s [22, 23] and based on the electronegativity equalization

principle, postulated by Sanderson [26]. When a chemical bond comes about

between atoms, a charge transfer will occur: electron density is moved from the

less electronegative towards the more electronegative atom. Or, in other words, the

more electronegative atom acquires a negative partial charge -δi, the less electro-

negative atom acquires a positive partial charge δi. As a result, electronegativities χi
of each atom i in a structure change in a proportional manner to the acquired partial

charge δi.

χi ¼ χ0i þ k
ffiffiffiffiffi
χ0i

q
δi (5.4)

χi
0 is the electronegativity of the ‘neutral’ atom, and k a factor taking into

account the used electronegativity scale (e.g. for Allred-Rochow electronegativities

k ¼ 1,36)

Charge transfer stops when the electronegativities of all atoms have become

alike and similar to the average electronegativity χ (Eq. 5.5) of all atoms involved.

χ ¼
Xn

i¼1
ffiffiffiffi
χi
p þ kz

Xn

i¼1 1=
ffiffiffiffi
χi
p� � (5.5)

In this expression, n is the number of atoms in the structure and z the total charge
of the compound.

Filling in this expression in the previous one, gives us the partial charge δi on
each atom i in the compound:

δi ¼ χ � χ0i
k

ffiffiffiffiffi
χ0i

p (5.6)

Based on this model, one can calculate the partial charge distribution in a

compound. The model can be used in a fairly broad range of compounds going

from organic molecules to complexes in aqueous solution. However, as always, it

has its limitations because aspects such as the real structure of a compound,

resonance and π-overlap effects are not being taken into account.

Jolivet et al. [22] explain in detail how the partial charges model can be used to

predict the influence of the electronegativity of a metal ion and the pH on the degree

of hydrolysis in an aqueous solution of solvated metal ions. In accordance with the

principle of electronegativity equalization, proton exchange between a solvated

metal complex and the solvent (water) takes place until their average electronega-

tivities become equal.
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χ
M OHð Þh OH2ð ÞN�h½ � z�hð Þþ ¼ χS (5.7)

Using

χS ¼ 2:621� 0:02pH (5.8)

Speaking in terms of the partial charge model, the deprotonation reaction of an

aqua complex occurs in order to equalize the electronegativities of the hydroxylated

complex and the surrounding water.

It was found that the hydrolysis number, h, of a metal ion M with (Allred &

Rochow) electronegativity χ0M and coordination number N equals:

h ¼ 1

1þ 0:0138pH

� �
1:36zð Þ þ N 0:038pH � 0:25ð Þ � 2:62� 0:02pH � χ0Mffiffiffiffiffiffi

χ0M
p

" #

(5.9)

The value of h gives the number of protons spontaneously released byM(OH2)N
z+

in solution. Hence calculated hydrolysis ratios show reasonable agreement with

experimentally observed species. For instance for Fe (χ0M ¼ 1.72, z ¼ 3 and

N ¼ 6), hpH¼0 ¼ 1.9 and hpH¼14 ¼ 4 are in fair accordance with the respective,

experimentally observed, most acid and most basic forms Fe(OH)(OH2)5
2+ and

Fe(OH)4
�. Also the z–pH diagram from Fig. 5.3 can be reproduced quite satisfactory.

5.2.2 Condensation Reactions Can Lead to Precipitation

Most often, species resulting from partial hydrolysis of solvated metal ions, are not

stable in their monomeric form. These hydrolyzed metal ions can undergo conden-

sation reactions, via inorganic polymerization reactions, leading to the precipitation

of hydroxides (e.g. upon the addition of a base to an aqua complex) or oxides

(e.g. upon acidifying an oxo-hydroxo complex). However, depending on conditions

of acidity, it is also possible that not a solid phase, but soluble entities such as

polycations or polyanions are being formed. The condensation of metal ions is thus

inherently associated with their acid-base behavior and these properties determine

the course of the condensation reactions. Condensation can be limited to the

formation of oligomers (polycations or polyanions) or can carry on until a gel

forms or a solid phase precipitates. The solid phase can be a hydroxide M(OH)z,

oxyhydroxide MOx(OH)z-2x, or a hydrated oxide MOz/2 x H2O.

Of course, when synthesizing precursor solutions for aqueous CSD, precipitation

of a solid phase needs to be avoided. One must be able to achieve the synthesis of a

stable solution of metal ions in water and then, upon evaporation of the water, form

a homogeneous gel instead of a precipitate of one of the constituting metal ions. Gel

formation instead of precipitation is a complicated process and depends on an
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important number of parameters: a change of pH induced by the addition of a

gelling agent (NaOH, NH3, NaHCO3, Na2CO3, etc.), the way it is added and even

the stirring speed, the order by which the reagents are added, the geometry of the

recipient, the temperature, . . . . Gels are preferentially formed when both hydrolysis

and condensation take place at a rather slow rate.

In order to obtain stable water based precursor solutions for aqueous CSD, it is

therefore important that the hydrolysis rate of aqua and aqua-hydroxocomplexes is

lowered. Moreover, in order to synthesize multimetal oxides, it is crucial that all

metal ions constituting the precursor solution condensate indiscriminately and at

the same time so as to form a homogeneous multi-metal precursor gel. A possibility

to achieve this and obtain stable metal ion solutions which end up on homogeneous

gels is by complexation with other ligands.

5.2.3 Complexation by Ligands Can Stabilize Metal Ions
in Water

Anions or other molecules with electron donor atoms present in the aqueous

solution, compete with aqua, hydroxo and oxo ligands in order to form coordination

compounds with the metal ions. The occurrence of a complex is dependent on the

relative nucleophilic character of the ligands (both from water and from external

sources) under certain acid-base conditions and—of course—on their

concentrations.

It is possible that certain ligands only temporarily form a complex with the metal

ions, during specific stages of the hydrolysis or condensation, when the cation is in

the monomeric or oligomeric form. The ligand anion is then not necessarily present

in the finally formed solid phase, but plays a role in its formation out of the aqua-

hydroxo or oxo-hydroxo complex and hence influences the properties of the formed

solid (structure, morphology, . . .).
Also, it can be likely that only part of the coordination positions of the metal ion

are occupied by mono- or polydentate ligands. In this case, hydrolysis and conden-

sation are not completely inhibited. In the end, basic salts are being formed in which

the complexing anions take part of the solid structure. Such anions can for instance

be phosphates or sulfates.

Finally, polydentate molecules or anions (such as acid alcohols, polyamines,

aminocarboxylates and hydroxocarboxylates) can be very strongly bound to the

metal ion by means of multiple coordination bonds, which enables them to

form very stable chelates, especially with transition metal ions. These kinds of

ligands can elbow out all other ligands and shield the metal ion from any type

of reactants. The complexed cation hence becomes almost insensitive for

pH variances in a broad range and remains soluble as the monomer. The

formation of such stable chelate complexes almost totally rules out hydrolysis

and condensation reactions in the solution. E.g. the complexation of Fe3+ with
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EDTA4� (ethylenediaminetetraacetate) will result in a species of which the equi-

librium constant for hydrolysis is a factor 1022 lower than that for the uncomplexed

species [27, 28]. Other ligands used in water based sol-gel methods are anions from

e.g. citric acid (HOOC-CH2-C(OH)COOH-CH2-COOH) (Fig. 5.4), lactic acid

(CH3-CH(OH)-COOH), tartaric acid (COOH-CH(OH)-CH(OH)-COOH), oxalic

acid (COOH-COOH), propionic acid (CH3-CH2-COOH) or acetylacetone (CH3-

CO-CH2-CO-CH3).

Citric acid (CitH3) is, just like EDTA, a polybasic acid that, depending on the

pH, can occur in different forms in an aqueous solution (CitH3, CitH2
�, CitH2�,

Cit3�). The respective pKa values are 3.10, 4.80 and 6.39. The citric acid molecule

contains an α-hydroxy functional group, which is of course much less acidic than

the carboxylic acid functional groups. However, it can be deprotonated, e.g. when

coordinated to a metal ion which is strongly polarizing. In that case the notation is

Cit*, according to Cit4�.
The introduced (often polydentate) ligands protect the metal ion from reaction

with other complexing groups (such as hydroxo-, aqua or oxo groups). Also these

ligands are known to lower the partial positive charge on the metal ion, which

causes it to be less prone to nucleophilic attack as well.

Interesting as a guide to predict the experimental conditions where precipitation

can be avoided, are the so called pM0-pH diagrams [29]. pM0 ¼ -log[M0] whereby
[M0] is related to the concentration of ‘free’ (not involved in a complex) metal ions

[Mz+] by Ringbom’s side reaction coefficient αM(X), X representing the ligands.

The concepts of conditional equilibrium constants and side reaction coefficients

have been developed in the 1950s and 1960s by Schwarzenbach and Ringbom

[30, 31]. Ringbom’s side reaction coefficient αM(X) represents the ratio between the

sum of the concentrations of all species containing the metal ion M and the free

metal ion concentration.

These pM0-pH diagrams have been constructed, taking into account the stability

constants for all complexation reactions that can occur, meaning with OH� as well

as with other ligands and the relevant solubility products.

As an example, we present here how such information can be used to synthesize

stable precursor solutions of Pb-citrate. The influence of the citrate ligand on the

solubility of Pb2+ in water is presented in the pM0-pH diagram of Fig. 5.5. The lines

in this diagram tell us where, as a function of ‘increasing Pb concentration’ and

‘increasing pH’, precipitation occurs of hydroxylated lead compounds due to poly-

condensation reactions. In pM0-pH conditions above the curves, species are soluble,

Fig. 5.4 Structure of citric

acid. Ct,Ct0 and Cc

respectively represent

terminal and central

carboxylate functional

groups
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below the curves (each curve denotes different amounts of the ligand), precipitation

occurs. Curve (a) indicates that hydrolyzed Pb2+ complexes are soluble in a large pH

interval (between pH 1 and 9), although the dashed lines denote that there exist

soluble polycations. In more alkalic conditions, hydrolysis of the Pb2+ ions can

proceed and (initially) a Pb2+ hydroxide precipitate forms. This hydroxide easily

undergoes oxolation leading to hydrated oxides. At even higher pH values, these

precipitates are resolved again as soluble plumbites PbO2Hx
(2�x)� [22, 32].

When citric acid is added to the solution (curves b-c), it can be seen that the

solubility of Pb2+ at higher pH’s improves as the ligand concentration increases.

However they do not become completely soluble. Therefore, it can be concluded

that above pH 9 citric acid cannot prevent Pb2+ from hydrolyzing and precipitating.

In order to keep the citrate ligands bound to the lead ions, it is needed to work below

this pH. On the other hand, one should also take into account the solubility of the

lead citrate complexes themselves. For, it is known that at pH values below 7.5 the

lead citrate complexes have no charge and precipitate themselves [33–35]. This

permits only a small window between pH 7.5 and 9 where (based on limited

thermodynamic data) Pb2+ citrate can be expected to be soluble and stable.

The usefulness of pM0-pH diagrams is valuable, as they provide a first indication

about the experimental conditions that could lead to stable solutions. Also when

synthesizing multimetal oxides, it is possible to assess the experimental conditions

based on a combination of the respective pM0-pH diagrams of each of the

constituting metal ions. In practice, one can overlay the diagrams of different

metal ions with the same ligand, or of one metal ion with different ligands. Very

nice examples of this course of action are published in a study of the water based

synthesis of high temperature superconductors YBa2Cu3O7-δ [2–6, 8, 10] using

EDTA as the complexant. For these systems, not only the precipitation of

hydroxides but also that of carbonates of Ba2+ and Sr2+ is being taken into

Fig. 5.5 pM0-pH diagram of Pb2+-citrate complexation in water, after [29]. The solid lines a–c
represent the borderlines of the precipitation regions in case of an excess of citric acid of (a) 0,

(b) 10�4 M, (c) 10�3 M. (the dotted lines represent the pH limit above which more than 1 % of the

metal-ligand complex has been hydrolized; the dashed lines with indication m.n are the 1 %

borderlines for polyhydroxides Mm(OH)n)
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consideration, as the solubility products of these carbonates are of the same order as

the global formation constants of metal-EDTA complexes [36].

However, the practical use of these diagrams should not be overestimated. For,

as mentioned above, one should bear in mind that these diagrams do not take into

account precipitates other than hydroxides (or carbonates) and are based on ther-

modynamic data only valuable for diluted solutions, neither do they take into

account kinetics. Furthermore, pM0-pH diagrams are only available for a limited

set of metal ion—ligand systems.

5.2.4 Avoiding Precipitation During Water Evaporation

It is not at all straightforward to evaporate the water from stable solutions of metal

ions without ending up with heterogeneous mixtures of precipitated condensation

products or recrystallized salts, which were originally used as the source for the

cations. As was explained in Sect. 5.2.5, the use of bulky chelating ligands can

stabilize metal ions against hydrolysis and condensation, by protecting them within

very stable complexes. However, also in this case, the crystallized metal ion

complexes might precipitate.

During evaporation of the water from a stable solution of metal carboxylate

complexes, condensation can occur between non hydrolyzed (because completely

shielded by the ligands) and partially hydrolyzed species, leading to the formation

of an inorganic polymer. Also here, the pM0-pH diagrams can be interesting first

guides to predict where potentially precipitates can be formed as the concentration

is increased during evaporation of the solvent.

However, the processes are so diverse and complex, that the calculations of the

equilibrium concentrations of different species are difficult and burdened with

uncertainties. This makes experimental observations during the evaporation of the

solvent sometimes still unpredictable. According to Kakihana et al. [5] it is impos-

sible to exactly describe the processes taking place during concentration of the

solution. Anyhow, especially in multi-metallic solutions, it is of utmost importance

that the homogeneity of the initial solution is preserved during evaporation of the

solvent (water) and that precipitation due to condensation is being avoided.

5.3 Gel Formation Mechanism

Many solution-gel based CSD methods exist and differ according to the gel

formation mechanism and whether or not the constituent metal ions are involved

in the gel polymer network structure (see e.g. in [5] and [37]). The aqueous

carboxylate based solution gel process can be categorized as a method in which

molecular cross-links control the gel formation. The gel structure consists of metal

carboxylate complexes, chemically connected one to another. This structure differs
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basically from the inorganic polymer controlled gelation routes such as the alkoxide

sol-gel route, where inorganic polymerization reactions (hydrolysis and condensa-

tion) govern the gel formation. Also an important distinction with the polymer

complex method can be noticed, where metal ion complexes are chemically fixed to

a polymer network (see Chap. 6).

5.3.1 Basic Concept

The basic concept of the water based carboxylate sol-gel route can be summarized

in the following ideas, which are illustrated in the photographs of Fig. 5.6.

• A water based start solution is prepared in which the metal ions are protected

from hydrolysis by the formation of stable carboxylato complexes

• The chemistry of the solution is designed so as to form a highly viscous and

amorphous metal carboxylate gel phase upon evaporation of the solvent (which

spontaneously occurs during chemical solution deposition by spincoating or

dipcoating)

• The gel structure ideally consists of metal carboxylate complexes linked to one

another via metal-carboxylate, ammonium (NH4
+-O) bridges (Fig. 5.7)

• During thermal treatment, the complexes decompose, leaving behind intimately

mixed (multi)metal oxides and/or carbonates to form the final multimetal oxide

phase by solid state reactions and in the case of thin films, possibly also by

heterogeneous nucleation at the substrate.

The aqueous carboxylate based solution gel method has a number of specific

advantages: Unlike the most commonly used alkoxide based precurors, aqueous

carboxylate based precursors are insensitive to ambient moisture. As a conse-

quence, these precursor solutions are very stable and aging behavior due to further

hydrolysis and condensation reactions is excluded. Practical complications related

with e.g. guaranteeing an inert atmosphere to store and handle precursor solutions

can therefore be avoided. Also, most precursor materials—generally relatively

Fig. 5.6 Evaporation of the water from a stable aqueous carboxylate precursor solution in ambient

conditions at 60 �C results in the formation of a clear and homogeneous solid gel phase
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simple carboxylate salts—are not expensive as compared to the majority of alkox-

ide start products. Obviously, since water is used as the solvent, instead of the often

used teratogenic etheralcohols (such as methoxyethanol), the aqueous solution-gel

methods can be considered healthier, safer and environmentally friendlier.

However, because of their high valency, specific electronegativity and small

ionic radius, metal ions such as Ti(V), Zr(IV), Nb(V) or Ta(V) are extremely

sensitive to hydrolysis and consequent condensation, leading to precipitation or

undesired phase segregation of hydrated oxides and polyanions. Therefore, aqueous

solution chemistry is very complicated and specific chemical strategies are needed

to protect the cations from hydrolysis (see Sect. 5.2) while still allowing network

formation.

5.3.2 Carboxylates for Complexation and Gel Formation

5.3.2.1 Suitable Ligands

Citrato-ligands are very often the ligands of choice [certainly in CSD applications

(see further, Sect. 5.5.1)], used in aqueous solution-gel routes besides other carbox-

ylate based ligands such as EDTA [33, 38, 39], tartrates [40, 41], malonates

[42, 43], nitrolotriacetic acid [44] or polyol compounds such as triethanolamine

[45] or 1,2-ethanediol [41].

The reason why citrato ligands are so successful is not only that they (as well as

other carboxylates) lower the partial positive charge on the metal ions

(see Sect. 5.2.1), and hence stabilize the complex against hydrolysis. Moreover,

and this is an important asset, citrate ligands are capable of ionically cross linking

several complexes, thereby guaranteeing the formation of a three dimensional

network and preventing segregation by precipitation.

Fig. 5.7 Schematic of a possible network formation mechanism: ammonium ions bridging two

carboxylate groups
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In several studies, besides citrate ligands, also peroxide was used as an electron

donating ligand to form suitable water-soluble precursor complexes of highly

valent metal ions [33, 44, 46–57].

Based on complementary structural analysis by EXAFS and FTIR [51, 58] as

well as on systematic studies of the thermal decomposition behavior of the obtained

gels [49, 50, 53, 59–61] it was determined in the case of e.g. Niobium(V) that the

metal carboxylato-building blocks are made up of dimetallic oxo-peroxo-citrato

metal complexes (as shown in Fig. 5.8).

EXAFS pointed out [59] that the citrato complex consists of a dimeric structure

in which each Nb(V) ion is sp3d3 hybridized and surrounded by seven oxygen

atoms: one from a niobyl group (Nb¼O at 1.7 Å), two from a side-on bonded

peroxo group (at about 2.0 Å) and four other oxygen atoms from the two

coordinating citrato ligands (at 2.0 and 2.6 Å). It was presumed that the oxygen

atoms at a relatively long distance of about 2.6 Å could be attributed to carboxylato

groups for which a closer approach is hindered by increased strain within the citrato

ligands. For the side-on metal-peroxo bonds, additional evidence was found in the

UV spectrum of the solution, showing the characteristic ligand-metal charge-

transfer band at 255–260 nm. The remaining four oxygens most probably originate

from carboxylato and α-hydroxy groups of the citrato ion (C(OH)(COO)

(CH2COO)2
3�).

Fig. 5.8 Model for the

oxo-peroxo-citrato-Nb(V)-

precursor complex obtained

from EXAFS, FTIR and

thermal decomposition

investigations
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Specifically, the α-hydroxy coordination was expected because the complex

synthesized with a substitute ligand (tricarballylic acid) having the same structure

as citric acid, however without the α-OH group, turns out to be unstable (and

precipitates). Moreover, the FTIR spectrum of the gel displays a Nb-hydroxy

coordination in the alkanol stretch region (νC-O). The presence of a single Nb

neighbour at 3.30 Å indicates the formation of dimers via Nb-O-Nb links.

The results of this structural study appeared consistent with the structural model

put forward by Narendar and Messing [46] and by Djordjevic et al. [62]. The

inherent consequence of the above elucidated citrate peroxo complex structures is

that two of the carboxylato groups can not coordinate to the central metal ions due

to large distances, and must be directed away from the centre of the complex. These

specific carboxylato groups in turn are free to form ionic bridges with other metal

centers or ammonium groups in the direct neighbourhood of the complex, leading

to the desired crosslinked gel structure (Fig. 5.9).

Experimental indications for these ammonium bridges can be provided by

means of FTIR spectroscopy [57, 60]. The diffuse reflectance FTIR spectrum of a

PZT gel at 25 �C indicates the interaction between NH4
+-ions and carboxylate

groups by means of the typical νas(COO�/NH4
+) and νsym(COO�/NH4

+) stretches

(around 1,595 and 1,400 cm�1 respectively) and the ν(OH) and ν(NH) stretches
involved in hydrogen bonding (a broad band between 3,400 and 2,500 cm�1).

An in depth study of a citratoperoxo-Ti(IV) precursor complex, its synthesis,

gelation and thermo-oxidative decomposition and oxide formation was published

by Hardy et al. [64] in which FT-Raman and XRD data confirmed the structure of

the complex crystallized from the solution to be identical to that of

(NH4)8[Ti4(C6H4O7)4(O2)4].8H2O synthesized by Kakihana et al. [63] (Fig. 5.9).

Fig. 5.9 Structure of the

tetranuclear ammonium-

citratoperoxotitanate(IV)

complex. Reprinted with

permission from

[63]. Copyright 2013

American Chemical Society
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This complex consists of a tetranuclear anion, connecting two binuclear

fragments by means of bridging carboxylate groups of a citrate ligand. The Ti4+

ions have a coordination number of 7 in a pentagonal bipyramidal environment. A

number of five and six-membered chelate rings (via carboxylate and α-O(H) groups
of the citrate ligands, see Fig. 5.10) provide a stabilizing effect of the formed

complex. The complexation of citrate-ligands together with the peroxo-ligands

inhibit further polymerization of the tetrameric complex anion, because all active

sites for nucleophilic attack are occupied. Since the complex in its whole has a

negative charge, it is soluble in water [63] as the ammonium salt. An important

feature of this complex structure is again that two non-coordinating carboxylate

groups are present (Fig. 5.9), one for each binuclear fragment (Fig. 5.10), which are

believed to play an important role in the formation of an amorphous gel, since they

are available for crosslink formation (see further).

The behavior of different carboxylato complexes can definitely be significantly

diverse and related to the possibility and the extent of cross linking between the

carboxylato-metal complexes. Indeed, in their comprehensive review [33]

Narendar and Messing explain the observation that precipitation is difficult to

circumvent in EDTA gels compared to citrate gels to be connected with the

structural differences between citrato-metal and EDTA-metal complexes. The

EDTA ligand in the EDTA-metal complex is typically coordinating the metal ion

in such a way that all functional groups are bonded to the metal ion, thereby

excluding further cross linking.

5.3.2.2 Synthesis of a Precursor Solution

In order to synthesize a suitable precursor solution, first the appropriate start

compounds that introduce the metal ions in the solution need to be selected.

Requirements for this selection include the following:

• Start products should either be soluble in water themselves in a sufficiently high

concentration, or should be able to be transformed into soluble species.

• The ligands or counter ions introduced by the start product of one metal, may not

lead to the precipitation of other metal ions in the multimetal ion precursor,

neither may they cause precipitation during gelation.

Fig. 5.10 Structural elements in the citratoperoxotitanate(IV) complex. (left) The α-O(H) groups
of a citrate ligand are deprotonated and form a bridge between two Ti4+ ions within one binuclear

fragment. (right) The citrate ligands form several five and six-membered chelate rings, however

one carboxylate group for each binuclear fragment remains uncomplexed
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• All atoms from counter ions or ligands, apart from the metal ions themselves,

should be decomposed during thermal decomposition. This is an important

requirement, because it virtually excludes the use of simple salts such as

chlorides, since the chlorine atoms cannot be easily removed as a volatile species

during oxidative burning of the chemical precursor solution. Hence, foreign

atoms are basically limited to oxygen, carbon and nitrogen. In this respect, one

might consider the individual parent metal oxides as ideal candidates for the

starting products. However, it appears that various commercial oxides have

become kinetically inert towards dissolution, due to sintering effects during

their preparation. On the other hand, a redundant amount of foreign atoms,

even if they are removable, should be avoided as well, as they could induce

unwanted porosity.

• In order to be able to deposit thin films, the counter ions or ligands that remain

present in the precursor solution, may not deteriorate the wetting properties

(see Sect. 5.5.1)

Taking all these considerations into account, carboxylate salts or complexes

(if available) are effective candidates to be used as the start products in a precursor

solution. In various cases indeed, simple carboxylate salts are dissolved in water

and can serve as such as the start material, e.g. Pb-acetate or Pb-citrate are used in

the water based synthesis of Pb(Zr1�x,Tix)O3 and (Pb1�xCax)TiO3 [57, 65] together

with Ca2+-citrate in the latter. Also Zn2+-acetate has reacted with citric acid to form

a precursor solution for ZnO [66]. For Bi3+ and Ln3+, it was preferred to synthesize

the citrate, starting from the oxide instead of the acetate [53] so as to introduce an as

low as possible quantity of redundant atoms. Sr2+ and Bi3+-acetate start salts have

been used for the preparation of powders via citrate based gels [47] whereas

for thin films it was attempted to avoid acetates (see Sect. 5.1). In the synthesis of

(Bi,La)4Ti3O12, SrBi2Ta2O9 and SrBi2Nb2O9 thin films, a Bi3+-citrate solution was

stabilized by means of ethanol amine [44, 48].

In the case of high valent metal ions, the high degree of hydrolysis and conden-

sation causes simple salts to be insoluble. Here, water soluble start solutions need to

be synthesized using the suitable start products, ligands and chemical conditions

(pH, concentration, temperature, . . .):
The complexation of the high valent metal ions and hence the formation of a

soluble and suitable start solution, mostly occurs stepwise [64]. The more prone the

metal ion is to hydrolysis, the more challenging the practical synthesis of the

precursor solution.

In a first step, if present, undesired groups in the starting product are removed

through chemical reaction. In the case of Ti and Zr (IV), the starting product can be

an alkoxide, such as the isopropoxide or the propanolate [49, 50, 57]. The alkoxide

ligands are removed by hydrolysis and partial condensation of the metal ion in

water. In this way, a reactive oxy-hydroxide is obtained, which can be applied in

further chemical reactions to obtain carboxylate complexes. Strong ageing,

allowing progression of the oxolation reactions, however renders the precipitate

insoluble. The commercial oxide was found to be kinetically inert and also allows

5 Aqueous Precursor Systems 109



no more chemical transformation [64]. However containing chlorine, also zirconyl

choride has been used as such for Zr4+ in the synthesis of ZrWO8 from EDTA or

citrate gels [38, 67]. Its chemical formula being ZrOCl2, this product actually

consists of a cluster containing the tetrameric cation [Zr4(OH)8(H2O)16]
8+

[68]. Reports mentioning this ZrOCl2 start product, do however not unambiguously

demonstrate the absence of chlorine in the final product.

Alternatively, metallic Ti has also been used as a reactive starting product, but

can only be applied for synthesis of peroxo containing carboxylate complexes

[63]. For Nb and Ta(V) on the other hand, a water soluble ammonium oxalate

can be applied as the starting product [47]. The oxalate counter ions, however, form

insoluble oxalate salts with many metal ions such as alkaline earths, and therefore

can be highly undesirable in a multimetal ion precursor, where precipitation should

be avoided. The oxalate ions can be removed by oxidation with hydrogen peroxide

in this case, where the product, CO2, evolves from the precursor solution. Accord-

ingly, this is yet another advantage of the peroxide ion, besides its electron donating

and complexing properties (see further).

Secondly, the (precipitated) pre-precursor has reacted with the ligands at low

pH. The low pH serves different purposes: to dissolve the oxyhydroxide or analo-

gous compounds, to ensure solubility of the metal ion prior to stabilization by

complex formation, and to provide the right pH conditions for complete starting

product counter ion decomposition in the case of oxalate. A low pH is accomplished

by addition of strong acids [46], or of the carboxylic acid itself, which will act as the

carboxylate ligand upon deprotonation. In the presence of hydrogen peroxide, at

low pH already complexation with O2
2� occurs, which is evidenced by UV or Vis

absorption bands, with the wavelength depending on the metal ion involved.

Simultaneously, complexation with citrate occurs as well, as can be shown by

FTIR spectroscopy, e.g. in [64]. The stability of the low pH citratoperoxo complex

is dependent on the metal ion: for Nb(V) instability of a low pH citratoperoxo

complex towards condensation and precipitation of peroxoniobium hydrate

HNbO4.H2O is described, while, in contrast, for Ti(IV) no precipitation is observed

in a wide pH range covering both acid and neutral, up to slightly basic regions.

Finally, the precursor solution’s pH is increased, which shifts the deprotonation

equilibria of the carboxylic acids, enables formation of new complexes with the

deprotonated carboxylate functions, which can be characterized by higher stability

constants and in this way prevents the hydrolysis and condensation reactions of the

metal ions. The carboxylate groups play a central role in the stabilization of the

highly valent metal ions, since merely peroxo ligands cannot prevent hydrolysis and

condensation [69]. The gradual pH increase of the precursor solution, indicates that

a number of buffer regions are being passed, due to deprotonation of citric acid, as

well as hydrolysis and condensation of hydroxoperoxo metal complexes occuring

simultaneously. Abrupt pH changes around 7.5 indicate there is a single species

present. At lower pH, different species are present in the solution, with the different

carboxylic acid functions protonated to a different degree. Increase of the pH to

higher values generally leads to disintegration of the complex, hydrolysis and

condensation ending in precipitation. Furthermore, in the case of application of
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NH3 to increase pH to the precursor solutions, a catalytic decomposition of H2O2

occurs which leads to effervescence caused by O2 evolution [64].

This procedure has led to the successful synthesis of various other peroxocitrato

complex precursor solutions by directly reacting a suitable salt with an excess of

citrate and peroxide and subsequently raising the pH. E.g. the synthesis was

reported of a citrato peroxo Ru precursor, starting from Ru-acetylacetonate [54] a

citrato peroxo Mo6+ precursor was made from ammonium heptamolybdate

tetrahydrate ((NH4)6Mo7O24.4H2O), and a citratoperoxo-W6+ precursor from

ammonium metatungstate hydrate ((NH4)6W12O39) [44]. It turned out that a

citratoperoxo-V(V) complex is not stable, so that another complexing ligand,

nitrilotriacetic acid, was used to form a nitrilotriacetatoperoxo-V5+ precursor com-

plex [44] from the start product NH4VO3. The synthesis of EDTA- and citrate-

based gels as a precursor for ZrW2O8 have been described as well, by dissolving

(NH4)6H2W12O40.xH2O without the use of peroxide [38, 67].

The formation of a stable solution of the citrato(oxoperoxo) complex, is strongly

dependent of themolar ratio of ligand tometal ion, where an excess of ligand leads to

improved stability and solubility. Furthermore, the reaction kinetics can be posi-

tively enhanced by carrying out reflux steps at increased temperature, below the

decomposition temperature of the ligands. Besides merely improving the kinetics,

furthermore, there is also a change of the precursor complexes with temperature,

which can greatly affect the solubility. In the case of Zr4+, the extensive polymeri-

zation degree of the hydrated amorphous ZrO2, that originates from the hydrolysis

product of the alkoxide, a condensated tetranuclear Zr4(OH)8(OH2)16
8+-species,

requires intense efforts to stabilize in solution [32]. A citrate to metal molar ratio

of 1.2 as well as some high temperature reflux steps were necessary. Also it was

believed that the addition of peroxide anions promotes the breaking of the ol-bonds

in the tetranuclear Zr4(OH)8(OH2)16
8+- complexes [70] and allowed the complete

depolymerization (and dissolving) of the hydrated oxide. In the case zirconyl

chloride was used [67] no peroxide, but at least 6 equivalents of citrate ions were

needed to avoid precipitation during gelation.

5.3.3 Related Polymer Complex Methods

In its most strict meaning, the water based carboxylate sol-gel route starts from a

water based solution of metal carboxylate complexes, which upon evaporation of

the water, will form chemical cross links by ionic or hydrogen bridges (see

e.g. Fig. 5.7), with coordination bonds bridging several metal ions being possible

as well. Although, the term aqueous carboxylate based sol-gel method is also used

for a number of processes, where an amorphous solid is formed as well, but in

which the crosslinks between carboxylates are not essentially formed. Not only

different carboxylato ligands are used (e.g. citrates, EDTA, malonates, tartrates and

acetates). Different counter- and bridging ions can be employed as well. Examples

such as ethylenediamine (H2N-CH2-CH2-NH2) or ethanolamine (NH2-CH2-CH2-

OH) have chelating capacities themselves. Hence, a rich variety of similar routes
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towards a carboxylato ‘gel’ can be grouped under the common title of water based

carboxylate precursor route. However, as the chemical bonds responsible for the

crosslinking are mainly ionic, this means the aqueous carboxylato gels redissolve in

water. This is a main difference with other methods such as the Pechini route [71],

also called polymer complex method, where covalent crosslinks are being formed.

The idea of organic polymerization methods is to entrap stable metal ion chelate

complexes within a growing (or existing) polymer network in order to immobilize

them and hence prevent metal ion segregation. The network is broken up during

thermal treatment at a relatively low temperature (>300 �C) which results in a fine

mixture of oxides, together with residual organics and carbon. Further heating leads

to the total decomposition of the organic components and the formation of the

multimetal oxide in a stoichiometric homogeneous reaction.

The polymer network can be synthesized in different ways. One of them, and

probably the best known, is the Pechini route. In the Pechini process not water but

ethylene glycol is used as the solvent for a carboxylic acid (mostly citric acid) and

metal carboxylate complexes (mostly citrate complexes) [1, 5, 71]. The ethylene

glycol and molecular carboxylic acid, as well as the metal carboxylates present,

react to form (covalent) ester bonds upon heating and consequently the degree of

crosslinking between carboxylato-metal complexes is increased with ester poly-

merization (and to some degree metal carboxylate bridges in the gel). Carboxylic

acids with at least three functional groups will give rise to the formation of

branched polyester chains. This branching would suppress cation mobility during

thermolysis so as to avoid segregation.

Other compounds used to form a polymer network are acrylic acid (CH2¼CH-
COOH) and acrylic amide (CH2¼CH-CONH2) which polymerize by means of a

radicalar mechanism into linear chains which can get entangled. An advantage of

the Pechini route is that the viscosity and polymer molecular weight can be adapted

so as to control the thickness of deposited layers [72]. This in situ polymerization of

a polybasic acid and a polyalkanol typically governs a gel structure in which the

backbone is made up of an organic polymer to which cations are attached. The

Pechini process therefore often is referred to as the in situ polymerized complex
method [73–76].

A similar result is obtained by the polymer complex solution method, and
polymer assisted deposition, respectively (see Chap. 6), in which a metal-

coordinating polymer (e.g. Polyvinylalcohol, polyacrylic acid, polyethyleneimine

as well as other polymers with appropriate functional groups) and metal salts are

directly dissolved in an appropriate solvent (mostly water) [5, 77, 78].

In this case, yet cations are attached to the organic polymer, although in situ

polymerisation does not take place. Depending on the type of polymer, and the

abundance of functional groups, the metal ions can crosslink within the gel struc-

ture. The latter route is similar to the aqueous solution-gel route starting from

carboxylate complexes, however, it differs since the metal ions are crosslinked by

much larger organic polymeric molecules, instead of carboxylate ligands.
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5.4 Gel Decomposition

5.4.1 Mechanism

Once a homogeneous gel or gel film is formed, a thermal treatment in optimal

conditions can transform the amorphous network into the desired crystalline oxide

phase. During thermal treatment, either in one or in a sequence of different steps, a

number of overlapping processes are taking place: Calcination refers to [19] the

process of heating the gel polymer network, containing metal compounds, to

convert it into an oxide network. Part of these decomposition reactions can take

place without oxygen being used [1] (e.g. dehydration or dehydroxylation

reactions), other reactions will be real combustion reactions of organics with

oxygen so as to form carbon oxides and water. In addition, oxidation of the

decomposition products and of the remaining metal compounds can take place,

followed by crystallisation of metal oxide phases. In thin film processing, calcined

gel films are mostly subjected to additional anneal steps in order to enhance

crystallization and/or optimize morphology (see Chaps. 15 and 16).

Regularly published TGA and DTA profiles show that most carboxylate based

gels exhibit a quite similar decomposition path (Fig. 5.11). However, only rarely the

complete decomposition pathway is being unravelled. Moreover, variations may

occur due to the presence of e.g. nitrates which can induce vigorous

autocombustion reactions [45]. In various studies, reported in literature

[33, 59–61, 64, 65, 79–81] the thermal decomposition of a bulk gel was studied

by means of a variation of complementary experimental techniques such as

thermogravimetric analysis (TGA) coupled with mass spectroscopy (MS) or

FTIR spectroscopy to investigate mass loss as a function of temperature, and to

identify the evolved gases during the various decomposition steps. Complementary

in situ high temperature diffuse reflectance FTIR spectroscopy (HT-DRIFT) is

applied to follow the functional groups remaining in the gel during heating, while

in situ high temperature X-ray diffraction (HT-XRD) provides information on the

crystallisation of oxide phases. Based on these extensive studies, a general pathway

of the decomposition of carboxylate based gels, focusing on citratoperoxo metal ion

gels can be described in a sequence of the following steps:

I. Below 120 �C, remaining solvent (water) and some volatile molecules present

evaporate as can be detected by evolved gas analysis by means of mass spec-

trometry (MS).

II. A following step (below�300 �C) involves decarboxylation and dehydroxylation
reactions, particulary of carboxylate groups not bonded to the metal cations

[82–84]. It may be noted that until this stage, no oxygen is consumed.

III. Between 250 and 450 �C the metal ion complexes themselves become unstable

and their direct coordination sphere decomposes. The residual products are

metal oxide (or metal (oxy)carbonate) compounds together with an organic
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residual fraction. It may be noted that also in this decomposition region no

oxygen is consumed.

IV. Finally, during heating in air between 450 and 600 �C, all remaining and

relatively stable (nitrogen containing) organic rest species are oxidatively

decomposed. In the thermal decomposition of bulk gels (powders), the exo-

thermic decomposition causes an extremely fast and considerable weight loss

in a very small temperature interval of approximately 50 �C. The exothermic

effect can be noticed by the temperature increase beyond the programmed

temperature (see Fig. 5.11) and accompanied by the consumption of O2 as

confirmed by the decrease in the oxygen signal in MS (M/z ¼ 32). In some

cases, this consumption of oxygen for the combustion of organic species causes

the local environment inside the decomposing gel to be much less ‘oxidative’

than expected and can lead to the formation of inhomogeneities

(see Sect. 5.4.2)

In various cases, crystallisation of the oxide phase is possible as soon as the

direct coordination of the metal ions has been removed. This implies that

crystallisation can begin before the nitrogen containing matrix is completely

removed.

5.4.2 From Homogeneous Gels to Phase Pure Products

In previous paragraphs, already the importance of starting with a completely

homogeneous precursor solution as well as obtaining a homogeneous gel or gel

film was emphasized. However, various studies have suggested that a homogeneous

gel is no guarantee for obtaining the desired monophasic end product [33, 85, 86].

Chemical phase segregation is on the one hand governed by thermodynamics

(minimisation of free energy) and on the other by the kinetics of ion diffusion.

During the thermal decomposition of metal ion chelate complexes, present in the

precursor gels, large amounts of gases are set free, such as H2O, CO2, CO, . . . This

Fig. 5.11 TGA profile of

the thermal decomposition

(in dry air, heating rate

10 �C/min) of an acetate-

citratoperoxo precursor gel

for SrBi2Ta2O9. The four

decomposition regions are

indicated. Reprinted from

[61] with permission from

Elsevier
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obviously is accompanied by the change in the coordination sphere of the metal

ions, by a change in the nature of metal ion ligand bonds and possibly also by the

formation of oligomeric M-O-M- species. The cation homogeneity is being con-

trolled by the thermal stabilities of the different metal ion—ligand bonds and the

decomposition behavior of the different metal ion complexes. Mostly, those ther-

mal stabilities will differ and as a consequence different complexes decompose at

different temperatures, resulting in sequential decomposition of carboxylates,

which can explain phase segregation by the formation of individual metal oxides.

Another cause for phase segregation is the reaction of electropositive metal ions,

such as alkali metals, alkaline earth metals and lanthanides with evolving CO2-gas.

Contrary to alkoxide-based gels, evolving water does not influence phase segrega-

tion in the carboxylate based precursors.

However, even when a homogeneous cation distribution is present in the gel

after all carboxylate complexes have been decomposed, phase segregation can still

occur during oxide formation, as experimentally verified by TEM in e.g. [87]. In gel

precursors, nucleation of oxide crystallites happens typically at heterogeneous sites

such as interfaces or surface heterogeneities. Phase formation is being controlled by

the phase which has the fastest nucleation kinetics. Therefore, not necessarily the

thermodynamically most stable phase will be formed. The nucleation rate is

determined by intrinsic factors, such as the free energy of formation, the crystal

density, the compositional stability interval, and also by extrinsic influences, such

as the stoichiometry of heterometallic complexes, heating rate and the presence of

impurities. In e.g. Pb-containing perovskite phases, an intermediate pyrochlore

phase can be formed first, as it is a disordered structure which is stable over a

broad compositional range. In the perovskite phase, on the other hand, the

stochiometry is fixed and only deviations of less than 1 % are tolerated. However,

by changing extrinsic factors, e.g. by heating at a high rate up till elevated

temperatures, it becomes possible to form the perovskite phase directly [88]. Fast

heating rates, realized in so-called RTP (rapid thermal processing) furnaces, allow

to progress across the temperature regime where pyrochlore formation occurs and

to arrive straight at those high temperatures where thermodynamic aspects

dominate.

5.4.2.1 Strategies for Preserved Homogeneity During Thermal

Decomposition

One of the first reports on this homogeneity issue was published by Narendar et al.

[86] and involves a study on phase separation mechanisms during Pb(Mg1/3Nb2/3)

O3 formation from both EDTA and citrate based precursor systems. A homoge-

neous cation distribution was obtained by carefully adjusting the composition of the

precursor system (with respect to cation/ligand ratios and pH) and maintained

during thermal treatment by avoiding stepwise decomposition of the individual

carboxylate complexes. The strategies applied for this purpose consisted of either
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using a high heating rate under oxidizing atmospheres (in the EDTA precursor) or

the formation of a ternary Pb-Mg-Nb citrate complex (in the citrate system).

The formation of binary Pb-Nb citrate complexes has as well been observed

during the synthesis of Pb(Zn1/3Nb2/3)O3 from citrate-based precursors [89]. When

Pb and Nb citratoperoxo precursor solutions are mixed, an extra absorption band

appeared in the UV absorption spectra. Substantiated by UV fluorescence spectra,

Raman spectra and a Job’s plot [90] these features were suggested to be due to the

formation of a 1:1 heteronuclear Pb-Nb complex. In the same way, the difference

between the decomposition profile of the mixed citrate based Pb-Zr precursor from

a superposition of those of the individual Pb and Zr precursors, suggests that a

heterometallic Pb-Zr complex is being formed in the PZT citrate based precursor as

well [91]. Also in literature, examples are reported where the observed thermal

decomposition profile of a multicomponent gel is different from a superposition of

the decomposition of the individual carboxylato complexes e.g. in the case of

NdBa2Cu3O7-x from an acetate precursor [45]. However, the straight conclusion

that heterometallic complexes are formed should not be drawn in all these cases, as

changing multimetallic gel decomposition profiles might as well be due to heat

effects or to a catalytic effect of one of the constituent metal ions.

5.4.2.2 Powders Versus Films

Unquestionably, the thermal decomposition and phase formation in powders can

differ substantially from that in thin films. The interactions with film substrates can

have a huge impact on crystallisation pathways and on phase homogeneity as can be

learned from the many literature reports on this topic. Furthermore, even without

the substrate being involved, there is the effect of the sample ‘shape’ and its

different surface to volume ratio, on the accessibility of reagent gases or the

dissipation of energy and reaction products. As an example, specifically connected

to the carboxylate based solution gel method Nelis et al. report [49, 61] that during

the synthesis of SrBi2Nb2O9 powder from acetate-citrato-peroxo gels, excess Bi

used to improve the crystallization [92, 93] was found to be reduced and segregated

as metallic Bi islands. A reason for the observation of metallic Bi in the

decomposing gel can be found in the lack of oxygen arising during thermal

decomposition. As a consequence, Bi3+ is reduced either by the organic material

present in the gel, or by the CO gas that is set free during (incomplete) burning, to

the metallic state, which melts (melting point around 271.4 �C) and therefore

becomes very mobile. The in situ created reducing atmosphere in the powder

samples, is however also correlated with the vigorousness of the decomposition

step, which is in turn related to the oxygen partial pressure in the sample environ-

ment. During further heating, the metallic state is oxidized again into Bi3+ which is

then incorporated in the SrBi2Nb2O9 crystal structure. The cause of these

inhomogeneities, observed in decomposing gel powders, is however attributed to

a bulk effect.
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Indeed, thin films prepared by the same precursor, using a Bi excess, and heated

in the same conditions until and beyond 400 �C, did not show any inhomogeneity

due to bismuth reduction.

Evidently, these observations reflect the much easier access of oxygen and

dissipation of heat and reaction products in thin films compared to bulk samples.

5.5 Film Deposition and Control of Film Properties

5.5.1 Wetting

Essentially, chemical solution deposition (CSD) implies that a suitable precursor

solution is being deposited on an appropriate substrate after which an appropriate

thermal treatment decomposes the precursor structure and allows the desired oxide

to crystallize [1, 72, 94]. The wet layer deposition is mostly performed by either

spin coating (The basics and the physics of spin coating are discussed in Chap. 11 or

dip coating (The basics of dip coating are described in Chap. 10). As far as it can be

classified as a CSD method, liquid source misted chemical deposition (LSMCD—

see Chap. 12) combines the advantages of chemical solution deposition with a

remedy to the drawbacks with respect to conformal deposition and continuity for

ultrathin layers. As far as we know however, the LSMCD technique has not been

explored yet for the deposition of metal oxide films from water-based solutions. On

the other hand, recently it has been demonstrated that the deposition of ultrathin

and/or highly textured layers by spincoating or dipcoating is feasible [14, 39, 95,

96] (see also Sects. 5.5.5 and 5.5.6).

Although the use of entirely water-based precursor solutions is very attractive

from an economical point of view and the potential for reduced environmental

impact, the number of literature reports on the chemical solution deposition of

metal oxide thin films from water based precursor is rather limited. Obviously, a

major reason for this can be found in the (mostly chemical) challenges associated

with aqueous chemical solution deposition methods among which the most impe-

rative ones are:

– The lack of suitable readily commercially available water soluble and stable

precursors;

– the chemical challenge to prepare a stable multi-metal precursor solution;

– the difficult wetting behavior of many substrates towards water-based solutions.

Indeed, several functional and especially electroceramic (multi)metal oxides

contain high valent metal ions like those of Ti, Nb, Ta, Ru, Bi, Zr, . . . . Readily
utilizable water soluble precursors of these metal ions are either scarce or are

composed of salts containing undesired counter ions such as chlorine, which are

difficult to eliminate from the system during thermal treatment. Moreover, it takes
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some chemical insight to prepare stable water based precursor solutions of complex

multimetal oxides (as was discussed in a previous section 5.2).

Besides the chemical issues, related to solubility, stability and ‘gellability’ of the

precursor solution, a major issue, related to the chemical solution deposition of

water-based solutions, concerns problems with film homogeneity, which arise due

to insufficient ‘wetting’ of the substrate by the aqueous solution and drying issues.

Indeed, one of the foremost challenges in water-based chemical solution deposition

is the poor affinity of polar aqueous solutions to the substrate surface. Reasons can

be found in the intrinsic hydrophobic surface properties or as a result of organic

contamination. In most cases, if reported at all, this stumbling block is handled by

the addition of a surface-wetting reagent to the precursor solution in order to adjust

its viscosity and surface tension.

Additives that have been referred to are e.g. polyvinyl alcohol (PVA) [77, 97]

Triton X [97] and methoxyethanol [98]. However, these additives can disturb the

sometimes subtle complexation equilibria in the aqueous solution, as a result of

which the precursors stability may be undermined/emasculated.

Instead of improving the surface adhesion by the addition of a surface wetting

reagent, alternative strategies are put forward that do not exhibit the risk to disturb

the precursor’s chemistry. They comprise a thorough cleaning and sometimes even

a modification of the substrate (being glass, metal or an electroded silicon layer).

Mild cleaning treatments with the predominant purpose to degrease the surface are

those with (combinations of) e.g. detergent [99, 100] acetone [45, 100–103],

trichloroethylene [45, 101], alcohol [45, 100–102, 104, 105], sometimes followed

by a heat treatment [45].

Sometimes, in case of metallic surfaces, a mechanical polishing treatment is

performed prior to these chemical cleanings [103, 106] or they are combined with

an ultrasonic treatment [102, 103].

More severe chemical cleanings with chromic acid [99, 103, 105, 107, 108] or

SPM-APM (Fig. 5.12) in e.g. [14, 48, 57, 65, 66, 109–112] have the ability to etch

the surface to a certain extent.

SPM or piranha is a 4:1 mixture of concentrated sulfuric acid and hydrogen

peroxide. When the substrate is immersed in this mixture, H2SO5 is generated,

which has strong oxidizing properties and is capable of decomposing just about all

heavy organic contamination. The APM mixture consists of water, H2O2 and NH3

in a ratio of 5:1:1 and will remove all remaining lighter organic contamination as

well as some transition metals such as Cu, Ag, Ni, Co and Cd, which dissolve after

complexation. It is presumed when all the hydrophobic impurities have been

removed from the substrate’s surface, wetting will improve drastically and homo-

geneous and continuous wet films can be deposited. In the case of oxide substrates,

the ammonia/peroxide mix regenerates the surface layer whereby surface metal-

oxide groups are hydroxylated rendering it more hydrophilic.

Also a physical UV/ozone technique has been reported (Fig. 5.12) [48]. For this

cleaning procedure, the substrate is placed in a room where continuously ozone is

produced and destroyed by the illumination of oxygen with UV radiation of two

different wavelengths. During this process, atomic oxygen is formed as an
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intermediate product, which being a very strong oxidizer, is able to decompose all

organic contaminants from the substrate by oxidation [113].

In a study of the deposition of a PZT water based precursor [91], it was found out

however that a thorough cleaning alone is not always a guarantee for smooth and

homogeneous wet films. Indeed, even after a thorough SPM/APM cleaning of the

platinized silicon wafer, a PZT precursor solution using Pb-acetate as well as a PZT

precursor solution using Pb(II)-citrate were deposited by spincoating using identi-

cal deposition conditions. It was observed that a uniform film formed after spin

deposition of the citrate based precursor, while a radial pattern was observed in the

wet films as deposited from the Pb(II) acetate based precursor solution. After

possible causes related with the solutions’ rheology and viscosity had been

excluded, it was assumed that the difference in the wetting behavior might be

found in the precursor chemistry. The presumed cause is directly linked to the

used ligands and more precisely to the free (i.e. uncoordinated) ligands present in

the precursor solution. Free acetate groups, if present in sufficient amounts, might

arrange themselves with their single polar COO� group pointed towards the

hydrophilized surface. In this way, they form a monolayer onto the substrate with

an apolar hydrophobic top surface. The citrate anions contain different polar groups

which are not able to point all to the same direction, due to the sp3 hybridization of

the central atom (Fig. 5.13). This could mean that, even if a molecular surface layer

Fig. 5.12 Either SPM or UV/O3 treatments reduce the contact angle of water to almost zero.

These substrate treatments allow excellent wetting behavior of (most) water based precursor

solutions on different types of substrates
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is formed, there will always be carboxylate groups pointing towards the deposited

solution, enabling a satisfactory wetting behavior. Further experiments with lactato

and tartrato complexes corroborated this hypothesis.

5.5.2 Control of Film Properties in Carboxylate Based
Aqueous CSD

In order to achieve a crystalline oxide film with the desired morphological

properties and, consequently, performance, CSD routes generally are carried out

in a series of processing steps which all can be optimized (see e.g. Chaps. 15, 16,

and 18).

Precursor composition, concentration, stoichiometry and viscosity can have an

important influence on the (wet) film’s thickness, on the thermal decomposition

pathway, crystallization processes and for instance on the resulting porosity. Also,

deposition parameters such as spin velocity or withdrawal speed determine the

thickness of films deposited by means of spincoating or dipcoating. The thermal

decomposition profile of precursor solutions or bulk gels, investigated by means of

thermogravimetric analysis, generally provides a first guideline for the different

thermal processing steps of the deposited layers, which are mostly carried out on a

hot plate, in a conventional oven or an RTP (rapid thermal processing) oven. In

order to remove all organics gradually and reduce the risk of forming cracks,

typically each decomposition step observed in the TGA profile is performed as a

separate hot plate step. Accordingly, in most reports where the heat treatment of

carboxylate based gels is optimized, a series of different hot plate steps is generally

applied, corresponding to the gel drying at low temperature between 100 and

200 �C, a first pyrolysis step below 300 �C to decompose the uncomplexed

carboxylates constituting the gel matrix and another pyrolysis step at higher

temperatures to decompose the metal ion complexes (Sect. 5.4.1).

Fig. 5.13 Photographs showing the different wetting behavior of a spin coated PZT aqueous

precursor solution based on (a) Pb(II) citrate and (b) Pb(II)-acetate on an SPM-APM cleaned

platinized Silicon substrate
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Because the crosslinking reactions in carboxylate gels are mainly ionic by nature,

a typical property, even if they are dried after deposition, is that these gels and gel

films redissolve in aqueous solutions, which hampers multiple wet depositions

without intermediate treatments impossible. However, after decomposing the carbox-

ylate based gel films at elevated temperatures, the precursor material becomes

insoluble, depending on the type of oxide and chemical nature of the precursor

solution, so that the deposition of a next layer of precursor solution turns out to be

possible. Complications, e.g. when the formed oxide is ZnO, which is amphoteric, are

handled by adjusting the precursor’s pH to a value at wich the oxide doesn’t

dissolve [114].

After the commonly named ‘pyrolysis’ treatments (involving basically gel

calcination) i.e. when all the organics have decomposed, the obtained oxide films

are generally still amorphous. Therefore, each individual layer is subjected to a

further crystallization step (intermediate crystallization), and mostly a final crystal-

lization or anneal treatment is carried out after the complete stack of layers is

deposited and thermally processed.

Schwartz et al. [115] have already shown that the precursor solution

characteristics and the pyrolysis steps during thermal treatment affect the crystalli-

zation behavior of alkoxide sol–gel derived Pb(Zr,Ti)O3 thin films, specifically

studying orientation and surface morphology. Bhaskar et al. [116] demonstrated

that the type of precursor solution and especially the degree, to which organics are

removed from the precursor during heat treatment, has an effect on the ferroelectric

properties of Pb0.85La0.15TiO3. Likewise, it turns out that in carboxylate based

aqueous CSD methods, each of the individual processing steps can be optimized

in order to realize the best possible result with respect to morphology, composition

and performance.

5.5.3 Film Thickness

Different applications require different film thicknesses to be deposited. And, also

within a certain thickness range, control of the film thickness is important, as it is

known to be of influence (in combination with the heat treatment) on the properties

of the final film (e.g. for PZT [117–120]). Film thickness can be controlled by

means of viscosity, precursor concentration and the number of deposited layers.

The viscosity of a water based carboxylate precursor can be increased by adding

bridging chelate ligands such as e.g. 1,2-diaminopropane or ethylene diamine [114]

or using a non reacting polymer such as polyvinylalcohol (PVA) [121].

Alternatively, the metal ion concentration (and accordingly also the viscosity)

can be increased by evaporating a certain volume of solvent from a stable precursor

solution (and re-establishing the pH value). For various precursor solutions, it was

found that film thickness increases linearly with increasing precursor concentration

in a range between about 15 and 100 nm as can be seen for PZT in Fig. 5.14. Even

for ultrathin layers, as will be shown later, this regime remains valid.
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However, it should be noted that an increasing amount of additives generally

only establishes a higher thickness of the deposited wet layer, and has—when dense

layers are aimed at—the disadvantage of introducing extra organic material that

needs to be decomposed. Moreover, adding these ligands, might disturb the com-

plexation equilibria leading to destabilized precursor solutions.

Remarkably, however, is that the (kinematic) viscosity (measured however at

low shear rates) of the solution doesn’t show a linear increase with respect to

precursor concentration. The linear increase of the film thickness in this broad

range of metal ion concentrations, is ascribed to the non-Newtonian flow behavior

of the precursor solution at higher concentrations (above 0.7 M). It is assumed that

during spincoating relatively high shear rates are attained, at which the resistance to

flow and as a consequence also the viscosity is lowered.

A third way of increasing film thickness is by depositing an increasing number of

layers [114]. Also here, various examples demonstrate the linear increase of the

final thickness as a function of the number of deposited layers (with intermediate

heat treatments) with an equal concentration (Figs. 5.15 and 5.16).

Spin-coating of carboxylate based precursors generally produces continuous

crystallized single layers with a thickness between 10 and 100 nm. Thicker layers

of TiO2 up to 800 nm were obtained by tape casting of a 0.8 M peroxocitrato Ti

precursor solution to which 7.5 wt.% PVA was added in order to increase the

viscosity [121]. On the other hand, applying very diluted precursor solutions has

proved to be a successful strategy towards extremely thin layers (see Sect. 5.5).

Besides spin coating, also dip coating permits a broad range of film thicknesses to

be reached, going from a few tens of nanometers [122] to 1 micron per single

dip [45].

5.5.4 Morphology Control Through Process Conditions

Various examples in literature demonstrate how the process conditions can be

adjusted in order to change and optimize the films morphological and functional

properties. A few illustrations are given below.

Fig. 5.14 Layer thickness

(after crystallization) as a

function of precursor metal

ion concentration for spin

coated PZT from a water

based carboxylate based

precursor. The inset shows

that the kinematic viscosity

also increases with

increasing precursor

concentration, though not

linearly [91]
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Mondelaers et al. [66] developed a procedure to deposit ZnO layers by means of

spincoating an aqueous carboxylate solution. The morphology of these films could

be changed by changing the process [114] (Fig. 5.17). When one single layer of a

highly concentrated precursor solution is deposited and processed at once at 500 �C,
a polycrystalline layer is formed. On the other hand, the deposition of many thin

layers from a precursor solution with a concentration of 0.1 M with intermediate

crystallization steps led to the formation of a polycrystalline film with a columnar

grain structure and a pronounced c-axis orientation. Each subsequent layer is

assumed to nucleate heterogeneously on the grains crystallized during the previous

deposition.

Other examples illustrate the importance of the optimization of the thermal

decomposition of the carboxylate based precursor by means of a series of hotplate

steps before crystallization in an RTP oven. E.g. Nelis et al. studied the aqueous

CSD of Strontium bismuth tantalate (SrBi2Ta2O9) (SBT) [47, 61, 123], a promising

ferroelectric compound [124–126]. A crystallization temperature of at least 650 �C,
needed for alkoxide based sol-gel precursors [127], is also essential for aqueous

precursors to be able to convert the intermediate fluorite phase into perovskite and

to record an acceptable Pr value. Optimized Pr values could be obtained lowering

the degree of (non-polar) c-axis orientation [128]. Nelis showed that both a change

Fig. 5.15 Film thickness after crystallization of TiO2 as a function of layers deposited by spin

coating from a 0.4 M citratoperoxo Ti(IV) precursor. Reprinted from [100] with kind permission

from Springer Science and Business Media

Fig. 5.16 Influence of the number of layers deposited by spin coating with a carboxylate based

PZT precursor with a metal concentration of 0.72 M (on the thickness of the final crystalline film

[91])
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in the Bi vs. Sr stoichiometry [129, 130] and an optimization of the thermal

decomposition of the carboxylate precursor led to a reduction of fluorite secondary

phase and a fast crystallization of perovskite with reduced c-axis orientation. A

crystallization ambient of pure oxygen proved to be beneficial over 20 % O2 to

reduce the c-axis preferential orientation and increase the Pr value to 6.8 μC cm�2

which is in good accordance with other literature data for sol-gel SBT films

[131]. Remarkable in this study was the effect of remaining organics in the layer

before it was submitted to the crystallization in the RTP oven.

Also in the case of lanthanum substituted bismuth titanate (Bi,La)4Ti3O12 (BLT)

films, the remaining organics before crystallization turned out to be key in the

optimization of the properties. Since BLT can be fabricated with a higher remanent

polarization (Pr) than SrBi2Ta2O9 (Pr ¼ 5–15 μC cm�2 compared to 4–10 μC cm�2)
and at a lower crystallization temperature (600–700 �C compared to 700–850 �C), it
received a lot of attention e.g. [132–134]. A new aqueous solution-gel route for the

synthesis of BLT was developed, based on aqueous Bi3+- and La3+-citrate solutions

and an aqueous citratoperoxo-Ti(IV) solution [53] whereby the molecular scale

mixing and high degree of homogeneity throughout the entire process led to the

direct crystallization of the Aurivillius phase from the amorphous phase at a

crystallization temperature as low as 525 �C. The formation of cracks in the film

was avoided by guaranteeing a gradual decomposition, applying a drying step and

two pyrolysis steps. The crystallinity of the films improved and the Pr was observed

to increase linearly with crystallization temperature between 600 and 700 �C do to

an enlarged grain growth. Indeed, sufficiently large grains or crystallites seem to be

a requisite requirement for obtaining a polarization hysteresis with a reasonable Pr
[135]. Recognizing the importance of the Bi3+ stoichiometry during crystallization

in SBT films, also in the case of BLT, the influence of the Bi3+ excess was

investigated [111]. A too low nominal Bi concentration can lead to Bi loss by

means of evaporation or diffusion in the bottom electrode [136]. A too high Bi3+

excess might result in segregation of the excess Bi atoms to the grain boundaries

during crystallization, leading to the formation of leaking current paths

[134]. Therefore, a slight excess is beneficial and the most favorable amount

needs to be established experimentally for each synthesis method. For a CSD

method with water based carboxylate precursors, the positive effect of the excess

Bi3+ was ascribed to a decrease of the number of oxygen vacancies in the BLT

Fig. 5.17 BF TEM images

of a ZnO film obtained by

spincoating of (left) two
layers with a highly

concentrated precursor

solution and (right)
21 layers with a low

concentrated precursor

solution
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crystal structure, which are considered responsible for the domain-pinning of

ferroelectric domains. An additional effect of the Bi3+ excess is an enhanced

grain growth of the Aurivillius phase, due to the high ion mobility of Bi3+, which

is favorable for the Pr. On the other hand an increased c-axis orientation was

observed, which is in fact undesired, as the polarization of BLT along the c-axis

is lower than that along the a-axis. Nevertheless, the most favorable Pr value was

observed for a nominal excess of 10 % Bi3+.

Moreover, it was clearly shown [110] that a correlation exists between the

ferroelectric properties of BLT thin films deposited by aqueous carboxylate based

chemical solution deposition and the thermal treatment applied, more specifically,

the temperature of the third hot plate step (HP3 concerns the final pyrolysis

treatment before crystallization in an RTP oven). However, and in contrast to the

findings of Fè et al. [137] and Schwartz et al. [115] who studied the relation

between orientation selection and chemical structure evolution or precursor pyro-

lysis behavior for sol–gel prepared Pb(Zr,Ti)O3, the variation of the temperature of

the third hot-plate step had little influence on the crystallographic phase develop-

ment and orientation of the aqueous BLT thin films. The reason for the differences

in ferroelectric properties was found to be due to residual organic material in the

layers. The presence of a residual fraction of organic material in the thin film prior

to and during the crystallization step in the RTP furnace, was found to have a

negative effect on film density and ferroelectric properties. The properties of the

BLT films are improved when the amount of organic material is decreased prior to

rapid thermal processing, i.e., when the third hot plate step is carried out at a higher

temperature.

Absorption Reflection FTIR (AR-FTIR) measurements verified the presence or

absence of remaining organics (Fig. 5.18). The minimal pyrolysis temperature of

370 �C that removed all organics before crystallization resulted after crystallisation

in films with high Pr values (ca. 6 μC cm�2), which are uniform over the entire film

surface and all of the top electrode dots. The optimal final pyrolysis temperature for

obtaining the maximum Pr value (6.6 μC cm�2) was 425 �C at a crystallization

temperature of 650 �C, compatible with CMOS (complementary metal oxides

semiconductor) processing.

Fig. 5.18 AR-FTIR of

BLT thin films after

different thermal

treatments: (a) as spun film;

(b) 160 �C/1 min;

(c) 160 �C/1 min, 260 �C/
2 min; (d) 160 �C/1 min,

260 �C/2 min, 315 �C/
2 min; (e) 160 �C/1 min,

260 �C/2 min, 370 �C/
2 min; (f) 160 �C/1 min,

260 �C/2 min, 425 �C/
2 min; (g) 160 �C/1 min,

260 �C/2 min, 480 �C/2 min
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5.5.5 Highly Oriented Layers

5.5.5.1 Lattice Match with the Substrate in Superconducting

and Buffer Layers

Especially in the synthesis of superconducting layers and associated buffer layers

(see Chap. 27), the achievement of biaxial texture is very important as it turned out

to be a decisive prerequisite for achieving sufficiently large critical currents.

Whereas the realization of textured layers is mostly associated with vacuum

based, layer by layer or sputter deposition, also epitaxial growth of highly textured

layers were reported from water based chemical solution deposition demonstrating

that the quality of the biaxial texture obtained in films deposited by an aqueous

sol–gel method can be comparable to those obtained in e.g. atomic layer-by-layer

growth.

Highly textured layers were obtained for CeO2 [39] on the textured Ni-W (111)

substrate by dip-coating a water based Ce-precursor. A combination of EDTA and

acetic acid was used to establish complexation. Also nitrate containing Ce-citrate

precursors dipcoated on metallic (001) Ni-alloy tape have led to the formation of

highly (001) oriented CeO2 films as long as their thickness did not exceed 50 nm

and when the thermal treatment was performed in an Ar-H2 atmosphere to avoid

oxidation of the substrate [122].

Highly textured 1,000 nm thick films of NdBa2Cu3O7�y on monocrystalline

(100) SrTiO3 substrates with an in-plane mis-orientation angle of less than 4� were
achieved by means of dip-coating [45, 138] of a mainly water-based precursor

solution (a 1:4 mixture of acetic acid and water was used as the solvent) using metal

acetates and triethanolamine as an additional complexing agent (Fig. 5.19). The

synthesized NdBa2Cu3O7�y material showed a superconducting transition tempe-

rature of 94 K for bulk and 89 K for thin films. In addition, the importance of a good

metal complex formation in the precursor solution and thus the necessity for

stipulating the optimum complexation parameters using potentiometric titration

curves was presented by XRD phase analysis.

A similar synthetic approach led to textured YBa2Cu3O7�x layers of 450 nm

thickness [95]. HR-TEM images showed an excellent orientation match between

the (100) SrTiO3 single-crystal substrate and the YBa2Cu3O7�x layer which can

only be caused by coherent heterogeneous nucleation. This coherent nucleation

induces strong texture development in the layer as can be deduced from the small

values of the FWHM in the pole figures. Critical current densities of these films are

promising, though there is still room for improvement, as the obtained films suffer

from porosity due to the relatively high amount of gases released during the applied

thermal treatment.
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5.5.5.2 Towards Ultrathin Layers

Ultrathin (Nb1�xTax)2O5 films, with x between 0 and 1 and thicknesses from ~3 to

~25 nm, have been deposited by chemical solution deposition starting from aqueous

citratoperoxo-niobate(V) and -tantalate(V) precursor solutions [14] (see also

Sect. 5.5.6). Clear dependence of the properties on film thickness was observed.

First, crystallization temperatures increased when the film thickness was decreased

(in accordance with other reports [12, 139, 140].

For Nb2O5 it was shown that the (001) orientation seems to become more

preferential with increasing film thickness, as compared to (100). In the ‘thicker’

films (~25 nm) interfaces and cross sections were studied by means of HR-TEM

which showed crystal planes continuous throughout the entire film thickness

(Fig. 5.20), although XRD patterns did show some presence of (100) oriented

grains as well. It was concluded furthermore that besides the substrate and film

thickness, the deposition route strongly affects the crystallization temperature. In

aqueous CSD as compared to e.g. CVD, a minimum heat treatment limit is set by

the thermal stability of the metal ion complexes, which have to be decomposed

before oxide formation can start. In the following paragraph we will discuss this

new area of ultrathin layers from carboxylate based aqueous precursors.

5.5.6 Ultrathin Film Deposition by Aqueous CSD

For a long time, in pertaining literature the conviction could be found that it was

impossible to deposit uniform metal oxide films with a thickness far below 100 nm

using chemical solution deposition. Reports were made of incomplete coverage of

the substrate, leading to defective functional properties, or even none at all. In

contrast, recently it was shown that ultrathin metal oxide films, from 30 to 3 nm in

Fig. 5.19 HR-TEM image (left) and diffraction pattern (right) of the interface between a SrTiO3

substrate and a NdBa2Cu3O7-y film, obtained by dipcoating of an acetate-triethanolamine based

aqueous precursor solution. Reproduced from [45] with kind permission from Springer Science

and Business Media
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thickness, could be deposited by aqueous CSD (see Fig. 5.21), starting from

aqueous solutions of carboxylate complexes [11, 20]. At the same time, reports

using non-aqueous CSD routes have emerged as well [141–143], as well as a

method consisting of layer-by-layer adsorption of metal alkoxide precursors in a

surface sol-gel process followed by annealing [144, 145].

The strict definition of “ultrathin” differs between authors, ranging from 50 to

10 nm or beyond. Consistently the film thicknesses are always well below 100 nm,

however. So far, the deposition of ultrathin films from aqueous CSD was mainly

focused on the fabrication of high-k dielectric oxides (k > 3.9, the value for SiO2)

with applications as alternative gate dielectrics for CMOS (complementary metal

oxides semiconductor) devices, DRAM (dynamic random access memory) or flash

memory. Due to the dependence of materials’ properties on the film thickness,

mediated by phase changes, interfacial reactions, grain boundary effects etc., it is

important to study the materials in the thickness range of the final applications.

Therefore, only film thicknesses well below 30 nm are relevant in view of the

applications currently envisaged. Furthermore, an interesting opportunity exists

Fig. 5.20 High resolution X-TEM of Nb2O5 deposited from a 0.075 mol/l citrate-peroxo Nb(V)

precursor. Reproduced from [14] by permission of ECS—the electrochemical society

Fig. 5.21 Ultrathin neodymium oxide film on SiO2/Si substrate deposited by an aqueous CSD

process. Reprinted from [11] with permission from Cambridge University Press
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within the CSD approach to allow quick access to many different complex

(substituted) multimetal oxide systems, since it allows strong compositional control

and high compositional flexibility from an instrument point of view, as compared to

vacuum deposition systems. This material screening objective was the original

application driven motivation for studying the fundamental aspects in deposition

of ultrathin high-k oxide films by aqueous CSD. Among the studied materials were

binary oxides such as those of lanthanide, hafnium, zirconium, niobium and

tantalum, while in a next stage multimetal oxides were prepared as well: mixed

lanthanide oxides, lanthanide or strontium niobates, niobium tantalum oxides,

barium and strontium zirconate or titanate and mixtures thereof, bismuth titanates,

lanthanide aluminates etc. [11–14, 16, 19].

A specific advantage of ultrathin film deposition by aqueous routes compared to

solvent based routes, on the level of the precursor solutions, is worth mentioning.

The depositions of ultrathin films are carried out starting from precursor solutions

with low concentrations. At lower concentration, solubility limits of the

carboxylato complexes in water are no longer exceeded, enhancing the solution’s

stability. At the same time, the hydrolysis and condensation reactions, leading to

precipitation of (hydroxo)oxocomplexes [29], are prevented at a lower ligand to

metal ion ratio or even without excess ligands (see also Sect. 5.2). Due to the lower

excess of carboxylate ligands for obtaining stable solutions in water, the organic

content of the solution is lowered. As such, the lower concentration required for

ultrathin film deposition is considered an advantage. In contrast, in solvent-based

routes, a higher organic content is quoted by Brennecka et al. [143] when using

low-molarity solutions, leading to stronger reducing environment during the pyro-

lysis step and possible negative effects on the oxidation state of the metal ions

involved. For material systems such as lead zirconate titanate, this can subsequently

be followed by certain material specific, adverse effects such as Pb loss through

alloy formation with a Pt bottom electrode.

The aqueous CSD film thickness was simply controlled by variation of the

number of deposited layers (1–4 layers) or by the concentration of the oxide

precursor, typically in a range from 0.005 mol l�1 to 0.1 mol l�1 (Fig. 5.22). A

linear trend of film thickness with increasing concentration was generally observed

in this region for different kinds of binary or ternary oxides, at constant annealing

temperature. In contrast, a quadratic relation showed a better agreement with the

experimentally obtained thicknesses as a function of precursor concentration for

aquo-diol deposited films [142, 146].

Theoretically it was predicted for spin-coating of polymers that the film thick-

ness would vary according to the relationship t ¼ A cn ω�m where t is the film

thickness, c is the concentration of the solution and ω is the rotation velocity

[142, 147]. Even though the model does not take into account effects such as

densification by crystallization, which is occurring for oxide films, it appears to

be applicable for the case of CSD deposited metal oxides with n ¼ 1 down to very

low thickness ranges and at a constant rotation speed, as well. The linear relation

between the film thickness and the number of layers on the other hand, indicated

there are no undesirable interactions of subsequent deposited layers occurring, such

5 Aqueous Precursor Systems 129



as dissolution etching, which of course also depends strongly on the chemical

properties of the deposited oxide and the chemical properties of the precursor

solution.

Due to the chemical similarity of the metal’s precursors, all being based mainly

on citrato-complexes, they generally showed similar decomposition profiles for the

bulk gels, as explained earlier. It could be derived that similar thermal programs

were applicable for all the different oxides, consisting of stepwise hot plate

treatments followed by final calcination/anneal treatment in a furnace. Depending

on the specific metal oxide, e.g. the constituent metal ion’s tendency towards

carbonate formation, the possibility for interfacial reaction with the substrate and

the thickness dependent crystallization behavior, the thermal treatment requires

optimization in order to reduce the carbon content in the films [19], optimize the

film uniformity [148], induce crystallization [12] or avoid interfacial reactions

[149]. Such detailed studies of specific metal oxide systems, have revealed that

the effects of calcination and annealing conditions, such as temperature, time or

layer-by-layer annealing on the film’s characteristics are strongly dependent on the

type of oxides but also on the ratio of their constituting metal ions, which is

explained by the differences in crystalline phases, that may be obtained depending

upon this ratio.

The film thickness uniformity and continuity was verified by common methods

such as scanning electron microscopy (only for the thickest layers), by atomic force

microscopy and by cross sectional TEM. Further indication for film uniformity was

obtained from electrical characterization, mainly the magnitude of leakage currents

obtained from I-V curves measured on circular Pt top electrodes. It was shown that

amorphous films generally, have high uniformity and continuity over a wide

thickness range, while the individual layers, resulting from the layer-by-layer

deposition flow in case of stacking four layers on top of each other, could not be

distinguished. Upon anneal treatment up to relatively high temperatures, several

effects may occur:

Crystallization with or without conservation of the film uniformity: dependent

on the nature of the metal oxide and the thermal budget applied.

Fig. 5.22 Film thickness as

measured by X-ray

reflectometry as a function

of precursor concentration

for zirconium oxide films

calcined at 600 �C. A linear

trend is observed as a

function of concentration

(four layers) and number of

layers (0.1 mol/l) down to

3.3 nm
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Interactions with the substrate: silicate formation was observed for the case of

SiO2/Si substrates, to which attenuated total reflectance Fourier transform infrared

spectroscopy was shown to be highly sensitive [150]. (Multi)metal oxide films

containing rare earth or alkaline earth metal ions were prone to this interfacial

interaction, at temperatures depending on the metal ions involved.

The high uniformity during spin-coating deposition of the precursor solutions

can be explained by the low viscosity of the aqueous solutions applied and the

relatively limited vapor pressure of this solvent at room temperature, which allows

a good spread of the precursor over the substrate surface and a uniform evaporation.

Of course, this is dependent on the substrate pretreatment (cleaning) as well, where

the requirement of hydrophilicity is as important as in the case of thicker films

(Sect. 5.5.1) and on the chemical properties of the precursor solution, including its

pH. In contrast, it was found that a bulk gelation behavior of the precursor solution,

without precipitation, is not a prerequisite for obtaining uniform ultrathin films in

the case of monometal oxides, such as ZrO2 [15].

As the drying kinetics are different in case of spin-coating highly diluted

solutions, the film gelation behavior may differ from that in bulk. In any case,

segregation of the metal ions on a nm scale may be of substantial effect in case of

deposition of multimetal oxides, as it could lead to continuation of the segregation

during thermal treatment and affect the phase formation.

However, the uniformity should be maintained throughout the subsequent ther-

mal processing steps as well. By application of stepwise drying and pyrolysis

treatment on hot plates with increasing temperatures, rupture of the films due to a

too abrupt evolution of decomposition gases is avoided, as is traditional in CSD.

Such a thermal treatment process can be based on thermal analysis of the bulk

precursors, which allows assessment of the temperature range of the major decom-

position steps, where a large volume of gases will be evolved. Certainly here,

possible differences between the film’s and bulk precursor’s decomposition are

kept in mind, which are related to volume effects such as the contact surface area

with the reactive ambient (oxygen containing) required for oxidizing removal of the

ligands, as well as the exothermic nature of the combustion reaction, resulting into

full decomposition of the precursors. The thinner the layer, the stronger these

volume effects may be by the enhanced contact with the reactive ambient gas and

the reduced effect of self-heating during combustion. Also, the tendency for rupture

of the films by evolving gases is reduced with reducing film thickness.

After careful consideration of the thermal processing to maintain film uniformity

during precursor decomposition with increasing annealing temperatures, depending

on the oxide, microstructural instability leading to island formation is often still

observed. This phenomenon was described and explained in earlier literature

considering the ratio of grain size and film thickness [151]. Once this ratio exceeds

a critical value, the surface energy reduction due to formation of discontinuous or

island-like films will lead to disruption of the film’s uniformity. This is a general

observation, also made for non-aqueous deposited films [152], which confirms that

it can be related to the properties of the final oxide rather than solely to the precursor

route followed [142]. Nonetheless, detailed comparative studies of this effect for
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different precursor systems, including aqueous systems, were not carried out to the

best of our knowledge.

The microstructural instability phenomenon can be avoided by reducing grain

growth, by keeping the anneal temperature sufficiently low or decreasing the

annealing times. On the other hand, in case of reaction with the substrate, the

formation of an amorphous silicate phase at their interface may lead to stabilization

of the uniform film morphology, and prevention of crystallization of the films. This

was observed for both aqueous CSD deposited films and ALD deposited ultrathin

films [153]. The strong impact the substrate has on the development of substrate-

based nano-islands, by aqueous CSD processing, was shown recently [17], com-

paring Pt, SrTiO3 as well as SiO2/Si substrates for the case of PbTiO3 films. This

strong effect may not only be traced back to the possibility for interfacial

interactions/reactions, but also be related to effects such as the contact angle of

the crystallization nuclei on the substrate in question.

Finally, the functionality of aqueous CSD deposited ultrathin films towards

high-k applications was confirmed by dielectric measurements, such as C-V and

I-V characterization. For film thicknesses down to a minimum of 3 nm on SiOx/Si,

high-quality dielectric properties were obtained, as observed from the well-behaved

C-V curves measured on MOS devices defined by circular Pt topelectrodes. The

electrical properties, most importantly EOT values and leakage currents, were

comparable after optimization to those obtained by atomic layer deposition,

which is accepted widely as the designated deposition technique for ultrathin

oxide layers [19]. On the other hand, functional capacitors characterized down to

6 nm [154], were obtained by aqueous CSD on 10-nm thick TiN bottom electrodes

as well. This allowed to obtain CET values down to ~2 nm. Low temperature

processing, required by the oxidation sensitive substrate, led to higher leakage

currents due to higher carbon levels in these films.

The study of ultrathin oxide films from aqueous chemical solution deposition,

has shown great potential for fundamental materials’ research, which may find

different applications beyond the main focus of high-k dielectrics and ferroelectrics
that was cited here. Open research questions, currently worked on, are related to the

behavior of ultrathin films by aqueous CSD on different substrates besides SiO2/Si,

prevention of interfacial reactions and peculiarities of specific material systems.
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Chapter 6

Polymer-Assisted Deposition

Anthony K. Burrell, Thomas M. McCleskey, and Quanxi Jia

6.1 Introduction

Metal-oxides are emerging as important materials for their versatile properties such

as high-temperature superconductivity, high conductivity, ferromagnetism, ferro-

electricity, ferroelasticity, multiferroicity, piezoelectricity, pyroelectricity, thermo-

electricity, semiconductivity, dielectricity, and so forth. Metal-oxide films can be

grown by physical- and chemical-vapor depositions [1, 2]. Physical-vapor deposi-

tion generally has the features of (a) excellent thickness control and (b) smooth

surface morphology. On the other hand, it requires large capital investment since a

typical physical vapor deposition is often carried out under vacuum conditions. In a

typical chemical-vapor deposition process, the substrate is exposed to one or more

volatile precursors that react or decompose onto the substrate surface to form the

desired film. One of the most important advantages of chemical-vapor deposition is

that the coating can be conformal since the reactants are gases. However, chemical-

vapor deposition generally involves complicated processes. Furthermore, it very

often uses toxic and corrosive gases.

Chemical solution depositions (CSDs) [3] such as sol-gel [4] are more cost-

effective since vacuum is not required. However, the formation of high density and

electronic quality materials based on CSDs is generally considered challenge due to

the use of solvents in the precursor solutions. In addition, many metal-oxides are

difficult to deposit and the control of stoichiometry is not always straight forward

due to differences in chemical reactivity among the metals. In this chapter, a new

process, polymer-assisted deposition (PAD) [5–8], to grow metal-oxide films with
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desired structural and physical properties is described. In the PAD process, the

polymer controls the viscosity and binds metal-ions, resulting in a homogeneous

distribution of metal precursors in the solution and the formation of uniform

metal-organic precursor films. The latter feature makes it possible to grow simple

and complex epitaxial metal-oxides with desired physical and structural properties.

6.2 Synopsis of Standard CSDs

To have a better understanding of the chemistry and processes of PAD, we will

briefly discuss other CSDs at the beginning of this chapter. For more details to the

other CSD methods the reader is referred to the corresponding chapters of the

present book.

6.2.1 Sol-Gel

Sol-Gel is perhaps the most well-known and extensively studied method for

chemical solution deposition of metal-oxide thin films [4]. In general, the sol-gel

process involves the transition of a system from a liquid “sol” (mostly colloidal)

into a solid “gel” phase. The starting materials used in the preparation of the “sol”

are usually reactive inorganic metal salts or metal organic compounds typically as

metal alkoxides. In a typical sol-gel process, the precursor is subjected to a series of

hydrolysis and polymerization reactions to form a colloidal suspension, or a “sol”.

As far as alkoxides chemistry is concerned, it is useful to distinguish the case of

silicon alkoxides (Si being a semimetal) and the case of metal alkoxides. The sol-gel

process involving silicon alkoxide can be described in two steps, the hydrolysis of

the alkoxide and its polycondensation (cp. Chap. 1). Since the silicon alkoxides are

usually stable towards hydrolysis, the hydrolysis step often requires catalysis [9]. In

comparison, metal alkoxides generally react very quickly with water even in the

absence of catalysts. In particular, transition metal alkoxides are very reactive [10].

6.2.2 Citrate Gel or Pechini Process

There are a number of variations of the sol-gel method. One of the most popular

methods is generally called the citrate gel [11] or Pechini process [12]. The citrate

process can avoid complex steps such as refluxing of alkoxides, resulting in less

time consumption compared to other techniques. The ability to utilize the bare

metal cations eliminates much of the uncertainty involved in the hydrolysis of metal

alkoxides typically observed in the sol-gel process. The citrate process involves

complexation of metal ions by polyfunctional carboxyl acids such as citric acid or
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tartaric acid having one hydroxyl group. On heating this mixture, the viscosity

increases as soon as the water starts to evaporate. With full removal of water, the

dried product is a polymeric glass where the constituents are mixed at atomic level.

This resin, upon heating at higher temperature, produces the particular oxides. The

citrate gel process offers a number of advantages for the preparation of fine powders

of many complex oxides [13, 14]. The Pechini process can be considered as a

modification of citrate process where a polyhydroxy alcohol or ethylene glycol is

added to the mixture. In this process, the solution is heated to 150–250 �C to allow

the chelates to polymerize. Upon sintering to a temperature in the range of

500–900 �C, the polymer and citrate decompose to yield the metal-oxides.

6.2.3 Chemical Bath Deposition

Chemical bath deposition (CBD) is perhaps the oldest known chemical solution

method for the formation of thin films, dating back to 1884 when PbS was deposited

using thiourea. This technique usually involves the simple immersion of a substrate

into a solution containing both a metal salt and a chalcogenide precursor. This

method has mostly been used to prepare sulfides and selenide films [15]. However,

considerable work on the formation of metal-oxide films has been carried out in

recent years [9] and details to CBD can be found in Chap. 14. CBD requires that the

product of the metal ion concentrations and the chalcogenide must exceed the

solubility of the desired product. The maximum obtainable thickness is, therefore,

limited by the supply of the reactants in the solution. The control of film thickness,

composition, and density requires complexmanagement of the solution composition,

pH, and temperature. Different variants of CBD such as SILAR or LPD are known.

6.2.3.1 Successive Ion Layer Absorption and Reaction

Successive ion layer absorption and reaction (SILAR), as was developed in the

early 1980s as an alternative method for the formation of metal-sulfide [16] and

metal-oxide films [17]. SILAR employs emersion of the substrate in alternating

aqueous solutions of metal cations and chalcogenide salts [18]. This results in layer-

by-layer build-up of individual atomic layers of the material in the order of 1.3 Å
´

per cycle on the substrate. This process is very laborious. However, it can be

automated and high quality films can be obtained.

6.2.3.2 Liquid Phase Deposition

Liquid phase deposition (LPD) employs metal fluorides, which are hydrolyzed in

water by boric acid, as precursors to prepare metal-oxide thin films. The boric acid

acts as a fluoride scavenger. The use of the fluoride scavenger allows for the better
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control of the hydrolysis reaction and of the solution’s supersaturation. The general

reactions can be described as

MFn þm=2 H2O , MOm=2 þ n HF (6.1)

H3BO3 þ 4 HF , BF4
� þ 2 H2Oþ H3O

þ (6.2)

This process has been used to produce a wide range of metal-oxide materials. In

particular, LPD silica has been used in semiconductor technologies and other

applications such as solar cells [19].

6.2.4 Metal Organic Deposition

Metal organic deposition (MOD) is yet another variation of CSDs where the metal

cations do not require hydrolysis. The basic process involves dissolving metal-

organic compounds in a solvent such as xylene and combining different solutions to

form the right stoichiometry if a complex compound is the target. Metal acetates

(cp. Chap. 2) are generally served as the metal precursors in the MOD process. The

metal acetates can be mixed and suspended in a suitable solvent, and then coated

onto a substrate. Thermal decomposition of the mixed metal acetates results in the

formation of the metal-oxide. In the last several years, MOD process has been

accepted as a cost-effective approach to grow high temperature superconducting

thick films for coated conductors (for details see Chap. 27). The most popular

variant of this technique employs trifluoracetic (TFA) acid as the acetate precursor

[20]. The TFA-MOD system has proven to be one of the most reliable chemical

routes to the formation of high performance YBa2Cu3O7 (YBCO) thick films

[21]. The impact of TFA-MOD to low cost processing of superconducting films

has resulted in considerable work devoted to the production of YBCO thick films.

6.3 Polymer-Assisted Deposition

Overall, one of the greatest challenges in solution-based processes of metal-oxide

films has been to produce high-quality films with desired structural and physical

properties. In 2000, a new concept, polymer-assisted deposition (PAD), was devel-

oped to prepare metal-oxide films [5–8]. The PAD process is illustrated in Fig. 6.1.

As PAD itself is a chemical solution deposition method, it has the traditional

advantages of CSD. Importantly, the precursors are stable, and they can be coated

by spin, dip, or spray on to the substrate. Furthermore, it has the features such as

binding metals directly to the polymer. The direct binding between the metal and

polymer makes it possible to eliminate the pre-formation of metal-oxide in the

solution before the polymer is decomposed. In the following, we discuss the
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detailed chemistry, the processing steps, and formation of both simple and complex

metal-oxide coatings based on PAD technology.

6.3.1 Metal Polymer Solutions

The key to PAD is the inherent stability of the metal polymer solutions. The

simplest view of the metal polymer interactions is the formation of covalent

complexes between the lone pairs on the nitrogen atoms and the metal cation.

This classic Werner-type chemistry is clearly the simplest method for the formation

of first row transition metals using nitrates, acetates, or chlorides. One of the key

features in the formation of the complexes is the use of Amicon® filtration to

remove non-coordinated species. The Amicon® filtration uses semi-permeable

membranes (or filter-like devices with convoluted paths) and pressure to separate

molecular species on the basis of size. This is possible because of the large

difference in molecular weight and size between the polymer and the cations.

The first row transition metals bind well to the polyethyleneimine (PEI), pre-

sumably in a fashion similar to that shown in Fig. 6.2a. It is also possible to

chemically modify the PEI polymer so that hard metals, such as titanium, are

provided a stable coordination environment as shown in Fig. 6.2b. Another method

for binding metals utilises the ability of protonated PEI to coordinate anionic metal

complexes as shown in Fig. 6.3b. While these options provide for the formation of a

wide range of metal bound polymers, experimental results have shown that

Adjust viscosity

Pyrolyze and
crystallize precursor

films  

Filter solution to
remove non-bound
cations & anions

Mix with polymer
(adjust pH)

Apply coating

Mix different metal -
polymer solutions

Select metal precursor

Fig. 6.1 Flow chart of a typical polymer-assisted deposition process to prepare film coatings.

Different surface morphologies are illustrated in the inset SEM pictures (spin-coating for the flat

surface (left image), dip-coating for the 3D structure (middle image), and ink-jetting for the

patterns (right image))
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ethylenediaminetetraacetic acid (EDTA) complexes in combination with PEI work

as well as functionalized PEI in most cases. The major advantage of the EDTA

route is that EDTA forms stable complexes with almost all metals. The EDTA

complexes bind to the PEI via a combination of hydrogen bonding and electrostatic

attraction as seen in Fig. 6.3a. This hydrogen bonding is sufficiently stable that the

Amicon® filtration can also be used to remove non-coordinated species.

In general, it is possible to mix polymers (such as PEI and EDTA) in desired

ratio. These solutions can remain stable for months even when multiple metals are

used. Once the metal polymers have been prepared, their viscosity can be adjusted

by removal of water under vacuum or by dilution with deionised water. The

solution can then be applied onto a substrate through either spin-coating or

dip-coating.

6.3.2 Thermal Depolymerization

Perhaps the most important aspect of the PAD process is the thermal removal of the

polymer. At temperatures below the thermal depolymerization of the polymer, the

polymer protects metals from premature condensation. When the polymer is heated

at temperatures >350 �C the polymer undergoes thermal depolymerization by

forming NH2CH¼CH2. The EDTA decomposes to acetic acid, formic acid,

and/or ethylenediamine [22]. These non-combustion processes result in extremely

clean metal-oxide films even in inert or reducing atmospheres. In fact, PEI can be

completely depolymerized in a hydrogen atmosphere with no coke formation.

During the thermal decomposition of the polymer, the film is effectively molten

providing for a very effective mixing of the metal cations. The fact that the metals

Fig. 6.2 Schematic drawings of putative structures of polyethyleneimine (PEI) and carboxylic

acid functionalized PEI metal complexes: (a) first-row transition metals such as Cu bind to PEI,

and (b) hard metals such as Ti bind with polymer through PEI functionalized with carboxylic acid

(Reprinted with the permission from A. K. Burrell et al., Chem. Commun. 11, 1271 (2008).

Copyright 2008, The Royal Society of Chemistry)
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remain homogenously mixed until the polymer is removed allows for the formation

of high quality complex metal-oxide films without second phase inclusion.

6.3.3 Simple Metal-Oxide Films

Growth of simple metal-oxide film by PAD is rather straight forward. Many simple

oxides such as ZnO [23], HfO2 [24], TiO2 [6], UO2 [25], ZrO2 [26], Tm2O3 [27],

U3O8 [25], and Eu2O3 [28] have been prepared by PAD. Here three examples are

given to illustrate the PAD process in the preparation of high quality epitaxial films

with desired structural properties.

6.3.3.1 Epitaxial Eu2O3 Films [28]

To grow epitaxial Eu2O3 films, a solution containing both europium and polymer is

prepared. In this case, carboxylated-polyethylenimine (PEIC) is dissolved in water,

Eu(NO3)3 was added and the pH value of this solution is adjusted to ~6.5. The

mixture is placed in a bioseparations vessel, diluted with water, pressurized with

nitrogen gas, washed by water, and concentrated to a suitable viscosity. The

resulting solution can be spin-coated on different substrates such as LaAlO3. The

precursor film is then thermally annealed in oxygen. Figure 6.4 shows the typical

x-ray diffraction (XRD) pattern from the θ–2θ scan for a film annealed at 1,000 �C.

Fig. 6.3 Schematic drawings of putative structures of (a) ethylenediaminetetraacetic acid

(EDTA) complex binds to PEI via a combination of hydrogen bonding and electrostatic attraction,

and (b) protonated PEI coordinating with anionic metal complex acid (Reprinted with the

permission from A. K. Burrell et al., Chem. Commun. 11, 1271 (2008). Copyright 2008, The

Royal Society of Chemistry)
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Only (00l ) peaks of Eu2O3 and LaAlO3 are observed, indicating that the Eu2O3 film

is single phase with a preferential c-axis orientation.
The inset of Fig. 6.4 shows the ϕ scans on Eu2O3 (404) and LaAlO3 (101). Four

peaks from Eu2O3 (404), with an average value of FWHM of 0.9�, shows the film to

be of good epitaxial quality. The 45� shift between the film and the substrate

indicates a rotation of 45� between these two lattices. This epitaxial relationship

is not unreasonable considering the lattice parameter of bulk Eu2O3 (~10.86 Å,

cubic structure) and that of LaAlO3 (~3.78 Å, cubic structure).

Transmission electron microscopy (TEM) and selected area diffraction (SAD)

further confirmed the high quality epitaxial growth of Eu2O3 on LaAlO3 (LAO)

substrate. Figure 6.5a shows a low magnification bright-field TEM image of Eu2O3.

It is clear that the interface is flat and without any visible secondary phases. The

Eu2O3 film has a relatively uniform contrast with no columnar grain growth.

Corresponding SAD pattern at the interface area is shown in Fig. 6.5b. Diffraction

dots from Eu2O3 are sharp and distinguished, indicating the high quality of the film.

Figure 6.5c is the high resolution TEM image from the interface of Eu2O3 and

LaAlO3. The interface of Eu2O3 and LaAlO3 is very sharp, and no other phases or

precipitations are present at the interface or in the film.

6.3.3.2 Epitaxial TiO2 Films [6]

There are two main polymorphous phases in TiO2: rutile and anatase. Rutile is a

high-temperature stable phase and anatase, a low-temperature phase, both having

tetragonal unit cells, but with their lattice parameters (rutile: a ¼ 4.593 Å and

c ¼ 2.959 Å; anatase: a ¼ 3.785 Å and c ¼ 9.514 Å), space groups, and atomic

positions in the unit cells different from one another.

To grow these oxide films, a solution containing titanium and peroxide and PEIC

is prepared [6]. The x-ray diffraction 2θ-scan of the TiO2 film on the R-plane

sapphire (a ¼ 5.364 Å and c ¼ 13.11 Å), annealed at 1,100 �C, is shown in

Fig. 6.4 XRD θ–2θ scans

of the Eu2O3 thin film on

LaAlO3 (LAO) substrate;

the inset shows XRD ϕ
scans from (404) Eu2O3 film

and (101) LaAlO3 substrate

respectively (Reprinted

with the permission from

Y. Lin et al., Appl. Phys.

Lett. 85, 3426 (2004).

Copyright 2004, American

Institute of Physics)
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Fig. 6.6a. The film has a rutile structure and is preferentially oriented out of the

plane. Epitaxial anatase TiO2 is also achieved as a result of the lattice strain

produced from the substrate where pseudocubic LaAlO3 (a ¼ 3.793 Å) is used as

the substrate. Figure 6.6b is the XRD 2θ-scan of the film annealed at 980 �C,
showing the anatase structure and its preferentially out-of-the-plane orientation.

The epitaxial nature of anatase TiO2 on LaAlO3 is evidenced by the ϕ-scans of

(101) TiO2 and (101) LaAlO3 as shown in Fig. 6.6c.

6.3.3.3 Epitaxial UO2 and U3O8 Films [25]

The precursor for the epitaxial growth of UO2 and U3O8 films is a simple aqueous

solution of UO2(OAc)2·2H2O added to PEI with an adjusted pH of 8.0. This

solution is spun coated onto the desired substrates such as LaAlO3 and c-plane
α-Al2O3, which are then annealed at 1,000 �C under the atmosphere of either O2

or air.

Figure 6.7 shows the x-ray diffraction patterns of (a) θ-2θ scans and (b) ϕ-scans
from (220) UO2 and (101) LaAlO3. As shown in Fig. 6.7a, only the (h00) peaks of
UO2 and LaAlO3 are observed, indicating that the UO2 film has a single phase with

a preferential a-axis oriention. The calculated lattice parameter of the UO2 film

based on the diffraction pattern is 0.5472 nm, which is almost the same as the

0.5466 nm of the bulk cubic UO2.

The four peaks from the reflections of the (220) UO2, shifted 45
� with respect to

(101) LaAlO3 (see Fig. 6.7b), show that the UO2 is epitaxy when rotated 45� with
respect to the LaAlO3 lattice. A cross-sectional TEM analysis on the film further

confirms the successful epitaxial growth of high quality UO2 on the LaAlO3

substrate. As shown in Fig. 6.8a, there is a sharp interface (marked with two

Fig. 6.5 Cross-sectional

transmission electron

microscopy (TEM) images

from Eu2O3 on LAO

substrate, (a) low

magnification image;

(b) corresponding SAD

pattern from Eu2O3 and

LAO; (c) high resolution

image showing the interface

between Eu2O3 and LaAlO3

(Reprinted with the

permission from Y. Lin

et al., Appl. Phys. Lett.

85, 3426 (2004). Copyright

2004, American Institute of

Physics)
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wedges) between the UO2 and the LaAlO3 without any indication of interfacial

reactions. SAD patterns, shown in Fig. 6.8b, show the same epitaxial relationship

with an x-ray analysis.

Polymorphic hexagonal and orthorhombic U3O8 films are grown as well using

different substrates with appropriate in-plane lattice parameters. Figure 6.9 shows

θ-2θ scans for films on both the c-plane and the R-plane α-Al2O3 substrates. As can

be seen from Fig. 6.9, films on α-Al2O3 substrates exhibit completely different

x-ray diffraction patterns than films on LaAlO3 do, even though they have been

coated with the same solution and treated under the same conditions. Detailed

structural analysis [25] of the U3O8 films on different substrates indicated that the

epitaxial U3O8 on the c-plane α-Al2O3 has a hexagonal structure with lattice

parameters of a ¼ 0.6815 nm and c ¼ 0.4144 nm. On the other hand, U3O8 on

the R-plane α-Al2O3 substrate has an orthorhombic structure.

Fig. 6.6 X-ray diffraction pattern of (a) θ–2θ scans of rutile TiO2 films deposited by PAD on

R-plane sapphire, (b) θ–2θ scans of epitaxial anatase TiO2 films deposited by PAD on LaAlO3, and

(c) ϕ-scans from (101) LaAlO3 and (101) anatase TiO2 (Reprinted with the permission from Q. X.

Jia et al., Nat. Mater. 3, 529 (2004). Copyright 2004, Nature Publishing Group)

Fig. 6.7 X-ray diffraction pattern of (a) θ–2θ scans of UO2 films deposited on a single crystal

(100) LaAlO3 substrate. The arrows mark the (111) peak that is less than 2 % relative to (100)

peak; (b) ϕ-scans of the (220) epitaxial UO2 films and the (101) LaAlO3 substrate (Reprinted with

the permission from A. K. Burrell et al., Adv. Mater. 19, 3559 (2007). Copyright 2007, Wiley-

VCH Verlag GmbH & Co.)
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Fig. 6.8 Epitaxial (100)UO2 films deposited on a single crystal (100) LaAlO3. (a) A cross-sectional

high-resolution electron microscopy (HRTEM) image taken along the [100] LaAlO3 zone axis;

(b) the selected-area electron diffraction pattern. The HRTEM image shows a very sharp interface

between the UO2 film and the LaAlO3 substrate. There are no detectable second phases and no voids

in the film. The well-defined and sharp diffraction dots on the diffraction patterns further confirm

that the UO2 film is of high quality epitaxy (Reprinted with the permission from A. K. Burrell et al.,
Adv. Mater. 19, 3559 (2007). Copyright 2007, Wiley-VCH Verlag GmbH & Co.)

Fig. 6.9 X-ray diffraction pattern of (top) a θ–2θ scan of the U3O8 film deposited on a single

crystal (001) Al2O3 substrate; (bottom) a θ–2θ scan of the U3O8 film deposited on a single crystal

(012) Al2O3 substrate. The preferential orientation of U3O8 along (100) is obvious regardless of

the orientation of the Al2O3 substrate (Reprinted with the permission from A. K. Burrell et al., Adv.
Mater. 19, 3559 (2007). Copyright 2007, Wiley-VCH Verlag GmbH & Co.)
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6.3.4 Complex Metal-Oxide Films

The growth of complex metal-oxide films by PAD is very controllable and

reproducible. Since PAD enables the use of stable metal complexes as the

metal sources it can avoid the nonstoichiometry commonly observed in the other

CSD processes caused by different hydrolysis rates of various alkoxides. Many

complex metal-oxide films such as Ba1-xSrxTiO3 [29], La0.67Ca0.33MnO3 and

La0.67Sr0.33MnO3 [30], SrRuO3 [31], CuAlO2 [32], nanocomposite BaTiO3:

NiFe2O4 [33], YVO4 [34], silica nanoparticles in SrTiO3 [35], BiVO4 [36], and

YBCO [6, 37, 38] have been grown by PAD. Here three examples are given to

illustrate the PAD process for the growth of high quality epitaxial films with desired

structural and electrical properties.

6.3.4.1 Epitaxial Ferroelectric Ba1-xSrxTiO3 Films [29]

To grow epitaxial Ba1-xSrxTiO3 films, at first three separate solutions of Ba, Sr, and

Ti bound to polymers were synthesized. Titanium is bound to PEIC. Barium is

bound as an EDTA complex to PEI. Strontium is bound to PEI as an EDTA

complex using a similar process. These separate solutions are then mixed accord-

ingly to the final solution for Ba1-xSrxTiO3 with different Ba, Sr, and Ti ratios.

XRD and TEM analysis show that all the Ba1-xSrxTiO3 films are epitaxial. To

study the structural and dielectric properties of Ba1-xSrxTiO3 films with different

Ba/Sr ratio, a series of Ba1-xSrxTiO3 films with various x values but the same

thickness of 150 nm is compared. Figure 6.10a, b show the typical sections of normal

( χ ¼ 90�) and tilted (χ ¼ 45�) θ–2θ scans of the Ba1-xSrxTiO3 films for x ¼ 0.3 and

x ¼ 0.7. The out-of-plane and in-plane lattice parameters of the Ba1-xSrxTiO3 films

can be calculated by fitting these peaks using the Lorentz function, as demonstrated in

Figure 6.10c. For comparison, the a- and c-axis lattice constants of bulkBa1-xSrxTiO3

[39] are also given. As can be seen from the figure, the lattice parameters of the films

exactly follow the same trend of the bulk Ba1-xSrxTiO3.

Figure 6.11a, b show the zero-field dielectric constant (ε0) and tunability

[(ε0 – εE)/ε0, where εE is the dielectric constant at an applied field E] versus x.
The dielectric values of the films are comparable to the reported values of the films

grown by PLD [40], demonstrating the good quality of the Ba1-xSrxTiO3 films

grown by PAD. In addition, the change of the dielectric properties of the

Ba1-xSrxTiO3 films with the variation in the x values is also very similar to the

Ba1-xSrxTiO3films grown by PLD [40].

6.3.4.2 Epitaxial Ferromagnetic La1-x(Sr,Ca)xMnO3 Films [30]

PAD technique has been also used to grow the epitaxial films of La0.67Sr0.33MnO3

(LSMO) and La0.67Ca0.33MnO3 (LCMO) with properties comparable to those
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prepared by other physical vapor deposition techniques. The precursors for the

LSMO and LCMO solutions are aqueous solutions of high purity (>99.99 %) metal

salts [La(NO3)3·6H2O, Sr(NO3)3, MnCl2·H2O, and Ca(OH)2], prepared separately

with a PEI and EDTA. These solutions are mixed in the appropriate stoichiometric

ratios and spun coat onto single crystalline LaAlO3 substrates. These films are then

annealed at various temperatures (750, 850, and 950 �C) in oxygen atmosphere.

Fig. 6.10 XRD θ–2θ scans of the Ba0.3Sr0.7TiO3 and Ba0.7Sr0.3TiO3 films (a) normal χ ¼ 90� and
(b) tilted χ ¼ 45�; (c) the in-plane and out-of-plane lattice constant vs x in Ba1�xSrxTiO3 for the

film. Bulk data are from [39] (Reprinted with the permission from Y. Lin et al., Appl. Phys. Lett.
85, 5007 (2004). Copyright 2004, American Institute of Physics)

Fig. 6.11 (a) Dielectric constant and (b) tunability vs x in Ba1�xSrxTiO3 films at 1 MHz and room

temperature, where the tenability is defined as (ε0 – εE)/ε0: ε0 is zero-field dielectric constant, and
εE is the dielectric constant at an applied field E (Reprinted with the permission from Y. Lin et al.,
Appl. Phys. Lett. 85, 5007 (2004). Copyright 2004, American Institute of Physics)
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X-ray diffraction 2θ-scans for all LSMO and LCMO films show only (00l )
peaks, indicating that pure c-axis oriented films processed under these conditions.

The epitaxial nature of the films is confirmed by the in-plane alignment with respect

to the major axis of the substrate. Figure 6.12a–c show the resistivity, ρ(T ), at
different applied magnetic fields for films annealed at different temperatures. For

the film annealed at 750 �C, the transition peak is broad with the temperature of

maximum resistivity, Tp, at 210 K (at 0 T). As the annealing temperature is

increased, Tp is shifted to higher temperature and the transition peak sharpens.

For film annealed at 950 �C, the transition peak is sharpest with Tp ~ 330 K. It is

believed that as the annealing temperature is increased, the compositional inhomo-

geneity decreases and hence, the transition peak becomes sharper. Some of such

improvements can be attributed to improved crystallinity, grain size, epitaxy, etc.

Fig. 6.12 Temperature

dependent resistivity (ρ) of
the La0.67Sr0.33MnO3 films

annealed at (a) 750 �C,
(b) 850 �C, and (c) 950 �C,
with μ0H ¼ 0, 1, 2, and 5 T.

Insets show the respective

AFM micrographs

(1 � 1 μm) (Reprinted with

the permission from M. Jain

et al., Appl. Phys. Lett.
88, 232510 (2006).

Copyright 2006, American

Institute of Physics)
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The resistivity of the films also decreased with the increase in the annealing

temperature, which can be understood in terms of the grain growth with increase

in annealing temperature, as observed in the AFM images of these films (presented

in the insets of Fig. 6.12).

6.3.4.3 Epitaxial Superconducting YBa2Cu3O7-x Films

To prepare metal polymer precursor solution for high-temperature superconducting

YBa2Cu3O7-x (YBCO) films [37], stoichiometric amounts (1:2:3) of Y-, Ba-, and

Cu-nitrates are chosen as starting substances. Yttrium-, barium-, copper-nitrates,

and polyacrylic acid (PAA) are dissolved in dimethylformamide (DMF) to obtain

the precursor solution. Polymethacrylic acid (PMAA) can also be used instead of

polyacrylic acid. A small additional amount of the solvent and water has been found

to strongly increase the solubility of the starting substances in the polyacrylic acid.

The prepared solution is coated on SrTiO3 substrates by spin coating at

3,000–4,000 rpm and then dried in air at 170 �C for 3 h to remove the solvent.

This process can be repeated in order to increase the film thickness. The samples are

transferred to a tube furnace and heated in oxygen under very carefully designed

processing steps [37]. For example, it has been found that a mixture of oxygen

(~100 ppm) and nitrogen during the first step of the heat treatment can lead to better

performance of superconductors. Figure 6.13 shows the superconducting transition

of a YBCO film prepared under such conditions. A transition temperature of 89.9 K

and a transition width of 1.1 K have been obtained. The critical current density of

the film is as high as 106 A/cm2 at liquid nitrogen temperature.

Polymer-nitrate precursor solutions are also prepared for the growth of YBCO

films [38]. In this case, the cations are derived from Ba(NO3)2, Y(NO3)3·6H2O, and

Cu(NO3)2·3H2O powders. Several polymers, including polyvinyl alcohol (PVOH,

Fig. 6.13 Inductive

measurement of the

superconducting transition.

The solid and dashed lines
represent the diamagnetic

and dissipative response of

the YBCO film (Reprinted

with the permission from

C. Apetrii et al., IEEE
Trans. Appl. Supercond.
15, 2642 (2005). Copyright

2005, IEEE)
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average MW15,000, Sigma-Aldrich), methyl cellulose (MC, Alfa Aesar/Sigma-

Aldrich), hydroxypropyl methyl cellulose (HPMC, Sigma-Aldrich), and

hydroxyethyl cellulose (HEC, Sigma-Aldrich) are used as rheology modifiers.

The highest critical current density achieved is 3.73 MA/cm2 for a 42 nm YBCO

film obtained from the PVOH-nitrate precursor solution, but much thicker films are

achieved by the other rheology modifiers.

6.4 Conclusion Remarks

Both simple and complex metal-oxide films have been grown by polymer-assisted

deposition. The desired structural and physical properties of these materials illus-

trate that PAD is an alternative approach to the growth of high-quality epitaxial

metal-oxide films, even though such films are not necessarily better than those

deposited by other physical and/or chemical vapor deposition. Compared to other

chemical solution deposition techniques, the development of PAD technology is

still in the early stage. It should be noted that small amount of polymers have been

added into the solution as buffer media in the commonly used sol-gel process. In

this case, the polymer is either used as a wetting agent to improve the surface

wetting behavior [41] or as a modifier to enhance the critical film thickness without

micro-cracks as well as to stabilize the chemical phase to be deposited [42–45]. It is

clear that many issues related to materials science and chemistry need to be

investigated, and further optimization of processes is necessary for the high quality

materials.

As the discussion of this chapter is mostly concentrated on metal-oxide films

based on PAD, it should be pointed out that PAD has emerged as a universal

process for synthesizing a remarkably broad range of electronic materials such as

semiconductor Ge [46], metal-nitrides [47], and metal-carbides [48].
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Part II

Analytical Methods

Due to the limited space in this part only those methods are covered in separate

chapters which are predominantly used for the characterization of the solutions and

intermediate stages between solutions and crystalline films. Characterization

methods for probing the physical properties of the final functional oxide thin

films are beyond the scope of this book and will not normally be explained in

detail, but brief information might be given in the corresponding chapters. Further-

more, standard methods will also not be covered since they are content of the

typical curricula of any material scientist education. Although XRD, for example, is

extremely useful for phase analysis, and it is most frequently applied, XRD is not

covered in a separate chapter in the present book. Other very useful and typically

applied methods for the phase evolution analysis are thermal analysis (Chap. 7),

X-ray absorption spectroscopy (Chap. 8), and FTIR-spectroscopy (Chap. 9). In

particular FTIR spectroscopes and thermal analysis equipment are often available

in material science laboratories and they provide quick and reasonable hints on

useful temperature ranges for pyrolysis and crystallization. FTIR is highly sensitive

and can thus also be applied on as-deposited and pyrolyzed thin films in order to

check for characteristic groups such as carbonate, hydroxyl etc., which give hints

for intermediate phases and helps to get a better understanding of what is going on

during the transformation process.

Raman spectroscopy, as the complementary technique to FTIR, is a useful tool

to sensitively detect local distortions in the crystal lattice of solid mater, which is of

particular importance for functional oxides with anisotropic physical properties

such as ferro- or piezoelectricity [1]. It has been also applied to CSD derived thins

(see e.g. [2–6]).

X-ray absorption spectroscopy (Chap. 8) is powerful in detecting structural

relationships in the solutions as well as in the solid state independent of any long

range order. Even the deposited thin films can be investigated by using a dedicated

setup. Examples for the study of amorphous and differently heat treated PZT thin

films may be found in [7, 8].

Structural information on chemical compounds can also be obtained by multi

nuclear (1H, 13C, 207Pb, etc.) magnetic resonance spectroscopy (NMR), which

http://dx.doi.org/10.1007/978-3-211-99311-8_7
http://dx.doi.org/10.1007/978-3-211-99311-8_8
http://dx.doi.org/10.1007/978-3-211-99311-8_9
http://dx.doi.org/10.1007/978-3-211-99311-8_8


represents a standard method in chemistry labs. The complex “chemical cocktails”,
which are often present and additionally complicated by hydrolysis-condensation

processes in the precursor solutions for multinary compositions, makes the inter-

pretation of the spectra extremely difficult and sometimes impossible. In addition

due to limited amount of material and the lower sensitivity of the NMR method

(compared to FTIR) it’s almost impossible to get information from as-deposited

and/or pyrolized thin films. Nevertheless in a number of studies NMR was success-

fully applied to obtain information on the local structure of individual precursor

molecules and the reaction chemistry including ageing of the precursor solutions [2,

9–20], and pyrolysis behavior. Most of these studies employed solution NMR, but

also solid-state NMR of 13C and 207Pb nuclei in different modes (magic angle

spinning and static) were applied to characterize the lead educts (hydrated and

anhydrous lead carboxylates [9, 10]), dried precursor powders [14] and the bulk

pyrolysis products of PZT precursor solutions prepared from these lead compounds

[10]. In rare cases, i.e. if well-defined mixed metallo-organic compounds are

formed during solution synthesis and other disturbing compounds are absent, it is

possible to get real structural information by NMR spectroscopy. By probing the
1H, 13C, and 93Nb nuclei of an all-alkoxide precursor approach for K0.5,Na0.5NbO3

(KNN), evidence for the formation of a single molecule (essentially a single-source

precursor; cp. Chap. 4) could be found [2].

In many cases solution NMR was valuable to qualitatively trace continuing

chemical reactions and by-product formation, which occur e.g. during the ageing

of precursor solutions by following the 1H NMR resonances of formed esters

[12]. Thus indirect hints on the connectivity in the precursor molecules such as

Pb-O-Ti links could be deduced by combination with other analysis methods, such

as gas chromatography (GC; sometimes denoted GLC from “gas liquid chromatog-

raphy”) of the volatile residues (e.g. [15, 17, 20]), which yields quantitative ratios of

the different organic ingredients.

Further analytical methods which should at least be mentioned without claiming

to be complete are (1) secondary ion mass spectrometry (SIMS) for proof of

compositional film uniformity throughout the film thickness, (2) Rutherford back-

scattering (RBS) for checking quality of epitaxial films, (3) ellipsometry and

profilometry for refractive index and thickness measurements, (4) dynamic light

scattering (DLS) and small angle X-ray scattering (SAXS) for particle size and

shape.

In conclusion, it is the combined application of the plethora of analytical

methods that yields the required information to gain a fundamental understanding

of the solution—phase transformation—property relationship of a dedicated mate-

rial system.
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Chapter 7

Thermal Analysis

Barbara Malič, Alja Kupec, and Marija Kosec{

7.1 Introduction

The methods of thermal analysis: thermogravimetry and differential thermal

analysis and/or differential scanning calorimetry, have been implemented in

chemical solution deposition (CSD) of functional oxide thin films predominantly

as tools to follow the thermal decomposition of thin-film precursors and crystalli-

zation of the oxide. The as-obtained data enabled insight into the chemical compo-

sition and structural characteristics of the as-dried amorphous precursors of thin

film materials and to study their thermal behavior since the early work on

CSD-derived Pb(Zr,Ti)O3 thin films [1].

Although the substrate obviously plays a significant role in the thermal decom-

position and structural evolution of the thin film material, the majority of the studies

have focused on the as-dried precursors and not on the as-deposited films as a

consequence of the extremely low film/substrate mass ratio and therefore a low

signal [2, 3].

The liquid precursors have been typically dried before the analysis in order to

increase the sensitivity of the method; otherwise the largest weight loss and

coincident enthalpy change were inevitably due to the evaporation of the solvent.

The main information which can be obtained by thermal analysis of the as-dried

amorphous precursors includes the total mass loss, the temperature range of thermal

decomposition and its constituent parts, i.e., evaporation of residual solvent, ther-

mal decomposition of functional groups bonded to the inorganic network, and

crystallization of the target material. It should be noted that the thermal analysis

itself can not provide full information on the processes occurring in the CSD

precursors upon heating; consequently, a number of other techniques of materials
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B. Malič (*) • A. Kupec
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characterization have been coupled to selected methods of thermal analysis, most

often mass spectrometry or infra-red spectroscopy of volatile by-products of ther-

mal decomposition.

The present chapter provides basic information on selected methods of thermal

analysis, which have been most frequently implemented, and, in the second part,

some examples of thermal analysis studies of CSD precursors and thin films.

7.2 Basics of Thermal Analysis

According to the IUPAC definition, thermal analysis (TA) comprises a group of

techniques in which a physical property of a substance and/or its reaction product

(s) is measured as a function of temperature while the substance is subjected to a

controlled temperature program [4]. The analyses are performed in a controlled

atmosphere: oxidizing, reducing, and inert or in vacuum. The materials are

analysed in a broad temperature range under a selected dynamic or isothermal

temperature program.

The measured physical properties include mass in thermogravimetry (TG) or

mass change in derivative thermogravimetry (DTG), temperature difference

between the sample and an inert reference material in differential thermal analysis

(DTA), heat or enthalpy change between the sample and an inert reference material

in differential scanning calorimetry (DSC), and measurements of selected physical

(optical, electrical, mechanical, etc.) properties as a function of temperature

and/or time.

The TG and DTA are often measured simultaneously, i.e., in a single equipment.

Coupled analysis of gaseous thermal decomposition products or evolved gas analy-

sis (EGA) can be implemented in parallel to TG and/or DTA by means of measure-

ment of gas volume, mass fragments by mass spectrometry (MS), functional groups

by infra-red or Fourier transform infra-red spectroscopy (IR, FTIR), gas conductiv-

ity, or other selected property. Extensive information on the methods of TA can be

found for example in [5, 6].

Brief descriptions of selected TA methods, most frequently used to characterize

the CSD precursors, are collected in Table 7.1, and explained in more detail in

further text.

The equipment for thermal analysis contains the furnace or temperature cham-

ber, the sample holder, the sensor to measure the selected property, e.g., mass, and

temperature, and the control unit to collect and process the data [6].

The results of thermal analyses are strongly influenced by both instrumental

factors and by the properties of the samples; therefore they should be specified

when reporting the TA results. The former include the atmosphere in the furnace,

selected temperature program, the type of the furnace (size, shape), the choice of

the crucibles (material, size, and shape), the type of the thermocouple and its

position relative to the sample. While the first two parameters can be selected

arbitrarily, the rest depend on specific equipment. The characteristics of the sample
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include the mass, density, temperature conductivity, heat capacitance, dilution, in

case of solid samples the particle size and size distribution, crystallinity [5, 6].

7.2.1 Thermogravimetry and Derivative Thermogravimetry

The TG is a technique in which the mass of a substance (and/or its reaction

product(s)) is measured as a function of temperature whilst the substance is

subjected to a controlled temperature programme [4]. The analyses are performed

in a selected atmosphere or in vacuum. Obviously, the mass loss is detected only if

volatile species are evolved. In reactions or processes without any mass change

other TA techniques, such as DTA or DSC should be used.

In the DTG the derivative of the mass change is recorded as a function of

temperature or time. The area under the curve is proportional to the mass loss.

The DTG allows quantitative assessment of the rate of the mass change and is

useful in determination of overlapping processes.

The basic equipment, denoted as thermobalance, includes an analytical balance

inside a furnace. The maximum temperature may reach 1,700 �C; however,

temperatures not exceeding 1,200 �C or 1,550 �C are more common. The tempera-

ture is controlled by a thermocouple, and its choice depends on the maximum

temperature of the furnace. The important instrumental factors are the sensitivity

and the precision of the balance. The sample is positioned inside an inert crucible,

typically consisting of platinum or alumina. Up-to-date equipments use sample

masses in the range of a few mg or a few 10 mg. Such low masses allow better heat

transfer upon analysis.

Before the analysis the thermobalance should be calibrated for temperature and

mass and the base-line of the balance should be recorded mainly to take into

account the buoyancy effect as a consequence of the change in the density of the

working gas upon heating and cooling [5, 6].

7.2.2 Differential Thermal Analysis and Differential
Scanning Calorimetry

In DTA the temperature difference between a substance and a reference material is

measured as a function of temperature, while the substance and reference material

are subjected to a controlled temperature program [4]. The difference in the

temperature of the sample and the reference material, generally Al2O3, is measured

as the voltage difference of the thermocouples, positioned in the walls of the sample

and reference crucibles. The area of a DTA peak is proportional to the released heat

(in the case of an exothermic reaction upon heating). The result of a DTA analysis is

presented as the temperature difference expressed in μV/mg versus temperature or
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time. As an example, when a sample melts upon heating, its temperature is lower

relative to the reference and in DTA a negative (endo) peak is detected.

The DSC is a technique in which the difference in energy inputs into a substance

and/or its reaction product(s) and a reference material is measured as a function of

temperature whilst the substance and reference material are subjected to a con-

trolled temperature program [4]. The operating principle of DSC is either power

compensation or heat flux. In the former case the instrument provides heat (thermal

power) to the sample when its temperature is different from the programmed value.

In the latter case the sample and the reference or an empty sample holder are heated

in the same chamber and the measured temperature difference between them

generates the DSC signal. The difference between the heat flux DSC and the

DTA is therefore in the conversion of the measured temperature difference and it

strongly depends on the design of a selected instrument and the software.

Physical and chemical changes detected by DTA or DSC include phase

transitions/changes, adsorption, desorption, and oxidation, reduction, dehydration,

decomposition, reactions within/with solids, liquids or with gases, and so on. It

should be noted that reversible processes, such as phase transitions, have different

signs of DTA or DSC signals upon heating and cooling.

The temperature range for the majority of DSC instruments spans from about

�150 �C (cooling by liquid nitrogen) to 500 �C or 700 �C, depending on the type of
the chamber, thermocouples and crucibles. High-temperature heat-flux DSC

reaches up to 1,500/1,600 �C.
The DTA analyses are often performed simultaneously with the TG. Similarly as

for TG, the instruments need to be calibrated prior analysis both for temperature and

temperature/heat change [5, 6].

The sensitivity of the DSC is strongly enhanced as compared to DTA, as shown

in the case of the DTA and DSC curves of the as-dried (Pb0.88La0.08)(Zr0.65Ti0.35)O3

precursor shown in Fig. 7.1. The precursor synthesis is described in [7]. Note that

the sample mass in the DSC is in this case three times less than for the DTA

analysis.

Both DTA and DSC measurements can be used for quantitative determination of

thermodynamic and kinetic data, such as enthalpy and activation energy [5, 6].

The enthalpy of a reaction is directly proportional to the area of a DTA or DSC

peak. The activation energy for a reaction may be determined from the shift of a

DTA or DSC peak maximum with increasing heating rates [8].

7.2.3 Evolved Gas Analysis

In EGA the nature and/or amount of volatile products released by a substance are

measured as a function of temperature as the substance is subjected to a controlled

temperature programme [4]. The gasses may be analysed by any method that can

determine their amount and/or composition, for example mass spectrometry or

infrared spectroscopy, optical or electrical property measurement, etc. [5]. In
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practice, an MS, FTIR or other instrument is coupled to the outlet of the

thermobalance via a heated capillary to avoid any condensation of the volatiles.

The results of a selected TA method and EGA are usually plotted together with

temperature or time as the independent variable.

7.3 Thermal Decomposition of CSD Precursors

7.3.1 Alkoxide Derived (Organic) CSD Precursors

As a case study, the thermal decomposition of the as-dried Pb(Zr0.3Ti0.7)O3 precur-

sor, followed by the simultaneous TG/DTG/EGA-MS/DTA analysis in air is shown

in Fig. 7.2. The precursor was prepared by a modified 2-methoxyethanol synthesis

[9]. It can be described by a general formula Pb(Zr0.3Ti0.7)(OH)v(OAc)w(OBu)x
(OR)yOz (Ac ¼ CH3CO, Bu ¼ C4H9, R ¼ C2H4OCH3) and it probably contains

some solvent and/or water. Note that 10 mole % PbO was added to compensate

possible PbO loss upon heating. According to XRD the precursor is amorphous

upon drying and crystallizes to perovskite with traces of pyrochlore upon heating to

the final temperature of the TA, 700 �C.
The total mass loss between room temperature and 600 �C upon heating in air is

16.4 %. The thermal decomposition takes place stepwise and at least five predomi-

nantly overlapping steps of mass loss are distinguished from the minima of the

DTG curve. The EGA-MS curves show temperature evolution of H2O (mass

fragment 18), CO2 (mass fragment 44) and acetone, CH3COCH3 (mass fragment

58). The DTA curve exhibits first a broad endo peak to about 200 �C and then two

groups of overlapping exo peaks between 260 and 440 �C and 440 and 600 �C.

Fig. 7.1 Comparison of the DTA and DSC analyses of the acetate-alkoxide-derived (Pb0.88La0.08)

(Zr0.65Ti0.35)O3 precursor, dried at 100 �C (Netzsch STA 409 and DSC 204 F1). Both analyses

were recorded in flowing air atmosphere between room temperature and 650 �C with the heating

rate of 10 K/min. The samples were positioned in a PtRh crucible for DTA and in a Pt pan with a

lid for DSC. The sample masses were 54 and 18 mg, respectively (Courtesy of Electronic Ceramics

Department, Jožef Stefan Institute)
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Fig. 7.2 Simultaneous TG/DTG/EGA/DTA analysis of Pb(Zr0.3Ti0.7)O3 precursor, dried at 60
�C

in air. The sol was obtained by reacting anhydrous lead acetate, Zr- and Ti- butoxides in

2-methoxyethanol as described in [9]. The analysis was performed between room temperature

and 700 �C at 10 K/min in a dynamic synthetic air atmosphere (50 ml/min) in Pt/Rh crucibles

(Netzsch STA 409, Thermostar 300). The sample mass was about 30 mg. From [10] with the

permission of the author
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The mass loss step upon heating to about 200 �C is due to evaporation of water

and possibly of residual solvent, which is an endothermic event as evidenced by a

broad endo DTA peak. Upon further heating, major mass loss-steps in two main

temperature ranges are accompanied by the two groups of strong exo DTA peaks

with maxima at about 300 and 520 �C. Note that the maxima of EGA peaks

correspond to the minima of DTG peaks.

In the first step of organics decomposition, CO2, H2O, and traces of acetone are

detected. According to literature, the thermal decomposition of metal alkoxide in

inert atmosphere occurs via oxo-alkoxide to oxide with release of alkenes and

alcohol (7.1). In oxidizing atmosphere, the alkoxide is completely oxidized to

H2O and CO2 (7.2) [11].

M ORð Þ4 ! MO2 þ CnH2n " þ R2O " þ ROH " þ . . . (7.1)

M ORð Þ4 ! MO2 þ CO2 " þ H2O "
M : Zr, Ti

(7.2)

The presence of a low amount of acetone in the EGA is due to a stepwise

decomposition of the acetate groups which follow the same decomposition pathway

as in Pb-acetate alone (Eqs. 7.3 and 7.4) [12–14].

Pb OOCCH3ð Þ2 ! PbCO3 þ CH3COCH3 (7.3)

PbCO3 ! PbOþ CO2 (7.4)

Between 440 and 600 �C the main volatile species is CO2, while the amount of

H2O is decreasing. The thermal processes are therefore the decomposition of

carbonates and oxidation of carbon residues [14]. Note that oxidation of both

C and CO is strongly exothermic.

The crystallization of perovskite phase, which is an exo effect in DTA, is

obviously overlapped with the last step of organics decomposition.

Another example of a coupled TA analysis is a study of the thermal decomposi-

tion of Pb(Zr0.3Ti0.7)O3 precursor by TG/EGA FT-IR shown in Fig. 7.3. The

thermal decomposition of the precursor occurred upon heating to about 500 �C.
The in-situ IR analysis of evolved gases enabled monitoring of temperature ranges

of hydroxyl groups (3,600–3,700 cm�1), CO2 (2,300–2,400 cm�1) and different

organic species: ester (1,750 cm�1, 1,260 cm�1), ether (1,130 cm�1), and alcohol

groups (1,060 cm�1) and provided information on the temperature ranges of solvent

evaporation, dehydroxylation and organic group thermal oxidation [15].

Activation energies (EA) for individual steps of pyrolysis of Pb(ZrxTi1-x)O3 CSD

precursors from Pb-acetate, Zr- and Ti-propoxides in 2-methoxyethanol have been

evaluated by following the shift of the peak DTA and DTG temperatures with

increasing heating rate. The precursors were dried at 90 �C and 20 mbar. The first

pyrolysis step yielded acetone and CO2, and was similar to decomposition of

Pb-acetate, the second step included thermal oxidation of remaining organic groups

and the last one oxidation of carbon residues. This last step could be avoided by
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introducing steam treatment of the dried gels (6 h at 105 �C in humid atmosphere)

with the exception of the precursors with a high Zr content (x ¼ 0.75, 1), the reason

for that being bonding of acetate groups to zirconium atoms. The activation energy

for the first step of thermal decomposition of the steam-treated precursors

was between 113 � 5 kJ/mol for PbTiO3 and 162 � 8 kJ/mol for PbZrO3, for

the second step around 130 kJ/mol notwithstanding the composition, and for

oxidation of carbon residues about 399 � 15 kJ/mol for Pb(Zr0.75Ti25)O3 and

263 � 16 kJ/mol for PbZrO3 as determined from DTGA peak shifts [14].

The atmosphere strongly influences the thermal decomposition of CSD

precursors. Clearly, an oxidizing atmosphere (air or O2) enables thermal oxidation

of the functional groups, which is an exothermic process. In an inert atmosphere,

such as argon, the organic groups pyrolyse without major DTA effects. Carbon or

carbonaceous residues present in the precursor may hinder crystallization of the

perovskite [1, 13–15].

Since the early work on CSD of thin films from alkoxide derived solutions it has

been recognized that both the inorganic (metal) and the organic part of the precursor

influence the course of the thermal decomposition [1].

As an example, the DTA curves of Ti, Zr isopropoxide, and Pb-Ti and Pb-Zr

acetate-isopropoxide derived precursors are presented in Fig. 7.4 (left). The

materials were synthesized by the 2-methoxyethanol route and hydrolyzed with

1 mole of H2O per mole of alkoxide groups. The as-dried Pb-Zr-Ti precursors were

amorphous and crystallized to perovskite phase between 450 and 600 �C as

determined by XRD. In all four cases a broad endotherm below 200 �C was

observed and attributed to volatilization of residual solvent and/or physically

bonded volatile species, followed by one or more exothermic effects between

250 and 500 �C, due to thermal oxidation of organic groups. Clearly, the DTA

patterns of the single-metal and bimetallic samples differ within and between the

two groups.

In Fig. 7.4 (right) there is a further comparison of the effect of the type of the

alkoxide group—iso- or n-propoxide—on the DTA patterns of the PZT precursors.

Fig. 7.3 FTIR reflection spectra of the volatile species evolved upon thermal decomposition of

the alkoxide-derived Pb(Zr0.3Ti0.7)O3 precursor as a function of temperature. The spectra were

obtained by coupling the FTIR spectrometer via a heated capillary. The analysis was performed

with a heating rate of 10 K/min in air (50 ml/min). From [15]. Reproduced by permission of

Elsevier
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The choice of the isomer influences the temperature range and the intensity of the

exothermic effects between approximately 200 and 600 �C [1].

The thermal decompositions of CSD precursors prepared at different synthesis

conditions (reagents, modifiers, catalysis, conditions of hydrolysis, etc.) has been

studied in a number of works, e.g. in [1, 10, 12–21]. In addition to the studies

of CSD precursors prepared in 2-methoxyethanol, thermal decompositions of

the precursors based on other solvents were studied, including less toxic

2-butoxyethanol [15, 19, 22].

Within the study of diol-based CSD route of PbTiO3 and Pb(Zr0.53Ti0.47)O3,

thermal decompositions of the precursors prepared from propanediol, butanediol

and pentanediol were compared. The reagents were lead-acetate-trihydrate, tita-

nium diisopropoxide bis-acetylacetonate and acetylacetone-stabilized zirconium

n-propoxide. The thermal decompositions of the precursors, dried at 100 �C
performed in air at 5 K/min were completed at 500 and 550 �C for PbTiO3 and

Pb(Zr0.53Ti0.47)O3, respectively. The DTA curves revealed two groups of exother-

mic peaks with maxima at about 320 and 525 �C, respectively. The last peak was

assumed to be associated with the crystallization of the perovskite phase. The type

of diol influenced the shape of the DTA [23].

The choice of the material system influences the patterns of thermal

decompositions of respective CSD precursors. TA was implemented in the studies

of the precursors of Pb(Zr,Ti)O3 solid solution with different Zr/Ti ratios, covering

the whole compositional range from 100/0 to 0/100 [1, 10, 12–17, 21–25],

Fig. 7.4 The DTA curves of Ti, Zr, Pb-Ti and Pb-Zr isopropoxide precursors (left) and Pb-Zr-Ti

precursors prepared from either iso- or n propoxides (right). The precursors were dried at 150 �C
prior analysis. The analyses were performed in flowing oxygen with a 10 K/min heating rate.

From [1]
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Pb(Mg0.33Nb0.67)O3–PbTiO3 [26, 27], (Ba,Sr)TiO3 solid solution and its

end-members [18, 19], or lead-free materials such as K0.5Na0.5NbO3 [28],

KTa0.65Nb0.35O3 [29] or Na0.5Bi0.5TiO3 [20, 30] to select only a few examples.

In summary, thermal decompositions of alkoxide derived CSD precursors in air

follow a similar course, and may be divided into three main parts with temperature

ranges depending upon the specific system: evaporation of residual solvents,

dehydration and dehydroxylation, and two steps of organics decomposition. Crys-

tallization often overlaps with the last step of functional group decomposition

(Table 7.2).

As written above, crystallization of the target phase often coincides with the last

step of thermal decomposition, however in the case of Na0.5Bi0.5TiO3 prepared by

alkoxide based sol-gel route the processes are almost separated as shown in Fig. 7.5.

The major mass loss coinciding with a strong DTA exo peak at 380 �C is due to

decomposition of organics and the exo DTA peak at 489 �C due to perovskite

crystallization, as confirmed by XRD, together with evolution of a low amount of

CO2 determined by the coupled EGA-MS [20].

In the case of alkoxide-derived Pb(Zr0.3Ti0.7)O3 CSD precursor, the decomposi-

tion of organic residues overlapped with the crystallization. Therefore, the enthalpy

of crystallization was determined so that prior the DTA analysis the organics were

completely removed by heating at 400 �C, yet the material remained

XRD-amorphous. Figure 7.6 shows the DTA curve and XRD patterns of the

samples quenched at selected temperatures. The exo DTA peak at 473 �C
corresponds to crystallization of amorphous PZT precursor to thermodynamically

stable perovskite together with the transient pyrochlore-type phase. The enthalpy of

crystallization calculated from the DTA peak area between 430 and 520 �C was

33 kJ/mol. The enthalpy calculated from the weak exo DTA peak at 551 �C equal to

1.6 kJ/mol was attributed to crystallite growth [24]. In the case of Pb(Zr0.3Ti0.7)O3

prepared from Pb-acetate and Zr- and Ti-propoxides, the enthalpy of crystallization

was 12 kJ/mol [13].

Table 7.2 Approximate temperature ranges of processes occurring upon thermal decomposition

of alkoxide-based CSD precursors in air

Temp. range,

T/�C TG/DTA Process

25 to �250 TG: mass

loss

DTA: endo

Evaporation of residual solvents, dehydration and dehydroxylation

�250 to �400 TG: mass

loss

DTA: exo

Decomposition of alkoxide and acetate and/or other functional

groups

�450 to �600 TG: mass

loss

DTA: exo

Decomposition of residual organic groups and carbon residues,

crystallization
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7.3.2 Water-Based CSD Precursors

A detailed thermal analysis study of water-based Pb(Zr0.53Ti0.47)O3 CSD precursor

(cp. Chap. 5) was performed by coupling TG/DTA with EGA-MS and FTIR. The

precursor consisted of peroxo-citrato and citrato ligands cross-linked by ammonium

carboxylate groups. The thermal decomposition occurred in three major steps:

evaporation of residual solvent and decomposition of ammonium carboxylate

upon heating to about 260 �C, which is an endothermic effect and two steps of

functional group decomposition, at about 270–420 �C and 420–520 �C, both effects
are exothermic [31].

In the case of LaCoO3 synthesized from a nitrate-citrate based gel the TG/DTA

coupled with EGA-MS was performed. In two steps of thermal decomposition,

at about 200 and 350 �C, the same gases: CO2, H2O and NO2, were evolved.

Fig. 7.5 The TG/DTA curves of Na0.5Bi0.5TiO3 acetate-butoxide based precursor. The precursor

was dried at 80 �C prior analysis. The analyses were performed in flowing air atmosphere with a

10 K/min heating rate. From [20]. Reproduced with permission of the author

Fig. 7.6 DTA curve of the Pb(Zr0.3Ti0.7)O3 precursor, prepared via alkoxide based sol-gel route

(left). Phase compositions of the same precursors, heated to the temperatures between 400 and

700 �C (right). Al: sample holder, Am: amorphous phase, Py: pyrochlore phase. The reflections of

the perovskite phase (P) are marked. From [24]. Reproduced with permission of Slovenian

Chemical Society
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The authors concluded that the citrate and nitrate groups were bonded in two ways

to the metal network, both as bound and as coordinated ligands and not as previ-

ously proposed that the metal atoms were coordinated only by citrato groups [32].

7.4 Thermal Analysis of Thin Films

There are not many TA studies of CSD thin films deposited on planar substrates. The

reasons are related mainly to a too lowmass of the film, so that the mass change upon

thermal decomposition could not be detected in TG. In DSC, the enthalpy changes

related to the film are again small, predominantly diluted by the substrate and

consequently too low to be measurable. Some solutions for TA of thin films have

been proposed or summarized in review papers [2, 3, 33, 34]. The options include

removal of the film from the substrate, dissolution of the substrate, deposition of the

film on a thin foil, use of larger samples to increase the sample mass, or development

of more sensitive techniques. For example, thin-film Ag-Bi thermocouples were

evaporated on the borosilicate glass substrate to enhance the sensitivity of the DTA

analysis of physical vapor deposited selenium films [35]. Thin magnetic films could

be analysed with the enhanced precision in a magnetic field gradient (thermomag-

netometry) [36]. Emanation thermal analysis (ETA) based on the detection of

radioactive inert gas atoms from a sample upon heating has been implemented in

thermal analysis of CSD-derived titania thin films [37].

Mass spectrometry (EGA-MS) was sensitive enough to detect dehydration of

sputtered iridium oxide films on gold foils [38] or crystallization of RF-sputtered

indium-tin-oxide films accompanied by evolution of water [39].

Peroxo-citrato derived (Bi,Nd)4Ti3O12 as-dried precursor and as-deposited thin

films were analysed by EGA-MS. The comparison of the analyses revealed that the

decomposition of the film was completed at a lower temperature than that of the gel

(Fig. 7.7) [40].

Fig. 7.7 EGA of the dried (Bi,Nd)4Ti3O12 precursor gel (left) and of the as-deposited film (right),
showing the temperature profile and traces of (m/e) ¼ 17 (NH3), (m/z) ¼ 43 (CH3CO), (m/e) ¼ 44

(CO2), (m/z) ¼ 41 (CH3CN), and (m/z) ¼ 27 (HCN) as a function of time (atmosphere: dry air

100 ml/min, heating rate: 20 K/min). From [40]. Reproduced with permission of the author
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7.5 Conclusions

The chapter summarizes the basics of thermal analysis and the implementation of

selected methods in characterization of CSD precursors and only in a limited

amount of thin films. Thermogravimetry in combination with differential thermal

analysis and coupled to evolved gas analysis has been employed to obtain insight

into the processes occurring upon thermal decomposition and crystallization of

CSD precursors.
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Chapter 8

X-Ray Absorption Spectroscopy

Irene Schlipf, Matthias Bauer, and Helmut Bertagnolli

8.1 Basic Principles of EXAFS

In the following chapters, a basic introduction into the theory of EXAFS, the data

analysis and experimental procedure will be given to allow a better understanding

of the application of this method in CSD.

8.1.1 Short Introduction to EXAFS Theory

The attenuation of a monochromatic beam of X-rays of the energy E, which passes

through a homogeneous sample of the thickness d, obeys the Lambert-Beer law [1]:

I Eð Þ ¼ I0 Eð Þexp �μ Eð Þ � dð Þ (8.1)

where I(E) and I0(E) are the incident and transmitted X-ray intensities, and μ(E) is
the linear absorption coefficient.

The absorption coefficient μ decreases with increasing energy of the incident

photon, until a critical wavelength is achieved, where the absorption coefficient

increases abruptly. This steep rise of the absorption coefficient indicates the ejec-

tion of a core electron of an atom and is called absorption edge. Beyond the

absorption edge the absorption coefficient decreases monotonically with increasing

energy, until the next absorption edge is reached (Fig. 8.1, left).
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This behaviour is only found for isolated atoms. For atoms in a molecule or in a

condensed phase, the absorption coefficient above the absorption edge displays a

fine structure (Fig. 8.1, right), termed EXAFS as acronym for Extended X-ray

Absorption Fine Structure. This phenomenon was first detected in 1920 by Fricke

[3] and Hertz [4], but the information contained therein was not fully recognized

until the 1970s.

8.1.2 EXAFS Equation

The extended X-ray absorption fine structure refers to the oscillation of the X-ray

absorption coefficient beyond the X-ray absorption edge. In order to obtain the

EXAFS function

χ Eð Þ ¼ μ Eð Þ � μ0 Eð Þ
μ0 Eð Þ (8.2)

the atomic background μ0(E) has to be removed from the experimental data and the

resulting difference has to be normalized to μ0(E). After the atomic background

removal and normalization, the obtained energy dependent function χ(E) is

converted into a k-dependent function χ(k) by application of the relation

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m

h2
E� Eexp

0

� �
r

(8.3)

E0
exp is the “experimentally determined” threshold energy and the difference

(E � E0
exp) is the kinetic energy of the ejected electron, which can be expressed by

the momentum p of the electron or by the change of the amount of the wave vector

k of the electron

Fig. 8.1 Left: X-ray absorption coefficient μ(E) of a metallic hafnium sample in dependence of the

energy of the incident radiation. The L- and K-edges indicate the shell, from which the electron is

ejected. Right: X-ray absorption spectrum at the Mn K-edge of manganese oxide MnO2. The

oscillatory structure after the edge jump is clearly visible [2]
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E� Eexp
0

� � ¼ p2

2m
¼ h2k2

2m
(8.4)

The theory of EXAFS is complicated, nevertheless a rather simple explanation,

which follows the outline of Stern in [5], can be given. When an X-ray photon is

completely absorbed, an electron is excited. The electron will be ejected, when the

photon energy is larger than the binding energy of the electron. Its kinetic energy is

given by the difference between the photon energy and the binding energy (see

Eq. 8.3). For an isolated atom the photoelectron can be presented as an outgoing

spherical wave. If the atom, whose electron is excited, is surrounded by other

atoms, the outgoing spherical wave is scattered and the final state of the photoelec-

tron is a superposition of the outgoing wave and the scattered wave. The resulting

destructive and constructive interferences at the excited atom generate the

oscillations in the absorption coefficient.

From this qualitative description it may be deduced that the oscillations in the

absorption coefficient μ(k) depend on the position rj of the neighbouring atoms,

their numbers Nj, and the type of the backscattering atom j. The backscattering

ability of the atom j is characterized by a backscattering amplitude Fj(k) and a phase
shift φij(k). Because not all the atoms are located at the same distance due to thermal

vibrations or static disorder, a Debye-Waller-like factor σj is introduced. Finally,
one has to bear in mind the lifetime of the state of the excited photoelectron. This

lifetime effect is taken into account by introducing a mean free path term exp(�2rj/λ),
where the term λ is the mean free path length. The change of the effective potential of

the absorbing atom of approximately one unit, felt by outer shell electrons, induces

shake processes. As a result, one or more outer electrons can be shaken up to upper

sub-shells or shaken off to continuum states. As these shake up/shake off processes

reduce the amplitude of the EXAFS oscillations, the amplitude reduction factor S0 is
introduced. Putting all together we obtain the EXAFS formula [6]:

χ kð Þ ¼
X

j

Nj

kr2j
S0Fj kð Þ e�2σj2k

2

e�
2rj
λ � sin 2k rj þ φij kð Þ� �

(8.5)

As it can be seen from this formula, the analysis of the EXAFS signal can

provide information about the type (with amplitude Fj(k)), number of neighbouring

atoms (which value of Nj) and their distances from the absorbing atom (which value

of rj). The values of the backscattering amplitudes and the phase shifts are tabulated

or can be determined from reference substances with well defined coordination

numbers and distances. The most commonly used method is to determine the

structural parameters by fitting distances, coordination numbers and Debye-

Waller-like factors and to vary the type of the backscattering atoms, when different

atoms are likely.

The method is independent of the state of aggregation and is very sensitive up to

a concentration of one atomic percentage, but synchrotron radiation is required. As

the absorption spectrum is element specific, an individual element can be selected

in samples that contain a complex chemical mixture of different elements, simply
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by changing the X-ray wavelength. These features make EXAFS spectroscopy to a

method of extremely wide applicability.

8.1.3 Experimental Design

EXAFS is based on the measurement of the energy dependence of the X-ray

absorption coefficient or of a secondary process that is directly related to the

absorption of X-rays. The experiment for a direct measurement of the absorption

coefficient is described in Fig. 8.2 (top). In order to select a particular photon energy

from the broad spectral range of synchrotron radiation Bragg diffraction from

crystals is used. According to the Bragg equation a beam of the wavelength λ is

reflected into the angle 2ϑ, when the following condition is valid [1]

nλ ¼ 2d sin ϑð Þ (8.6)

where d is the interplanar spacing and n is an integer. The first crystal (Fig. 8.2, top)
serves as primary monochromator and the second crystal suppresses higher

harmonics like 2λ, 3λ etc. and unwanted reflection. The wavelength is changed by

changing the angle 2ϑ. Two ionisation chambers, in front of and behind the sample,

measure the incident and transmitted intensities. Additionally, the absorption spec-

trum of a reference system is recorded in order to calibrate the energy scale and to

monitor any irregularities in course of the measurement.

In some cases it is advantageous to measure the absorption spectrum by record-

ing processes that are proportional to the absorption cross section. As it can be seen

from Fig. 8.2 (bottom), the absorption of an X-ray photon creates a core hole in an

inner shell. Any process, by which the hole is annihilated, is proportional to the

absorption of a photon, and can therefore be used as a measure of the absorption

coefficient. The hole of the shell is filled by a radiative and non-radiative transition

of an electron from an outer shell. The radiative transition produces X-ray fluores-

cence radiation with a wavelength that is characteristic of the energy difference

between the two shells. Therefore it can be easily separated from the absorbed

radiation, especially when the detector is perpendicularly orientated to the incident

beam. The non-radiative transition corresponds to an internal photo-electric effect

and generates Auger electrons or secondary electrons. The ratio of the both com-

petitive processes increases with increasing atomic number of the excited atom. In a

typical experiment for the measurement of fluorescence EXAFS (Fig. 8.2) the

incident intensity is monitored by the front detector, whereas a detector, located

perpendicular to the incident beam, measures the fluorescence radiation. EXAFS

measurements in the fluorescence mode are applied, when the thickness of the

sample is large or the concentration of the element of interest is very low.
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8.1.4 Data Reduction and Evaluation

In general four steps of data reduction are necessary in order to extract the

oscillatory part of the X-ray absorption coefficient. The individual steps are

pre-edge background removal, atomic background removal and data normalization,

conversion into k-space and Fourier transformation. As the results depend very

sensitively on the correctness of each step, some details are given in the following

section.

For EXAFS analysis only the region above the X-ray absorption edge step

(shown as a solid line in Fig. 8.3, left) is of interest. In the first step the contribution

of lower-energy edges and Compton-scattering to the absorption coefficient below

the absorption edge has to be subtracted. Usually, a Victoreen-spline of the form

μpre‐edge ¼ cE�3 � dE�4 (8.7)

is used to approximate this pre-edge region. Also simple linear or quadratic

polynomials can be used to model the shape of the pre-edge function. The fitted

Fig. 8.2 Top: Experimental set-up for transmission (top) and fluorescence (second from top)
mode measurements (SY ¼ Synchrotron radiation, M ¼ Monochromator, F ¼ Fluorescence

detector, I0, I1, I2 ¼ beam intensity recorded from the first, second and third ionization chamber,

If ¼ Intensity of the fluorescence radiation). Bottom: Schematic representation of the primary

excitation process of X-ray absorption (left), the secondary processes fluorescence (middle), and
Auger electron emission (right) [2]
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function (shown as dashed line in Fig. 8.3, left) is then extrapolated beyond the

edge, and subtracted from the measured absorption coefficient. The result is the

“elemental” absorption coefficient (Fig. 8.3, right) of the chemical element under

investigation.

Then the resulting difference has to be normalized to μ0(E) (cf. Eq. 8.2). It is
crucial to know that in fact μ0(E) is not the absorption coefficient of a physically

isolated atom, but of an atom in its surrounding, where the effects of the neighbour

atoms are “switched off”. Due to scattering of the ejected photoelectron from

valence electrons, and also due to unspecific background factors (like spectrometer

baseline, energy responses of detectors etc.), this atomic background contains

low-frequency oscillations that cannot be measured independently or calculated

from first principles. Its analytical form has to be determined by a least-square

adjustment of a spline function to the experimental data. Whether the background is

correctly determined, can be detected by inspecting the Fourier transform (cf.
Sect. 8.1.5), since low frequency oscillations cause signals at unphysical low

distances around 1 Å. In Fig. 8.4, the optimal spline to the absorption spectrum of

Fig. 8.3 is shown as dashed line, in which an oscillation of low frequency is visible.

After the atomic background removal and normalization, the obtained energy

dependent function χ(E) is converted into a k-dependent function χ(k) (cf. Eq. 8.3).
The threshold energy is equivalent to the energy position of half of the edge jump

marked with a circle in Fig. 8.3 (right) or the inflection of the absorption edge.

Figure 8.5 shows χ(E) and χ(k), which differ only in the abscissa, the ordinate

values are unaffected by the conversion procedure.

Although the EXAFS function χ(k) can be analyzed and is interpreted by fitting

the function with theoretical models, usually a Fourier transformation of χ(k) into a
pseudo radial distribution function is the last step of the data reduction. The Fourier

transformed function can also be fitted with theoretical models or just be used as

simple physical picture of the local structure around the absorber. The transforma-

tion is performed according to

Fig. 8.3 Left: Experimental X-ray absorption coefficient μ(E) (solid line) and the adjusted

pre-edge function (dashed line). Right: Isolated “elemental” absorption coefficient after subtrac-

tion of the pre-edge function. The threshold energy of the photoelectron is marked with a circle [2]
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eχ rð Þ ¼ 1
ffiffiffiffiffi
2π

p
ð1

0

knχ kð Þe2ikrdk, (8.8)

which yields a complex function that consists of an imaginary sine and a real cosine

part, since even and odd functions contribute to the function χ(k). To obtain the

most illustrative picture usually the modulus function of the Fourier transformation

is used, which is defined as

FT χ kð Þ½ �j j � Mod χ rð Þ½ � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re2 eχ rð Þ½ � þ Im2 eχ rð Þ½ �

q
: (8.9)

In this representation the data can be physically interpreted in terms of a pseudo

radial distribution function, which peaks at distances of the individual neighbouring

shells. Figure 8.6 shows χ(k) and the corresponding modulus function of the Fourier

transformed spectrum.

The experimental spectrum χ(k) can be weighted prior to Fourier transformation

by different powers of kn (with n ¼ 0, 1, 2, 3) to account for the attenuation of the

oscillations with increasing values of k and to obtain an approximately constant

Fig. 8.4 Left: “Elemental” absorption coefficient (solid line) and the adjusted atomic background

μ0(E) (dashed line). Right: Enlarged view of the oscillatory part of the absorption coefficient. The

low-frequency oscillation of the atomic background is clearly visible [2]

Fig. 8.5 Left: Isolated oscillatory part of the absorption coefficient in energy space after subtrac-

tion of the atomic background μ0(E) and normalization. Right: The oscillatory function χ(k) after
conversion into k-space [2]
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amplitude over the k-range, that is used for the Fourier transformation and the fit.

Figure 8.7 shows the spectra of Fig. 8.6, but with k3-weighting. It is obvious that the
signal of χ(k) at larger k-values is more pronounced with higher k-weighting, and
the resolution is increased, as can be seen in the Fourier transformed function. But it

should be kept in mind, that the noise of the EXAFS signal is also strengthened.

8.1.5 Data Analysis and Interpretation

To extract desired structural information from experimental spectra, it is necessary

to fit the theoretical EXAFS formula to the experiment. While the number Nj of

backscattering atoms in a shell of identical atoms, their average distance rj to the

X-ray absorbing atom and the degree of their disorder, reflected by the Debye-

Waller-like factor σ2j, are structural parameters, the backscattering amplitude Fj(k)
and the phase-shift φij(k) are element specific. Therefore, a rough estimation of the

chemical constitution of the system under investigation is necessary to select the

appropriate amplitudes and phase shifts.

In order to understand the data interpretation, theoretically calculated functions

will be presented and discussed in the following section. Figure 8.8 shows the

k3·χ(k)-function with Mn as excited atom and oxygen (red line) and bromine (blue

line) as backscatterer. The corresponding distances are 2 Å with identical Debye-

Waller factors of 0.01 Å2. The backscattering amplitude is the envelope of the χ(k)-
function, which can be easily distinguished for O- and Br-backscatterers. In the

Fourier transformation, the shape of the envelope itself is not visible. Only in case

of bromine its larger maximum value is reflected in the more intense signal of this

backscatterer.

If two types of backscatteres are present in one system, their signals add up. In

Fig. 8.9 this case is shown for the combination of a Mn-O shell with one O-Atom at

2 Å and a Mn-Br shell with one Br-Atom at 3.5 Å.

The interference of both signals is clearly visible in the χ(k)-function and also

the Fourier transformation shows two well-separated peaks. In such a case, the two

shells can be analyzed separately by filtering each with a window function and

Fig. 8.6 Left: EXAFS function χ(k). Right: Fourier transformation of the χ(k)-function [2]
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backtransforming it into k-space, where the least-square fit is usually performed. On

the other hand, if the shells are not well separated, such a procedure is not possible.

Fig. 8.7 Left: k3-weighted EXAFS function k3·χ(k). The amplitude of the function is approxi-

mately constant over the considered k-range. Right: Fourier transformation of the EXAFS

functions k3·χ(k). Not only the intensity of the peaks is increased, but also the resolution is

enhanced [2]

Fig. 8.8 Left: Theoretical EXAFS functions k3·χ(k) for Mn-O (red line) and Mn-Br (blue line)
absorber-backscatterer pair. The following structural parameters were used: r(Mn-O/Br) ¼ 2 Å,

N(O/Br) ¼ 1, σ2 (O/Br) ¼ 0.01 Å2. Right: The corresponding Fourier transforms [2]

Fig. 8.9 Left: Theoretical EXAFS function k3·χ(k) for the superposed Mn-O and Mn-Br absorber-

backscatterer pair. The following structural parameters were used: r(Mn-O) ¼ 2 Å, r(Mn-Br) ¼
3.5 Å, N(O/Br) ¼ 1, σ2 (O/Br) ¼ 0.01 Å2. Right: The corresponding Fourier transform [2]

8 X-Ray Absorption Spectroscopy 189



In Fig. 8.10 the same type of neighbour shells like in Fig. 8.9 are shown, but now

with a Mn-Br distance of only 2.2 Å instead of 3.5 Å.

The signal of oxygen in the χ(k)-function is only significant up to 6 Å�1, and

bromine is dominating the spectrum. Also, only one signal is found in the Fourier

transform. In this case, two shells need to be fitted simultaneously, since no Fourier

filtering is possible. It should be mentioned that elements of similar atomic number

exhibit similar amplitude and phase functions. As a rule of thumb, two different

types of backscatterers can be distinguished, if their atomic numbers differ by a

factor of 2.

The theoretical calculation of backscattering amplitudes and phases as well as

the photoelectron mean free path λ(k) can be carried out with program packages,

which are all based on an exact curved-wave formalism, for example EXCURV98

[7], FEFF [8] and GNXAS [9].

Although a certain amount of knowledge about the system is necessary to

evaluate EXAFS data in a sound manner, and considerable accurateness is required

for systems, in which more than one type of backscatterers exist, distances can be

reliably determined with an accuracy up to 1 %, and coordination numbers

depending on the distance of the shells within 10�20 % uncertainty. Moreover,

these values can be significantly improved, if model compounds and high resolution

measurements are applied.

In addition to the structural parameters contained in the EXAFS signal, informa-

tion about the oxidation state and the coordination geometry around a central atom

can be found in the so-called pre-edge and XANES (X-ray absorption near edge

structure) region of an X-ray absorption spectrum. The pre-edge region consists of

one or more signals at around 15�20 eV before the edge step. These pre-edge

signals are caused by bound-to-bound state transitions of the excited photoelectron,

whereas the edge-jump itself represents the photoionisation, where the photoelec-

tron is excited to the continuum (Fig. 8.11).

In Fig. 8.12 different manganese compounds in the oxidation states +II, +III,

+IV and +VII are shown. One can see that the edge step is shifted to higher energies

Fig. 8.10 Left: Theoretical EXAFS function k3·χ(k) for the superposed Mn-O and Mn-Br

absorber-backscatterer pair. The following structural parameters were used: r(Mn-O) ¼ 2 Å,

r(Mn-Br) ¼ 2.2 Å, N(O/Br) ¼ 1, σ2 (O/Br) ¼ 0.01 Å2. Now the contribution of the Mn-Br pair

is clearly dominating the signal. Right: The corresponding Fourier transform [2]
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with increasing oxidation number, since the core electrons are more strongly

attracted to the nucleus and their photoionization requires higher photon energies.

For unknown samples, the oxidation state can thus be determined by comparison

with appropriate, structurally related references [10]. Additionally, the position of

the prepeak can be used as a more structurally independent probe for the determi-

nation of the oxidation state. Its intensity reflects the geometry around the central

atom. Since the prepeak of metal K-edge spectra is caused by 1s!3d transitions,

which are dipole-forbidden, only 3d-4p hybridization enables parity allowed

transitions. The extent of such a hybridization is strongly correlated to the coordi-

nation geometry. While for tetrahedral coordination sites the prepeak is usually of

maximal intensity (which can be seen for KMnO4 in Fig. 8.12, which contains

MnO4 tetrahedra), the existence of an inversion centre causes a reduction of the

Fig. 8.11 Three different

transitions within the XAS

region of a K-edge

spectrum: the pre-edge

signal is caused by a bound-

to-bound state transition

s!p, while the edge jump

can be found at the energy

of transition s!continuum.

After the edge jump, the

photoelectron is excited to

energy states above the

continuum level
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prepeak intensities. Therefore ideal octahedral coordination sites, such as found in

MnO, show very low prepeak intensities. With current program codes, prepeaks can

also be calculated for hypothetical structures and compared with experimental data,

thus such calculations can be used to verify or complete structural models obtained

by EXAFS analysis (tt-multiplett, FEFF8.02 [8]). Through the combination of

EXAFS, prepeak and XANES analysis, an analytical method is available that can

provide valuable information.

8.2 EXAFS Application on CSD Systems

At the present stage there are only a few CSD systems to which the XAS spectros-

copy has been applied. But the authors are convinced that the use of the XAS

spectroscopy for the investigations of thin films prepared by the CSD techniques

will be increased in the future.

8.2.1 Binary Systems

Since the properties of materials obtained by the sol-gel processing depend very

sensitively on the used alkoxide and solvent, it is essential to know the structure of

the precursors in solution and their structural modifications in course of the sol-gel

process. In 1994 Peter et al. [11] performed an EXAFS study of the structure and the

molecular complexity of zirconium-n-propoxide and zirconium-n-butoxide,
dissolved in their parent alcohol. The fitted spectra and the corresponding Fourier

transforms of the EXAFS functions are shown in Fig. 8.13.

Fig. 8.12 Influence of the

oxidation state of the X-ray

absorbing atom on the edge

position for the example of

different manganese oxides:

Mn(II)O (black line), Mn

(III)2Mn(II)O4 (red line),
Mn(III)2O3 (green line), Mn

(IV)O2 (blue line), KMn

(VII)O4 (grey line) [2]
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As it can be seen from Table 8.1, the local structure of both systems is nearly the

same. In order to deduce structural information from the determined parameters, six

structure models of zirconium complexes, given in Fig. 8.14, were examined

[11]. Zr-O distances derived from the crystal structure of zirconium alkoxides

increase in the sequence terminal or axial, bridging and coordinating O-atoms.

This fact is used for the deduction of the structure models (Tables 8.2 and 8.3) and is

later applied to the interpretation of the determined Zr-O distances in zirconium-n-
propoxide and zirconium-n-butoxide.

The existence of a Zr-Zr distance at 3.52 Å for both the alkoxides propoxide and

the butoxide, indicates oligomeric species in the parent alcoholic solution and rules

out structure I. Among the oligomers, structure IV is most unlikely due to the high

Zr-coordination number of the cyclic trimer. The most probable structures that

agree best with the EXFAS data are dimer II or trimer III in accordance with

molecular weight measurements of Bradley and Carter [12], who proposed a

mixture of di- and trimeric species in case of the propoxide and predominantly

dimers for the butoxide system.

In the deepening part of the study mainly the chemical modification of

zirconium-n-propoxide and zirconium-n-butoxide was investigated [13]. The alkoxides
were dissolved in their parent alcohols and in case of Zr(OnBu)4 modified with

acetylacetonate (Hacac) in the molar ratios Zr:Hacac ¼ 1:1, 1:2, 1:3, 1:4, whereas

Fig. 8.13 Left: Experimental EXAFS functions k3·χ(k) at the Zr K-edge for zirconium-n-
propoxide (top) and zirconium-n-butoxid (bottom), both dissolved in its parent alcohol. Right:
The corresponding Fourier transforms [11]
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acetic acid (HOAc) was added to Zr(OnPr)4 in the molar ratio Zr:HOAc ¼ 1:2. In

comparison with the unmodified alkoxide spectra, already the shape of the XANES

Table 8.1 Parameters of the nearest coordination shells around zirconium atoms in zirconium-n-
propoxide and zirconium-n-butoxide dissolved in their parent alcohol: type of neighbour atoms,

average number N, distance r, and Debye-Waller factor σ

Zr neighb.

Zirconium-n-propoxide Zirconium-n-butoxide

N r [Å] σ [A] N r [Å] σ [A]

O 2.29 1.95 0.050 1.71 1.96 0.032

O 2.23 2.12 0.045 1.86 2.12 0.022

O 2.04 2.26 0.059 1.86 2.27 0.045

(C) 0.86 2.80 0.081 – – –

(C) 2.03 3.05 0.067 1.47 3.09 0.059

Zr 0.69 3.52 0.059 0.98 3.52 0.074

(C) 2.72 3.56 0.050 2.97 3.53 0.074

The distances for atoms in brackets are of low significance because of interfering effects [11]

Fig. 8.14 Proposed models

for the structure of

zirconium alkoxides with

linear alkyl chains [11]

Table 8.2 Range of Zr-O distances in crystals and the type of coordination of oxygen ligands in

zirconium complexes [11]

Coordination form of the ligand Corresponding Zr-O distance ranges [Å]

Zr-O (RO-, terminal, axial, sixfold) 1.90–2.10

Zr-O (RO-, terminal, axial, eightfold) 1.90–2.10

Zr-O (RO-, bridging) 2.10–2.20

Zr-O (Hacac, mono- or bidentate) 2.10–2.20

Zr-O (HOAc, mono- or bidentate) 2.10–2.20

Zr-O (ROH, coordinated) 2.20–2.40
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spectra of the Hacac-modified samples indicates a change of the coordination geometry

of the Zr-atom from a sixfold to an eightfold coordination.

The evaluation of the EXAFS spectra reveals a degradation of the oligomeric

species with increasing amount of the modifier Hacac. Moreover, the two peaks of

the Fourier transform of pure Zr(OnBu)4 in the range between 1.5 and 3 Å, which

are assigned to Zr-O distances, collapse to one symmetric peak. The authors

conclude that the dimeric alkoxide degrades to the monomeric Zr(acac)4 complex,

according to the reaction scheme (Fig. 8.15), given below.

In contrast to the Hacac modification, the addition of acetic acid does not change

the degree of oligomerisation, as it can be seen from the Zr-Zr coordination number

(Table 8.4).

The absence of an oxygen shell shorter than 2.0 Å indicates that the terminal

alkoxy groups are replaced by acetyl groups. The Zr-Zr distances of systems are

shorter than in the pure alkoxide (�0.17 Å for Zr(OnPr)4 and �0.13 Å for

Zr(OnBu)4), maybe due to alkoxide bridging ligands.

In order to check this explanation FTIR measurements were performed

(Fig. 8.16).

According to these measurements an equilibrium between two species exists,

which is shifted to the left side in case of modified zirconium-n-propoxide, whereas
it is located on the right side in case of modified zirconium-n-butoxide. This
equilibrium explains, why the first Zr-O shell of modified Zr(OnBu)4 splits into

three sub-shells, whereas the signal collapses to one Zr-O distance for the modified

Zr(OnPr)4 system.

The group of Sanchez [15] performed a similar study on the titanium alkoxides

Ti(OtAm)4, Ti(O
iPr)4, Ti(OEt)4 and Ti(OnBu)4. The intensity of the most signifi-

cant features of the titanium K-edge spectra, namely the prepeak, is too large for a

symmetric sixfold environment and gives strong evidence for a fourfold coordina-

tion for Ti(OiPr)4 and for Ti(OtAm)4, whereas the similarity of the prepeaks of

Ti(OEt)4 and Ti(OnBu)4 spectra with the prepeak of the fivefold coordinated

reference substance, namely titanyl phthalocyanine, indicates a square pyramidal

environment.

The two titanium alkoxides with bulky ligands, Ti(OtAm)4 and Ti(OiPr)4,

coordinate four oxygen atoms at a distance of 1.76 and 1.81 Å, respectively, and

the absence of a titanium backscatterer indicates a monomeric species. In contrast,

for the systems Ti(OEt)4 and Ti(OnBu)4 the authors deduce an oligomeric species

Table 8.3 Zirconium and oxygen coordination numbers, characterizing the proposed structure

models for zirconium alkoxides with linear alkyl chains shown in Fig. 8.14 [11]

N(Zr) N(Oterm) N(Obridg.) N(Oax) N(Ocoord.)

I Monomer – 4.0 – – 2.0

II Dimer 1.0 2.0 2.0 1.0 1.0

III Trimer 1.3 1.3 2.6 0.6 1.0

IV Trimer, cyclic 2.0 2.0 2.0 1.0 1.0

V Trimer, triple bridged 1.3 2.0 4.0 – –

8 X-Ray Absorption Spectroscopy 195



with trigonal bipyramidal oxygen environment made up of three shorter and two

longer Ti-O distances and one Ti-Ti distance (Table 8.5).

The third precursor material that is commonly used in PT and PZ thin film

syntheses via sol-gel route is lead(II)acetate trihydrate. Until 1997 the species, that

is formed when lead(II)acetate is dissolved in alcohol, was unknown. Kolb

et al. [16] performed EXAFS studies of lead(II)acetate trihydrate, in solid state as

Fig. 8.15 Structure models of II, VII and Zr(acac)4 (VIII) with OR ¼ n-propoxide or n-butoxide
as well as the proposed reaction equations [13, 14]

Table 8.4 Parameters of the nearest coordination shells around zirconium atoms in zirconium-n-
propoxide and zirconium-n-butoxide dissolved in their parent alcohols and modified with acetic

acid in molar ratios (Zr:HOAc of 1:2): type of neighbour atoms, average number N, distance r, and
Debye-Waller factor σ [13]

Zr neighb.

Zirconium-n-propoxide + 2 mol HOAc Zirconium-n-butoxide + 2 mol HOAc

N r [Å] σ [Å] N r [Å] σ [Å]

O – – – 0.72 1.94 0.074

O 5.66 2.16 0.092 4.05 2.19 0.071

O – – – 0.70 2.36 0.022

Zr 0.79 3.35 0.071 0.76 3.39 0.067

C 3.17 3.56 0.067 2.16 3.61 0.063

C 1.25 4.23 0.050 1.30 4.24 0.045

C 2.63 4.61 0.067 2.20 4.68 0.077

Fig. 8.16 Proposed equilibrium between the two complexes IX and X with OR ¼ n-propoxide or
n-butoxide [13]
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well as dissolved in methanol and 2-methoxyethanol. The results of this investiga-

tion are given in Table 8.6.

The EXAFS spectra exhibit a change in the structure of lead acetate, when it is

dissolved in methanol. A simulation of the EXAFS spectra yield two oxygen

backscatterers at the distance of 2.3 and 2.5 Å, one at 2.8 Å and two at 4.0 Å.

Nearly the same results are obtained for the system Pb(OAc)2·3H2O, dissolved in 2-

methoxyethanol. The discrepancies of the fitting results presented in the Table 8.6

are assigned to differences in the quality of the spectra.

By combination with IR-spectroscopy, the short Pb-O distance of 2.3 Å could be

explained by hydrolyzation of lead(II)acetate. The formed Pb-OH group reacts with

another Pb-OH group, forming a Pb-O-Pb bond. The Pb-O distances of 2.5 and

2.8 Å are assigned to an acetate ligand. This result is corroborated by the fact, that

1 h after dissolving lead(II)acetate trihydrate in methanol a white substance

precipitates, which is identified by powder X-ray diffraction and chemical analysis

as lead subacetate hydrate of the composition 3 Pb(OAc)2 · PbO · H2O. The same

compound was also isolated after refluxing a solution of lead(II)acetate in 2-

methoxyethanol. A possible structure of the formed species is shown in Fig. 8.17.

In 1997 Malic et al. published a study of the lead titanate system (PT) as a

representative for perovskite-type ferroelectric materials [17]. Alkoxide-based PTs

are generally produced by reaction of lead acetate with titanium metal alkoxides.

Starting from lead(II)acetate and titanium-n-propoxide or titanium-n-butoxide
dissolved in their parent alcohol, the authors performed EXAFS measurements at

the Ti K-edge and the Pb LIII-edge in order to study how the different alkoxides

influence the local environment around the metal centres in the products. Addition-

ally to the heterometallic lead titanium precursors (denoted as PbTi-p and PbTi-b,

respectively), the corresponding amorphous titanium gels, prepared by hydrolyzing

Ti(OnPr)4 in n-propanol or Ti(OnBu)4 in n-butanol and dried at 150 �C (denoted as

Ti-p and Ti-b, respectively), have also been measured as homometallic reference.

The EXAFS functions at the Ti K-edge and the corresponding Fourier transforms

are given in Fig. 8.18.

At a first glance there are no significant differences between the

PT-intermediates, processed from titanium-n-propoxide (PbTi-p) or titanium-n-
butoxide (PbTi-b). The signal-to-noise ratio in the Ti K-edge shown in the spectra

Table 8.5 Parameters of the

nearest coordination shells

around titanium atoms in

various titanium alkoxides:

type of neighbour atoms,

average number N, distance r,
and Debye-Waller factor σ
[13, 14]

Ti neighb. N r [Å] σ [Å]

Ti(OtAm)4 O 4.3 1.81 0.070

Ti(OiPr)4 O 3.0 1.76 0.077

C 6.0 2.95 0.059

C 3.8 3.24 0.059

Ti(OEt)4 O 3.4 1.82 0.072

O 1.8 2.05 0.072

Ti 1.2 3.12 0.056

Ti(OtBu)4 O 4.2 1.83 0.087

O 2.7 2.07 0.087

Ti 0.7 3.08 0.031
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of the lead titania samples PbTi-p and PbTi-b (Fig. 8.18, left) is inferior to that of

the titania samples Ti-p and Ti-b, due to the presence of lead. According to the Ti

K-edge EXAFS analysis given in Table 8.7, the local environment of the titanium

centres is the same in pure (Ti-p, Ti-b) and mixed metal gels (PbTi-p, PbTi-b),

independent of the alkoxide that is used.

Table 8.6 Results of curve fitting procedures for lead(II)acetate trihydrate: type of neighbour

atoms, and distance r

Pb(OOCCH3)2·3H2O

solid

Pb(OOCCH3)2·3H2O

dissolved in methanol

Pb(OOCCH3)2·3H2O

dissolved in methoxyethanol

Pb neighb. r [Å] Pb neighb. r [Å] Pb neighb. r [Å]

O 2.34 (1) O 2.30 (1) O 2.31 (1)

O 2.94 (1) O 2.49 (1) O 2.49 (1)

O 3.28 (2) O 2.77 (1) O 2.76 (1)

Pb 4.13 (2) O 4.01 (2) C 2.95 (2)

O 4.26 (2) O 3.95 (2)

O 4.56 (2) Pb 4.12 (2)

Uncertainty of the last digit is given in parentheses [16]

Fig. 8.17 Structure model of the lead compound, formed by dissolution of lead(II)acetate

trihydrate, XI, in methanol and 2-methoxyethanol with X ¼ H2O, CH3OH, CH3OCH2CH2OH.

The distances that were determined by EXAFS spectroscopy, are assigned and given in Å [16]

Fig. 8.18 Left: EXAFS functions χ(k) at the Ti K-edge of PbTi-p and PbTi-b and reference Ti-p

and Ti-b. Right: The corresponding Fourier transforms [17]
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The similarity of the Ti K-edge XANES spectra presented in Fig. 8.19 indicates

the same local symmetry of titanium atoms in all samples. A very significant feature

is the intensity of the prepeak. Typically, it has an intensity of more than half of the

edge jump, if the central atom is coordinated by four neighbours, and less intensity,

if a five- or sixfold coordination sphere surrounds the titanium centre [18].

The comparison of the investigated samples with the reference spectra of the

octahedrally coordinated titanium dioxide modifications rutile and anatase gives a

strong indication of more than four backscatterers, which is in good agreement with

the EXAFS data of five oxygen backscatterers.

The question whether homo- or heterogeneous M-O-M bond exist, is more

difficult to answer. EXAFS experiments at the titanium K-edge reveal homoge-

neous Ti-O-Ti-bonds, whereas titanium backscatterers are detected by fitting the Pb

LIII EXAFS functions of the as-dried gels PbTi-p and PbTi-b, which is shown in

Table 8.8.

Summarizing all the experimental data, the authors postulate a distorted hexag-

onal ring, formed by Ti-O-units, with terminal Ti-O-Pb linkages as structure of the

gels dried at 150 �C. In another work, thermal treatment of such gels at 375 �C
yielded a homonuclear network consisting of Ti-O-Ti linkages, where no Ti-O-Pb

contributions could be detected [19].

Malic et al. [20] performed a similar study of zirconium-based ceramic materials

of the perovskite type (PZs) and detected that, in contrast to titanium, the coordina-

tion sphere of the zirconium atoms is influenced by different alkoxide groups of the

precursors, but the local environment of the lead atoms in the PZ system shows no

difference within the analysed range. The Fourier transforms of Zr EXAFS data,

shown in Fig. 8.20, exhibit for zirconium-n-propoxide or zirconium-n-butoxide
based precursors an oxygen shell at a distance of 2.12–2.17 Å and a shell of

Zr-atoms at 3.41 Å. In the zirconium-n-propoxide based precursor, however, an

additional Zr-Zr contribution is detected at 2.91 Å, but not interpreted. The struc-

tural parameters are summarized in Table 8.9.

Table 8.7 Parameters of the nearest coordination shells around titanium atoms in reference Ti-p

and Ti-b and PbTi-p and PbTi-b: type of neighbour atoms, average number N, distance r, and
Debye-Waller factor σ2

Ti neighb. N r [Å] σ2 [Å2] N r [Å] σ2 [Å2]

Ti-p Ti-b

O 2.0 (2) 1.79 (1) 0.007 (1) 2.0 (2) 1.79 (1) 0.010 (1)

O 3.0 (1) 1.94 (1) 0.007 (1) 3.0 (1) 1.93 (1) 0.008 (1)

Ti 1.3 (1) 2.89 (2) 0.005 (1) 1.3 (1) 2.89 (2) 0.006 (1)

Ti 0.7 (1) 3.05 (1) 0.005 (1) 0.7 (1) 3.05 (1) 0.006 (1)

PbTi-p PbTi-b

O 2.0 (2) 1.79 (2) 0.003 (1) 2.0 (3) 1.77 (2) 0.004 (2)

O 3.0 (2) 1.96 (1) 0.004 (1) 3.0 (3) 1.94 (2) 0.003 (2)

Ti 1.3 (1) 2.87 (2) 0.004 (1) 1.2 (1) 2.91 (4) 0.002 (1)

Ti 0.7 (1) 3.04 (2) 0.004 (1) 0.8 (1) 3.08 (4) 0.002 (1)

Uncertainty of the last digit is given in parentheses [17]
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The EXAFS evaluation and FTIR measurements of the hydrolysed and dried

complexes, synthesized from lead acetate and zirconium-n-propoxide or zirco-

nium-n-butoxide, reveal that the amorphous sol of the n-propoxide based precursor

Fig. 8.19 Ti K-edge

XANES spectra in PbTi-

p and PbTi-b and reference

Ti-p and Ti-b. Spectra of

TiO2 anatase and rutile are

added for comparison [17]

Table 8.8 Parameters of the nearest coordination shells around lead atoms in PbTi-p and PbTi-b:

type of neighbour atoms, average number N, distance r, and Debye-Waller factor σ2

Pb neighb.

PbTi-p PbTi-b

N r [Å] σ2 [Å2] N r [Å] σ2 [Å2]

O 1.0 (1) 2.23 (3) 0.008 (1) 1.0 (1) 2.26 (3) 0.015 (2)

O 1.0 (1) 2.38 (4) 0.008 (1) 1.0 (1) 2.30 (4) 0.015 (2)

Ti 1.0 (2) 3.37 (2) 0.020 (2) 1.0 (2) 3.40 (4) 0.024 (3)

Uncertainty of the last digit is given in parentheses [17]

Fig. 8.20 Fourier

transforms of the Zr K-edge

EXAFS spectra of n-
propoxide (solid line) and n-
butoxide (dotted line) based
precursors, respectively

[20]
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contains a larger amount of acetate bridging groups than the n-butoxide one and the
crystallisation paths of both systems depend on the alkoxides used for the syntheses.

In a subsequent study, the group of Malic also measured EXAFS spectra at the

lead LIII- and zirconium K-edge of concentrated fresh solutions of transition metal

alkoxides and lead acetate in 2-methoxyethanol [21]. In all sols, the local environ-

ment was the same and Pb-O-M (M ¼ Zr or Ti) linkages were found (Tables 8.10

and 8.11). Two oxygen backscatterers are coordinated to the lead atom while the

zirconium is surrounded by six oxygen atoms. Additionally PbO was tested as an

alternative lead source. As it can be seen from the analysis of the EXAFS data in

Table 8.10, the lead source does not seem to influence the environment of the lead

atom itself, but it has a significant effect on the Zr-Zr correlation.

Comparing both sols, only about two third of Zr-O-Zr linkages found in

Pb(OAc)2 based precursors exist in sols based on PbO. In course of the drying

process, the lead EXAFS spectra of both PZ and PT species show a weakly reduced

lead-metal correlation.

The role of the starting material in the crystallization process of the lead titanate

thin film intermediates, produced by the sol-gel process, and their parent sols,

prepared with different lead sources, were also studied intensively [22]. Following

the classical 2-methoxyethanol route, a titanium 2-methoxyethoxide solution was

added to either lead oxide, lead acetate or in-situ prepared lead 2-methoxyethoxide.

For the EXAFS analysis, the sols were dried at 150 �C and measured at the Ti K and

Pb LIII-edge. In all three cases the titanium atoms are fivefold coordinated, but in

different positions. In the lead oxide-based as-dried sol (lead-PT) and in the

methoxy-PT three oxygen atoms at 1.92 Å and two at 2.09 Å surround the central

titanium, while in acetate-PT all five backscatterers are located at 2.00 Å. The

second coordination shell of the oxide-PT and the methoxy-PT consists of two

titanium atoms at different distances. The titanium centre of acetate-PT is

surrounded by 4–5 titanium atoms in the second shell with one to two

backscatterers at 2.92 Å and three at 3.12 Å.

The data for oxide-PT and methoxy-PT are interpreted that three Ti-O-units

form a distorted hexagonal ring with additionally three oxygen atoms attached

terminally to each titanium atom, whereas in the acetate-PT the existence of trimers

has to be excluded due to the five equidistant oxygen atoms in the first shell and

more than two titanium atoms in the second shell.

Table 8.9 Results of curve fitting procedures for the zirconium-n-propoxide and the zirconium-n-
butoxide based precursors: type of neighbour atoms, and distance r [20]

Zirconium-n-propoxide, r [Å] Zirconium-n-butoxide, r [Å]

Zr neighb.

O 2.12 2.17

Zr 2.91 –

Zr 3.41 3.41

Pb neighb.

O 2.39 2.39
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Analysis of the Pb LIII EXAFS spectra of the PT samples yields the same results

for the nearest coordination shells around lead atoms in all three cases: Two

oxygens, located around 2.29 and 2.38 Å, and one titanium at 3.43 Å. This outcome

confirms the existence of heterometallic Pb-O-Ti links and proves the results of a

former study, that the lead source does not influence the lead environment. Addi-

tional XRD measurements of the calcined thin films indicate a different annealing

behaviour of acetate-PT in comparison with the oxide-PT and methoxy-PT [22].

8.2.2 Ternary Systems: Formation of Lead Zirconate-Lead
Titanate-Solid Solutions

As already pointed out, an important factor that determines the kinetics of the

hydrolysis and condensation reactions in preparing PZT materials via the sol-gel

process is the degree of oligomerisation of the alkoxide precursor. In order to obtain

information about the molecular structure of mixtures of titanium and zirconium

precursors, and especially to answer the question, whether structural motifs of PZT

are already preformed in solution, Reinöhl et al. [23] performed Zr K-edge

experiments on a mixture of titanium- and zirconium-n-propoxide as well as

titanium- and zirconium-n-butoxide dissolved in their parent alcohol. In all

Table 8.10 Parameters of the nearest coordination shells around lead and zirconium atoms in PZ

precursors: type of neighbour atoms, average number N, and distance r

Sol (Pb(OAc)2) Sol (PbO) As-dried (PbO)

N r [Å] N r [Å] N r [Å]

Pb neighb.

O 1.8 (1) 2.28 (1) 2.2 (4) 2.27 (2) 2.2 (2) 2.25 (1)

Zr 2.4 (4) 3.91 (2) 1.4 (2) 3.80 (2) 1.1 (2) 3.82 (2)

Zr – – 1.0 (2) 3.95 (2) 0.7 (1) 3.98 (2)

Zr neighb.

O 2.0 (2) 2.09 (2) 1.8 (2) 2.09 (2) 2.0 (1) 2.08 (2)

O 2.0 (4) 2.16 (2) 2.0 (2) 2.16 (2) 2.0 (3) 2.16 (2)

O 2.1 (3) 2.26 (1) 1.9 (2) 2.27 (1) 2.0 (3) 2.26 (1)

Zr 5.4 (8) 3.48 (1) 3.4 (7) 3.50 (1) 3.7 (7) 3.45 (1)

Uncertainty of the last digit is given in parentheses [21]

Table 8.11 Parameters of the nearest coordination shells around lead atoms in PT precursors:

type of neighbour atoms, average number N, and distance r

Pb neighb.

Sol (Pb(OAc)2) Sol (PbO) As-dried (PbO)

N r [Å] N r [Å] N r [Å]

O 0.5 (3) 2.21 (2) 1.0 (3) 2.21 (2) 0.9 (3) 2.20 (2)

O 0.9 (3) 2.31 (2) 0.9 (2) 2.35 (2) 1.0 (3) 2.33 (2)

Ti 0.6 (2) 3.34 (1) 0.5 (2) 3.29 (1) 0.8 (3) 3.33 (1)

Ti 0.6 (2) 3.51 (1) 0.5 (2) 3.45 (1) – –

Uncertainty of the last digit is given in parentheses [21]
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investigated systems, the Zr-atom is surrounded by six O-atoms. A Zr-Zr distance

found in the pure zirconium alkoxides indicates the existence of dimers or

oligomers. In the mixture of zirconium- and titanium alkoxides, the hetero-

association is preferred, since Zr-Ti distances could be detected.

In the year 1995, Sangupta et al. [19] presented an EXAFS study of sol-gel

processed PZTs from butoxide educts and performed EXAFS measurement on

hydrolyzed amorphous gels, as-dried precursor gels (heated to 375, 425 and

500 �C) at the Zr and Ti K-edge as well as the Pb LIII-edge. The EXAFS analysis

of the sols reveals a sixfold coordination of oxygen atoms, forming a distorted

octahedron, around the Ti-atoms and the Zr-atoms of the PZT gels. The second

shell, both in case of Zr or Ti, shows a strong preference for homo-condensation,

i.e. the formation of Ti-O-Ti and Zr-O-Zr bonds. Hetero-metallic Ti-O-Zr bonds

contribute only to a small fraction. The Pb cations do not participate in the Ti and Zr

polymeric M-O-M framework and occupy random positions in the amorphous gels.

Its local structure is highly disordered.

In order to find out the reason for the heterogeneity in amorphous PZT based

materials, Malic et al. [24] prepared solid solutions of Pb(Zr,Ti)O3 with Zr/Ti ratios

75/25, 50/50 and 25/75, using standard synthesis routes. From the EXAFS spectra

at the Ti and Zr K-edge and at the Pb LIII-edge, it follows that the environment of

titanium and lead are nearly unaffected by the Zr/Ti ratio, but the surrounding of Zr

is sensitive to the zirconium concentration. In systems with high concentration of

Zr the local environment consists of distorted octahedra of oxygen with Zr-O-Zr

bonds, whereas in systems with low zirconium concentration Zr-O-Ti bonds are

observed and the distortion of the oxygen octahedra is reduced. The observed large

number of Zr-O-Zr bonds of the investigated systems indicates a high degree of

homo-condensation and therefore of heterogeneity. This strong tendency of zirco-

nium to build up networks is, in contrast to titanium, caused by its more electro-

positive character and its higher coordination number [25]. It might be speculated

that this predominance of Zr-O-Zr links is the reason of the persistence of the

transient pyrochlore-type phase in course of thermal treatment and homogeneity

can be improved by lowering the Zr : Ti ratio.

In this paper, Malic et al. already suggested that a homogeneous contribution of

the transition metals in the sols and in the final products might be generated by use

of modifiers. Consequently, they studied zirconium alkoxides modified by acetic

acid or acetylacetone and their sols [26]. The results are given in Table 8.12.

As it can be seen from this table, the number of oxygen in the first coordination

sphere of Zr is smaller in the PZT-OAc sample than in PZT or PZT-Acac. Bearing

in mind that a large amount of Zr-O-Zr links is typical of a final product with a high

content of ZrO2, the application of modifiers, especially acetic acid, turns out to be

advantageous, since the coordination number of Zr is reduced to 0.8 in the

PZT-OAc system in comparison to 2.9 in the unmodified sample and 2.5 in

PZT-Acac. An additional indication of a homogeneous distribution of the metal

components is the formation of the perovskite phase at lower temperatures and an

improvement of the electric properties [27, 28]. Due to their lower electronegativity

and a higher coordination number, zirconium alkoxides are more reactive than
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titanium alkoxides. Therefore a reduction of the reactivity of zirconium alkoxides

by selective modification can improve the homogeneity of the PZT sol.

Ahlfänger et al. [29] performed EXAFS measurements at the Zr K-edge for lead

zirconate titanate precursors of the composition PbZr0.45Ti0.55 in the sol and in the

gel state. The analysis reveals for both, sol and gel, that the zirconium is surrounded

by an oxygen sphere consisting of six backscatterers at 2.29 Å (sol) and 2.23 Å

(gel). The shorter Zr-O distance in the gel indicates its higher density compared to

the sol. In course of the fitting procedure, both titanium and zirconium have been

tested as a second shell. Titanium showed the best agreement, therefore it is

concluded that the Zr-O-Ti links already exist in the sol. Apparently the composi-

tion on a microscopic scale is uniform and structural motifs similar to structure of

crystalline PZT are preformed in the sol and gel.

This conclusion was confirmed by a detailed study of the formation of PZT films.

Sols for a PbZr0.53Ti0.47O3-PZT thin film were prepared by 2-methoxyethanol route

from lead acetate, titanium-n-propoxide, and zirconium-n-propoxide, the latter

either unmodified or modified with acetylacetone (Hacac) or acetic acid (HOAc)

in the molar ratio 2:1 [30]. But one has to take into account that zirconium-n-
propoxide reacts with the solvent 2-methoxyethanol by a transalcoholysis [31]. The

structural changes of the Zr local environment were followed from the preparation

of the sol to the amorphous film by Zr K-edge EXAFS spectroscopy. The PZT films

were prepared from the sol on sapphire (001) by spin coating and pyrolysed at

350 �C (Table 8.13).

EXAFS analysis reveals that zirconium-n-propoxide, dissolved in 2-

methoxyethanol, forms dimeric species. The modifying agent acetic acid does not

change the degree of oligomerisation, whereas the addition of acetylacetone

degraded the dimeric species to monomers. In the unmodified as well as

acetylacetone-modified PZT sol, the Zr-Zr coordination number of 2.9 and 2.5,

respectively (Table 8.12), is interpreted as an indication of phase segregation or

clustering of Zr species.

The local environment changes significantly after pyrolysis of the sol at 350 �C.
The local structure of the amorphous film, produced from the unmodfied sol, is

similar to that found in tetragonal zirconia. In PZT films with acetic acid as

modifier, the local Zr environment remains nearly unaltered in comparison with

the corresponding sol. In PZT films with acetylacetone as modifying agent, Zr-Zr

Table 8.12 Parameters of the nearest coordination shells around zirconium atoms in PZT sols:

type of neighbour atoms, average number N, and distance r

Zr

neighb.

PZT PZT-Acac PZT-OAc

N r [Å] N r [Å] N r [Å]

O 4.2 (5) 2.10 (4) 5.8 (9) 2.13 (4) 4.0 (4) 2.14 (1)

O 3.6 (5) 2.20 (4) 3.2 (9) 2.25 (4) 2.2 (4) 2.28 (2)

C 2.2 (4) 3.25 (1) 2.7 (9) 3.29 (4) 3.8 (7) 3.30 (4)

Zr 2.9 (5) 3.49 (2) 2.5 (9) 3.47 (2) 0.8 (4) 3.44 (4)

C 4.2 (7) 3.62 (5) 4.8 (9) 3.65 (5) 6.5 (8) 3.68 (4)

Uncertainty of the last digit is given in parentheses [26]
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distances are found as in the sol, but the number of coordinated Zr-atoms is higher

and the Zr-Zr distances are shorter than in the PZT filmmodified with acetic acid. In

both cases, the films contain carbon. Apparently, the pyrolysis is not yet completed

(Table 8.14).

The essential result is that after the modification with acetic acid, the original

dimeric structure of the zirconium precursor is retained in the PZT sol and it should

be noted that the type of coordination remains unchanged in the amorphous film.

Hence, selective modification of zirconium-n-propoxide with acetic acid generates

a more homogeneous distribution of zirconium atoms in the PZT sol and amor-

phous film than in both as-received and acetylacetone-modified zirconium

propoxides and improves the functional response even after low annealing

temperatures.

Figure 8.21 illustrates the modifying effect on the local environment of zirco-

nium in course of the transition from sol to film.

8.2.3 Quaternary Systems: Lanthanum Doped Lead
Zirconium Titanate

Materials of composition Pb1-x/100Lax/100(Zry/100Ti1-y/100)1-x/400O3, denoted lantha-

num doped lead zirconium titanate (PLZT) x/y/(100-y), exhibit excellent optical,

dielectric, electrooptical and piezoelectric properties. Greegor et al. [33, 34]

investigated the structure of PLZT films and performed Ti K-edge XANES

measurements for highly oriented PLZT films on differing substrates and bulk

ceramic materials. The (100) orientation of the films was perpendicular to the

substrate surface. For the XANES analysis, four systems were selected: highly

oriented PLZT 28/0/100 film deposited on Al2O3 (1102), highly oriented PLZT

28/0/100 film deposited on SiO2 buffer layer over a Si(100), highly oriented PLZT

28/0/100 film deposited only on SiO2, and a commercial hot-pressed, optically

polished PLZT 9/65/35 ceramic wafer. All the surface and bulk films are similar

Table 8.13 Parameters of the nearest coordination shells around zirconium atoms in different Zr

sols: type of neighbour atoms, average number N, distance r, and Debye-Waller factor σ2

Zr

neighb.

Zr/O Zr/Acac Zr/OAc

N r [Å] σ2 [Å2] N r [Å] σ2 [Å2] N r [Å] σ2 [Å2]

O 1.7 (5) 1.96 (1) 0.003 (1) 1.0 (3) 2.01 (1) 0.002 (1) 1.2 (4) 1.96 (1) 0.002 (1)

O 4.5 (5) 2.17 (1) 0.007 (1) 3.1 (5) 2.14 (1) 0.002 (1) 5.7 (4) 2.16 (1) 0.006 (1)

O – – – 3.9 (5) 2.23 (1) 0.005 (1) – – –

C 2.1 (6) 2.96 (2) 0.002 (1) – – – 2.4 (6) 2.97 (2) 0.003 (1)

C 3.5 (8) 3.09 (3) 0.002 (1) 0.8 (5) 3.19 (3) 0.002 (1) 3.4 (8) 3.11 (3) 0.003 (1)

Zr 0.9 (2) 3.53 (2) 0.004 (1) – – – 1.0 (2) 3.54 (2) 0.004 (1)

C 4.2 (9) 3.69 (5) 0.002 (1) 4.5 (9) 3.67 (1) 0.003 (1) 6.0 (2) 3.69 (5) 0.002 (1)

Uncertainty of the last digit is given in parentheses [30]
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and all the PLZT 28/0/100 films resemble the spectra of PLZT 9/65/35, indicating

cubic perovskite structures for these materials (Fig. 8.22).

The signature from approximately 0 to 12 eV in Figs. 8.18 and 8.19 are 1s!3d

bound state transitions, which are dipole-forbidden, but very weakly quadrupole

allowed [35]. For PLZT with perosvkite structure, a cubic closest packing of

oxygen, in which the oxygen anions occupy the octahedral interstices, is expected.

If the centre of inversion at the octahedral Ti site is distorted, the dipole transition

becomes allowed and its intensity increases with increasing distortion from

centrosymmetry. As the 1s!3d transition of PLZT 9/65/35 is more intense than

in the thin film PLZT 28/0/100, the higher intensity indicates a higher degree of

disorder in the Ti-O octahedral cage in the bulk material and can be explained with

a slightly distorted rhombohedral perovskite structure for PLZT 9/65/35 (Fig. 8.23).

Table 8.14 Parameters of the nearest coordination shells around zirconium atoms in PZT thin

films: type of neighbour atoms, average number N, distance r, and Debye-Waller factor σ2

Zr

neighb.

PZT/O filma PZT/Acac film PZT/OAc film

N r [Å] σ2 [Å2] N r [Å] σ2 [Å2] N r [Å] σ2 [Å2]

O 4.0 (7) 2.14 (4) 0.003 (1) 5.0 (8) 2.14 (2) 0.004 (2) 4.4 (4) 2.14 (1) 0.001 (1)

O 2.8 (7) 2.67 (4) 0.002 (1) 2.0 (4) 2.29 (2) 0.004 (2) 2.0 (4) 2.32 (2) 0.007 (5)

C – – – – – – 1.5 (7) 2.83 (4) 0.001 (1)

C – – – 3.3 (5) 3.36 (3) 0.003 (1) 2.0 (7) 3.32 (4) 0.001 (1)

Zr 3.0 (1) 3.43 (2) 0.006 (2) 1.6 (4) 3.39 (2) 0.004 (2) 1.0 (4) 3.44 (4) 0.004 (2)

C – – – 7.0 (9) 3.71 (3) 0.003 (1) 6.5 (8) 3.68 (4) 0.001 (1)

O 6.0 (1) 4.19 (5) 0.007 (3) – – – – – –

Uncertainty of the last digit is given in parentheses [30]
aThe data for PZT/O film are taken from [32]

Fig. 8.21 Reproduced from [30], the scheme illustrates the changes in zirconium local environ-

ment in the process of PZT thin film formation depending on the choice of the modifier [30]
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Fig. 8.22 Left: Ti K-edge XANES spectra of the TiO2 modifications anatase (A), brookite (B) and

rutile (C) Right: The comparison with Ti K-edge XANES of thin film PLZT 28/0/100 on SiO2/Si

(A), SrTiO3 (B), BiTiO3 (C) and Ti2O3 (D). The zero of energy is taken at the Ti metal K-edge

(4,966 eV) [34]

Fig. 8.23 Ti K-edge XANES spectra of PLZT materials (measured in fluorescent mode, except A

which was measured in transmission mode): 28/0/100 PLZT on SiO2 (A), 28/0/100 PLZT on SiO2

(B), 28/0/100 PLZTonAl2O3 (C), 28/0/100 PLZTon SiO2/Si (D), 9/65/35 commercial wafer (E) [34]

8 X-Ray Absorption Spectroscopy 207



In a combined study by EXAFS, Raman and X-ray diffraction, Efimov et al. [36]

analyzed PLZT materials prepared by a two-stage hot-pressing from chemical

coprecipitation. The Zr K-edge EXAFS spectra of the two ferroelectric ceramics

4/65/38 and 9/65/35 are dominated by the low-frequency signal of the six oxygen

atoms of the first coordination shell. The shoulders of the main oscillations, e.g. at

3.2 and 5 Å-1 are contributions of outer shells. Observable dissimilarities between

the two systems become obvious in the range of 7�9 Å-1 (Fig. 8.24).

The associated Fourier transforms (not phase corrected) can be separated into

three regions. The first strong peak at ~1.5 Å arises from the first coordination shell

build up by six oxygen atoms. This part is followed by the region between 2.4 and

4.3 Å. Four contributions generate this signal pattern: multiple scattering from the

first coordination shell, Pb/La backscatterers from a second shell, the third shell

consisting of the transition metal atoms Ti and Zr, and the 24 O-atoms from the

farthest detectable fourth shell. But because of a high signal-to-noise ratio, a

quantitative data evaluation for backscatterers above 2.4 Å is rather difficult.

Therefore it was not possible to reconstruct differences of the two samples, which

presumably are beyond the first shell. The results from the evaluation of the first

shell are identical. Altogether, the results of these EXAFS experiments support

Fig. 8.24 Left: Experimental EXAFS functions k3·χ(k) at the Zr K-edge of PLZT 9/65/35 powder

(top) and PLZT 4/65/35 powder (bottom). Right: The corresponding Fourier transforms [36]
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perovskite-type compounds, in agreement with the results of the other applied

methods.

8.3 Related Applications of EXAFS Techniques on

Innovative Materials and Outlook

The development of high-temperature Superconductor (HTS—see Chap. 27)

materials [37] in 1986 was a great scientific and technical innovation. The relatively

high superconducting transition temperature offers a great application spectrum for

these materials, and therefore the interest in both, a quick and cheap large-scale

production and understanding of the phenomenon of superconductivity, has been

and still is great. It was the EXAFS method that provided first fundamental and

reliable insights into the phenomenon of superconductivity.

It turned out that a strong coupling between the lattice vibration and the electrons

is prerequisite for the appearance of superconductivity. This strong electron-

phonon interaction originates from changes in the local crystalline structure, but

it is not in a scale that it can be probed by conventional diffraction methods. But

also techniques like optical spectroscopy [38], pair distribution function analysis of

neutron scattering [39] and Mössbauer spectroscopy [40] reached their limits.

XAFS [41], however, is a method probing selectively the local environment and

it has been applied to elucidate the phenomenon of superconductivity [42]. Addi-

tionally, in order to detect dynamical distortions, the characteristic time scale of the

measurement must be shorter than the characteristic time scale in which the system

changes. Since the time scale of a typical vibrational motion is roughly 10�13 s,

while it takes only around 10�17 s for the photoelectron to travel the distance 2rj
between the absorbing and backscattering atom, EXAFS is well suited to study

dynamical distortions [43].

Already in 1989 Conradson et al. [44, 45] reported on Copper K-edge XAS data

that indicate an axial oxygen-centred lattice instability, which accompanies the

superconducting transition in YBa2Cu3O7 at 92 K. This conclusion was drawn by

comparison of the EXAFS functions and their Fourier transforms at different

temperatures given in Fig. 8.25, as the contribution of a Cu-O distance at 2.3 Å

changes when the temperature is lowered from 105 K to the transition temperature

TC ¼ 92 K [44].

The contribution of a Cu-O pair around r ¼ 2 Å is relatively large at low

temperature, but undetectably small relative to the contribution of the other

neighbouring atoms above TC. The increased contribution of this atom pair to the

EXAFS function just below TC is interpreted as an increase of the harmonic

oscillation of the Cu-O mean square displacement, or a decrease of its amplitude.

This increase, however, should lower the electron-phonon coupling and explains

the superconductivity transition.
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In a later paper [45] the same group studied once more Yttrium barium copper

oxide of the composition YBa2Cu3O7 by XAS spectroscopy and they detected that

the already mentioned axial oxygen-centred lattice instability accompanying the

superconducting transition is of pseudo-(anti)ferroelectric type. The structure con-

sistent with the EXAFS data is an anharmonic double well potential with two

distinct Cu-O positions that are approximately equally populated above TC. A
similar experiment was performed on La2CuO4.1 by Mustre de Leon

et al. [46]. The determined and isolated Cu-O XAFS signal could only be

reproduced by a double parabolic potential. Apparently, a two-site radial distribu-

tion function seems to be an evident feature of the HTS materials.

As theses examples on compact materials demonstrate, XAS spectroscopy is a

very suitable method in order to investigate the temperature dependence of local

potentials, as well as the extent of disorder and the microscopic mechanisms of

physical phenomena and it should be noted that the studies of HTS materials by

means of XAS spectroscopy, mainly done in the late 1990s, provided the break-

through in theoretical interpretation of superconductivity. Simultaneously, the

recognition of the EXAFS technique has been increased significantly.

Bearing in mind that the progress not only in the theoretical description, but also

in the experimental technique is very rapid, one can expect that the XAFS spectros-

copy will be applied in an increasing amount to the investigation of films and other

low-dimensional systems. There is no doubt that it will provide a lot of very

important and essential information in the future.

Acknowledgments Diana Zauser is acknowledged for her great help with reproducing the

figures.

Fig. 8.25 Left: Experimental EXAFS functions χ(k) at the Cu K-edge at TC (lower curve) and
105 K (upper curve). Right: The corresponding Fourier transforms. The feature near r ¼ 2.0 Å in

the 105 K spectrum is actually a side lobe, which is cancelled out when the contribution of Cu-O

shell at 2.3 Å gets significant as the temperature is lowered [44]
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Chapter 9

Infrared Spectroscopy

Maria Zaharescu and Oana Cătălina Mocioiu

9.1 Introduction

One of the most frequently-used methods for the investigation of precursors,

solutions and the resulting films (and powders) of chemical solution deposition is

infrared spectroscopy. Infrared refers to that part of the electromagnetic spectrum

between the visible and microwave regions. Figure 9.1 presents the spectral

domains of infrared, visible and microwave of the electromagnetic field. The

infrared domain of electromagnetic radiation is between 12,820 and 50 cm�1

(800–200,000 nm), and it comprises three subdomains or divisions [1–6]:

• Near-infrared: approximately 12,820–4,000 cm�1 (780–2,500 nm), can excite

overtone or harmonic vibrations

• Mid-infrared: approximately 4,000–400 cm�1 (2,500–25,000 nm), may be used

to study the fundamental vibrations and associated rotational-vibrational

structure

• Far-infrared: approximately 400–50 cm�1 (25,000–200,000 nm), adjacent to the

microwave region, has low energy and may be used for rotational spectroscopy

Infrared spectroscopy analyzes the interaction of infrared radiation with a

sample (solid, liquid or gas). The samples can be organic compounds, inorganic

compounds, or mixed organic–inorganic compounds. Infrared spectroscopy

measures the frequencies at which the sample absorbs radiation, as well as the

intensities of absorption [1–5]. Chemical functional groups are known to absorb

radiation at specific frequencies. The intensity of the absorption is related to the

concentration of a compound.
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The intensity and frequency of sample absorption are depicted in a

two-dimensional plot called a spectrum [1–5]. These spectra are produced by the

motion of molecules such as vibration and rotation.

The abscissa of a spectrum can be expressed in wavelength λ [nm] or in

frequencies ν [cm�1] [2] (see relation 9.1). The relation of conversion between

wavelengths and wavenumbers is:

ν cm�1
� � ¼ 10000=λ μm½ � ¼ 10000000=λ nm½ � (9.1)

Usually, the Y-axis is expressed in transmittance [%]. Zero transmittance means

100 % absorption of light at that wavelength [1–5]. Band intensities can also be

expressed as absorbance (A). Relation 9.2 between two such band intensities shows

that the absorbance is the logarithm to the base 10 of the reciprocal of the

transmittance:

A ¼ log10 1=Tð Þ (9.2)

In a spectrum with the Y-axis in transmittance, the bands point downwards, and

in a spectrum with the Y-axis in absorbance, the bands point straight up (Fig. 9.2).

The sum of absorption and transmittance must be 100, as shown in relation 9.3.

Aþ T ¼ 100 (9.3)

The spectra in the infrared domain are used to obtain information about the

structure of a compound. In some cases, the purity of a compound can also be

detected. Infrared spectroscopy works almost exclusively on samples with covalent

bonds and is based on the fact that molecules have specific frequencies at which

they rotate or vibrate depending on discrete energy levels (vibrational modes).

These frequencies are determined by the structure of molecules, the mass of the

atoms, and the changes in the dipole.

A diatomic molecule has only one bond, and it can be approximated by a

harmonic oscillator with two atoms in the margins within the plane. When the

atoms move from one plane to another, the stretching is symmetric; when they

Fig. 9.1 Infrared domain in the electromagnetic field
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move on opposite sides, the stretching is asymmetric; and when they move out of

plane, the motion is termed rocking. If diatomic molecules are symmetric

molecules, they have no active vibrations in the infrared spectrum [2].

The resonant frequencies appear to depend on the neighboring equilibrium

molecular geometry at electronic ground-state potential energy, which can be

correlated to the strength of the bond and the mass of the atoms. This means a

bond type presents a particular vibration frequency.

Complex molecules have many bonds, and vibrations can be conjugated, leading

to infrared absorptions at characteristic frequencies that may be related to chemical

groups.

For example, the atoms in a CH2 group, commonly found in organic compounds,

can vibrate in six different ways: symmetric and asymmetric stretching (νs and νas),
scissoring (δ), rocking (ρ), wagging (w), and twisting (see Fig. 9.3) [2, 4].

The advantages of infrared spectroscopy are:

• It is a non-destructive technique. The spectra can be recorded directly on the

samples.

• The method has a high selectivity. Substances absorb in a wavelength depending

on the shape of the molecular potential energy surfaces, the mass of the atoms,

and the dipole.

• Infrared spectroscopy is a good analytical tool for identifying compounds

• It allows the identification of amorphous compounds

The disadvantages of the method are:

• The vibrations of the symmetric molecules are inactive in infrared

• The method does not verify most of the ionic bonds

• Sometimes the characteristic bands overlap and their identification can be

difficult if not impossible. There are solutions, such as deconvolution of bands,

but only if there is sufficient information about the number and exact position of

independent bands. If exact data are not known, complementary methods of

analysis are needed.

Fig. 9.2 FTIR spectra of polystyrene recorded on Nicolet 6700 FTIR: (a) absorbance and

(b) transmittance (Note: polystyrene is the etalon sample for IR spectroscopy)
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• Infrared spectroscopy is a qualitative method. Semi-quantitative analysis can be

done by using an attenuated total reflectance (ATR) device (see next section). In

some cases, quantitative data can be obtained based on the calibration curve.

9.2 Principle of Apparatus

Infrared spectra can be recorded using the transmission or attenuated total reflec-

tance method. Each of these methods requires specific devices. Transmission is a

more commonly used technique and has already been described before. Infrared

light passes through the sample and the spectrum is recorded. The method can be

applied for solid, liquid and gaseous samples. IR spectra are acquired using special

instruments known as spectrometers. Spectrometers have two models: dispersive

and FTIR.

The dispersive spectrometer has double fascicules and it uses the network or

prism. It uses a monochromatic beam, which changes in wavelength over time.

Figure 9.4 shows the schematic of a dispersive spectrometer. Source 1 emits the

infrared fascicules that pass through reference 2 and sample 3. The fascicules are

reflected by mirrors 4, and then pass though slots 5 and network 6 before arriving at

detector 7.

The modern type of spectrometer is a single-beam spectrometer known as FT-IR

and it uses a modulator (interferometer). The energy that passes through the sample

is examined using a Fourier transform instrument. Figure 9.5 shows the schematic

of a FTIR spectrometer.

Fourier transform infrared (FTIR) spectroscopy is a measurement technique

for collecting infrared spectra. Instead of recording the amount of energy absorbed

when the frequency of the infrared light is varied, the IR light is guided through an

Fig. 9.3 Vibrational modes of CH2 groups in the infrared region [2, 4]
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interferometer. After passing through the sample, the measured signal produces the

interferogram. When a Fourier transformation is performed on this signal data, a

spectrum that is identical to that from conventional (dispersive) infrared spectros-

copy is produced.

The advantages of the FTIR technique are the following:

• The measurement of a single spectrum is faster using the FTIR technique

because the information at all frequencies is collected simultaneously.

• The errors are spread throughout the spectrum because all regions of the

spectrum are observed simultaneously.

• FTIR gives accurate frequencies and this make subtraction between spectra

possible.

Attenuated total reflectance (ATR) uses the property of total internal reflection

resulting in an evanescent wave. ATR uses multiple reflections of light through a

crystal (diamond, Ge, Sapphire, ZnSe, Si, KRS-5) (see Fig. 9.6). A beam of infrared

light is passed through the ATR crystal in such way that is reflected a few times off

the internal surface which is in contact with the sample. This reflection forms the

evanescent wave which extends into the sample. The penetration depth into the

sample is typically between 0.5 and 4 μm, with the exact value being determined by

the wavelength of light, the angle of incidence, and the indices of refraction for the

ATR crystal and the medium being probed [1–4]. This method is applicable to solid

and liquid samples.

Fig. 9.4 Schematic of the

dispersive spectrometer:

1—source, 2—reference

substance, 3—sample,

4—mirror, 5—slots,

6—network, 7—detector

[2, 4]

Fig. 9.5 Schematic of the

FTIR spectrometer:

1—laser, 2—source,

3—modulator, 4—beam

splitter, 5—diode laser,

6, 7—mirrors, 8—sample,

9—detector [Nicolet 6700]
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Well-known substances can be identified automatically in the instruments’

library of spectra.

9.3 Sample Preparation

Gaseous samples require a sample cell with a long path length (typically 5–10 cm)

because gases show relatively weak absorbance [1–4]. Liquid samples can be added

between two plates of a high-purity salt (sodium chloride, potassium bromide or

calcium fluoride) [1–4]. The plates are transparent to the infrared light and will not

introduce any lines into the spectra. Some salt plates (potassium bromide, sodium

chloride) are highly soluble in water, so the sample and washing reagents must be

anhydrous [1–4].

Solid samples are usually prepared by homogenizing a quantity of sample

(approx. 1 mg), finely ground, with 200 mg of pure salt (usually potassium bromide

or cesium chloride) [1–4]. This powder mixture is then pressed in a mechanical

press under vacuum to form a translucent pellet. Another method is to crush the

sample with a mulling agent (Nujol) in an agate mortar. A thin film of the mull is

then applied onto salt plates (KRS-5) [1–4].

It is important to note that spectra obtained from different sample preparation

methods will appear slightly different from each other due to differences in the

physical states of the samples.

9.4 Infrared Spectra of CSD Precursors

In the chemical solution deposition, the starting materials are organic or inorganic

compounds. Infrared spectra are useful for identifying chemical groups in

precursors and for determining the purity of these precursors. Table 9.1 lists the

most common inorganic group frequencies, while Table 9.2 shows the most com-

mon organic groups and the characteristic frequencies.

Fig. 9.6 ATR principle. The

infrared beam is reflected by

a crystal with a high

reflection index. [Perkin

Elmer—Technical Info]
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Table 9.1 Example of group frequencies for inorganic ions [5, 6]

Inorganic group

Group frequencies in

the spectra (cm�1) Intensity Assignment Compounds

CO3
2� 1,410–1,490 i νas (CO) Carbonates

850–880 m–w νs (CO)
NO3

� 1,350–1,380 i νas (NO) Nitrates

810–840 m–w νs (NO)
SO4

2� 1,080–1,130 i νas (SO) Sulfates

610–680 m–w νs (SO)
PO4

3� 1,000–1,100 m νs (PO) Phosphates

NH4
+ 3,030–3,300 i νas (NH) Ammonium

salts1,390–1,430 m–w νs (NH)
i intensive, m medium, w weak

Table 9.2 Examples of group frequencies in infrared for organics [2, 4, 6]

Organic group

Group frequencies in

the spectra (cm�1) Intensity Assignment Compounds

-CH3 2,962 i νas (CH3) Alkans, alkenes,

alkines, primary

alcohols,

acetates, etc.

2,872 m νs (CH3)

1,460 m δas (CH3)

1,380 m δs (CH3)

1,045 m ρ (CH3)

-CH2- 2,925 i νas (CH2)

2,853 m νs (CH2)

1,430–1,470 m δas (CH2)

1,300 w ws (CH2)

720–780 w ρ (CH2)

>CH- 2,890 m νs (CH)
1,170 m chain vibrations

>C< 1,255, 1,210 w

-CH¼O 2,800–2,900 m νas (CH) Aldehyde

2,680–2,780 m νs (CH)
1,675–1,725 i ν (C¼O)

>C¼O 1,715–1,720 i ν (C¼O) Ketones

1,100–1,300 i ν (C¼C)

-C-O-H 3,500–3,640 i ν (OH) Alcohols

1,010–1,230 i ν (OH)
N-H 3,325–3,510 i ν (NH) Amine

1,590–1,660 m δ (NH)

COOH 2,300–2,500 m ν (OH) Organic acids

1,710–1,760 i ν (C¼O)

1,420 w ν (C¼O)

1,210–1,320 i δ (OH)

920 m γ (OH)
COO� 1,550–1,610 i νas (C¼O) Organic salts or

dissociated

acids
1,300–1,420 m–i νs (C¼O)

i intensive, m medium, w weak
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9.4.1 Alkoxide-Derived (Organic) Precursors

Infrared spectroscopy is useful for following the processes that occur with

precursors during synthesis. In this section, examples will be discussed of infrared

spectra of alkoxide precursors in different systems.

Alkoxides react in two ways in a CSD process: (a) self-condensation, and/or

(b) reaction with a solvent. It is well known that due to their high reactivity,

transition metals alkoxides coordinate in solution during storage. Coordination

expansion of the metal atom occurs via alkoxy bridging, leading to the formation

of more or less condensed oligomers when the metal alkoxides M(OR), (M ¼ Ti,

Zr, V, Ta, Ce) are used in a pure form or in non-polar solvents [7].

Another aspect of interest is the dilution of pure metal alkoxides in a solvent.

The literature shows that the resulting material depends on the solvent in which

hydrolysis and condensation reactions are performed [8–11]. Solvents are able to

react with metal alkoxides and change them at a molecular level [12].

Titanium alkoxides modified with carboxylic acids have been frequently studied

as molecular precursors to ceramic materials [13, 14]. Thus, in the case of reaction

with a solvent, such as carboxylic acid, three coordination modes of carboxylic

acids to a metal atom are known: monodentate via one oxygen atom, bidentate

bridging between two metal atoms, and bidentate chelating via both oxygen atoms,

as shown in Fig. 9.7 [13, 14]. In the infrared spectra, each kind of coordination

mode appears at a different frequency.

In order to obtain a Bi1/2Na1/2TiO3 (BNT) thin film with ferroelectric properties,

a BNT sol was synthesized by mixing bismuth oxide and sodium carbonate

dissolved in nitric acid and titanium tetraisopropoxide in ethylene glycol [15].

Figure 9.8 shows the FTIR spectra of the individual reagents used and of their

corresponding mixtures [15].

When titanium tetraisopropoxide was added to ethylene glycol, bands around

1,130 cm�1 and 915 cm�1 (solid squares) were observed and attributed to Ti-O-C

stretching vibration [15]. The bands at 1,399 cm�1 and 826 cm�1 that appear in the

spectra of the precursor solutions were attributed to Bi(NO3)3 and NaNO3. In the

Bi1/2Na1/2TiO3 precursor sol, two bands appear at 1,709 cm�1 and 1,554 cm�1,

which were attributed to ν(COO�) vibrational modes [15]. According to previous

data, Ti was present in two coordination modes as a monodentate acetate ligand and

bidentate chelating ligand. Infrared spectra indicated the modification of titanium

tetraisopropoxide by oxidation products of ethylene glycol. In the precursor sol of

Bi1/2Na1/2TiO3, the corresponding bonds were identified.

Figure 9.9 shows titanium tetraisopropoxide modified by glycolic acid in the

bidentate form and oxalic acid in the monodentate form.

Other examples of infrared spectra are shown in Fig. 9.10 for the mixture of

phosphoesters and Ti isopropoxide [16]. The intense and broad band in the

3,500–3,100 cm�1 region is attributed to the stretching vibrations of OH from

alcohols. The disappearance from the spectra of phosphoester of bands located at

2,700 cm�1, 2,300 cm�1 and 1,650 cm�1 characteristic of n OH and d OH can be
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explained by the condensation of the hydroxyl groups with isopropoxy groups of

the titanium alkoxide [16].

The P-O and the P-O-C stretching vibrations were located at 1,230 cm�1 and

1,050 cm�1. Major transformations were present when the titanium alkoxide was

added to the phosphoester mixture. The two vibrations characteristic of the P¼O

bond of the separate compounds OP(OH)(OBut)2 and OP(OH)2(OBut) are located
at 1,235 cm�1 and 1,225 cm�1, respectively, and they are combined into one broad

peak in the phosphoester mixture [16]. The decoupling of the peak and the shift in

the wavenumber can be explained by the condensation of OH� with titanium

alkoxide, which leads to an accentuated difference in the phosphorous environment

and an increase in the frequency interval between the two stretching vibrations [16].

Fig. 9.8 FTIR spectra of

the precursors: (a) ethylene

glycol (EG), (b) titanium

tetraisopropoxide

(TTIP), (c) titanium

tetraisopropoxide in

ethylene glycol, (d) Bi2O3

and Na2CO3 solution

in ethylene glycol,

(e) Bi1/2Na1/2TiO3 sol

precursor [15] (Reproduced

by permission of Springer)

Fig. 9.7 Different

coordination modes

occurring in metal

carboxylates [14]

(Reproduced by permission

of Elsevier)

Fig. 9.9 Titanium

tetraisopropoxide modified

by (a) glycolic acid and

(b) oxalic acid [15]

(Reproduced by permission

of Elsevier)
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The same effect is responsible for splitting the P-O-C band located at 1,050 cm�1

into two bands located at 1,080 cm�1 and 1,020 cm�1.

9.4.2 Inorganic (Water-Based) Precursors

FTIR spectra can be also used to investigate inorganic (water-based) precursors. In

the case of inorganic precursors, chelating agents must usually be added to the

reaction mixture.

Among the inorganic precursors, nitrates are mostly used. The gelling process in

the aqueous lanthanum-cobalt-citric acid system was studied by Predoana

et al. [17]. Lanthanum and cobalt nitrates were used as starting reagents in the

presence of citric acid as a chelating agent. Figure 9.11 shows the evolution of the

IR spectra of the reaction mixture at 80 �C.
In the initial solution, in addition to the characteristic band assigned to NO3

�

vibration at 1,330 cm�1, bands indicating the presence of citric acid (~1,397 cm�1)

and water (1,636 cm�1) were observed. During storage at 80 �C, the intensity of all
vibrational bands increased and new bonds were identified as a result of the

precursor reaction in solution. The studied solution was used for LaCoO3 film

deposition or powder preparation.

The FTIR spectra of the pyro-P and tripoly-P aqueous solutions at different pH

levels are illustrated in Fig. 9.12a, b, respectively [18].

The peak assignments for the infrared spectra of the pyro-P and tripoly-P

solutions are mainly based on the distribution of the species of aqueous phosphates

at different pHs, and the available peak assignment data for pure solids [19–21] and

for solutions [21, 22].

The peak assignment for a condensed phosphate solution usually indicates that

(1) bands in the region 1,200–1,270 cm�1 can be assigned to the asymmetric

stretching vibrations of the bridging PO2
�(O¼P–O�) (νas PO2

�) [19–21, 23];

(2) bands near 900 cm�1 belong to the asymmetric stretching vibration of P–O–P

Fig. 9.10 FTIR spectra of

the phosphoesters and the

Ti + P alkoxide mixture

(titanium isopropoxide and

phosphoester) [16]

(Reproduced by permission

of Springer)
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(νas P–O–P) [22, 24]; (3) bands in the regions 1,080–1,120 cm�1 and

1,000–1,030 cm�1 correspond to the asymmetric and symmetric stretching

vibrations of the PO3
2� (νas PO3

2�and νs PO3
2�), respectively [22].

Fig. 9.11 FTIR spectra of the solution in the La-Co-CA system starting from nitrates after

synthesis (solid line) and after 30 h at 80 �C (dash-dotted line) [17]

Fig. 9.12 ATR-FTIR spectra of aqueous condensed phosphate solutions at different pH levels:

(a) pyro-P solution, (b) tripoly-P solution [18] (Reproduced by permission of Elsevier)
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9.5 Evolution of CSD Processes Recorded by Infrared

Spectroscopy

The evolution of the CSD process leads to the formation of the M-O-M bonds

which were also identified in the infrared spectra. Infrared spectroscopy can

describe the formation of new bonds by modification of the metallic coordination,

after reaction with the initial solution, by identifying new vibrations. The final

compounds after chemical solution deposition are amorphous, vitreous or crystal-

line films. In the amorphous films, infrared spectroscopy detects the bonds in the

sample such as Me-O, Me-O-H, etc.

In vitreous materials (such as glasses and solid polymers), molecular groups

have a number of characteristic vibrational modes determined by the masses of

atoms, interatomic forces and geometric arrangements, i.e. the structure [25]. The

infrared spectra can be good detectors of medium- and short-distance arrangements.

In the case of crystals, the direct determination of the structure from vibrational

spectra is not possible [25]. The structure must be known from other methods, such

as X-ray diffraction. In crystals, the groups interact with their neighbors, which

means that if the crystals are almost perfect, infrared spectroscopy is very useful,

but in the case of crystals with defects, this approach is more difficult due to the

increase in the complex approximations used, which in turn can increase the

errors [26].

The groups in glasses and crystals are the same. In crystals, the groups interact

with their neighbors. In glasses, the groups can be isolated polyhedral units, or units

arranged as chains (part of the network). Group frequencies for some of the most-

studied inorganic groups present in glasses or in crystals are presented in Table 9.3.

In the case of films prepared by CSD, the process was monitored from precursor

to amorphous deposited films and their crystallization process. Some examples are

given below.

Lashgari andWestin [26] reported on the preparation of a lead zirconium titanate

(PZT) film and powder by the sol–gel technique using Ti- and Zr-alkoxides and a

novel Pb precursor, and they described the whole process using the FTIR technique.

As shown in Fig. 9.13, they recorded the evolution of the process from precursor

solution to treated powder. Their aim was to study the phase evolution when

decomposing the hydroxyls and organic groups to form PZT. The precursor solu-

tion was deposited on glass substrates, and the films formed were removed after

drying [26].

The IR spectrum of the gel film showed peaks from polyether groups

(1,250–800 cm�1), H2O (1,630 cm�1) and nitrate groups (1,384 cm�1) [26]. The

absence of a peak at 1,194 cm�1 showed that the gel was free of MOE(H) [26]. The

band at 1,384 cm�1 due to the NO3
� group was quite broad in the precursor solution

as well as in the gel.

Ion et al. published a study of the crystalline lanthanum zirconate [27]. In

Fig. 9.14, the spectra of 2-methoxyethanol, lanthanum nitrate (LN), LN-sol, lantha-

num zirconate (LZ)-sol, dried LZ and crystalline LZ are presented [27].
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The organic bands from 2-methoxyethanol can be observed in sols while they

disappear in spectra of dried LZ and crystalline LZ.

Hardy et al. [28] used FTIR spectroscopy to study the crystallization of stron-

tium niobate films processed by water-based chemical solution deposition

(cf. Chap. 5), which is shown in Fig. 9.15. A special device known as a grazing

angle attenuated total reflectance—Fourier transform infrared spectroscope

(GATR-FTIR, Harrick, Ge hemispherical crystal) was used [28].

The authors [28] reported that GATR-FTIR spectra for the thickest Sr2Nb2O7

(SNO 1:1) calcined at 600 �C show M–O bond vibration below 1,000 cm�1

(875 cm�1, 810 cm�1, 780 cm�1 and 710 cm�1) and the presence of a peak around

2,340 cm�1, which may be ascribed to nitrogen in organics or trapped CO2.

Table 9.3 Examples of group frequencies of inorganic units that appear in the spectra of glasses

and crystals (taken from Zarzycki and Nakamoto) [5, 25]

Inorganic group

Group frequencies in

the spectra (cm�1) Assignment Observations

SiO4
4� 800–1,050 ν (Si-O) In isolated groups

SiO4
4� 800–1,050 ν (Si-O) In condensed groups

SiO6
6� 800–1,050 ν (Si-O) In condensed groups

TiO4
4� 690–800 ν (Ti-O) In isolated groups

TiO6
6� Below 500 ν (Ti-O) In isolated groups

TiO4
4� ~900 ν (Ti-O) In condensed groups

TiO6
6� ~700 ν (Ti-O) In condensed groups

AlO4
4� 650–800 ν (Al-O) In isolated groups

AlO6
6� 400–500 ν (Al-O) In isolated groups

AlO4
4� 700–870 ν (Al-O) In condensed groups

AlO6
6� 400–650 ν (Al-O) In condensed groups

ZnO4 400–600 ν (Zn-O) Condensed and isolated group

frequencies overlap

Al(OH)4
4� 615–720 ν (Al-O)

Zn(OH)4 470–570 ν (Zn-O)

Fig. 9.13 FTIR spectra of

(a) PZT powder, (b) PZT

precursor solution, (c) PZT

gel, (d) gel heated

to 185 �C, (e) gel heated to

285 �C, (f) gel heated to

355 �C, (g) gel heated
to 550 �C, and (h) gel heated
to 700 �C [26] (Reproduced

by permission of Springer)
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Niobium silicate formation can be identified according to the bands around

850 cm�1 assigned to the Nb–O(Si) vibrations [29] or Si–O(Nb) vibrations that

are reported to occur at 960 cm�1 [30, 31]. Niobium oxide vibrations below

1,000 cm�1 (885 cm�1, 810 cm�1, 780 cm�1, 730 cm�1) [30, 32, 33] can also be

observed in Fig. 9.15. In this case, the band of Nb-O appears in all films.

Tellier and Colab. [34] obtained a pure and transparent ZnO film on a SiO2/Si

substrate. The infrared spectra are shown in Fig. 9.16. The FTIR spectra of the ZnO

film have similar bands at 687 cm�1 and 578 cm�1, which correspond to Zn–O

bonds [34]. The infrared spectra of the SiOx/Si substrate is characterized by four

bands at 620 cm�1, 814 cm�1, 1,014 cm�1 and 1,144 cm�1, which are assigned to

the stretching of Si–Si bonds and Si–O–Si bending and stretching modes [34, 35].

Jitaru et al. [36] studied the doped lanthanum chromites. Figure 9.17 shows the

FTIR spectra of acetate precursors in aqueous solution (spectrum a), the thermal

Fig. 9.14 IR spectra of

2-methoxyethanol (MOE),

La(NO3)3•xH2O, LN-sol,

LZ-sol, dried LZ and

crystalline LZ [27]

(Reproduced by permission

of Elsevier)

Fig. 9.15 GATR-FTIR

spectra of SNO films as a

function of annealing

conditions 0.075 M SNO

1:1 (Sr2Nb2O7) [28]

(Reproduced by permission

of Elsevier)
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decomposition in steps of La-Cr-acetate precursors (spectrum b), and precursors

calcined at 800 �C (spectrum c).

Spectrum (a) presents bands of stretching of bidentate bridging CH3COO
� ion at

1,456 cm�1, 1,559 cm�1, 1,620 cm�1, the bands of coordinated H2O at 3,390 cm�1,

1,620 cm�1, 650–670 cm�1, and OH� groups at 940 cm�1 and 1,030 cm�1. In

spectrum (b), the frequencies of bidentate CH3COO
� ion and coordinated H2O

disappear, and only δM-OH and νOCO (monodentate CH3COO
� ion) frequencies

remain. Spectrum (c) presents just the strong bands around 600 cm�1 and 425 cm�1

corresponding to the stretching vibration of the Cr-O and O-Cr-O bonds.

Impurity traces and compound formation were identified by using FTIR spec-

troscopy by Stanulis [37], as can be seen in Fig. 9.18.

The absence of a very strong signal at 790 cm�1 in Fig. 9.18b confirms that

stannic acid does not contain any traces of oxalate ions (bands in Fig. 9.18a). The

band around 600 cm�1 shows the formation of the Sn-O bond (Fig. 9.18b). Thermal

treatment at 800 �C caused changes in the FTIR spectrum of stannic acid, verifying

the dehydroxylation (Fig. 9.18c) and formation of SnO2.

Based on these insights, the precursor can be regarded as a reliable source for

tin-oxide film deposition [37].

As a general feature, in all investigated systems the as-deposited films presented

infrared vibration bands characteristic of the components of the solution used for

film deposition. Thermal treatment decreased the intensity of these vibrational

bands before they vanished due to the evolvement of the volatile species and the

formation of new chemical bonds of the M-O-M type.

Fig. 9.16 FTIR spectra of

the SiO2/Si substrate and

ZnO films deposited on a

SiO2/Si substrate and heated

at 150 �C and 450 �C in air.

The samples consisted of

ten deposited layers [34]

(Reproduced by permission

of Elsevier)
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Fig. 9.17 FTIR spectra of

[LaCr(CH3COO)3(OH)3
(H2O)3] � 4H2O: (a) 25

�C;
(b) 370 �C; (c) 800 �C [36]

(Reproduced by permission

of Elsevier)

Fig. 9.18 FTIR spectra of

(a) tin (II) oxalate,

(b) hydrated tin (IV) oxide,

and (c) tin (IV) oxide [37]

(Reproduced by permission

of Springer)
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9.6 Conclusions

This section presents some general considerations on IR spectroscopy and its

application to study the chemical solution deposition of thin films. Data concerning

the IR characteristics of organic and inorganic precursors were presented together

with information on the influence of the type of solutions (alcoholic or aqueous) on

the characteristics of the deposited films. Crystallization by thermal treatment of the

films that are usually amorphous as deposited was also discussed. It should be

mentioned that IR spectroscopy is one of the most powerful methods for

characterizing solutions and amorphous materials. In the case of crystalline

materials, other methods could provide more detailed information on structure.
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Part III

Deposition Techniques

General routes and prerequisites of deposition techniques are described in various

chapters of Part III. At first the three main techniques (dip coating, spin coating and

aerosol deposition) will be described in Chaps. 10–12. It should be noted that

“aerosol deposition” is the more precise generic term for all deposition methods

which spray a precursor solution onto a cold or more often preheated substrate

(spray coating or spray pyrolysis [1]). In literature the names MAD technology

(from “metalorganic aerosol deposition” [2]) or aerosol MOCVD may also be

found [3], which is rather a question of the wording than a real physical difference

to other kinds of spray pyrolysis techniques.

In Chap. 13 advanced methods of deposition which simultaneously enable the

patterning of the deposited films are reviewed. The focus is laid on inkjet printing of

precursor solutions which works with directed deposition of a jet of fine droplets

(~15–200 μm) onto a substrate. Since it is an additive process with strongly reduced

chemical waste and applicable in industry, it represents an emerging technique in

CSD technology for various materials ranging from metals to functional oxides.

Other direct writing methods such as micro-contact printing are also briefly men-

tioned. For a comprehensive survey on direct-writing technologies the reader is

referred to the book of Piqué and Chrisey [4].

Chemical bath deposition (CBD) is a further deposition method, which typically

leads to a laminar coating and relies on once or repeated immersion of the substrate

into a suitable, often water based precursor solution. The solid thin film is produced

by exsolvation from the solution. By controlling temperature (typically below

100 �C), pH, and concentration of the coating solution, the film formation can be

tailored. Chapter 14 is dedicated to all aspects of this special method.
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Chapter 10

Dip Coating

C. Jeffrey Brinker

10.1 Introduction

Among the various wet chemical thin film deposition methods dip coating

represents the oldest commercially applied coating process. The first patent based

on this process was issued to Jenaer Glaswerk Schott & Gen. in 1939 for sol-gel

derived silica films [1]. Nowadays sol-gel [2] or more general CSD derived coatings

are being studied for a manifold range of applications such as ferroelectrics,

dielectrics, sensors and actuators, membranes, superconducting layers, protective

coatings, passivation layers, etc. (see Part V of this book). Basically the process

may be separated into three important technical stages:

1. Immersion & dwell time: The substrate is immersed into the precursor solution

at a constant speed followed by a certain dwell time in order to leave sufficient

interaction time of the substrate with the coating solution for complete wetting.

2. Deposition & Drainage: By pulling the substrate upward at a constant speed a

thin layer of precursor solution is entrained, i.e. film deposition. Excess liquid

will drain from the surface.

3. Evaporation: The solvent evaporates from the fluid, forming the as-deposited

thin film, which can be promoted by heated drying. Subsequently the coating

may be subjected to further heat treatment in order to burn out residual organics

and induce crystallization of the functional oxides.

At first glance this coating method is rather simple, however a more detailed

understanding of the microscopic processes during dip coating enables tailoring of

the final films since it is the coating process that serves as one important link

between the structure of the solution or sol, respectively, and the microstructure of

the deposited film. Hence this chapter addresses the fundamentals of the underlying
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physics and chemistry of the thin film formation by dip coating including recent

findings. Although the dip coating process can be applied to all types of precursor

solutions (sol-gel, MOD and hybrid, compare Chap. 3 the use of sol-gel type

solutions offers the most possibilities to influence the film properties by modifying

the size and structure of the inorganic species in the sol together with the solvent(s).

Thus though already mentioned in other chapters of this book briefly the

corresponding aspects of sol-gel chemistry are reviewed at first. Then the features

of the classical dip coating process are discussed by means of sol-gel derived

coatings. This comprises the deposition of inorganic sols with regard to time scales

and the effects of sol structure and capillary pressure on such properties as refrac-

tive index, surface area, and pore size of the deposited film. Finally advanced dip

coating approaches like angular dependent dip coating and the evaporation-induced

self-assembly (EISA-process), which enable the rapid production of patterned

porous or nanocomposite thin film materials, are presented.

10.2 Precursor Solution Chemistry

At first some general comments to the requirements of precursor solutions with

regard to successful dip coating are presented in this section. A trivial but probably

most important precondition is that the condensed phase remain dispersed in the

fluid medium, that macroscopic gelation be avoided, and that the sol be sufficiently

dilute so that upon deposition the critical cracking thickness not be exceeded (see

discussion in Sect. 10.3.3). Thus in principle all different kinds of sols or solutions

described in Part I of this book can be used for dip coating, although as will be

shown in the following sections, the differences in the structures of the condensed

phase lead to differences in the structures of the deposited films. Since sol-gel type

precursor solutions offer the most obvious opportunities to influence these

structures of the condensed phase during the coating process, some basics of

sol-gel chemistry are briefly reviewed at this point.

In general the sol-gel process uses inorganic or metallo-organic precursors

[2]. In aqueous or organic solvents, the precursors are hydrolyzed and condensed

to form inorganic polymers composed of M-O-M bonds. For inorganic precursors

(salts), hydrolysis proceeds by the removal of a proton from an aquo ion

[M(OH2)n]
z+ to form a hydroxo (-OH) or oxo (¼O) ligands. Condensation reactions

involving hydroxo ligands result in the formation of bridging hydroxyl (M-μ(OH)-M)

or oxo (M-O-M) bonds. Normally, monomeric aqueous ions are the only stable

species at low pH and various monomeric or oligomeric anions the only species

observed at high pH. At intermediate pH, well-defined polynuclear ions are often the

stable solution species, but the metal solubility is normally limited there and, when

exceeded, results in the precipitation of oxyhydroxides or oxides [3]. The most

commonly used molecules are metal alkoxides which are described in more detail

in Chap. 1 in this book. Often the alkoxide is dissolved in its parent alcohol and

hydrolyzed by the addition of water plus, in the case of more electronegative metals
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or metalloids, acid or base catalyst. Hydrolysis replaces alkoxide ligands with

hydroxyl ligands. Subsequent condensation reactions involving the hydroxyl ligands

produce oligomers or polymers composed of M-O-M or M-μ(OH)-M bonds.

For both inorganic and metallo-organic precursors, the structure of the evolving

oligomers or polymers depends on the extent of hydrolysis and the preferred

coordination number or functionality of the metal [2, 4].

In the case of inorganic precursors, the extent of hydrolysis is generally con-

trolled by the pH (cp. also Chap. 14), while the effective functionality may be

controlled (reduced) through complexation with mono- or multidentate anionic

species. The extent of hydrolysis of metallo-organic precursors is controlled

through the molar ratio (r) H2O/M and the catalyst concentration. Since many of

the metals of interest for functional oxide thin films (e.g. Al, Ti, Zr, Nb, Ta etc.)

have coordination numbers (CN) �4, complete condensation would lead to com-

pact, particulate metal oxides. In order to avoid this, chemical modification of the

metal alkoxide with chelating or bridging multidentate ligands is generally used to

reduce both the effective functionality and the overall extent of condensation

[4]. NMR, SAXS, and diffraction studies have documented that the above strategies

allow the structure of the condensed species to be varied over a wide range spanning

monomers, oligomers, polymers, and nanocrystals [2]. Often so-called “polymeric

sols” are characterized by a mass or surface fractal dimension (see discussion in

Sect. 10.3.4).

By using humidity insensitive MOD-type precursor solutions unintended

hydrolysis&condensation reactions can be avoided. However in this case the

microstructure directing influence of the classical sol-gel reaction is lost.

10.3 Classical Dip Coating

In the standard approach, the substrate is withdrawn vertically from the solution

reservoir at a constant speed U0 (Fig. 10.1) [5]. According to the streamlines in

Fig. 10.1 the moving substrate entrains the liquid in a fluid mechanical boundary

layer that splits in two above the liquid bath surface, returning the outer layer to the

bath [6].

Above the stagnation point S (Fig. 10.1), when the upward moving flux is

balanced due to evaporation, the film position and shape of the film profile remain

steady with respect to the coating bath surface. Since the solvent is evaporating and

draining, the entrained film acquires an approximate wedge-like shape that

terminates in a well-defined drying line (x ¼ 0 in Fig. 10.2). Above this vapor-

liquid-solid three-phase boundary (drying line) the non-volatile species form the

as-deposited layer which may be subjected to further curing. Figure 10.2 shows

schematically the microscopic processes which occur within the thinning film. The
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inorganic species are progressively concentrated by evaporation, leading to aggre-

gation, gelation, and final drying to form a type of dry gel or xerogel layer.
In order to model the thickness evolution during dip-coating several regimes

have been taken into account. According to Scriven [6] the entrained thickness h0

Fig. 10.1 Detail of the flow patterns (streamlines) during the dip-coating process. U0 is the

withdrawal speed, S is the stagnation point, δ the boundary layer, and h0 is the thickness of the

entrained fluid film on the substrate

Fig. 10.2 Schematic of the steady-state dip-coating process, showing the sequential stages of

structural development that result from draining accompanied by solvent evaporation and

continued condensation reactions. U0 is the withdrawal speed; h(x) is the film thickness at position

x measured from the drying line x ¼ 0; h0 is the entrained film thickness just above the stagnation

point S, i.e. before evaporation; η is the liquid viscosity; ρ is the liquid density; PC is the capillary

pressure; γLV is the liquid-vapor surface tension; rpore is the pore size and θ is the wetting angle
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(see Fig. 10.2) of the deposited film is related to the streamline dividing the upward

and downward moving layers (Fig. 10.1). In principle a competition between

various forces in the film deposition region governs the film thickness and the

position of the stream line [6].

• When the liquid viscosity η and withdrawal speed U0 are high enough to lower

the curvature of the gravitational meniscus, the deposited film thickness h0 is that
which balances the viscous drag (ηU0) and gravity force (ρg) [6, 7] according to:

h0 ¼ c1 ηU0=ρgð Þ1=2 (10.1)

where ρ is the liquid density, g is the acceleration of gravity and the constant c1 is
about 0.8 for newtonian liquids.

• When the substrate speed (typical range of ~1–10 mm/s) and liquid viscosity η
are low, as is often the case for sol-gel film deposition, this balance (Eq. 10.1) is

modulated by the ratio of viscous drag to liquid-vapor surface tension γLV,
according to the relationship derived by Landau and Levich for a newtonian

and non-evaporating fluid [7]:

h0 ¼ 0:94
ηU0ð Þ2=3

γ1=6LV ρgð Þ1=2
(10.2)

At usually applied withdrawal speeds in the range of ~1–10 mm/s this draining

approach often describes the thickness evolution of dip-coating derived films

relatively well, however recently the group of Grosso [8, 9] showed by means of

various silicon-/titanium oxide precursor solutions, that in case of ultra-slow with-

drawal speeds, i.e. below 0.1 mm/s or other extreme conditions such as high

evaporation rate, highly reactive species in the precursor solution etc., this model

cannot describe the coating results. In order to explain the finding that the (final)

thickness vs. withdrawal speed curve (Fig. 10.3a) shows a minimum, the “capillar-

ity regime” was introduced and modeled by semiexperimental equations.

• In case of very low withdrawal speeds, i.e. in the capillarity regime, the solvent

evaporation becomes faster than the movement of the drying line leading to a

continuous feeding of the upper part of the meniscus by the precursor solution

through capillary rise (Fig. 10.3b).

By assuming that the evaporation rate E is constant and applying the mass

conservation law the following relation for the final film thickness hf (i.e. after
stabilization by thermal treatment) could be derived for the capillarity regime [9]:

hf ¼ ciMiE

αiρiLU0

¼ ki
E

LU0

� �
(10.3)

where ci is the inorganic precursor solution concentration,Mi is the molar weight of

inorganic material, αi is the fraction of inorganic material in the film [9], ρι is the
density of the inorganic material, and L is the width of the film. Since αi does not
vary significantly with U0 a new solution dependent material proportion constant ki
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is introduced. Equation (10.3) describes relatively well the (final) thickness in case

of withdrawal speeds of 0.01 mm/s to ~0.1 mm/s are applied.

• In order to model the intermediate U0 values (~0.1 and 1 mm/s), where the

hf (U0) curve exhibits a minimum (Fig. 10.3a), it was taken into account that both

regimes (“draining” and “capillarity”) are overlapping. Before summing up both

contributions at first a relation for the final thickness hf in case of the draining

regime (Landau-Levich model) was derived from Eq. (10.2) considering the

evaporation by introducing the material proportion constant ki into the equation.
The physicochemical constants of the precursor solution are combined to a

global constant D leading to Eq. (10.4) which now describes the final film

thickness, disregarding any evaporation-dependent parameters, such as viscos-

ity, surface tension and possible condensation in sol-gel type precursors.

hf ¼ kiDU0
2=3 (10.4)

Since ki and h0 were known for each speed U0, D was calculated from

experimental data and found to be roughly constant if U0 was in the typical

range of 1 to ~10 mm/s, which is a requirement for the Landau-Levich based

model. Only a slight decrease of D is found for the highest values of U0 [9]

which was attributed to the fact that under these conditions the thickness of the

deposited solution is too high for the gravity-induced viscous drag to be

Fig. 10.3 (a) Plot of the final thickness (hf) versus withdrawal speed (log-log scale) for a precursor
solution system consisting of tetraethylorthosilicate, methyltriethylorthosilicate and the block

copolymer Pluronic® F 127 in ethanol (FMSi-H-25)—experimental points and corresponding

models for both independent (dashed line) and combined (solid line) capillarity and draining

regimes of film formation (modified after [9]). (b) Schematic illustration of the dip coating process

in case of the capillarity regime
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counterbalanced by the adhesion of the layer to the surface [10]. Hence summing

up Eqs. (10.3) and (10.4) yields Eq. (10.5) which describes the experimentally

measured thickness evolution of a number of dip coated sol-gel type precursor

solutions quite well (Fig. 10.3) [9].

hf ¼ ki
E

LU0

þ DU0

2=3
� �

(10.5)

From setting the derivative (dhf/dU0) of Eq. (10.5) to zero the intermediate

critical speed U0,C at the minimum thickness hf,min can be calculated by

Eq. (10.6).

U0,C ¼ 2DL

3E

� ��3
5

(10.6)

Although this semiexperimental approach cannot describe time dependent

parameters like viscosity variation, evaporation cooling, thermal Marangoni flow

etc., the calculated values for the critical speed and minimum thickness for a

number of precursor systems was in good agreement with experimental data

[9]. The observed tendency to two opposite film thickness evolution regimes

enables a good control of the thickness (from very thin to ultrathick) by using the

same precursor solution. Thereby the speed of deposition in the capillary regime

can be considerably increased by using warm air because it is governed by the

evaporation rate E.

10.3.1 Pure and Binary Fluids

Although the classical expression (10.2) was developed for pure fluids (i.e. those

with no condensed phase), several studies of sol-gel dip coating have verified the

h0 ~ U0
2/3 relationship predicted by Eq. (10.2) (e.g., [11]), suggesting that the

entrainment of inorganic species has little effect on the hydrodynamics of dip

coating, at least at the early stages of deposition where the entrained sol is quite

dilute. Some insight into the sol-gel film deposition was revealed by “imaging

ellipsometry” [12] and “fluorescence imaging” [13, 14] of the steady state film

profile (Fig. 10.2). Thereby imaging ellipsometry allowed the in situ determination

of film thickness h and film refractive index n over the complete film profile, while

embedded organic dyes acted as molecular sensors of the progressively changing

physical and chemical environments created within the thinning film.

Whereas the entrained film thickness immediately above the stagnation point

depends on hydrodynamic factors, the shape of the film profile h(x) in the vicinity of
the drying line is established by the evaporation rate. Hurd showed that for a planar

substrate geometry, the evaporation rate E of a pure fluid was not constant but

diverged at the drying line (x ¼ 0 in Fig. 10.2) according to expression (10.7) [15]:
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E xð Þ ¼ Dνax
�1=2 (10.7)

where Dν is the diffusion coefficient of the vapor, and a is a constant.

The divergence of the evaporation rate causes the film to thin more quickly in the

vicinity of the drying line, so instead of exhibiting a wedge-shape (the expectation

for uniform evaporation) the film profile acquires a parabolic shape (Fig. 10.4a):

h xð Þ �
ð
E xð Þdx � x1=2 (10.8)

For multicomponent fluids (e.g., alcohol/water mixtures often used in alkoxide-

based sols) differences in the evaporation rate’s and surface tensions of the individ-

ual fluid components alter the shape of the film profile and create convective flows

within the depositing film. For example, for binary alcohol/water mixtures, the film

profile shows two roughly parabolic regions (see Fig. 10.4b). The first corresponds

to the preferential evaporation of alcohol to leave a water-rich fluid. The difference

in surface tensions between the water-rich and alcohol-rich regions induces liquid

flow into the water-rich “foot” with velocity u the so-called “Marangoni effect”

[5, 11]:

u ¼ 1

η

dγ

dx

� �
z� U0 (10.9)

where z is the direction normal to the substrate surface (i.e. z ¼ h). The foot slowly
grows until this flux is balanced by that of evaporation from the expanding free

Fig. 10.4 Thickness profiles two of dip coated films from different solutions. (a) Ethanol film

(circles) where the profile can be fitted quite well by Eq. (10.8) (solid line). (b) Double parabolic
profile of a 50:50 propanol:water film (volume ratio) caused by differential volatilities and surface

tension gradient driven flows. x1 is the position of the drying line; x2 is the position of the “false”

drying line created by the depletion of the propanol-rich phase. The film thickness equals

approximately the fringe order times 240 nm. Modified after [15, 16]
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surface. There are several consequences of preferential evaporation and surface

tension gradient driven flows with respect to sol-gel film deposition:

• It is the composition of the fluid that persists to the drying line that establishes

the surface tension and hence the magnitude of the capillary pressure exerted on

the condensed phase (Fig. 10.2). Fluorescence imaging performed by Nishida

and co-workers [13] has shown that for ethanol/water/silica sols, the composi-

tion of the fluid at x ¼ 0 is greater than 80 % water, when the initial sol contains

only 12.5 volume % water.

• The surface tension gradient-driven flow of liquid through a thin “neck” can

create quite high shear rates during dip-coating. For the toluene:methanol

(50:50) system, the shear rate resulting from surface tension gradient driven

flow is estimated to be 104 s�1 [15]. Such shears could be sufficiently strong to

align or order the entrained inorganic species.

10.3.2 Effect of Condensed Phases

The previous sub-sections have largely ignored the effects of the entrained inor-

ganic species, viz., polymers or particles. These species are initially concentrated

by evaporation of solvent(s) as they are transported from the coating reservoir

toward the drying line within the thinning fluid film during withdrawal. They are

further concentrated (compacted) at the final stage of the deposition process by the

capillary pressure PC (Fig. 10.2). In the following paragraphs the various factors are

discussed.

10.3.2.1 Solids Concentration and Time Scale

Above the stagnation point (see Fig.10.1) all fluid elements are moving upward,

which means that all the entrained inorganic species that survive past the stagnation

point are incorporated in the final deposited film. Steady state conditions in this

region require conservation of non-volatile mass, thus the solids mass in any

horizontal slice (dmi in Fig. 10.5a) of the thinning film must be constant [16]:

h xð Þϕ xð Þ ¼ constant (10.10)

where ϕ(x) is the concentration, or volume fraction solids, respectively. From

Eq. (10.10) it can be seen that ϕ varies inversely with h, if h << h0 (the normal

case for sol-gel dip-coating). In case of planar substrates which have a parabolic

thickness profile (h(x) � x1/2) [6], ϕ should vary as 1/h � x�1/2 in the thinning

film [15].

The rapid concentration of the entrained inorganic species is more evident from

consideration of the mean particle (polymer) separation distance<r>, which varies
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as the inverse cube root of ϕ, <r> ~ x1/6 (Fig. 10.5b). This precipitous function

implies that half the distance between particle (polymer) neighbors is traveled in the

last 2 % of the deposition process, establishing a time scale of about 100 ms during

which the condensed species are in close proximity. Several consequences of the

short time scale of the film deposition processes may be anticipated:

• There is little time available for reacting species to “find” low energy

configurations. Thus (for reactive systems) the dominant aggregative process

responsible for network formation may change from reaction-limited (near the

bath surface) to transport-limited near the drying line (Fig. 10.5b).

• For sols composed of repulsive particles, there is little time available for the

particles to order as they are concentrated in the thinning film.

• There is little time available for condensation reactions to occur. Thus gelation

may actually occur by a physical process, through the concentration dependence

of the viscosity rather than a chemical process (In some systems this is evident

by the fact that the deposited film is quickly re-solubilized when immersed in a

solvent [17]).

• Since the thin physical or chemical gels are likely more weakly condensed, and

hence, more compliant than bulk gels, they are more easily compacted first by

evaporation and then by the capillary pressure exerted at the final stage of the

deposition process (see Fig. 10.2). In such compliant materials the effects of

capillary forces are enhanced, because greater shrinkage precedes the critical

point, where the liquid-vapor interface first recedes into the gel (Fig. 10.2 inset),

causing the pore size to be smaller and the maximum capillary pressure to be

greater (see following discussion of drying).

10.3.2.2 Stages of Drying

Scherer [18] divides the drying of gels into two stages a constant rate period (CRP)

and a falling rate period. During the constant rate period, mass transfer is limited by

convection away from the gel surface, whereas during the falling rate period, mass

Fig. 10.5 (a) Fluid profile-concentration relationship for dip-coating. The conservation of non-

volatile mass provides a relation between thickness profile h(x) and the concentration ϕ(x)
according to h(x)ϕ(x) ¼ constant. (b) Fluid profile mean separation relationship during

dip-coating. From [15]
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transfer is limited by the permeability of the gel. Extending these ideas to dip

coating, it might be expected that a CRP would obtain throughout most of the

deposition process, since the liquid-vapor interface remains located at the exterior

surface of the thinning film except at the final stage of drying (see Fig. 10.2). As

already mentioned above a constant evaporation rate implies a wedge-shaped film

profile. This is not observed for pure fluids, nor is it observed for inorganic sols. For

example, the film profile of a titanate sol prepared from titanium ethoxide

hydrolyzed under acidic conditions in ethanol is described by h(x) ~ x0.62 [5],

which indicates that the evaporation rate increases as x ! 0, although not quite

as rapidly as for pure ethanol (h(x) ~ x0.5). Thus even for the deposition of inor-

ganic sols, the film profile, and hence the concentration profile, are largely

established by the dependence of the evaporation rate on the geometry of the

depositing film Experiments performed on a variety of substrates, including metals,

ceramics, and plastics all showed similar thickness profiles emphasizing that the

evaporation rate, not the wetting characteristics are responsible for determining the

profile shape [15]. For sols containing fluid mixtures of differing volatilities,

the fluid composition changes with distance x, contributing to further changes in

the evaporation rate. The critical point, where the liquid first recedes into the gel

(see Fig. 10.2 inset) should mark the beginning of the falling rate period. Depending

on the distribution of liquid in the pores, the drying rate is limited by flow or

diffusion. For compliant molecular networks that are collapsed prior to the critical

point, drying occurs by Fickian diffusion, if the temperature is above the glass

transition temperature of the mixture [18]. The onset of a falling rate eriod near the

drying line may account for the differences in the exponents that describe the shape

of the pure fluid and the titanate sol film profiles.

10.3.2.3 Rheology

As the film becomes more concentrated in the condensed phase through evapora-

tion, the rheological response of the liquid changes from Newtonian to shear

thinning (aggregated systems) or thixotropic (ordered systems) and then to visco-

elastic. Eventually gelation extends throughout the film and the material no longer

yields, i.e. the film behaves as an elastic solid. It is at this final stage of the

deposition process that the capillary pressure PC created by tiny menisci as they

recede into the gel, is maximized (see inset Fig. 10.2). The curvature of the menisci

causes the liquid to be in tension and the network in compression. Generally the

magnitude of the capillary pressure is estimated by the Laplace equation:

PC ¼ 2γLV cos θð Þ
rP

(10.11)

where θ is the wetting angle and rP is the pore size. For wetting pore fluids

(cosθ ! 1), PC could approach or possibly exceed 1,000 bar, because the pore

size may be very small (less than 1.0 nm), i.e. approach molecular dimensions.
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The capillary pressure thus represents a very strong driving force to densify the

depositing film.

It is balance between this capillary pressure, which compresses the network, and

the modulus of the network, which enables it to resist collapse, that establishes the

final density and pore size of the film. Initially as the solvent evaporates, the gel is

able to shrink. The volume fraction solids ϕ increases, causing the bulk modulus

K to increase as a power law. In case of silica as an example, the following

relationship is observed, valid for both wet and dry silica gels [18]:

K � ϕ3:8 (10.12)

At the same time the spacing between polymers (effective pore size) is decreas-

ing, causing the maximum possible capillary pressure to increase approximately as:

1

< r >
� ϕ

1=3 (10.13)

Thus for silica films, the modulus is expected to increase more rapidly than the

capillary pressure. When the modulus rises sufficiently to balance the capillary

pressure, shrinkage stops, thereby establishing the pore size and density. Beyond

this so-called critical point any further solvent loss creates porosity within the film.

For precursor systems in which K exhibits a much weaker dependence on ϕ, for
example as a consequence of organic modification or complexation of the metal

centers with multidentate, non-hydrolyzable ligands, we might expect the network

to be completely collapsed by the rising capillary pressure. However the rising

viscosity accompanying solvent loss combined with the short time scale of the

deposition process may represent a kinetic limitation to achieving a non-porous

state. (It should also be pointed out that subsequent thermolysis and pyrolysis,

respectively, of organic ligands will normally create porosity, even though the

as-deposited film could be considered non-porous).

10.3.3 Drying Stress and Cracking

As the film dries, it shrinks in volume. Once the film is attached to the substrate and

unable to shrink in that direction, the reduction in volume is accommodated

completely by a reduction in thickness. When the film has solidified and stresses

can no longer be relieved by flow, tensile stresses develop in the plane of the

substrate. Croll [19] estimated the stress (σ) as:

σ ¼ E

1� νð Þ
� �

f S � f rð Þ
3

� �
(10.14)

where E is Young’s modulus (Pa), ν is Poisson’s ratio, fS is the volume fraction

solvent at the solidification point, and fr is the volume fraction of residual solvent in

the “dry” film.
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The solidification point was defined for a polymer film as the concentration

where the glass transition temperature has risen to the experimental temperature.

Thus stress is proportional to Young’s modulus and the difference between the

solvent fraction at the solidification point and that of the dried coating. Scherer

[2, 18] states that the stress in the film is very nearly equal to the tension in the liquid

(σ � PC). Despite such a large stress, it is commonly observed that cracking of films

does not occur if the film thickness is below a certain critical thickness hc � 0.5–1

μm [18]. For films that adhere well to the substrate, the critical thickness for crack

propagation or the growth of pinholes is given by [20, 21]:

hc ¼ KIc

σΩ

� �2

(10.15)

where KIc is the critical stress intensity or “fracture toughness” and Ω is a function

that depends on the ratio of the elastic modulus of the film and substrate (for gel

films Ω � 1). For films thinner than hc, the energy required to extend the crack is

greater than the energy gained from relief of stresses near the crack, so cracking is

not observed [18]. When the film thickness exceeds hc, cracking occurs, and the

crack patterns observed experimentally are qualitatively consistent with fractal

patterns predicted by computer simulation [22]: Atkinson and Guppy [23] observed

that the crack spacing increased with film thickness and attributed this behavior to a

mechanism in which partial delamination accompanies crack propagation. Such

delamination was observed directly by Garino [24] during the cracking of sol-gel

silicate films. Based on Eqs. (10.14) and (10.15) above, strategies to avoid cracking

include (a) increasing the fracture toughness (KIc) of the film, (b) reducing the

modulus of the film, (c) reducing the volume fraction of solvent at the solidification

point, and (d) reducing the film thickness. In organic polymer films, plasticizers are

often added to reduce the stiffness of the film and thus avoid cracking [25]. For

sol-gel systems, analogous results are obtained by organic modification of alkoxide

precursors [26], chelation by multidentate ligands such as β-diketonates [27] or a
reduction in the extent of hydrolysis of alkoxide precursors [24].

It should be noted that for particulate films Garino [28] observed that the

maximum film thickness obtainable without cracks decreased linearly with a

reduction in particle size. Since for unaggregated particulate films, the pore size

scales with the particle size, this effect may be due to an increase in the stress

caused by the capillary pressure (σ � PC) and/or an increase in the volume fraction

solvent at the solidification point resulting from the manner that the electrostatic

double layer thickness (estimated by the Debye-Hückel screening length) varies

with particle size [29].
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10.3.4 Control of Microstructure

Basically the final film microstructure (of the as-deposited film) depends on a

number of factors:

• the structure of the entrained inorganic species in the original sol (for example,

size and fractal dimension)

• the reactivity of these species (for example, condensation or aggregation rates)

• the time scale of the deposition process (related to evaporation rate and film

thickness)

• the magnitude of shear forces and capillary forces that accompany film deposi-

tion (related to surface tension of the solvent or carrier and surface tension

gradients)

The most common means of controlling the film microstructure is through

particle size. For unaggregated, monosized particulate sols, the pore size decreases

and the surface area increases with decreasing particle size. Asymmetric, supported

membranes have been prepared successfully from particulate sols for use in ultra-

filtration [30]. As noted above difficulties arise when trying to prepare microporous

membranes due to an increased tendency for cracking. Particulate sols may be

intentionally aggregated prior to film formation to create very porous films [31]

(e.g., volume porosity > 65 %). For electrostatically stabilized silica sols, a transi-

tion from random-close packing to ordered packing is observed with increasing

substrate withdrawal rates (U0) [31]. This may be due to a longer time scale of the

deposition process (providing more time for ordering) or an increase in the shear

rate accompanying deposition for higher U0 [31]. A second strategy [2] for

controlling porosity is based on the scaling of mass Mf and size rf of a mass fractal

object:

Mf � rDf (10.16)

where D is the mass fractal dimension (in three dimensional space, 0 < D < 3).

Since density equals mass/volume, the density ρf of a mass fractal object varies in

three dimensional space as ρf ~ rf
D/rf

3, and the porosity varies as 1/ρf ~ rf
(3 � D).

Thus the porosity of a mass fractal object increases with its size. Providing that such

fractals do not completely interpenetrate during film formation (i.e., they are

mutually opaque, requiring D < 1.5 [2]), the porosity may be controlled by the

size of the entrained fractal species prior to film formation. The efficacy of this

approach is illustrated in ref. [31] where the refractive index, volume fraction

porosity, pore size, and surface area of a multicomponent silicate film were

shown to vary monotonically with aging time employed to grow the fractal species

prior to film deposition. The extent of interpenetration of colliding fractals depends

on their respective mass fractal dimensions and the condensation rate or “sticking

probability” at points of intersection. A reduction of either D or the condensation

rate increases the interpenetration and decreases the porosity [2, 31]. From
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Eq. (10.16) and surrounding discussion, it follows that to generate porosity using

this fractal scheme, rf should be rather large, 1.5 � D � 3, and the condensation

rate should be high. Conversely dense films should be formed from small,

unreactive precursors consistent with observations made on a variety of films

prepared from chelated single and multicomponent alkoxide precursors [17]. The

magnitude of the capillary pressure Pc should also be quite influential in determin-

ing microstructure. For bulk gels, elimination of surface tension by removal of the

pore fluid above its critical point [32] results in highly porous aerogels. Deshpande

and co-workers have recently shown that, for aprotic pore fluids, the surface area,

pore volume, and pore size of bulk silica xerogels are all reduced monotonically by

an increase in surface tension of the pore fluid [33]. Such studies are more difficult

for films, since it is not possible to wash the coating sol, and distillation of solvents

often leads to premature gelation. The most revealing studies are those comparing

the effects of different hydrolysis ratios, H2O/M(OR)n, on film properties. Since the

theoretical ratio for complete hydrolysis and condensation is n/2, greater ratios must

produce “excess” water. As described above in mixed solvent systems, the least

volatile component survives to the drying line and therefore dictates the magnitude

of the capillary pressure. Fluorescence imaging experiments have shown that for

alcohol/water mixtures containing more than about 10 volume % water, the com-

position of the fluid at the drying line is 100 % water [13]. It has been shown that as

the “excess” water is increased from 0.5 to 6.0 volume %, the refractive index of

silica films deposited by dipping increases from 1.342 to 1.431, corresponding to a

reduction in porosity from 22 % to 7 % [34]. Further increases in the excess water

content cause a reduction in refractive index (increase in porosity). Since water

increases both the surface tension and the extent of condensation of the silicate

matrix, this behavior reflects the competition between capillary pressure, which

compacts the film, and aging, which stiffens the film increasing its resistance to

compaction. In a similar dip-coating study, Warren and coworkers [35] observed

that, for silica films annealed at 800 �C, the dielectric strength increased and the HF
etch rate decreased as the hydrolysis ratio of the coating sol increased from 1 to 7.5.

Further increases caused the reverse behavior. This implies that the effects of

capillarity and aging also strongly influence the subsequent consolidation process.

Finally it is anticipated that shear forces accompanying film formation could

influence the microstructure. Although the withdrawal rates U0 are often very low

in dip-coating, it has been shown that surface tension gradient driven flows can

cause high shear rates (104 s�1) near the drying line [34]. Such shear rates might be

partially responsible for the ordering of monosized particulate films [34].

10.3.5 Special Technical Approaches

In order to adjust the dip coating process to different substrates and substrate shapes

the standard method has been technologically modified according to the specific
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needs [36]. The major variations, which also found industrial interest, are presented

briefly in the following paragraphs.

10.3.5.1 Drain Coating

The most self-evident modification is obtained, if not the sample is withdrawn from

the coating solution, but the solution itself is removed by a constant draining rate.

Although the simplest way of performing the draining can be achieved by gravity,

in order to get a better control of the flow pulsation free liquid pumping is strongly

recommended. This procedure called drain-coating leads physically to the same

result as standard dip coating however requires less technical effort. On the other

hand the substrate is in the more or less saturated solvent atmosphere of the vessel

above the solution level for longer times compared to standard dip coating, which

might lead to delayed drying and less hydrolysis/condensation reactions, i.e. film

formation is hampered. In particular in case of sol-gel type precursor solutions the

film formation is difficult to control and inhomogeneous coatings can result.

10.3.5.2 Angle-Dependent Dip Coating

In another modification the substrate withdrawal from the precursor solution is

performed under a variable angle of inclination [37–39].

Different film thicknesses on both sides of the substrate with the thicker-coating

on the upper side (Fig. 10.6a) are the outcome of this technique [40], whereupon the

coating thickness is dependent on the angle between the substrate and the liquid

surface. Thus a large number of thickness combinations on both sides can be

realized by simple variation of the angle of inclination, the withdrawal speed and

the solution concentration. Due to increasing border effects on the upper side,

however, the operational range is limited to angles of inclination <60� and with-

drawal speeds<10 mm/s [36]. A main field of interest of such unsymmetric coating

systems is the preparation of optical interference filters [38, 39] because the number

of coating steps can be reduced in most cases compared to other techniques.

10.3.5.3 Other Modifications

Further adaption may be applied to tailor the dip-coating technique to the

corresponding applications [36]. Since naturally both sides of the substrate are

coated but sometimes only coating on one side is tolerable the other side has to be

protected from being coated. In order to accomplish this either two substrates e.g. in

case of flat glass, could be joined at the borders with a chemically inert glue so that

the interior is sealed or alternatively the side which should not be coated is

protected by an adhesive foil. After coating the glue is removed by thermal

processing resulting in two single side coated substrates, or the protective foil is
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peeled of before high temperature curing of the as-deposited or dried film.

Variations of the classical technique are also required for substrates with complex

shapes such as bottles, threads or flange tubes, due to problems with thickness

variations. In particular if deepened or leveled regions are coated the liquid film is

too thick and thus may flake off. By revolving such rotationally symmetric

substrates during the withdrawal process eventually combined with an angle like

in angle-dependent dip coating (ADDC), a sufficient film leveling even on horizon-

tal areas can be achieved due to the superposed centrifugal forces (Fig. 10.6b).

Even tubes and other cylindrical cavities can be coated from inside by special

adaptions [41], which have to guarantee a forced laminar flow inside the tube in

order to enable a complete solvent evaporation and hydrolysis of the film. Other-

wise the drying of the liquid film is restricted in closed volumes due to saturation of

evaporated solvents from the precursor solution and less hydrolysis. Puetz

et al. [41] accomplished a suitable dip coating apparatus by an additional

exhausting glass pipe (5 mm outer diameter) that was placed in the solution vessel

and introduced from below into the tube with the internal end rising 5 mm above the

solution (Fig. 10.7). After optimization optical ATO (antimony doped tin oxide)

coatings were deposited inside tubes with inner diameters down to 11 mm

exhibiting excellent thickness uniformity and an average roughness of less than

1 nm with a high reproducibility.

Beside these variations for batch conditions, continuous dip coating processes

for endless flexible substrates like fibers and tapes are basically possible.

10.4 Evaporation Induced Self-Assembly

Among the modified dip coating methods the EISA process plays a prominent role

since it allows not only for film formation but also for nanostructuring by using self-

assembly principles of the nature. EISA is based on the fact that in dip coating film

formation occurs through evaporation of solvents concentrating the system in

non-volatile species (cp. Fig. 10.2), which leads to aggregation and gelation and

hence can be also used to induce the formation of functional nanoscopic materials

[42–46]. Thus precursor solutions containing amphiphilic molecules are utilized

which become progressively concentrated through solvent evaporation thereby

passing through structural and connectivity transitions taking place over seconds

Fig. 10.6 Schematic of the

technical setup for ADDC;

(a) planar substrates and

(b) rotationally symmetric

bodies like bottles which are

revolved during the

withdrawal process
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or fractions of a second. Figure 10.8 shows the several stages which can be

stated [47].

As the solution becomes concentrated, the first transition that is important is the

critical micelle concentration (CMC), in which the amphiphiles aggregate together

into micellar or lamellar structures in a self-assembly process (Sect. 10.4.1). Upon

further evaporation-induced crowding, these aggregates interact to form

mesophases whose structures are determined—assuming there is time for

equilibrium—by the phase behavior of the solvent(s) and surfactant. Finally,

there is gelation of the sol-gel species, effectively locking into place the mesophase

structure as evinced by its presence after complete evaporation of the solvents. It

should be mentioned that during this drying environmental conditions, such as

relative humidity, temperature and air flow have large impact on the microstructure

development and hence have to be carefully controlled since sol–gel chemistry is

highly sensitive to the water content and temperature.

In the following subsections some basic aspects of the EISA process and

examples are described by means of silica in more detail.

10.4.1 Some Basics of Self-Assembly

A general definition of self-assembly is the spontaneous organization of materials

through non-covalent interactions (hydrogen bonding, Van der Waals forces, elec-

trostatic forces, π-π interactions, etc.) with no external intervention. Self-assembly

typically employs asymmetric molecules that are pre-programmed to organize into

well-defined supramolecular assemblies. Most common are amphiphilic surfactant

Fig. 10.7 Experimental

set-up for the dip coating of

tubes under forced flow

conditions consisting of an

internal exhausting pipe and

a temperature controlled

vessel. The external end of

the exhausting pipe was

connected to a diaphragm

vacuum pump with an

adjustable, constant flow of

air of up to 210 l/h. The flow

of air that is necessary to

obtain homogeneous films

depends on the withdrawal

speed, on the inner diameter

of the tube and also on the

coating solution so that an

optimisation is necessary.

Modified after [41]
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molecules or polymers composed of hydrophobic and hydrophilic parts. In aqueous

solution above the CMC, surfactants assemble into micelles, spherical or cylindri-

cal structures that maintain the hydrophilic parts of the surfactant in contact with

water while shielding the hydrophobic parts within the micellar interior (see

Fig. 10.9).

Further increases in surfactant concentration result in the self-organization of

micelles into periodic hexagonal, cubic, or lamellar mesophases (see insets in

Fig. 10.9). Obviously such detergent mesophases do not themselves represent

robust engineering materials suitable for nanotechnologies. However in 1992

Mobil researchers [48] discovered that surfactant self-assembly conducted in aque-

ous solutions of soluble silica species results in spontaneous coassembly of silica-

surfactant mesophases. Surfactant removal creates periodic mesoporous solids,

essentially silica fossils of the liquid-crystalline assembly. Over the last years,

this pioneering work has been extended to produce a wide compositional range of

mesoporous solids, and, using a variety of surfactants, the pore sizes have been

varied in the approximate range, 1 nm to over 10 nm [49–53].

Despite excellent control of pore size, early mesoporous materials were made in

the form of powders, precluding their use in thin film applications like membranes,

low dielectric constant interlayers, and optical sensors. Stable, supported,

mesoporous silica films were reported in 1996 [54–56].Typically, substrates were

introduced into silica/surfactant/solvent systems used to prepare bulk hexagonal

mesophases (initial surfactant concentrations c0 > CMC). Under these conditions,

hexagonal silica-surfactant mesophases are nucleated on the substrate with pores

oriented parallel to the substrate surface. Growth and coalescence over a period of

hours to weeks resulted in continuous but macroscopically inhomogeneous films

Fig. 10.8 Schematic

representation of the

different stages occurring

during the drying of a liquid

precursor film in dip

coating. For generality

withdrawal (U0) is depicted

at an angle α with respect to

the vertical. The sequential

transitions leading to the

ordered porosity in thin

films by the EISA process

include the critical micelle

concentration (CMC), in

which surfactants aggregate

into micelles, a transition

from isotropic to a

mesophase, and gelation of

the sol to lock the

mesophase structure in

place. Adapted from [47]
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characterized by granular textures on micrometer-length scales. Göltner and

Antonietti reviewed the advantages of direct templating by using liquid crystalline

phases in the generalized preparation of mesoporous materials [57].

10.4.2 Details of the EISA Process

Consideration of Fig. 10.9 in the context of sol-gel dip coating suggests an alterna-

tive route to the formation of thin film mesophases. Beginning with a homogeneous

solution of soluble silica and surfactant prepared in ethanol/water solvent with

c0 << CMC, preferential evaporation of ethanol concentrates the depositing film

in water and nonvolatile surfactant and silica species (Fig. 10.10). The progres-

sively increasing surfactant concentration drives self-assembly of silica-surfactant

micelles and their further organization into various liquid crystalline mesophases

[46, 58, 59]. Pre-existing, incipient silica-surfactant mesostructures (which exist at

solid-liquid and liquid-vapor interfaces at c < CMC) serve to nucleate and orient

the mesophase development [54, 59]. The result is rapid formation of thin film

mesophases that are highly oriented with respect to the substrate surface. Through

variation of the initial alcohol/water/surfactant molar ratio it is possible to follow

different trajectories in composition space and to arrive at different final

mesostructures. For example, using cetyltrimethylammonium bromide (CTAB),

the formation of 1-D hexagonal, cubic, 3-D hexagonal and lamellar silica-surfactant

Fig. 10.9 Schematic phase

diagram for

cetyltrimethylammonium

bromide (CTAB) in water.

Arrow denotes evaporation-

driven pathway during

dip-coating, aerosol

processing, etc.

(Figure from [43] Brinker

CJ, Lu YF, Sellinger A, Fan

HY (1999) Evaporation-

induced self-assembly:

Nanostructures made easy.

Adv Mater 11:579–585)
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mesophases was demonstrated [46, 56, 60]. Cubic thin film mesophases e.g. are

essential for applications like membranes and sensors because they guarantee pore

accessibility and through-film pore connectivity.

The dip coating scheme depicted in Fig. 10.10 represents a rapid (~10 s),

dynamic self-assembly process conducted in a rather steep concentration gradient.

Its steady, continuous nature promotes continuous accretion of micellar or perhaps

liquid-crystalline species onto interfacially organized mesostructures. Large,

liquid-crystalline domains grow progressively inward from the solid-liquid

and liquid-vapor interfaces (with increasing distance above the reservoir surface,

Fig. 10.10). Deposited films are optically transparent and completely featureless on

the micrometer-length scale.

Essential to the ability to rapidly organize thin film mesophases is suppression of

inorganic polymerization during the coating operation. For silicates this is achieved

under acidic conditions at a hydronium ion concentration corresponding closely to

the isoelectric point of colloidal silica ([H3O
+] ~ 0.01) [2]. By first turning off

siloxane condensation, an unimpeded proceeding of a cooperative silica-surfactant

self-assembly is enabled, and the resulting as-deposited films exhibit liquid-

crystalline (semi-solid) behavior. Thus the depositing film maintains a fluid state,

even beyond the point where ethanol and water are largely evaporated. Subsequent

aging, exposure to acid or base catalysts, or thermal treatment can solidify the silica

skeleton, thereby locking in the desired mesostructure. Evidence for the liquid-

crystalline nature of as-deposited films is several-fold:

1. There is dramatically less tensile stress developed during mesophase thin film

deposition (5–10 MPa) compared to deposition of the same silica sol prepared

without surfactants (~200 MPa). This virtual absence of drying stress suggests

Fig. 10.10 Steady-state

film thinning profile

established during

dip-coating of a complex

fluid comprising soluble

silica, surfactant, alcohol,

and water. Initial surfactant

concentration c0 << CMC.

Surfactant concentration

increases with distance

above the reservoir surface.

Figure from [43]
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that the film completely dries prior to solidification (i.e., as-deposited films are

not solidified) [43].

2. Completely different mesophases (e.g., lamellar ! cubic) can be obtained by

transformation from the as-deposited mesophase films [46].

3. The as-deposited films exhibit self-healing tendencies, which enables the use of

virtually any evaporation-driven process (spin-/dip coating, inkjet printing [61],

or aerosol processing [44, 62] to create ordered nanostructures films, patterns

[63], or particles. Even on complex shapes of (curved and flat) substrates (silicon

wafers, glass slides, polymeric transparencies) self-assembled mesostructured

silica can be prepared by a robot-directed aerosol printing process [62].

These combined liquid-crystalline characteristics make the EISA process robust

and versatile. Due to this potential several other material systems have been

successfully prepared meanwhile. For more details the reader is referred to some

corresponding original works and references therein [64–68].

10.4.3 Extensions of EISA

In order to develop specific processes for different application purposes the EISA

conditions have been modified and extended, respectively. Since an exhaustive

description of all extensions leading to a bunch of periodically organized materials

is beyond the scope of this chapter, two examples presented briefly in the following

may serve to illustrate the possibilities.

10.4.3.1 Organic-Inorganic Nanocomposites

In standard EISA processing a calcination or solvent extraction step to remove the

solvent follows in order to create inorganic mesoporous materials. Alternatively,

EISA was used to create nanocomposite materials in which organic polymers or

other organic components are uniformly incorporated within a periodic inorganic

nanostructure [69]. The nanoscale organization of hard and soft materials is of

interest for the development of optimized mechanical properties similar to those

that occur in natural materials such as seashells, which are composed of alternating

layers of crystalline calcium carbonate and biopolymers.

By using alcohol or tetrahydrofuran (THF) as a cosolvent, homogeneous,

com-plex, multicomponent solutions can be prepared containing (in addition to

the silicic acid precursors), organic monomers, cross-linkers, initiators, and cou-

pling agents. During EISA, preferential evaporation of alcohol or THF concentrates

the system in water. Rather than undergoing macroscopic phase separation, the

hydro-phobic components are incorporated into micelles and mesophases. This

allows hundreds of alternating silica/organic layers to be organized in a single

step [69]. Subsequent in situ organic/inorganic polymerization results in a poly
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(alkyl methacrylate)/silica nanocomposite with a covalently bonded polymer/silica

interface. Such structures bear some relationship to seashells and other natural

materials that are simultaneously hard, tough, and strong, i.e. mimicking biology.

An advancement of this nanocomposite self-assembly strategy is the use of

polymerizable surfactants as structure-directing agents and monomers [70,

71]. The surfactant organizes the silicate nanostructure, as described earlier; subse-

quently, light, heat, or another treatment is used to polymerize the surfactant

monomers, uniformly confined within a nanometer-scale “reaction vessel.” As an

advantage of this approach it is expected that the monomers to be uniformly

organized within the surfactant mesophase, allowing potentially facile

topochemical polymerization, where the topography of the monomeric diacetylenic

(DA) assembly is preserved in the polymerized product, polydiactelyene (PDA).

Using this approach Lu et al. [70] got blue PDA/silica nanocomposites after UV

exposure, that exhibited thermo-, solvato- and mechanochromism, which are col-

oration effects occurring in response to thermal, mechanical, and chemical stimuli,

respectively, to form the red fluorescent form. It should be noted that these

properties are normally not observed in bulk PDA.

10.4.3.2 Nanocrystal Self-Assembly

The nanocomposite self-assembly strategy described above was expanded by

employing other hydrophobic components in addition to hydrophobic organic

monomers/molecules. Fan et al. investigated the self-assembly of hydrophobic

nanocrystal (NC) mesophases within hydrophilic silica mesophases [72].

Typicall NC synthesis procedures use hydrophobic ligands (alkane thiols,

trioctylphosphine oxide, etc.) to stabilize them from aggregation. Monosized NCs

can be considered as moderate-sized hydrophobic molecules. It has been postulated

that their incorporation as individual NCs in surfactant micelles would allow further

self-assembly into ordered nanocrystalline mesophases, as anticipated from generic

detergent phase diagrams. Rather than add hydrophobic NCs directly to isotropic

surfactant/solvent/silica systems, as in polymer/silica self-assembly, a generic

microemulsion procedure was developed to create water-soluble nanocrystal

micelles. As represented schematically in Fig. 10.11a, a concentrated nanocrystal

solution prepared in organic solvent (chloroform, hexane, etc.), is added to an

aqueous solution of surfactant under vigorous stirring to create an oil-in-water

microemulsion. Organic solvent evaporation then transfers the NCs into the aque-

ous phase by an interfacial process driven by the hydrophobic van der Waals

interactions be-tween the primary alkanes of the NC stabilizing ligands and the

secondary alkane of the surfactant. This results in thermodynamically defined

interdigitated bilayer structures (Fig. 10.11b). Cationic, anionic, and non-ionic

surfactants and phospholipids can all form NC micelles, allowing facile control

of micelle surface charge and functionality. In addition, fluorescent semiconducting

CdSe NCs (stabilized by trioctylphosphine oxide) have been formed into NC
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micelles with maintenance of optical properties. This demonstrates the general

nature and flexibility of this approach.

It has been discovered that in aqueous media, NC micelles organize hydrophilic

components or precursors at the surfactant/water interface. This occurs through

electrostatic and hydrogen-bonding interactions in a mechanism analogous to that

of surfactant-directed self-assembly of silica/surfactant mesophases [73].

For example, addition of tetraethyl orthosilicate under basic conditions results

in the formation of hydrophilic oligo-silicic acid species that organize with NC

micelles to form a new type of ordered gold NC/silica mesophase. This nanocrystal

mesophase has fcc symmetry (space group Fm3m) [72]. From a TEM investigation

a fcc unit cell with a ffi10.2 nm and uniform spacing between NCs of ffi 6 nm was

deduced. This work [72] appears to be the first example of an ordered fcc

nanocrystal array formed spontaneously by self-assembly in aqueous media rather

than by solvent evaporation [74, 75]. Compared with other ordered NC arrays, the

embedding silica matrix provides for greater chemical, mechanical, and thermal

robustness. Furthermore, thermodynamically controlled self-assembly provides

greater order and control of NC spacing, as compared with other connected

nanocrystal systems such as those prepared by DNA hybridization [76, 77].

Fig. 10.11 Process scheme for the synthesis of water-soluble nanocrystal micelles. (a) The

addition of oil containing nanocrystals (NCs) to a surfactant containing aqueous solution during

vigorous stirring leads to the formation of an oil in H2Omicroemulsion. Subsequent evaporation of

oil transfers the NCs into the aqueous phase by an interfacial process driven by the hydrophobic

van der Waals interactions between the primary alkane of the stabilizing ligand and the secondary

alkane of the surfactant, resulting in thermodynamically defined interdigitated bilayer structures

that encapsulate the NCs and make them water-soluble (b). Figure modified after [42]
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Thin film formation by means of typical deposition techniques like spin coating,

etc. is allowed if acidic conditions designed to minimize the siloxane condensation

rate are used. By suppressing siloxane condensation, and thereby gel formation,

solvent evaporation accompanying coating induces self-assembly of NC micelles

into fcc nano-crystal thin-film mesophases. This occurs in a manner similar to the

evaporation-induced self-assembly of cubic or hexagonal silica/surfactant thin-film

mesophases discussed earlier [46].

The formed ordered 3D NC arrays have been the subject of considerable interest,

as they serve as model “artificial solids” with tunable electronic, magnetic, and

optical properties stemming from single-electron charging and quantum confine-

ment energies of individual NCs mediated by coupling interactions with neighbor-

ing NCs. Initial investigations of the charge transport properties of an ordered 3D

nanocrystal array have been performed by means of planar metal–insulator–metal

(MIM) devices, incorporating a Au NC/silica array as the insulator layer [72].

10.5 Summary

Although one of the oldest and apparently simplest film deposition methods, it is the

dip coating process that serves as the link between the structure and properties of

the liquid precursor sol and the microstructure of the corresponding deposited film.

In spite of the fact that no universally valid model for the dip coating process has

been obtained yet, the increasingly gained knowledge enables the controlled fabri-

cation of various thin film microstructures from dense to ordered porous,

nanocrystalline. Thereby film thickness is determined by the competition between

surface tension (capillary force), gravity and viscosity. In many systems as a rule of

thumb the faster the substrate is withdrawn, the thicker the film deposited. On the

other hand however, thicker films may also be obtained if the “capillarity regime” is

applied, where very low withdrawal speeds are used. Here solvent evaporation

becomes faster than the movement of the drying line leading to a continuous

feeding of the upper part of the meniscus and finally also to thicker films.

Since evaporation plays an important role in dip coating, the combination with

suitable surfactants enables self-assembly of sol-gel precursor species leading to

ordered nanoscopic thin films. Numerous variations of the generalized EISA

process leading to ordered porous thin-film nanostructures have been carried out.

Such porous materials are of interest for membranes, low-dielectric-constant

(low-k) insulators, and dye sensitized solar cells. EISA can also be used to simulta-

neously organize hydrophilic and hydrophobic precursors into hybrid

nanocomposites that are optically or chemically polymerizable, patternable, or

adjustable. In some cases, even a pathway to materials is provided, that have no

bulk nanostructured counter-parts (e.g., organic/inorganic nanocomposites). It is

expected that further modifications of the theme of EISA processing will provide a

convenient pathway to the formation of functional hierarchical devices, also in

order to better emulate biology.
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57. Göltner CG, Antonietti M (1997) Mesoporous materials by templating of liquid crystalline

phases. Adv Mater 9:431–436

58. Bruinsma PJ, Kim AY, Liu J, Baskaran S (1997) Mesoporous silica synthesized by solvent

evaporation: spun fibers and spray-dried hollow spheres. Chem Mater 9:2507–2512

59. Ogawa M (1994) Formation of novel oriented transparent films of layered silica-surfactant

nanocomposites. J Am Chem Soc 116:7941–7942

60. Yang H, Coombs N, Sokolov I, Ozin GA (1996) Free-standing and oriented mesoporous silica

films grown at the air–water interface. Nature 381:589–592

61. Fan H, Lu Y, Stump A, Reed ST, Baer T, Schunk R, Perez-Luna V, López GP, Brinker CJ
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Chapter 11

Spin Coating: Art and Science

Dunbar P. Birnie III

11.1 Introduction and Outline

Spin coating can be thought of as having three important stages: (1) dispense of the

coating solution, (2) fluid flow dominated thinning, and (3) solvent evaporation and

coating “set”. These three aspects will be described in sequence, though the stages

are not always very distinctly separated in time. During the first stage, a quantity of

the desired coating solution (usually the coating material is well dissolved in an

appropriate solvent) is dispensed onto a smooth substrate. For single wafers or

small numbers of samples then this may be done manually with a pipette or syringe.

It is usually important during the dispense stage to ensure that the full extent of the

substrate will be covered with coating solution. Therefore in some cases the spin

coater is set to rotate at a very low speed to help facilitate a slow outflow of solution

and full wetting of the surface. For automated systems and mass production then the

dispense nozzles may even have programmed motion over the slowly spinning

substrate to help ensure full wetting and coverage. Since good coverage of the

spinning wafer by the solution is important to help ensure good coating quality then

it may be important to consider making modifications to the coating solution

(or substrate) to ensure good wetting. For example, the substrate surface may

need a pretreatment to change it from hydrophobic to hydrophilic (or vice versa)

depending on the nature of the coating solution. Or it may be advantageous to add a

surfactant into the formulation to help facilitate complete substrate coverage during

dispense.

Next, the spin coater is accelerated to a faster spinning speed (often in the range

of a couple thousand rotations per minute, RPM’s). For some spin coater controllers

the speed may be reached nearly instantly, in other cases this is done by ramping up

to that speed over a specified number of seconds. More gradual ramping is better for
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spinner longevity, but the details of ramping rate and final spin speed do impact the

final coating thickness and may influence coating uniformity as well. Finally, this

peak spin speed is held constant for a set time period (often 30–60 s) allowing the

combined effects of fluid flow and solvent evaporation to leave a very thin layer of

coating material on the substrate. The coated wafer may then be subjected to further

processing (heating, photo-polymerization, washing, etc.).

Figure 11.1 shows the results of a simple fluid dynamic calculation for a flow of

ethanol as an example (based on the governing equations described further

below [1]). This helps to illustrate the progress of these stages and the effect it

might have on the final coating development. It is noteworthy that for solvents with

a moderate volatility (like ethanol, shown here) then the evolution of the process to

the last stage and evaporative drying happens very early, here less than 2 s into the

process, even considering a slow ramp up to speed. Also, the fluid thickness values

help to explain the final coating thicknesses that might be accessible; the coating

materials would normally be dissolved in the solvent and seldommore concentrated

than 5 % or 10 % of the volume of the solution. So, for example an ethanolic

solution at 5 % concentration would dry to a gel layer that might be only a quarter

micron in thickness. Further thickness reduction might also happen during

annealing if the coating constituents decomposed or were pyrolyzed to make the

final microstructure.

Fig. 11.1 Fluid thickness evolution with time for ethanol ramping up with constant acceleration to

a spin speed of 2,000 RPM in a period of 1 s and then holding. The fluid started at 100 microns

thick at time zero. The filled black squares are thickness values where flow is dominating the

process (stage 2). The open triangles denote fluid thickness values where evaporation is

controlling the thinning (stage 3). “Cross-over” refers to the time when the process evolves from

stage 2 to stage 3
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Thus, the “art” of spin coating requires the formulation of a stable coating

solution and testing that solution under a variety of spinning protocols and mapping

out the resultant final thickness values—and further characterization of the coating

properties to ensure the right properties are achieved and that adequate uniformity

has resulted. Often, since final coating thickness is usually a key device parameter,

then master plots might be constructed that map the thickness that results (after

annealing) for different values of final (stage 3) spin speed that were used (that

being the primary process variable). As long as the coating solution is not aging

when stored (often this cannot be assumed, though), then this master plot can be

used to select a spin speed to achieve a specific desired final coating thickness. The

ability to rely on the process reproducibility is important, but since changes in key

solution properties are critical (e.g. viscosity), then in some cases it is valuable to

delve further into the physics of fluid flow and solvent evaporation during the spin

coating process. This is the topic for the next section of this chapter.

11.2 Fundamentals of Fluid Flow and Evaporation

The basic physics of fluid flow on a spinning substrate has been rigorously

described in the seminal work of Emslie, Bonner, and Peck [2] (hereafter referred

to as “EBP”). The fluid layer is assumed to be thin enough that the radial rotational

forces are exactly offset by the viscous drag imposed within the fluid. Mathemati-

cally, this force balance is expressed by this differential equation (Eq. 11.1):

�η
∂2v

∂z2
¼ ρω2r (11.1)

where: η is the fluid’s viscosity, ν measures the radial velocity component, z is a
vertical height dimension, ρ is the fluid density, ω is the rotation rate, and r is the
radius being considered.

Note, that the left hand side calculates the gradient in the shear developed by the

velocity vs. depth profile and that this must exactly balance the rotational forces felt

by the same volume element. When this equation was solved with the appropriate

boundary conditions, EBP found the following expression for the fluid velocity

profile with depth:

v ¼ 1

η
ρω2r hz� z2

2

� �
(11.2)

where, h is the instantaneous fluid thickness and z is the internal height coordinate
ranging from 0 to h. By integrating over z they were able to determine the total fluid

thinning rate and derive a function for the fluid depth versus time. Their thinning

rate was found to be:
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dh

dt
¼ �2Kh3 (11.3)

where K is a flow constant defined by:

K ¼ ρω2

3η
(11.4)

Interestingly, this thinning rate and flow constant are both independent of radius,

even though the viscous forces (in Eq. 11.2) do include a radius factor. This is one

of the key advantages of spin coating: that basic flow physics favors general coating

uniformity, a key attribute when trying to make consistent devices over the entire

area of a wafer being coated.

EBP’s treatment neglected the fact that most coating solutions have volatile

solvents in the recipe, and that the evaporation of these solvents also contributes to

fluid thinning. Meyerhofer [3] added this important factor into the equation. He

recognized that the evaporation rate was not dependent on the physical thickness of

the fluid, but rather depended on vapor diffusion through the aerodynamic boundary

layer above the wafer surface. This evaporation contribution to thinning was

therefore:

dh

dt
¼ �e (11.5)

where e is a function of spin speed because the vapor boundary layer changes

thickness as the rotation rate changes [3–5]. Thus, e is found to conform to:

e ¼ C
ffiffiffiffi
ω

p
(11.6)

where C is a proportionality constant that depends on whether airflow above the

surface is laminar or turbulent, and on the diffusivity of solvent molecules in air.

Now, in most real spin coating conditions, the action of both processes will be

contributing simultaneously—and throughout the entire process. This results in the

thinning rate differential equation shown here:

dh

dt
¼ �2Kh3 � e (11.7)

This equation was the basis for fitting interferometry data to extract the e and K

constants for particular coating solutions in earlier studies [6–12]. This combination

of processes (flow and evaporation) then also corresponds back to the stages of the

process in an operational sense. “Stage 2” is in force when the first term on the RHS

of Eq. (11.7) dominates. Since this term depends on the cube of the instantaneous
thickness, it can be seen that it gets smaller quite rapidly with time. “Stage 3” is in

force when the second term on the RHS of Eq. (11.7) dominates. This term does not

depend on thickness because evaporation happens geometrically out of the top of
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the coating solution exposed on the wafer surface. The “cross-over” point that was

mentioned above is mathematically defined by the point when these two terms are

equal to one another. This point was identified earlier in Fig. 11.1 for the specific

case of ethanol rotating at 2,000 RPM. While the cross-over is defined by equating

the two terms, it should be emphasized that flow and evaporation are both happen-

ing throughout the full process, but the relative contributions of each may be quite

imbalanced. This is quite true near the end of spinning because with each small bit

of evaporative drying then the 2 Kh3 flow term gets smaller and smaller and the

fluid becomes essentially static on the surface of the substrate.

Meyerhofer used this fact to combine the flow and evaporation contributions to

provide an estimate of final coating thickness based on the physical characteristics

of the solution [3]. He essentially solved for the “cross-over” point (equating the

two terms discussed above) and then assuming that the fluid thickness that exists at

the cross-over point will dry in place. With this approach he was able to predict the

final coating thickness, hf, in terms of the key solution parameters described above,

according to:

hf ¼ x
e

2 1� xð ÞK
� �1=3

(11.8)

where e and K are the evaporation and flow constants, defined above, and x is the
effective volumetric solids content of the solution.

Once the rotation dependencies for the viscous flow rate (Eq. 11.4) and the

evaporation rate (Eq. 11.6) are included, then it is expected that the final coating

thickness should vary with the spin speed, ω, according to the –½ power and this is

supported by many experimental tests, though exponents can deviate from –½,

especially with less volatile solvents where the flow/evaporation cross-over

assumed by Meyerhofer may not have been reached [1]. Still, since deviations

can occur, then real plots of the thickness vs. spin speed must usually be constructed

to be able to tune the final device structures. Typical coating thickness values are

usually below 1 micron when sol-gel films are deposited by spin coating. This is

partly due to the relatively low solids loading that sol-gel solute ions usually

provide and the large amount of physical shrinkage that must accompany drying

and film solidification. Attempts to make thicker coatings can result in profusely

cracked coatings.

The EBP and Meyerhofer treatments are relatively simple in their execution.

However many more complicated computational modeling studies have been

published that include a variety of refinements [13–20], however the basic

principles and behavior are not dramatically different than the EBP seminal work.

11 Spin Coating: Art and Science 267



11.3 Coating Uniformity and Defect Diagnosis

As noted above, spin coating often makes very uniform thin coatings on flat

substrates, yet there are times when the coatings have thickness variations or

flaws that cannot be tolerated in the final application. Some important defects and

possible solutions are presented below.

11.3.1 Comets

Any contaminant particles that make their way into the coating solution—either

during synthesis or during the coating run—can cause flow defects called comets.

The particle sticks to the substrate surface and the fluid flow around each impedi-

ment causes a streak that points radially outward. The airflow conditions found near

the spinning wafer can influence this problem directly: the spinning wafer pushes a

boundary layer of air radially outward, which requires a net downward pull of

ambient air toward the center of the wafer. This air circulation essentially exposes

the coating to all the particles present in the ambient. Using a lid during coating is

one way to reduce airborne particle sources, but it substantially modifies the solvent

evaporation occurring during coating. Some coaters are built with active air circu-

lation and venting; care should be taken that only clean, filtered, air is admitted to

the spin bowl region. Particles that come from the coating solution may be reduced

by using sub-micron syringe filters during the fluid dispense stage.

11.3.2 Striations

Striations are probably the most commonly appearing coating thickness defect that

appears during spin coating. These defects are radial ridges and thickness

undulations that point nearly directly along the fluid flow direction during the

spin coating process. Near the center of the wafer they are more localized, whereas

at larger radius values then they are drawn out into long linear features. If we

consider a coating thickness cross-section then we usually find a nearly sinusoidal

thickness variation with a wavelength ranging from 10s to 100s of microns.

Interestingly, this spacing is in marked contrast to the fluid thickness values when

these defects are forming (just a few microns [21]). These defects are now known to

result from capillary forces that become unbalanced during spin coating as a result

of the solvent evaporation process [22, 23]. Figure 11.2 shows a schematic repre-

sentation of how the surface tension changes during spinning and how tiny surface

tension differences cause lateral fluid movements before the viscosity rises too

much during coating formation. Eventually solvent evaporation progresses enough

to freeze in these thickness undulations to form the striation defects. The patterns
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formed at the center of the wafer are reminiscent of the fluid thickness perturbations

called Bénard cells. Bénard cells are regular surface dimples or undulations that

arise because of convection rolls that are established when a temperature gradient is

applied across a fluid layer. Either buoyant or thermocapillary effects are known to

drive this kind of convection effect [24, 25]. The potential link between Bénard

cells and the development of striations during the spin coating process is suggested

by the similarity between the cellular pattern sometimes seen near the wafer center

and the regular surface ripples found in Bénard cells. The lateral gradient-driven

capillary effects are collectively known as “the Marangoni effect” [24], and could

easily be instigated by solvent evaporation occurring during spin coating. One

important difference between stable cellular convection driven by surface tension

gradients and the conditions found in spin coating is that the fluid solution is also

experiencing extensive shear flow radially outward (causing simultaneous dramatic

continual thickness reduction), therefore a stable cellular pattern will not be able to

develop across a spinning and thinning film. Nonetheless the gradients in surface

tension which develop as a result of evaporation and solvent depletion can drive a

similar process within the spin coated film as higher surface tension regions draw

fluid away from lower surface tension neighboring regions.

The easiest way to prevent striation formation is to completely prevent evapora-

tion during spinning [22, 23], but this results in much thinner coatings and ones that

may also require a hot-plate drying step or furnace bake after spinning to remove

the solvent. Since many spin coaters operate under conditions where evaporation

cannot be fully prevented, it is useful to also develop methods for modifying the

solution formulation in ways to combat the surface tension instability. In our earlier

work, we have advocated the addition of sacrificial solvents that make important

Fig. 11.2 Solvent evaporation from the surface of the coating solution can lead to an instability

where neighboring local surface tension values are imbalanced: areas with slightly higher surface

tension pull in, which develops into the peak regions; areas with slightly lower surface tension are

stretched thinner with time (and become the troughs). If the average surface tension rises with

solvent evaporation then this lateral tug-of-war can become imbalanced
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surface tension adjustments [26]. An advantageous co-solvent will be one that is

fully miscible with the starting coating formulation—and might have a somewhat

higher volatility than the other solution constituents. Another key characteristic is

that the co-solvent should also have a relatively higher surface tension than the

other next-most-volatile constituent. This leads to a situation when the coating is

being deposited where the co-solvent is removed by evaporation more intensively

than the other components—and because its specific surface tension is relatively

high then it drives the average surface tension down, a condition which is thought to

be stable against surface tension variations of the Bénard type. We have

demonstrated this strategy for an Al-Ti containing sol-gel coating, where ethyl

acetate was effective at preventing striations in the final coating [27]. More recently

we have published work showing that the surface tension values are indeed chang-

ing as we had thought [28], which further substantiates the solvent mixing strategy

for reducing striation defect formation.

It should be noted that there is a recent body of literature, mostly involving

composite polymer coatings, where these striations are investigated as a source for

interesting aligned microstructure creation [29–32]. Usually when these effects are

noticed or enhanced, then there is different phase development in the thicker parts
of the striation compared to the thinner parts. This is fully consistent with the above
discussion. Thicker coating regions may dry more slowly and develop larger scale

microstructure features, while the thinner regions experience faster drying and have

less time to nucleate and grow the phase separation or other structures that are

found.

11.3.3 Chuck Marks

Sometimes solution-derived coatings are made that have obvious coating thickness

patterns that match the under-side gripping by the vacuum chuck or other fixture

that was used for spin coating. A dramatic example of this is shown in Fig. 11.3.

The coating shown here was an ethanolic silica-titania sol-gel deposited onto a glass

substrate. Two distinct features are evident in the coating thickness pattern. First,

the cross in the center corresponds to the locations where the grooves in the metal

vacuum chuck were located. And, the circular feature is where the o-ring in the

vacuum chuck was located. The o-ring sealed the vacuum and caused the substrate

to flex slightly into contact with the metal parts of the vacuum chuck. The variation

in physical contact on the back side of the substrate then caused variations in

thickness in the coating that was forming on the top.

The mechanism for creating coating thickness variation related to back-side

physical contact is through thermal effects [33, 34]. Solvent evaporation is caused

by the wafer spinning rapidly in ambient air. The solvent evaporation causes

evaporative cooling—and this happens uniformly over the entire top surface of

the wafer. Heat within the nearby materials is then able to flow upward at different

rates, depending on how close the physical contact is and what the thermal

270 D.P. Birnie III



conductivity values are. Areas with good back-side contact to metal are able to

compensate for the evaporative cooling better than areas that have no contact.

Changes in thermal contact then translate into top-side temperature differences.

And, since solvent vapor pressure rises exponentially with temperature, we will

have different evaporation rates from the top depending on the back side contact.

And, referring to Eq. (11.8) above, we see that faster evaporation rate will result in a

slightly thicker coating under otherwise identical coating conditions. This was

consistent with the thickness variations shown in Fig. 11.3—thicker areas were

directly over the parts in direct contact with metal on the back-side.

As mentioned above for striation defects, since the chuck marks are inherently

driven by evaporation of the solvent, then reducing solvent volatility (by re-formulating

the coating solution) or spinning in a solvent-rich environment can help reduce

this problem. It is also advisable to redesign vacuum chucks so that they have

uniform physical contact on the back-side of the substrate.

11.3.4 Gradual Radial Thickness Variation

The aim of most coating depositions is to achieve complete 2D uniformity in film

thickness over the whole substrate; however there are occasional coating solutions

and circumstances that result in gradual radial thickness variations from center to

edge. These can be either concave or convex, and usually depend on specific

non-Newtonian viscosity variations within the solution during spinning. As noted

above, the normal flow condition is a balance between the rotational accelerations

and the viscous drag. The EBP derivation showed that the local shear rate will be

proportional to radius, as well as varying with depth within the flowing solution,

as recounted in Eqs. (11.1) and (11.2) [2]. So, if a coating solution experiences

Fig. 11.3 Coating thickness variations associated with differences in physical contact with the

backside contact to the vacuum chuck used for spin coating. These marks arise because of

temperature variations imposed by solvent evaporative cooling—which then influences the evap-

oration coefficient and finally results in a different coating thickness [33]
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shear-thinning (as might be typical for a nanoparticle sol) then the flow will be more

rapid at larger radius, resulting in gradually thinner coating at larger radius. Britten

and Thomas did the first quantitative match between the shear-thinning behavior

and this gradual thickness variation with radius [35]. More recently, another

possible contribution to radial thickness variations was observed in our labs [36].

Using real-time video observation of the interference colors present near the end of

the coating run, we determined that for propanol the evaporation was slightly

slower near the edge of the wafer compared to the center (about 20 % slower).

Figure 11.4 shows our measured fluid thickness profiles for specific video frames

showing the basic dished shape of the solvent. The importance of a local difference

in evaporation rate is through Meyerhofer’s treatment as described above in

Eq. (11.8). With a slightly lower evaporation rate then we will expect that the

coating fluid will “set” at a slightly later point in time resulting in a thickness profile

that is slightly thinner for locations further from the wafer center. A full fluid

dynamic air-flow and mass-transport model that accurately incorporates the solvent

evaporation will need to be tackled in order to fully tease apart these possible and

important contributions. It can be seen that thickness variations and defect modes

can often be attributed to evaporation rate differences. So, it is also possible to

intentionally manipulate evaporation rate to achieve thickness control as was

recently demonstrated using IR lamp heating [37], which raised the temperature

(and evaporation rate) and gave significantly thicker final films.

One final radial thickness variation of note is “edge bead”. This is a result of the

surface tension effects that make it difficult for the coating fluid to detach itself at

the perimeter of the wafer. This usually doesn’t cause a large problem, but will

create substantial thickness differences right around the whole perimeter of the

wafer—probably a width of a couple mm’s wide, depending on the spin speed,

surface tension, and volatility of the solvent. In automated spin coating systems

Fig. 11.4 Fluid thickness profiles determined using a combination of color video and laser

interferometry for propanol spinning on a silicon wafer at 2,000 RPM. The triangles, circles,

diamonds and squares are taken at 3.87, 3.93, 4.00, and 4.07 s into the spinning run, respectively.

Slight discontinuities are from the fitting algorithm and not the true fluid profiles. The average

evaporation rate was calculated by subtracting the lowest line from the highest line
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then there are a number of strategies for removing these edge beads, including

solvent jets directed at the perimeter and flat adjacent surfaces to allow fluid flow to

continue at the edge without hindrance.

11.4 Conclusions

Spin coating remains a rapid and useful technique for depositing thin and uniform

coatings from solution precursors. Usually these coatings have best quality when

the solvent in the coating solution is not evaporating too quickly. Efforts to

optimize coating solutions should include careful consideration of chemical reac-

tivity, surface tension, and evaporation rate when trying to make uniform coatings.
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Chapter 12

Aerosol Deposition

Matt D. Brubaker

12.1 Comparison of Aerosol Deposition to Other CSD

Techniques

Thin films can be deposited from chemical solutions via a number of established

techniques. Chemical solution deposition typically refers to the deposition of a thin

film of liquid precursor and subsequent thermal processing to form the solid thin

oxide film. Spin coating (Chap. 11) and dip coating (Chap. 10) are well-known CSD

techniques that have found widespread use. For the sake of comparison, it is also

useful to consider methods that are not typically grouped within the CSD domain,

but still use liquid solutions as precursors to the final film. Metal organic chemical

vapor deposition (MOCVD) is an example of such a technique in which the

deposition and thermal processing take place simultaneously as opposed to subse-

quently. Aerosol deposition processes and films typically have characteristics that

will be intermediate of spin coating and MOCVD processes and films. Hence, it is

useful to review these techniques in order to clarify the unique characteristics of

aerosol deposition.

Spin coating (Chap. 11) is perhaps the simplest CSD method in which the

precursor solution is dispensed onto the substrate and the substrate is then rotated

at several thousand revolutions per minute to yield a thin liquid film as shown in

Fig. 12.1. The primary process controls for the spin coating process are the spin

speed and the molarity of the precursor solution, with rotation speed being inversely

proportional and molarity being proportional to final film thickness. Spin coating is

a fast and reproducible process that can yield good film uniformities on small to

large diameter silicon wafers. However, spin coating is not particularly well suited

for non-circular substrates, particularly larger flat panel displays or windows. Spin
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coating is also not suitable for depositing films on substrates that have non-planar

surface topography. For example, a spin coated film on a trenched structure can

exhibit a snow-drift like profile and will in general possess a larger defect density

(Fig. 12.1). One further shortcoming of spin coating is that a large fraction of the

excess precursor solution is spun off of the wafer and lost to waste.

In contrast to spin coating, MOCVD is a technique that can yield high perfor-

mance oxide films, but at the cost of a high level of sophistication and sensitivity in

the processes and hardware. MOCVD usually is performed under vacuum

conditions to minimize reactions between chemical precursors and reactants in

the gas phase. MOCVD utilizes similar metallo-organic precursors to CSD, but

the precursors must satisfy additional criteria including thermal stability above their

evaporation temperature. The precursors are vaporized and transported to a heated

substrate (Fig. 12.2), upon which they are reacted to form a solid oxide film and

carbonaceous byproducts.

The byproducts are transported from the substrate surface and allow for a

low carbon, high density oxide film to be fabricated in the as-deposited condition.

Fig. 12.1 Schematic illustration of (a) the spin coating process and (b) conformality-related film

defect associated with topographical features

Fig. 12.2 Schematic illustration of (a) the MOCVD process and resulting film thickness

conformality for (b) low sticking coefficient and (c) high sticking coefficient process conditions
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The process conditions for MOCVD are typically established to allow for multiple

precursor molecule-substrate collisions prior to incorporation into the growing film.

This permits transport of precursor molecules into deep trenches and results in

deposited films with good thickness and stoichiometric conformality. There are

numerous process controls utilized in MOCVD processing including deposition

time, precursor flow rate, substrate temperature, ambient pressure, and ambient

composition. While these controls give greater flexibility in tailoring the resulting

film properties, the inherent complexity in the process can significantly increase the

duration of the development cycle.

Aerosol deposition leverages several of the strengths from both the spin coating

and MOCVD techniques. As such it allows for thickness control by a wider variety

of process control parameters similar to the MOCVD technique while utilizing the

fast materials development cycle associated with spin coating and CSD techniques.

It can be used on substrates that do not lend themselves to spin coating including flat

panel displays and windows. For sufficiently small aerosol droplets, aerosol depo-

sition can yield thickness conformality over surface topography that resembles

liquid films and their characteristic surface tensions. The defect density of aerosol

deposited features will be lower than spin coated features [1] as spin coating allows

for air to become entrapped in the features under the advancing liquid wavefront

(Fig. 12.1). However, aerosol deposition techniques can sometimes require more

sophisticated equipment than spin-tracks and can have reduced throughput. The

film quality of certain types of aerosol deposited films, particularly those deposited

on heated substrates, can be more porous than for spin or MOCVD techniques.

12.2 Mechanics of Aerosol Deposition

The aerosol deposition process can be broken down into several sub-processes that

consist of generation of the aerosol, transport of the aerosol droplets to the sub-

strate, nucleation and aggregation of the aerosol droplets in the thin film, and

thermal processing of the film to produce the final composition and structure.

These steps will be presented in the context of a particular type of aerosol deposi-

tion called Liquid Source Misted Chemical Deposition (LSMCD). The purpose for

this approach is that in LSMCD these sub-processes will occur sequentially and

hence provide the reader with a chronological layout for learning the aerosol

deposition process. Once these sub-processes have been introduced, other variants

of the aerosol deposition process will be introduced based on these sub-processes

taking place simultaneously.

12.2.1 Aerosol Generation

Generation of aerosols from CSD precursor solutions involves the dispersion of a

bulk liquid to form an ensemble of small spherical liquid droplets. This ensemble
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will have a characteristic distribution of droplet sizes and charge states that depend

largely on the process and solution from which the aerosol is generated. The droplet

size governs aerosol transport and deposition sub-processes, hence it is of para-

mount importance to establish the distribution and its statistical metrics for proper

analysis and application.

The droplet size can also be a key parameter for particular applications. Consider

a substrate as shown in Fig. 12.3 with an array of 1 μm diameter holes that are to be

deposited with a thin film inside the holes. If an aerosol with droplet diameter less

than 1 μm impinges on a 1 μm hole, the droplet can adsorb onto the internal surface

of the hole without plugging it. Alternatively, if an aerosol droplet that is greater

than 1 μm in diameter impinges a hole the droplet can plug the hole and entrap a

bubble that can introduce a defect in the film structure. In general, when attempting

to coat internal surfaces the droplet size distribution should not contain sizes that

exceed the minimum topographical feature size on the substrate.

There are several techniques by which aerosols are generated for thin film

deposition processes. These techniques are based on the transfer of pneumatic

[2], ultrasonic [3], or electrostatic [4] energy to the bulk liquid in sufficient

magnitude to break liquid tension forces. The LSMCD process typically employs

pneumatic atomization as this technique is particularly effective in creating small

aerosol particle diameters that extend into the submicron range. Figure 12.4 shows a

schematic diagram of pneumatic atomization in which a liquid stream is sheared

into aerosol particles by flow of compressed gas. The pressure of the input gas will

affect the resulting aerosol particle size characteristics. The input pressure will also

determine the overall gas flow rate and velocity, which are important to the process

by which the aerosol is transported to the substrate. The shearing of bulk liquid

surfaces during atomization causes buildup of electric charges on the aerosol

particles, which again is important to transport processes. In the following pages

the aerosol particle size and charge distributions will be presented in the context of

pneumatically atomized aerosols, however, the methods of description can be

applied to aerosols generated by other techniques.

In this section we will discuss the statistical methods by which the particle size

distributions of an aerosol are described. Particle size distributions are plotted either

as histograms or as continuous frequency functions that show the frequency of

Fig. 12.3 Diagram

showing aerosol deposition

inside topographical

features illustrating the

effect of aerosol particle

size on internal surface

coating
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occurrence of a particular metric (count, mass, surface area, etc.) versus the particle

diameter. Figure 12.5 shows the particle size distribution of an aerosol generated by

atomization of a liquid solution. The shape of this distribution is representative of

many aerosol distributions that will be encountered and is characterized by a

skewed profile and long tail extending towards the larger particle diameters. The

vertical axis in the plot shows the fraction of total particles in a given diameter

interval, which is mathematically described via the frequency function

f dp
� � ¼ df

ddp
(12.1)

where f(dp) is the value of the frequency function at particle diameter dp, and df is
the fraction of particles in the incremental particle diameter range ddp. In this way

the fraction of particles in a given size range can be determined by integrating the

frequency function over the limits of the range

f ¼
Zdb

da

f dp
� �

ddp: (12.2)

Integrating the frequency function over the whole distribution will yield the entire

fraction of particles and will give a value of 1 for normalized frequency functions

Fig. 12.4 Schematic

diagram of (a) precursor

aerosol generation by

atomization and (b)

corresponding pressure

vs. flow characteristics.

Atomizer flow rate data

courtesy of Primaxx

Corporation

Fig. 12.5 Aerosol particle

size distribution by count

frequency for indicated

geometric mean average

and standard deviation.

Aerosol particle diameter

shown in (a) normal and (b)

log scale
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f ¼
Z1

0

f dp
� �

ddp ¼ 1: (12.3)

Discrete histogram data is frequently used to estimate the shape of the continuous

frequency function. In order to plot discrete data in an analogous manner to the

frequency function the discrete data must be plotted as the fraction of particles in

the interval divided by the width of the interval.

For many aerosols, including liquid aerosols generated by atomization, the

frequency function can usually be fit to a lognormal distribution. For the present

purposes it is sufficient to consider the lognormal distribution as an empirical model

for fitting aerosol particle size distributions. The lognormal distribution has the

familiar appearance of the normal (or Gaussian) distribution when the horizontal

particle diameter axis is plotted in log scale (Fig. 12.5b). The mathematical form of

the lognormal distribution is

f dp
� � ¼ 1

ffiffiffiffiffi
2π

p
ln σg � dp

� exp � ln dp � ln dg
� �2

2 ln σg
� �2

" #

(12.4)

where dg and σg are the geometric mean diameter and the geometric standard

deviation, respectively. Much of the information for describing the aerosol distri-

bution can be condensed into these two statistical parameters. The lognormal

distribution also has several other characteristics that make it convenient for

describing aerosols. Many aerosols span several decades in particle diameter. The

lognormal distribution allows for the full range of diameters to be resolved, in

contrast to normal distributions which tend to compress the distribution at smaller

diameters. The lognormal distribution also allows for easy conversion between the

various particle properties of the distribution (count, mass, surface area, etc.) by

calculating the relevant dg for that particular property, but retaining the same

overall shape and σg. We will explore this feature of the lognormal distribution in

the following paragraphs.

The particle size distributions discussed above are often manipulated to statisti-

cally describe other properties including aerosol mass and volume distributions. We

have already considered that the diameter of the particles is important when

depositing thin films over topographical microstructures. For the distribution

shown in Fig. 12.5 about 90 % of the particles are less than 1.8 μm in diameter,

hence this 90 % would be suitable for deposition on the interior surfaces of features

greater than 1.8 μm. However, the amount of film deposited for a given diameter

particle will be proportionate to the volume instead of the diameter itself. This

causes the larger particles to contribute more material to the overall film thickness

or to be weighted with respect to the smaller diameter particles. In this regard the

volume distribution, or the more commonly used and proportional mass distribu-

tion, will be more relevant to the kinetics of the transport and film growth processes.

Moreover, the mass distribution is typically measured when sampling aerosols as
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these measurements are commonly performed by weighing particles that are differ-

entially collected on the stages of a cascade impactor.

The lognormal distribution can be modified between the particle count distribu-

tion and the mass distribution by using the appropriate value of the geometric mean

diameter (dg). The median diameter can be used interchangeably with the geometric

mean diameter as both of these values are equal for the lognormal distribution. The

Count Median Diameter (CMD) is typically used for the particle count distribution,
while the diameter of the average mass (dm ) is used for the mass distribution. The

equation for converting between these two average values is given by Eq. (12.5)

dm ¼ CMD � exp 1:5 ln2σg
� �

: (12.5)

The geometric standard deviation (σg) will retain the same value for both the

count and mass distributions as well as any moment of the lognormal distribution.

The dm and σg values are frequently extracted from cascade impactor data that has

been plotted as cumulative mass fraction on a log-probability plot. Additional

details of this approach, as well as a more comprehensive treatment of aerosol

science, can be found in the referenced texts [5–7]. Figure 12.6 shows the particle

count distribution from Fig. 12.5 plotted in addition to its mass distribution.

The overall shape of the particle mass distribution (log dp plot) can be seen to be
the same as the particle count, but shifted towards higher diameters. The particle

mass distribution shown in the plot is normalized in a similar manner to the particle

distribution plot in Fig. 12.5. It is worth noting that the particle count distribution in

Fig. 12.6 has been adjusted by a factor of CMD/dm for the sake of comparison,

hence it is no longer normalized.

For a given particle size distribution it is possible to further tailor the distribution

via a stage of downstream impactors. The mechanics of impaction will be discussed

in the next section on transport, but will be introduced here as a technique for

removing unwanted large diameter particles from the distribution. The particle size

distribution introduced in Figs. 12.5 and 12.6 show that even though 90 % of the

particle count is suitable for depositing in 1.8 μm diameter holes, the mass distri-

bution shows that only 25 % of the particles by mass will be suitable for 1.8 μm
geometries. A solution to the problem is to clip the distribution by capturing any

particles that are larger than 1.8 μm. Figure 12.7 shows experimental measured

Fig. 12.6 Aerosol particle

size distribution comparing

count frequency and

average mass frequency for

indicated geometric mean

average, standard deviation,

and mass average. Aerosol

particle diameter shown in

(a) normal and (b) log scale
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histogram data of an atomized liquid that has been clipped above 1.8 μm. The

resulting distribution is now suitable for deposition in 1.8 μm geometries. While

this approach allows customization of distributions for ever smaller geometries it is

at the expense of the utilization efficiency of the precursor solutions, which can be a

significant fraction of the operational costs in chemical solution deposition. In this

case the volume of solution available for deposition has already been attenuated to

25 % prior to transport to the substrate, and will be referred to as the generation

efficiency (νg). However, the 75 % removed from the original distribution can be

easily reclaimed from the impaction chambers and recycled.

Figure 12.7 also shows the particle size distributions for two different input gas

pressures. Increasing the input gas pressure has the effect of shifting dm to smaller

diameters and decreasing the geometric standard deviation of the distribution. The

mass fraction of particles with diameter less than 1.8 μm is larger for higher input

gas pressure, with values of 25 % for 60 psi (414 kPa) and 14 % for 45 psi

(310 kPa). There is an engineering tradeoff to be considered when increasing

input pressure, however, as this will also increase gas velocities and the associated

loss of aerosol during the transport process.

Aerosol particles will take on a bipolar distribution of electric charge states

during the atomization process. Charge neutrality will be preserved in the overall

aerosol; hence the total positive charge will be balanced by the total negative

charge. The average magnitude of the electric charge on the aerosol particles will

fall within a given range that depends on the particle diameter. This range is defined

by a maximum charge for which the aerosol particle will be stable and a minimum

range from which the average charge will be statistically probable. The maximum

charge is referred to as the Rayleigh limit and is expressed as

nL ¼ 4πε0
1

� 2πγd
3
p

e2

 !1
2

: (12.6)

Particles with charge in excess of the Rayleigh limit will have repulsive electrical

forces that exceed surface tension forces and result in fragmentation of the particle.

The minimum charge is determined by the capture of ions by the aerosol particles in

Fig. 12.7 Aerosol particle

size distribution comparing

mass frequency for

atomizer pressure of 45 and

60 psi (310 and 414 kPa,

respectively). Aerosol

particle diameter shown in

(a) normal and (b) log scale.

Data courtesy of Primaxx

Corporation
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the gaseous medium. This interaction follows a Boltzmann distribution with the

average particle charge being approximated as

n ¼ 2:37
ffiffiffiffiffi
dp

p
(12.7)

with dp in μm. The range of these maximum and minimum charges is shown as a

function of aerosol particle diameter in Fig. 12.8.

The upper limit can be considered as an excited state of the aerosol particle that

is induced during generation or by an external process such as corona charging.

With time the excited charge states of the aerosol will relax to the equilibrium

value. The LSMCD process utilizes the particle charge to increase deposition

efficiency through the use of electrostatic forces. Hence, the LSMCD atomization

process is typically optimized to maximize the aerosol charge. One approach to this

end is the addition of a small concentration of polar solvent to the precursor

solution, thereby promoting charge exchange during the shearing of the liquid

stream. This has the advantage of enhancing charging efficiency without increasing

the complexity of required equipment. An alternative approach involves the use of

high electric fields (corona charging) to create a flux of ions that impart their charge

onto the aerosol. This approach can significantly increase deposition efficiency

during the transport stage due the large and more importantly unipolar aerosol

charges; however it can be difficult to maintain process reproducibility.

12.2.2 Aerosol Transport

In this section we will describe the processes by which aerosol droplets are

transported within the fluid medium to the substrate surface. We will examine the

primary forces responsible for motion of the aerosol particles and determine their

trajectories in a model that is representative of the LSMCD process. The signifi-

cance of key process parameters will be presented within this model in regard to

aerosol transport, film deposition and collection efficiency. The mechanics

Fig. 12.8 Aerosol charge

distribution range as defined

by Rayleigh limit

(maximum) and Boltzmann

average (minimum)
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elucidated from the model will be extended to larger aerosol diameters to describe

spray deposition and inertial separation techniques.

Aerosol particles will be subject to various forces during transport processes and

are generally categorized as internal or external forces [7]. Internal forces correspond

to the forces exerted on the aerosol particle by the surrounding fluid medium. External

forces correspond to forces that act independently of the fluid medium and include

gravitational and electrical forces. Each of these forces will vary in relative magnitude

depending on the size and inertia of the aerosol particle and on the ambient environ-

ment of the aerosol. It should be noted that these forces are vector quantities with

direction and magnitude and will be represented with a bar above the quantity.

The force imposed by the fluid medium is referred to as the Stokes force. As

described in the previous section, an aerosol generated by pneumatic atomization

will be entrained within a gas flow created by the compressed gas input. The

pressure of aerosol deposition processes is typically in the neighborhood of atmo-

spheric pressure; hence the fluid flow will be characteristic of the viscous flow

regime. The force exerted by this viscous flow will be proportional to the velocity of

the gas flow relative to the aerosol particle and takes the form

Fm ¼ �6πηrp V � U
� �

(12.8)

where η is the dynamic viscosity of the fluid, rp is the particle radius, V is the

velocity vector of the aerosol particle, andU is the velocity vector of the fluid flow.

This representation is accurate for small particle diameters and low relative

velocities which are characteristic of the LSMCD process. At higher particle

diameters and relative velocities the Stokes formula requires additional correction

factors as described in [7]. Very small aerosol particles will require an additional

slip correction factor if the particle diameter is on the order of the mean free path of

gas molecules in the fluid [5].

The external force ( Fext ) experienced by an aerosol particle includes the

combined effects of gravitational forces, electrical forces, and thermophoretic

forces. The gravitational force on an aerosol particle takes the form of

Fext ¼ mpg ¼ 4

3
πρr3p

� �
g (12.9)

where ρ is density of the aerosol particle and g is the acceleration due to gravity.

The electric force on an aerosol particle is given by

Fe ¼ qE ¼ neeE (12.10)

where the charge on the aerosol particle consists of the number of elementary

charges (which will fall somewhere between the values given byn and nL) times the

elementary charge constant. Thermophoretic forces occur when an aerosol particle

is heated non-uniformly and the resulting fluid density gradient induces a buoyant

force on the particle. These forces occur when an aerosol particle comes into close

proximity to a heated substrate and are often taken into account in spray pyrolysis
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techniques. LSMCD processes take place at ambient temperatures and subse-

quently will not be considered in the following quantitative model.

The equations of motion for the aerosol particles can be determined by consid-

ering the dynamics according to Eq. (12.11)

mp
dV

dt
¼ Fm þ Fext ¼ �6πηrp V � U

� �þ Fext (12.11)

where dV
dt represents the acceleration of the aerosol particle. This equation can be

manipulated to the following form which is more convenient for integration

dV

dt
¼ �6πηrp

mp
V � U
� �þ Fext

mp
¼ �1

τ
V � U
� �þ Fext

mp
(12.12)

where τ has units of time and is called the relaxation time. The relaxation time is a

characteristic time response for an aerosol particle to come to dynamic equilibrium

with its environment (i.e. settling of aerosol particles due to gravity) and is

represented by

τ ¼ 2ρr2p
9η

: (12.13)

We will need to incorporate the appropriate external forces Fext by considering

the relative magnitudes of the forces the aerosol particles will experience as a

function of size. Figure 12.9 shows the electrical, gravitational, and stokes force

under typical LSMCD process conditions. The electrical force will cover a range

defined by the minimum and maximum aerosol charges. This range can be seen to

bracket the stokes force, hence these forces are comparable and need to be

accounted for in the external forces. On the other hand the gravitational force is

at least an order of magnitude weaker than the electrical and stokes forces and falls

off more quickly at smaller particle diameters. Resultantly, the electrical forces will

be included and gravitational forces can be neglected among the external forces.

The velocity field U can be represented by stagnation flow in which the carrier

gas impinges the substrate surface at normal incidence [8]. This gas flow

corresponds not only to the case of internal flow within the LSMCD reactor, but

can also yield some insight into the operation of impactors for inertial separation of

large diameter particles and external flow created by spray nozzles. We will employ

three-dimensional stagnation flow represented in cylindrical coordinates. The

velocity field will be axis-symmetric with respect to the z-axis, hence it is sufficient
to consider only the radial and z-axis components. The velocity field is separable

and represented via

Ur ¼ a � r (12.14)
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Uz ¼ �2a � z (12.15)

where a is gas velocity constant that can be determined from the input gas velocity

(z >> r). It should be noted that this model does not account for the boundary layer

in which the velocity diminishes quickly with proximity to the substrate due to the

no-slip condition. For the model presented in the following text the gas velocity will

be overestimated within a few millimeters of the substrate.

We now apply Eq. (12.12) to determine trajectories of aerosol particles by of the

LSMCD process. We can rewrite Eq. (12.12) by separation of variables using the

same coordinate system as the gas velocity field

dVr

dt
¼ �1

τ
Vr � Urð Þ (12.16)

dVz

dt
¼ �1

τ
Vz � Uzð Þ þ qEz

mp
(12.17)

where Vr and Vz are the radial and z-components of the velocity, respectively, and

Ez is the applied electric field. These equations can be integrated to solve for the

aerosol velocities with applied boundary condition of Vr ¼ Vr0 and Vz ¼ Vz0 at

t ¼ 0 to yield

Vr ¼ Vro þ Ur � Vroð Þ 1� e
�t
τ

� �
� Vro þ Ur � Vroð Þ � t

τ
(12.18)

Vz ¼ Vzo þ Uz � Vzo þ qEzτ

mp

� �
1� e

�t
τ

� �
� Vzo þ Uz � Vzoð Þ t

τ
þ qEzt

mp
: (12.19)

Here we are approximating the exponential term by substituting its Taylor series

and keeping only the first order terms (e
�t
τ � 1� t

τ). We will ultimately be using an

iterative computation to perform a stepwise calculation of the velocities and

positions of the aerosol particles. By choosing a time step such that t << τ, this
approximation will be valid. We can integrate these expressions one more time to

Fig. 12.9 Comparison of

external and Stokes forces

acting on aerosol particles,

illustrating the negligible

effect of gravity on

sub-micron sized aerosol

particles
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arrive at the equations for the radial and z position of the aerosol particles with the

applied initial conditions of r ¼ r0 and z ¼ z0 at t ¼ 0 (Eqs. 12.20 and 12.21)

r ¼ r0 þ Vro � tþ t2

2τ
Ur � Vroð Þ (12.20)

z ¼ z0 þ Vzo � tþ t2

2τ
Uz � Vzoð Þ þ qEzt

2

2mp
: (12.21)

These equations for velocity and position are parametric with time and can be

easily incremented to generate a trajectory curve given the initial conditions of the

aerosol particle.

The parameters of themodel have been chosen to simulate a typical LSMCDprocess

with an octane aerosol (ρ ¼ 0.7 g/mL) in a nitrogen carrier gas (η ¼ 1.77� 10�4

poise). Figure 12.10 shows a schematic diagram of the LSMCD deposition chamber

in which the gas flow enters via a showerhead at the z ¼ 50mmplane and transits in the

–z direction. The aerosolwill be fully entrained in the carrier gas flow at the showerhead;

hence the initial aerosol velocity at a given radiuswill be equal to the carrier gas velocity

at that radius. The substrate is a 150 mm diameter wafer placed so that the center of its

surface is located at r ¼ z ¼ 0 mm. A field screen is located 10 mm above and in the

plane of the wafer surface. The chamber walls are delineated by the gas trajectory that

intersects the field screen at the same radius as the wafer (r ¼ 75 mm). The field screen

is held at ground potential and the bias is applied to the substrate such that the electric

field is dropped entirely and uniformly over 10 mm > z > 0 mm as in a parallel plate

capacitor. Field edge effects will not be considered in this model, but in practice tend to

cause higher deposition rates. The carrier gas exits through an exhaust port delineated by

the edges of the wafer and field screen.

Now that a basis for the mechanics of aerosol motion has been established, we

can proceed to explore the variation in transport characteristics as a function of

Fig. 12.10 Axis-symmetric

diagram of LSMCD

chamber used for aerosol

transport model

simulations. Carrier gasses

enter through the

showerhead at the top of the

figure and are transported to

the exhaust according to the

gas trajectories calculated

by Eqs. (12.14) and (12.15).

An electric field is

generated between the

substrate and ground-

potential field screen

through an applied

substrate bias
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process conditions. First we will consider the effect of particle size on the aerosol

transport as shown in Fig. 12.11. Carrier gas trajectories are shown for several

radial entry points into the chamber and aerosol trajectories are shown for an entry

point at r ¼ 5 mm for particle radius of 10–75 μm. In this example the input

velocity is 1 m/s and there is zero applied bias on the substrate. The larger particles

have greater inertia and follow a path determined primarily by the direction of input

velocity. As they approach the substrate their trajectory tends to diverge from the

carrier gas trajectory and eventually they impact the substrate. Aerosol particles

that impact the substrate will be incorporated into the thin film. Conversely, smaller

aerosol particles with a radius less than 10 μm will tend to follow the carrier gas

streamlines and be lost to the chamber exhaust without contributing any material to

the thin film. Clearly an additional external force is necessary to induce deposition

for smaller aerosol particles and will be discussed shortly when an electrostatic bias

is applied to the substrate. The particle size significantly affects the overall deposi-

tion efficiency and defines two different transport regimes. The inertial deposition

of aerosols greater than 10 μm radius is typically referred to as Spray Deposition in

the literature, while deposition of particles less than 10 μm is typically referred to as

Misted Deposition.

Refinement of the particle size distribution via impaction can also be understood

within the context of Fig. 12.11. Let us consider the deposition chamber in this

figure as an upstream impaction chamber with the substrate being replaced by a

fixed diameter flow obstacle and the showerhead being replaced by a small diameter

inlet orifice. Large radius aerosol particles will impact the flow obstacle and be

deposited within the impaction chamber, while small radius aerosol particles will

flow around the obstacle. In this way the particle size distribution can be clipped to

the desired particle size based on the diameter of the flow obstacle and the geometry

of the impaction chamber.

The input gas velocity can be used to shift the transition point between the Spray

and Misted Deposition regimes as seen in Fig. 12.12. By increasing the input gas

velocity a 10 μm radius aerosol particle can be made to deposit based on its inertial

trajectory. This approach can be employed to increase the collection efficiency of

smaller particles, but at the expense of causing most material to be deposited at the

Fig. 12.11 Aerosol particle

trajectories calculated for

input gas velocity of 1 m/s

and no applied electric field,

illustrating the effect of

aerosol particle radius on

deposition pattern. Larger

aerosol particles possess

sufficient inertia to diverge

from the gas flow

trajectories and deposit onto

the substrate, while smaller

aerosol particles remain

entrained in the gas flow

and are not deposited
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center of the substrate. On the other hand, mist transport allows for sufficient

material to be transported to the outer perimeter of the substrate.

We have learned that the transport of small aerosol particles by carrier gas alone

will bring the particle within close proximity of the substrate surface, but will not

cause the particles to deposit without an external force. The LSMCD process

overcomes this effect by applying a DC voltage bias to the substrate which creates

an electrostatic field between the substrate and field screen. Figure 12.13 shows the

effect of this electrostatic field on the aerosol trajectories. For the following

examples the particle radius has been chosen as 1 μm as this corresponds to the

cutoff particle size given by Fig. 12.7. The particles have a negative total charge

equal to 100 elementary charges and the input carrier gas velocity is 1 m/s. By

applying an electrostatic field in the positive z direction the aerosol particles are

made to impinge the substrate and contribute to film growth. The trajectories

diverge farther from the carrier gas trajectories for increasing electric field. The

maximum field of 10 kV/cm shown in the plot is determined based on the electrical

breakdown of the fluid medium, which is about 1/3 of the breakdown strength of air.

The charge polarity of the aerosol particles will determine whether their

trajectories diverge toward or away from the substrate as shown in Fig. 12.14. In

this example the direction of the electric field is the same as in Fig. 12.13, but now

both positively and negatively charged aerosol particles with 100 elementary

charges are shown. This is an illustrative example of the transport of a bipolar

mist of atomized precursors by the LSMCD process. The trajectories of the

negatively charged mist show good separation to the substrate edge, indicating

that the aerosol is being deposited uniformly across the entire substrate. In practice

film uniformities of less than 5 % are achievable calculated as the range of thickness

divided by twice the mean thickness [9].

We can also make some comments on the precursor utilization efficiency as

affected by transport processes. To this end we will assume a monodisperse aerosol

with 2 μm diameter and 100 elementary charges of both polarities. As shown in

Fig. 12.14, the positively charged aerosol particles are deflected away from the

Fig. 12.12 Aerosol particle

trajectories calculated for

10 μm radius aerosol

particles and no applied

electric field, illustrating the

effect of input gas velocity

on deposition pattern.

Increased carrier gas

velocity produces aerosol

trajectories directed towards

the center of the substrate,

and can produce an image

of the showerhead in the

deposition pattern
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substrate and transported to the exhaust, hence half of the mist is lost to exhaust.

This effect of charge polarity on precursor utilization efficiency will be referred to

as the ionization efficiency (νi) and will have a value of 50 % for the LSMCD

process. Even some of the negatively charged mist that follows the trajectories

close to the chamber walls will be lost to exhaust. We can estimate this fraction of

material by determining the initial radius (r0,c) of trajectories that intersect the

substrate perimeter. All trajectories less than r0,c will be deposited on the wafer,

while trajectories greater than r0,c will be transported to the exhaust. The collection
efficiency (νc) can be calculated as the fraction of mist collected by the substrate

divided by the total mist supplied by the showerhead as

νc ¼
πr20, c
πr2s

(12.22)

where the rs is the radius of the showerhead. The trajectories showing r0,c and

collection efficiency as a function of applied electric field is shown in Fig. 12.15.

Fig. 12.13 Aerosol particle trajectories calculated for 1 μm radius aerosol particles with negative

100 elementary charges at an input velocity of 1 m/s, illustrating the effect of applied electric field

on deposition pattern. Increasing electric field allows for smaller mist-sized aerosol particles to

become deposited

Fig. 12.14 Aerosol particle trajectories calculated for 1 μm radius aerosol particles with 100 ele-

mentary charges at an input velocity of 1 m/s, illustrating the effect of aerosol charge polarity on

deposition pattern. Negatively charged aerosol particles are deposited onto the substrate, while

positively charges particles are lost to the exhaust
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The collection efficiency calculated from these trajectories is plotted in

Fig. 12.16, and as expected the collection efficiency increases with applied electric

field to a maximum value of about 30 % at 10 kV/cm. The overall precursor

utilization efficiency can now be calculated as

ν ¼ νg � νi � νc: (12.23)

The overall precursor utilization by this model predicts about 4 % utilization

efficiency, which is comparable to spin coating. This value can be increased for

some applications by optimizing the cutoff point for aerosol generation (for

applications that do not require small aerosol particles) or increasing the ionization

efficiency by unipolar charging [10].

The film deposition rate can be calculated using the precursor utilization effi-

ciency, the quantity of precursor supplied, and the shrinkage factor associated with

converting the precursor liquid to its final solid structure. The shrinkage factor (S) is
defined as the ratio of the film volume (Vfilm) to the solution volume (Vsoln) and can

be estimated from the molar volumes of each as

Fig. 12.15 Aerosol particle

trajectories terminating at

the substrate perimeter

calculated for 1 μm radius

aerosol particles with

negative 100 elementary

charges at an input velocity

of 1 m/s. A greater fraction

of aerosol is collected by the

substrate for increasing

electric field

Fig. 12.16 Calculated

collection efficiency for

trajectories shown in

Fig. 12.15 (1 μm radius,

100 elementary charges,

1 m/s inlet velocity). The

collection efficiency and

deposition rate are

approximately linear with

respect to applied electric

field
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S ¼ Vfilm

Vsoln
¼

Mm

d
1
Ms

¼ MmMs

d
(12.24)

where Ms is the molarity of the solution, Mm is the molar mass of the film, and d is

the film density. The film volume can then be calculated by using the flow rate of

precursor into the system (Qsoln) and the deposition time (tdep) as

Vfilm ¼ Qsoln � tdep � S � ν: (12.25)

The film volume is simply the film thickness multiplied by the substrate area

(Asub) which yields the following equation for film thickness

tfilm ¼ Qsoln � tdep � S � ν
Asub

(12.26)

from which the deposition rate (Rdep) is calculated finally as

Rdep ¼ Qsoln � S � ν
Asub

: (12.27)

These equations show that the deposition rate is linear with respect to a number

of process parameters including precursor solution flow rate, precursor solution

molarity, substrate bias, and deposition time. Linearity of deposition rate in these

process variables has been demonstrated for a number of material systems [2, 11]

and provides flexibility in thickness control that is not otherwise available for other

CSD coating techniques. Moreover, the LSMCD process provides a convenient

way of controlling film thickness independent of precursor molarity, which is often

convoluted with residual carbon in CSD films. An example deposition rate can be

calculated as 100 Å/min using 0.75 M La2O3 precursor at 0.15 mL/min flow rate

and 8 kV/cm substrate bias. This calculation agrees well with actual measured

deposition rates and also represents a typical deposition rate achievable by the

LSMCD process.

12.2.3 Aerosol Aggregation and Film Growth

Thin film growth from aerosols takes place via nucleation by adsorption of individ-

ual droplets, accumulation of a sufficient number of nuclei for the droplets to

coalesce into a continuous film, and finally incorporation of additional aerosol

flux into the thin liquid film. The droplets and liquid film will reflow throughout

these steps in such a way as to minimize surface free energy. This particular aspect

of aerosol deposition can yield planar thin films with significantly different

characteristics than spin-coated films including incomplete-wetting and migration

effects. As we have seen in previous sections aerosol deposition can enable
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deposition of internal surfaces of microstructures. The resulting profiles of thin

liquid films in these structures will be determined largely by liquid tension and

meniscus effects.

The initial nucleation phase of film growth can be understood via contact angle

theory and is illustrated in Fig. 12.17. A droplet adsorbs onto the substrate to form a

spherical cap with the internal angle between the substrate and droplet surface

being designated the contact angle. The spherical cap will have the same volume as

the initial droplet and dimensions established by the volume and contact angle. In

the absence of external potentials the contact angle can be determined by the

surface energies of the liquid vapor interface (γlv), the solid vapor interface (γsv),
and the solid liquid interface (γsl) via Young’s equation [12]

γsv ¼ γsl þ γlv cos θð Þ: (12.28)

Droplets that spread out to cover a large surface area for a given volume are said to

“wet” the surface and exhibit a contact angle of zero degrees. In this case the

surface energy of the solid vapor interface is greater than or equal to the sum of the

solid liquid and liquid vapor interfaces (γsv � γsl + γlv) and the total energy is

minimized when the droplet geometry reduces the exposed substrate area. Con-

versely, no-wetting corresponds to a contact angle of 180 degrees and occurs when

the surface energy of the solid liquid interface is greater than or equal to the sum of

the solid vapor and liquid vapor interfaces (γsl � γsv + γlv). For this case liquid

droplets will retain their spherical shape and maintain only a point contact to the

substrate surface. It should be noted that the actual contact angle can be signifi-

cantly affected by the electric potential the droplet is subjected to and the quantity

of charge that is induced in or retained by the droplet [13]. Hence the initial aerosol

charge and bias used to assist deposition during transport will in general exert

electrostatic forces in addition to liquid tension forces. Further complications exist

when depositing on surfaces with conductive and insulating regions. This mixed

character can cause an incongruent accumulation of charge on the droplets and

create localized non-uniformities in the electrostatic field.

When two discrete liquid droplets make physical contact during deposition they

will coalesce to form a single droplet with a smaller overall surface area. Towards

the end of the nucleation stage the frequency of coalescence will increase until all

droplets have combined to form a continuous thin liquid film [14]. The film

thickness at the point of complete coalescence will be termed the critical thickness

and represents a lower bound in the fabrication of continuous films. We can make

an estimate of the minimum critical thickness based on the dimensions and geome-

try of the incoming aerosol flux, spherical cap droplets, and continuous thin film as

shown in Fig. 12.18. Consider a scenario in which a monodisperse aerosol arrives at

the substrate in a close packed hexagonal array. The adsorbing aerosol spreads out

to form spherical caps that just touch their nearest neighbors at which point they

coalesce to form a continuous film. The volume of the initial spherical aerosol

particle becomes incorporated into a hexagonal slab with equivalent volume. Using

the numbering scheme from the sequence in Fig. 12.18 we can state this
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mathematically as V1 ¼ V2 ¼ V3. By determining the interfacial area of the hexa-

gon the critical thickness (tcrit) can be calculated as

tcrit ¼ V3

A3

¼ V1

A3

¼
4
3
πr3p

2r2ls
ffiffiffi
3

p (12.29)

where rls is the radius of the liquid solid interface for the spherical caps. By equating
V1 ¼ V2 and solving for the radius of the spherical cap (rsc), the radius of the liquid
solid interface is found as

rls ¼ rp sin θ

sin 4 θ
2
� 3� 2 sin 2 θ

2

� �	 
1
3

: (12.30)

From Eqs. (12.29) and (12.30) it can be seen that the critical thickness for coales-

cence is determined by the contact angle (which is a function of surface energies

and applied bias) and the aerosol particle radius. Figure 12.19 shows the minimum

critical thickness as a function of these two parameters.

Note that these results are for liquid films, the final solid film thickness would

need to be multiplied by the shrinkage factor S. Liquid films with below minimum

critical thickness will exhibit discontinuity, while above critical thickness films

have the potential for monolithic films depending on the actual sequence of

nucleation events. The dependence of the critical thickness on aerosol particle

Fig. 12.17 Diagram of

liquid spherical cap

illustrating contact angle

with respect to substrate

surface

Fig. 12.18 Diagram of

idealized nucleation

behavior showing

incidence, aggregation, and

coalescence of aerosol

particles
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radius demonstrates another aspect in which the aerosol size can be a key parameter

in applications requiring very thin continuous films.

Liquid films that have been deposited over trenches or surface topology will tend

to exhibit a meniscus-like profile. This effect is again due to the minimization of

surface free energy and results in an accumulation of excess material at the bottom

of sidewall structures. This excess material can lead to unwanted parasitic effects in

applications that require conformal thin films and film thicknesses that are signifi-

cantly less than the width of the trench. In these cases a common approach has been

to reduce the angle of the sidewalls so that there is less bridging of the liquid

between the trench bottom and sidewalls. For other applications it is desirable to fill

trenches evenly in a process called planarization. Here the deposited film thickness

is usually equivalent to the dimensions of the trench and liquid tension forces assist

the liquid in migrating to internal surfaces.

12.2.4 Thermal Processing

The final step in fabrication of thin films by aerosol deposition and by any type of

chemical solution deposition is converting the thin liquid film into a thin solid film.

Thermal processing has been presented in previous chapters, but will be reviewed

here for contextual relevance. As the ambient temperature of the film is increased

there are compositional and structural changes that take place during the phase

change from liquid to solid. First organic solvents are evaporated from the film at a

temperature above the solvent boiling point. Next the remaining metallo-organic

precursors are pyrolyzed above the precursor decomposition temperature to create a

solid amorphous metal oxide film. These processes are accompanied by a net

reduction in the film volume as the organic components of the precursors are

removed or converted to gaseous byproducts. Depending on the desired form of

the solid film a final crystallization anneal can be applied to convert the oxide to the

crystalline phase.

Fig. 12.19 Minimum

critical thickness for thin

liquid films calculated using

Eq. (12.30). Uniform layers

are obtained for thicknesses

in excess of the critical

thickness, while

discontinuous films are

obtained below the critical

thickness
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12.3 Aerosol Deposition Techniques

In the previous sections the generation, transport, and deposition of liquid aerosols

was presented sequentially as it occurs in the LSMCD process. Thermal processing of

the films was applied subsequent to the completion of the all deposition processes. In

contrast to LSMCD, many aerosol deposition techniques involve the deposition of

aerosols on heated substrates. In these processes the aerosol undergoes evaporation

and pyrolysis during the transport and film growth steps of the aerosol deposition

process and is termed “spray pyrolysis”. Spray pyrolysis processes usually take place

across large temperature gradients that incur a significant dynamic response in the

physical and chemical properties of the precursor aerosols. Consequently, analysis of

transport processes becomes complex enough that the task will merit a qualitative

rather than quantitative discussion here. Moreover, the arriving flux of material at the

substrate surface will frequently consist of partially dried aerosol particles, precursor

vapors, and reacted precursor powders. The resulting film structure will generally

consist of an aggregate of these depositing species.

Aerosol particles will experience a thermal cycle en route to the substrate that

depends largely on the precursor chemistry and substrate temperature. Figure 12.20

shows a schematic illustration of this cycle with key thermal processes delineating

different regimes of the spray pyrolysis process. The precursor aerosol is initially

generated as a liquid droplet in a similar manner to the processes previously

described. As the aerosol approaches the solvent evaporation temperature during

transit to the substrate it will begin to lose volume due to solvent evaporation.

Physically this effects the particle inertia and the magnitude of the Stokes force and

can reduce deposition efficiency. Chemically a situation is created in which dissolved

solids can precipitate if enough solvent evaporates in the aerosol particle to increase

the concentration above the precursor solubility limit. As temperature is increased

above the precursor vaporization point the aerosol particles will dissociate to form a

vapor of precursor molecules. The precursor molecules will pyrolyze during transport

to form powder if the decomposition temperature of the precursor is exceeded. For

precursors with a decomposition temperature less than their vaporization tempera-

ture, a larger solid particle will form directly from the aerosol particle.

The substrate temperature will determine the extent of reaction in the thermal

cycle, however the rate at which these reactions proceed has a kinetic dependence

that depends on the aerosol size. During solvent evaporation and pyrolysis mass

transfer of solvent and gaseous byproducts will take place through the particle

surface area. Smaller aerosol particles have greater surface area to volume ratio and

will in general proceed through the thermal cycle at a faster rate than larger

particles. Hence, for a given temperature and aerosol particle size distribution

there may be particles present at various stages of the thermal cycle. Larger

particles can also develop a thermal gradient across their diameter and induce a

skin effect in which the outer surface begins to decompose prior to evaporation of

the solvent. This is sometimes observed as hollow particles deposited on the

substrate [15].
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The thermal cycle illustrated in Fig. 12.20 also delineates several spray pyrolysis

operational regimes as determined by the substrate temperature. Regime I

corresponds to low temperature liquid film deposition in which the precursor

composition and aerosol particle size do not evolve with transport. This situation

describes the LSMCD process presented in the previous section. Regime II

corresponds to deposition of precursors that have lost enough solvent to increase

the precursor viscosity whereby the droplets will not coalesce upon incorporation

into the film. In actuality aerosol particles in both regimes will evaporate some of

their solvent if the carrier gas is not at the equilibrium vapor pressure for the

solvent. The distinction between regimes I and II is somewhat amorphous and

they are consequently lumped together and termed “aerosol-gel processes”

[14]. Regime III represents a type of spray pyrolysis in which the precursors are

vaporized prior to adsorption onto the substrate. This process is very similar to the

MOCVD process discussed earlier and is usually referred to as aerosol-MOCVD

[16]. The aerosol-MOCVD process takes place at atmospheric pressure, while

traditional MOCVD processes occur at vacuum pressures. As the substrate temper-

ature reaches the precursor decomposition temperature the aerosol particles can be

made to decompose at or within a proximal distance of the substrate in a region

called the reaction zone [17]. Beyond this temperature the aerosol will form

non-coherent powder and solid particles (regime IV). While these processes are

not useful for growth of adherent films, they are of interest in the fabrication of

powders and nanoparticles [18].

12.4 Structure-Processing-Property Relationships of

Aerosol Deposited Films

The properties of thin films are intimately related to the microstructure of the films,

which in turn are determined by the fabrication process. These correlations are

generally referred to as structure-processing-property relationships. In the previous

sections we outlined some of the key differences between spin coating and aerosol

Fig. 12.20 Spray pyrolysis thermal cycle
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deposition and noted how the macroscopic structure with respect to surface topol-

ogy is related to the fabrication process. In this section we will explore the how the

fabrication process affects the microscopic structure of the films. A key point of

differentiation between spin coating and aerosol deposition lies in the principle that

substrate heating can be applied during aerosol deposition. In this way the carbo-

naceous byproducts can be removed during growth, which will increase the density

of as-grown films. A greater degree of control over film crystallinity can also be

achieved by substrate heating during spray pyrolysis. Finally, the depositing flux on

heated substrates consists of partially reacted aerosol particles that will tend to

aggregate as semi-solid particles in contrast to coalescing as a liquid.

As described in previous sections, thermal processing includes conversion of the

metallo-organic precursor to a solid metal oxide. During conversion the organic

components are evaporated or reacted to form volatile compounds and discharged

from the film. In the case of liquid films (regime I from Fig. 12.20) with thermal

processing applied as a post-process the reaction byproducts must be transported

through the full film thickness. The amorphous network of metal oxide bonds will

begin to form prior to the emission of all organic components and can result in porous

structure and residual carbon in the film. In the case of higher substrate temperatures

(regimes II and III from Fig. 12.20) the reaction byproducts need only desorb from the

growth surface as opposed to through the full film thickness and will result in higher

density films. In some cases microcracks can form as a result of film shrinkage during

thermal processing, which imposes an upper bound on the thickness that can be

deposited per layer. The simultaneous growth and densification inherent in the spray

pyrolysis process will in many cases eliminate this constraint [19].

Crystallization of CSD deposited films will depend to a large extent on the

growth temperature and whether crystallization takes place during growth or as a

post-growth process. These relationships can be described using the structure zone

model (SZM) published in reference [20], which is reproduced in Fig. 12.21. The

axes in the SZM are the material-independent homologous temperature (sintering

temperature/melting temperature) versus the ratio of intrinsic crystallite size to

single layer film thickness. In regard to aerosol deposition the thermal axis

corresponds to the substrate temperature. The intrinsic crystallite size/single layer

thickness is presented here as a fabrication parameter that spans deposition of

individual layers with subsequent thermal processing to simultaneous deposition

and thermal processing (as in spray pyrolysis where the single layer thickness

approaches zero). From the SZM it is apparent that the crystalline structure can

take on significantly different characteristics depending on these two parameters.

For single layer thicknesses greater than the crystallite size, the crystals will

nucleate randomly in the bulk of the film and give rise to a granular structure,

which has been observed in transparent conductive oxide thin films [20, 21]. As the

single layer thickness approaches the crystallite size the film thickness constrains

nucleation to a planar array of crystallites, causing a layer by layer growth of

individual crystallites. As the single layer thickness falls below the crystallite

size, nucleation of new crystallites will be seeded by the crystallites from the previous

layer. Consequently, the morphology of the films will take on a columnar
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characteristic in which the crystal structure of the initial layer is templated through

the entire film thickness. This film growth mode has been demonstrated by the

aerosol-MOCVD process [22] and yields epitaxial thin films in which the crystallo-

graphic orientation of the substrate is transferred to the film during growth. It is also

worth noting the phase transition temperature from amorphous phase to crystalline

phase as a function of crystallite size to single layer thickness. In the granular growth

region the film density will be low in comparison to the layer and columnar growth

regions, as explained in the previous paragraph. Crystallization takes place by

diffusion of atoms into their respective lattice sites at elevated temperature. Low

density films will incur a longer diffusion length than high density films and require a

higher crystallization temperature. This effect is illustrated in the SZM as a lower

phase transition temperature for the layered and columnar modes of film growth.

These various forms of crystalline structure are important as the grain boundaries

often play a key role in defining film properties (i.e. grain boundary scattering of

charge carriers in polycrystalline semiconductors).

12.5 Applications of Aerosol Deposited Films

The unique characteristics of aerosol deposition have enabled the utilization of

chemical solution deposition in several commercial applications. Spray pyrolysis

was developed to provide a large scale and low cost film growth technique that could

yield similar film properties to vacuum based techniques. The spray pyrolysis

technique has been in existence since the 1950s and has facilitated the fabrication

of a vast number of materials. A significant share of spray pyrolysis development has

focused the deposition of transparent conductive oxides and compound

semiconductors. These particular materials have been pursued as transparent

electrodes and active layers for solar cells [23] and for heat reflective coating for

architectural windows [24]. These applications require inexpensive film deposition

Fig. 12.21 Structure zone model (SZM) for CSD-derived thin films [20]. With kind permission

from Springer Science and Business Media: Journal of Sol-Gel Science and Technology, A

microstructural zone model for the morphology of sol-gel coatings, v. 31, 2004, pg. 235-239,

T. Schuler, T. Krajewski, I. Grobelsek, M. Aegerter, Fig. 5
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over large substrate areas, both of which can be achieved by the spray pyrolysis

technique.

More recently misted deposition techniques have found applications in micro-

electronics and nanotechnology as an alternative to spin coating. The LSMCD

technique was originally developed as a means of depositing ferroelectric thin

films as part of Metal-Insulator-Metal (MIM) capacitors for non-volatile memories

[25]. Spin coating of these materials was already employed in the fabrication of

planar capacitors, however device scaling rules required that the capacitor area be

increased by implementing a three dimensional topology for future device

generations. MOCVD techniques were not expected to be production worthy within

the time frame in which 3D ferroelectric capacitors would become necessary.

Hence, the LSMCD technique was developed to bridge the gap between obsoles-

cence of spin coating processes and the realization of MOCVD processes.

During the course of development the LSMCD technique demonstrated that it

was capable of fabricating a variety of microelectronic quality films. Thus, LSMCD

was investigated for a number of other applications including high k capacitors for

DRAMs [26] and high k gate dielectrics in Metal-Insulator-Semiconductor (MIS)

structures [27]. These particular applications leverage the ability of LSMCD in

depositing very thin films of multi-component metal oxides independent of precur-

sor dilution. LSMCD has been used to deposit photoresist films [28] for patterning

as well as pigmented photoresist and organic light emitting films [29] for use in flat

panel displays. Here LSMCD has been demonstrated effective in depositing large

and non-circular substrates. The unique wetting characteristics of LSMCD depos-

ited films have been explored as a means of selective film deposition. By controlling

the contact angle of precursor solutions on a heterogeneous deposition surface the

deposited droplets could be made to migrate to desired locations [30–32]. This

process is being explored as a means for fabrication of patterned metal oxide

structures that do not require expensive ion based etch post processing.

Emerging applications in nanotechnology represent several current research

thrusts for LSMCD applications. Conformal coating of carbon nanotubes with

ferroelectric material has been demonstrated [33] as well as fabrication of

nanotubes consisting entirely of ferroelectric material [34]. LSMCD has been

used to deposit colloidal solutions of nanocrystal quantum dots (NQDs) consisting

of CdSe/ZnS core shell structures for LED applications [35]. It was necessary to

control the thickness of the NQD layer down to several monolayers, hence the

LSMCD was well suited for fabrication of such thin layers.
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Chapter 13

Inkjet Printing and Other Direct Writing

Methods

Paul G. Clem and Nelson S. Bell

13.1 Introduction

In recent years, a large effort has been focused on the deposition ofmetallic systems via

advanced printing techniques, e.g. direct write, inkjet and μ-contact printing. Such
printing techniques are attractive alternatives to conventional photolithography and

electroless routes, which are time-consuming, complicated, and expensive. With the

emergence of flexible electronics, the ability to integrate dissimilar materials, i.e.,

ceramics, metals, semiconductors, and polymers, onto a single, temperature-sensitive

substrate enables the fabrication of volumetrically-concise, multi-functional packages.

In the past, the technical advances in low temperature co-fired ceramic (LTCC)

packages allowed for integration of screen-printed metal traces at temperatures of

approximately 800–900 �C. Coupling “drop-on-demand” deposition technologies

with ink formulations based on nanoparticle, chemical solution precursors, and/or

UV-curable chemistries provide lower-temperature, <200 �C, routes for deposition
of highly conductive traces on polymeric commercial substrates. This presents an

alternativemaskless, cost-effective route to that of electrodeposited cladded substrates.

13.2 Development of Printable, Low Process Temperature

Metal Inks

A major challenge in applying advanced printing techniques for the deposition of

functional materials is the formulation of suitable inks. Ink chemistry and formula-

tion determine not only the as-deposited characteristics, but also ink stability. The

ability to deposit well-defined, uniform, and high quality print patterns without
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clogging the print head requires a fundamental understanding of the ink chemistry

and the corresponding processing-property relationships. While the ability to

deposit a suite of metallic compositions (Ag, Cu, Au, Al, Pt, Pd, etc. . .) is desirable,
the following section details several routes for the deposition of low-temperature

curing silver-based ink designs.

13.2.1 Nanoparticle Synthesis

Conventional low-temperature co-fired ceramic (LTCC) technology involves the

production of multilayer circuits from ceramic substrates. Conductive and

insulating thick films are screen-printed onto each LTCC as needed, facilitating

monolithic structures of embedded resistors, capacitors, and interconnects. Often,

thick film conductor formulations consist of (1) silver flake, a highly anisotropic,

micron-sized particulate, (2) organic binder, and (3) a glass frit to reduce sintering

temperatures (bulk Ag Tm ¼ 963 �C). Sintering of LTCC at “low” temperatures,

e.g. 850–900 �C, allows for the integration of low resistivity conductors, i.e., Ag,

with LTCC packages.

It is now well-established that by shrinking the size of a solid particle to the

nanometer scale, one can alter its chemical, thermal, electrical, mechanical, and

optical properties. With respect to melting temperatures, the presence of high

curvature nanoparticles has been proposed to either generate a low-temperature

sintering reaction, or else a high curvature-driven driving force for low temperature

necking and conductivity development. Nanoparticle reactivity has been

characterized experimentally to be much higher than classical thermodynamic

predictions. Dominguez et al. [1] proposed the size dependence of surface melting

on the basis of a Debye model with the Lindemann law and incorporated a phonon

softening process according to the following equation:

Tm ¼ MkΘ2
bδ

2a2

36h2 1� 1� na=Rð Þ3
h iþ 1

8
Θb (13.1)

where M is the atomic mass, k is Boltzmann’s constant, �h is Plank’s constant, δ is

the Lindemann law parameter for liquifaction (δ ¼ 0.5), a is the lattice parameter,

Θb is the bulk Debye temperature, r is the nanoparticle radius, and na is the surface
thickness where melting occurs, (n ¼ 3.5). Equation (13.1) provides a good esti-

mate of the temperature where sintering initiates and the relationship for silver is

illustrated in Fig. 13.1. This predicts sintering to occur at room temperature for

particles smaller than 25 nm due to increased nanoparticle reactivity.

Of the many various existing preparation schemes for Ag nanoparticle synthesis,

the simplest and most commonly used synthesis route is the chemical reduction of a

silver salt by a reducing agent, e.g., sodium borohydride, citrate, or ascorbate. The

reduction of metallic ions leading to neutral atoms, the building blocks of metal
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particles, is the result of a redox reaction in which electrons from a reducing agent

are transferred to the metal according to:

mMenþ þ Red ! mMe0 þ Ox (13.2)

The driving force of the reaction is the difference between redox potentials of the

two half cell reactions, ΔE. The magnitude of ΔE determines the value of the

equilibrium constant of the reaction, Ke, according to the Nernst equation:

lnKe ¼ nFΔE=RT (13.3)

where n is the number of electrons transferred, F is the Faraday constant, R is the

universal gas constant, and T is the absolute temperature. The reduction reaction is

thermodynamically possible only if ΔE is positive, which implies that the redox

potential of the reducing agent must have a more negative value than that of the

metallic species. Thus, strongly electropositive metals, like Ag, will react even with

mild reducing agents under ordinary conditions. Through reducing agent selection

and tuning of experimental parameters (i.e., solvent selection, temperature, and

time) the resulting particle size, distribution and morphology can be tailored.

To prevent particle agglomeration, many studies have assessed the role of

stabilizers and complexing agents (e.g. reverse micelles, surfactants, dendrimers,

alkanethiols, and carboxylic acids) on suspension stability, particle size/distribu-

tion, and morphology. The ability to prepare high volume fraction, monodisperse,

and spherical nanoparticle (<100 nm) inks would both minimize clogging during

deposition and enable high density, as-deposited metal traces. A common compli-

cation in low-temperature reaction to a pure, highly conductive metallic state is

slow thermal decomposition of organic stabilizers, as illustrated in Fig. 13.2. Often,

silver nanoparticle suspensions use high molecular weight polymers as dispersants,

Fig. 13.1 Theoretical

predictions of size-sintering

relationship for silver

nanoparticles
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requiring slow ramp rates and high temperatures to ensure complete conversion.

Figure 13.3 shows the time\temperature dependence of DC resistivity of a silver

nanoparticle ink stabilized with a long chain carboxylic acid at two different

annealing temperatures, 100 �C and 170 �C, on either side of the dispersant

decomposition temperature. The corresponding in-situ high resolution TEM analy-

sis illustrates the necking processes that initiate around 100 �C. Perelaer

et al. demonstrated high conductivity values (56 % of bulk silver) at 80 �C by

using very small amounts of organic additives, using weakly adsorbing species such

as amines, amides, and mercapto groups [2].

Wakuda and co-workers reported a room temperature sintering route for Ag

nanoparticles using a chemical dip treatment utilizing an alkylamine dispersant—

dodecylamine [3]. During particle synthesis, the nanoparticles are coated and

stabilized with dodecylamine, and the resulting sterically-stabilized suspensions

are patterned on glass substrates or copper plates. For dispersant removal, the

sample patterns are washed in methanol, resulting in pure metallic particles

which sinter upon removal of the solvent at room temperature [3]. Upon completion

of a 2 h methanol submersion, microstructural observations revealed that the Ag

nanoparticles had agglomerated and coarsened, with a measured DC resistivity of

7.3 � 10�5 Ω•cm; this is often normalized to the bulk conductivity of silver,

1.6 � 10�6 W-cm, or 45� bulk Ag ρ, in this case. Metal nitrate precursors,

nanoparticle silver inks, and laser sintering enable low-temperature or even room

temperature cure inks. Table 13.1 provides a summary of achieved conductivity

values via different thermal treatment methods.

The use of strong reducing agents, i.e., borohydride, results in small particles

that are somewhat monodisperse, but controlling particle growth is difficult. Addi-

tionally, such reducing agents may be associated with environmental toxicity or

biological hazards. It has been, therefore, of increasing interest to develop “green”

synthesis of colloidal silver nanoparticles. Research on chemical production routes

utilizing green principles has increased in the past decade, where the most com-

monly used protecting agent is starch. The initial reference to “green” chemical

Fig. 13.2 Thermal analysis

of silver nanoparticles

(<10 nm) stabilized with a

long chain carboxylic acid
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routes to Ag nanoparticles was by Raveendran et al., who used β-D-glucose as a

reductant and starch as a protecting agent [4]. Silver nanoparticles were formed at

40 �C over the course of 20 h. Alternatively, maltodextrins are polysaccharides

derived from starch by either acid or enzymatic preparation routes, leading to

partial hydrolyzation. As starch and glucose are applied to silver nanoparticle

synthesis, the product is expected to serve as a copolymer that would provide

Fig. 13.3 (a) Time dependence of DC resistivity for direct written Ag traces. (b) HR-TEM

demonstrating the necking and growth mechanisms of silver nanoparticles. HR-TEM images

courtesy Prof. D. Kovar and P. Ferreira at University of Texas-Austin

Table 13.1 Summary of print method properties, and metal resistivities vs. thermal treatment

Topic Method Details

Printable area

Area: 1 m2 area, 60 cm Δz Syringe or aerosol jet

Resolution: �16 μm Syringe or aerosol jet Working toward 5 μm
Conductors (traces and via-fills)

Silver precursor (nitrate) 5� bulk Ag ρ 400 �C
25 nm silver nanoparticle inks 3� bulk Ag ρ 300 �C
5 nm silver nanoparticle inks 3� bulk Ag ρ 170 �C
Laser sintering 4� bulk Ag ρ 25 �C
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both the reduction and stabilization properties for nanoparticle silver synthesis. Bell

and Lu [5] have recently utilized the maltodextrin route for room temperature

synthesis of silver nanoparticles. The reactant molecule is a partially converted

carbohydrate containing reducing sugar groups and having low molecular weight.

To date, most “green” chemistries of silver derived nanoparticles focus on com-

mercial anti-bacterial activity application such as catheters, dental materials, and

textile fabrics, but efforts are carrying over into conductor applications.

13.2.2 Metallo-organic Precursor Routes to Silver Inks

For over a century, metallo-organic solutions have been used for the deposition of

metal films, e.g., decoration on ceramics and silvered-glass mirrors. Only recently,

however, have metallo-organic decomposition (MOD) designed inks been seriously

investigated for use in electronics applications. As an alternative route to a particle

based formulation, this is a true solution route. The silver molecular complex is

very stable, even at concentrations up to saturation; neither requiring additional

stabilizers nor reducing agents. The critical factor in development of MOD con-

ductive inks is the selection of precursor chemical compounds. The precursor

chemical structures should be designed to convert to conductive metals at relatively

low temperatures and at high purity levels. Finally, the selected chemical precursors

must be soluble in general organic solvents, produce uniform films, have a long

shelf life, and adhere well to a wide range of substrates. Due to ease of preparation

and high yield, silver carboxylate precursors are commonly used. Figure 13.4

illustrates thermal decomposition characteristics of several silver carboxylates.

One of the origin examples of ink design for an advanced printing application

was reported by Teng and Vest [6]. To pattern collector grids on silicon wafers for

photovoltaic solar cells applications, ink solution formulations were prepared with

silver neodecanoate dissolved in xylenes (which is stable up to 20 wt% Ag).

Through inkjet printing and thermal treatment at 300 �C of the MOD derived

inks, the authors were able to avoid degradation of the p-n junctions, produce

uniform line traces on the surface of the solar cells, and increase the overall

efficiency of the solar cells. Dearden et al. used a similar experimental approach

to evaluate conductivities of printed Ag neodecanoate lines from 125 to 200 �C
[7]. Resistivity values were reported to approach 2–3 times the bulk resistivity

values for thermal treatment conditions greater than 150 �C. Recently, it has been
reported that β-ketocarboxylate derived silver inks can be cured as low as 95 �C on

paper based substrates. It is interesting to note that one of the lowest reported

decomposition temperatures is that of silver oxalate, ~100 �C. Unfortunately, the
salt decomposes so exothermically that maintaining dense printed features proves

to be difficult.
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13.3 Inkjet, Microcontact and Nanocontact Printing

of Solution Precursors for Oxides and Metals

Inkjet printing of functional oxide materials is relatively recent in development, and

places difficult demands on ink formulation, surface tension, vapor pressure and

chemistry [8]. These issues have recently been overcome by leading groups,

utilizing novel ink chemistries and processing. Inkjet printing generally utilizes

low viscosity inks, of viscosity 1–10 mPa-s, or 1–10 cP (centipoise). These may be

dispensed by piezoelectric, pneumatic, or thermal (bubble jet) methods, in which

ink is forced from a chamber, forms a droplet due to Rayleigh instability, and is

ejected toward a substrate. Due to the low viscosity required, as well as need to

avoid ink drying and clogging of the print head, low volume fraction inks with

surface tension and humectant (low vapor pressure) additives are often used. A

wide variety of materials have been printed using these methods, initially for

graphic, and more recently for high performance electronics printing and even

superconductor printing. Van Driessche and Glowacki have demonstrated printing

of both high quality buffer layers and superconducting YBCO layers using ink jet

printing of chloride and trifluoroacetate precursors [9, 10]. The ability to print

precursors which may subsequently be converted to epitaxial or biaxially oriented

films is a significant advance for inkjet printed electronics, and is potentially
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Fig. 13.4 TGA-DTA analysis of the decomposition characteristics for (a) silver acetate, (b) silver

2-methoxy[2-ethoxy(2-ethoxy)] acetate, (c) silver lactate and (d) silver neodecanoate
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scalable to long lengths by utilizing commercial high rate inkjet printing systems

originally designed for graphics printing. Printed electronics for display

applications, utilizing complex oxides such as aluminum oxide, indium tin oxide

(ITO), aluminum doped zinc oxide (AZO), indium gallium zinc oxide (IGZO), and

alloys of these have also been printed from chloride and carboxylate precursors,

which enables high mobility transparent conducting oxides for printed inorganic

thin film transistors (TFTs), photovoltaic, and other printed electronics applications

[11–13]. Use of chloride precursors in water or alternative solvents may simplify

complications of using traditional metal alkoxide or metal carboxylate precursors,

which often utilize highly volatile solvents, and may display condensation reactions

in ambient humidity, which can complicate inkjet printing. Inkjet printing typically

deposits small droplets, which can be overlapped to form continuous traces and

uniform lines. Precursor drying, surface tension, and ink stability must be

engineered carefully to enable uniform printed electronics with predictable material

properties (Fig. 13.5).

Alternative methods to inkjet printing, with the potential for high throughput

manufacturing, and possibly higher volume fraction inks, include roll to roll

printing methods such as gravure and contact printing. Gravure printing of solution

precursors is particularly attractive for printing transparent conductive oxides as

transparent thin film transistors (TFT) for liquid crystal displays, and for solar cell

manufacturing. In these printed electronics methods, the viscosity and surface

tension are critical for high precision and reliability printing, while solution chem-

istry and materials science likely controls printed materials performance. As three

examples of printed electronics, our group used copper, yttrium, and barium acetate

precursors to print YBa2Cu3O7-δ superconducting films (cp. Chap. 27), crystallized

in an oxygen-containing atmosphere, Cu metal conductive traces, reduced from

CuO using a reducing atmosphere of 4 % H2/96 % N2, and Al:ZnO transparent

conductive oxides [14].

In this method of solution stamping nano-lithography an elastomeric stamp

containing relief patterns is first coated with a sol-gel precursor solution of inor-

ganic (functional oxide or ceramic) materials, and then placed on a surface to

transfer the precursor from the stamp to the substrate, as shown in Fig. 13.6.

Polydimethysiloxane (PDMS) is widely used as the stamping material, although

vinyl or other polymers may also be used, if alternate physical or chemical

properties are desired. Due to the flexible mechanical properties of the PDMS

elastomeric material, the stamp forms a conformal contact with the surface. Ink

transfer only occurs at locations where the stamp contacts the surface because of the

Fig. 13.5 Inkjet printed Al-doped ZnO (AZO) as a function of drop-to-drop spacing, illustrating

transition from continuous lines to disconnected droplets
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stamp morphology. Hence, the resulting patterns on the substrate mirror the stamp

relief structures. For effective transfer from an initial coated substrate or platen, an

effective method is for a coated precursor to evaporate some solvent, but remain a

liquid with a high viscosity; an effective means of accomplishing this is to use a low

volatility solvent such as an ethanolamine, glycol or glycerine additive to a tradi-

tional alkoxide solution precursor. The stamped patterns of this viscous, low vapor

pressure organic precursor are then processed following standard thermal

procedures, such as heating to 300–600 �C, to convert them to the final composition

of the desired inorganic material. Resolution may be decreased to very fine,

submicron feature sizes. Figure 13.7 (top) shows stamped precursors of copper

acetate and ethanolamines, demonstrating features as fine as 200 nm. Figure 13.7

(bottom) displays images of three micron lines of the transparent printed copper

precursor, and the resulting metallic copper traces produced following oxidation of

the precursor to CuO at 500 �C, followed by a reducing atmosphere anneal at

250 �C to form Cu metal. The printed traces displayed resistivity of 2.1 mΩ-cm,

around 80 % of the bulk conductivity of copper [14].

For applications in which crystalline alignment is required, such as

superconducting and electrooptic applications, the ability to deposit epitaxial

films is of interest. Using conventional methods for processing oxide thin films

via non-hydrolyzed precursors on a lattice-matched substrate, the patterned thin

films may be epitaxially registered to the substrate. Epitaxial deposition of 100 nm

thick superconducting YBCO films on LaAlO3 has been demonstrated with this

method, using a variant of the trifluoroacetic acid precursor system, to which low

volatility diethanolamine and triethanolamine were added. This precursor was

solution transfer printed as 50 micron wide stripes onto LaAlO3, pyrolyzed by

rapid thermal annealing at 325 �C, and crystallized at 780 �C. The resulting YBCO
film displayed epitaxial registry with the LaAlO3 substrate, as shown in Fig. 13.8,

an onset critical temperature Tc of 85 K, and a critical current density of 600 kA/cm
2,

measured assuming perfect continuity within the 50 μm printed lines across

the 1 cm substrate [15]. The ability to print patterned YBCO lines is of interest

for reducing alternating current (AC) losses for AC superconducting magnet

and motor applications, and may be a much less costly process than subsequent

photolithography.

Fig. 13.6 Schematic of

transfer printing of a

solution precursor from a

substrate or platen (1) to a

patterned stamp and onto a

substrate (2)
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13.4 Application Examples: Printed Strain Gages

and Load-Frame Testing

Printable electronics may find application in green energy for increasing the

reliability and performance of photovoltaics and wind turbine systems. Develop-

ment of these technologies is of interest since rising energy prices and carbon

emission standards are driving development of alternative energy sources including

biofuel, solar, wind, and clean coal. A decrease of 20–50 % in wind energy cost for

renewable resources is an aggressive goal, motivating interest in new technologies

to decrease system manufacturing cost, optimize power generation efficiency,

improve reliability, and decrease operation and maintenance costs [15–17]. A

promising technology to improve wind turbine efficiency is smart rotor blades
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Fig. 13.7 Top left, 650 nm printed copper nanodots imaged by a 12 � 12 μm AFM scan. Top
right, 12.5 � 12.5 micron AFM scan image of 200 nm lines of Cu printed using a PDMS stamp

cured atop a standard diffraction grating. The inset shows the topology of the dry PDMS stamp.

Bottom left, printed copper acetate/diethanolamine precursors on silicon, and bottom right, the
printed copper pattern after oxidation to 500 �C in air, and post-anneal at 250 �C in 4 % H2/N2
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that monitor the physical loads being produced by the wind and adapt the airfoil for

optimized energy capture. For extreme wind speeds and gust events, the airfoil

could be changed to reduce the loads to prevent excessive fatigue or catastrophic

failure. Prior Sandia work has developed an understanding of sensor placement

sensitivity and methods for integrating internal strain and temperature sensors via

fiber optic Bragg gratings [15]. However, sensor optimization in more complex

blade models would require larger numbers of sensors [16], which is complicated

by poor adhesion of surface mounted sensors, wiring of long (9–45 m) blades,

altered aerodynamics, and high anemometer cost [17]. These opportunities for

instrumenting generation systems to improve monitoring and reliability require

placement of robust sensor networks into complex environments to provide diag-

nostic state of health information. Utilizing nanoparticle silver inks and an

Optomec Aerosol Jet M3D print system, high resolution strain gages were produced

by printing silver inks directly on commercial wind turbine blade test sections

provided by Sandia’s Wind and Water Power Technologies department. The wind

turbine blade composites consist of 50 volume % E-glass fiberglass in an epoxy

resin such as Hexion Infusion resin MGS® RIM 135 and hardeners MGS® RIMH

134—RIMH 137. The fiberglass-epoxy composite is coated with a UV-stable

urethane epoxy coating, providing a flat, impermeable external surface, on which

the silver nanoparticle inks and copper 55 %/nickel 45 % solution precursors were

printed and annealed. Images of printed silver and constantan inks on Kapton and

wind turbine sections are shown in Fig. 13.9.

Commercial foil-based strain gages utilize a Wheatstone bridge configuration to

measure both transverse and longitudinal strain, and typically use values of 120 Ω,
400 Ω or 1,000 Ω. Designs compatible with 120 and 1,000 Ω bridge operation were

developed and printed as shown in Table 13.2. The 1,000 Ω samples were accurate

to within 0.24 % of design resistance:

Blade sections with these highly accurate printed resistance bridges were loaded

to 5,000 lbs., which was the limit of the wedge-loaded grips in the load frame tester.

The resulting strains were in the area of 4,000 microstrain, as measured by a 100

calibrated MTS extensometer. Using the 1,000 Ω resistors, which matched the

internal resistors of the strain gage measurement electronics, the strain on the

turbine blade section was cycled from �50 microstrain to +4,300 microstrain to

measure the longitudinal and transverse strain response of the printed gages. In each

Fig. 13.8 X-ray diffraction

and optical image of printed

50 μm width, 100 nm thick

YBCO stripes on LaAlO3

single crystal substrates,

demonstrating epitaxial

growth and continuous

superconducting filaments
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case, a 3.5 V excitation was used, with a bridge gain of 100. The resulting loading

curves for the first cycle and second through fourth cycles are shown in Figs. 13.10

and 13.11.

For these samples, both high precision resistor values and highly linear strain

sensing was demonstrated. Hysteresis, indicated by a small jump in voltage/resistance

at a strain level of 0.0004 in Fig. 13.10, is observed in the first extension cycle, during

which it is possible the printed silver undergoes some loss of network connectivity.

Further fatigue testing would be of interest to evaluate long-term reliability of these

printed strain gages.

An important consideration for such strain gages is the ability to both measure

strain on an actual, in-operation 13–60 m rotating turbine blade, and to transmit this

data remotely to an acquisition node. In addition, the ability to measure dense arrays

of strain gages with a single transmitter would be of interest to accurately map blade

“shape” to generate the real-time three dimensional deformation and determine

true, real-time blade deflection.

A method to achieve these objectives was identified and briefly evaluated under

this program. Recently, both wireless strain gage monitors, and energy-harvesting,

self-powered wireless strain gage monitors have been developed by several

companies for remote monitoring of industrial and structural products. Commercial

off the shelf (COTS) systems exist for high-rate, real-time monitoring and data

streaming of 120Ω, 350Ω, and 1 kΩ gauges, including integrated systems available

from Microstrain, EnOcean, and Perpetuum. One of these systems, a Microstrain

SG-Link, which can monitor up to eight strain gages simultaneously, and transmit

data at a 4 kHz rate via 2.4 GHz to a universal serial bus (USB) receiver plugged

into any personal computer, laptop, or other digital computing device. A method-

ology to retrieve this data from a printed network of strain gages down the length of

a wind turbine blade is shown in Fig. 13.12.

Fig. 13.9 Optical images of longitudinal and transverse strain gages: (left) printed silver on

Kapton film and on a composite fiberglass-epoxy wind turbine blade section, and (right) printed
constantan (Cu 55 %, Ni 45 %) on Kapton

Table 13.2 Summary of 4-element and 2-element printed strain gage values

Sample ID Bridge elements Design value Measured resistance values

6A 1–4 1,000 Ω 1,000.4 Ω, 1,001.2 Ω, 1,001.5 Ω, 1,000.3 Ω
6B 1–4 1,000 Ω 1,001.4 Ω, 1,001.7 Ω, 1,002.4 Ω, 1,001.8 Ω
6C 1–2 120 Ω 122.4 Ω, 115.7 Ω
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For these SG-Link devices, an internal 600 mA-h AA Li cell is used, which

provides 2–5 years of battery life for a 2.4 GHz transmission range of 70–500 m, at

a 4 kHz transmission rate. For eight gages, transmission rate would be reduced to

500 Hz, but battery life would be decreased roughly twofold, requiring battery

replacement consistent with normal quarterly to annual wind turbine maintenance

schedules.

An attractive alternative option may be the use of new, energy-harvesting

transmission nodes, such as the Microstrain EH-LinkTM, which may accept energy

generated by vibrational (piezoelectric or inductive) generation on each rotation of

the turbine, or by photovoltaic panels. As a thought experiment, a design using an

integrated, 1 square foot, amorphous silicon photovoltaic panel, such as that

Fig. 13.10 First cycle of

transverse and longitudinal

strain measured by printed

silver 1,000 Ω strain gage

Wheatstone bridge

Fig. 13.11 Second, third

and fourth cycles of

transverse and longitudinal

strain measured by printed

silver 1,000 Ω strain gage

Wheatstone bridge
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manufactured by Powerfilm, was developed. An EH-LinkTM 8 strain gage system

(Fig. 13.13) requires a 5 V power supply, with 25 mA for data streaming and 3 mA

for each of eight channels, which equates to 5 V [25 mA + 8(3 mA)] ¼ 245 mW or

0.6 W-h/day. Powerfilm produces a 5 V output, 10 W, 60 � 12.5 cm module which

would produce this level of power in only 33 min of sunlight per day, appropriate

even for cloudy climates. Alternatively, in full sunlight, sufficient power may be

available from the same system to power 20 nodes, with eight nodes each, or a

160 strain gage array. Energy harvesting appears feasible at a cost of only around

$5–100 per 8-sensor node, plus the $100–500 cost of each node.

It appears printed strain gages may hit the required 120 Ω or 1,000 Ω values

needed for this implementation, and the that the transmission distance (70–500 m)

is compatible with transmission from any point on a 9–60 m turbine blade to a USB

receiver in the nacelle of a wind turbine. This capability for wireless, dense strain

gage, high fidelity (0.5–4 kHz sampling) remote monitoring of wind turbine blades

is hoped to enable calculation of real-time blade shape, deflection, vibration states,

and damage levels, which would be additional inputs into smart turbine blade

diagnostics and performance optimization systems. With further development,

temperature and air speed wireless monitoring could also be developed as printed

sensors.

13.5 Summary of Research Progress

Printing of solution precursors via inkjet, gravure printing, offset printing,

microcontact printing and nanotransfer printing enables integration of many func-

tional oxide and metal components without need for lithography or screen printing.

Printing of solution precursors has recently been successfully applied to RFID tags/

antennas, solar cells, thermocouples, conductive interconnects, superconductors,

displays, transistors, and waveguides. Development of low vapor pressure

precursors with low surface tension enables reliable printing via aerosol and contact

USB Base Stations collect
data simultaneously from multichannel

sensor nodes.

USB Base Stations

Simultaneous
Sensor

Streaming
via FDMA

Fig. 13.12 Left, image of Microstrain SG-Link wireless strain gage transmitter, and, Right,
methodology of monitoring up to 64 strain gages simultaneously: 8 gages per monitoring

SG-Link uplink, and 8 receiving antennas per computer on two USB connections
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printing methods. Modifying precursor chemistry to enable low-temperature

decomposition of nanoparticle surfactants and solution precursors enables integra-

tion of metallic components with low Tg polymeric substrates. While the traditional

thermal route for metal conversion has been discussed, alternative conversation

routes are emerging including microwave sintering, electrical conversion, and

laser-sintering. These low-temperature, low thermal budget routes enable advanced

integration capabilities on semiconductor, polymer, and composite materials.

By combining solution chemistry, metal nanoparticle solutions, and robotic

direct printing technologies, the capability to directly print functional metal and

metal oxide thin films to produce thermocouples, strain gages, and crack sensors on

polymers, semiconductors, oxides, and composite materials has been demonstrated.

This capability may have widespread impact on printable electronics for displays,

flexible electronics, integrated microelectronics, and sensors. As an example of

potential novel applications, printed nanomaterial ink traces have been highly

engineered to enable achievement of precision resistors with less than 1 % variation

from specification, which enabled printing of strain gage Wheatstone bridges

directly on wind turbine blade composite sections. The printed gages were analyzed

by traditional load-frame testing at 5,000 pound loads, and, after a first strain cycle,

demonstrated reliable, linear sensing of longitudinal and transverse strain levels at

all strain levels up the maximum, 0.44 % strain level tested, consistent with

maximum strain tolerance required in real wind turbine blades.

For these conductive samples, both high precision resistor values and highly

linear strain sensing were demonstrated. Additional work is necessary to continue

development of this method, including measurements over thousands of cycles,

detailed characterization of expected failure modes including printed gage delami-

nation, and development of suitable encapsulation to avoid surface damage from

debris/wind storms which real turbine blades must withstand. In addition, it is of

interest to further explore the use of printed gages as binary (short circuit to open

circuit) or analog (subsequent resistors which are opened as cracks extend) printed

crack sensors. Conductor applications including continuous nondestructive evalua-

tion and monitoring of wind turbine blades, industrial/utility equipment and piping

may be enabled by this technology.

Fig. 13.13 Left, an energy harvesting-compatible, 8-strain gage wireless transmission node, and

at right, a flexible, conformal 5 V output amorphous silicon photovoltaic system with sufficient

power to power a single node from 40 min of sunlight per day
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The potential power of this method is widespread, large area printing of func-

tional materials on nontraditional substrates, including polymers, metals, papers,

fabrics and composites. Careful use of chemical precursors, high surface area

nanoparticle inks, reactive inks, and low temperature or non-thermal processing

of inks (IR, UV, and microwave heating) enables processing of high performance

materials on low temperature substrate materials. Extension of these methods to

transparent conductors and dielectrics is currently underway by several groups,

with implications for low cost electronics using lithography-free electronic

materials patterning for sensor, display and logic applications.
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Chapter 14

Chemical Bath Deposition

Mark R. De Guire, Luciana Pitta Bauermann, Harshil Parikh,

and Joachim Bill

14.1 Introduction

Chemical bath deposition (CBD) is the name given to a variety of techniques that

produce films of solid inorganic, non-metallic compounds on substrates by immers-

ing the substrate (once, or repeatedly) in a precursor solution (often aqueous).

Control of the temperature (usually below 100 �C), pH, and concentration of the

solution induces a solid phase to exsolve and form a film on the substrate, often

without any subsequent heat treatment. While such approaches have been used for

many years to produce sulfide, selenide, and other non-oxide films [1], relatively

little work had been done on oxide films until the early 1980s, when interest began

increasing rapidly [2].

There are several motivations for this interest. The functional properties of

oxides make them attractive in thin-film form in a variety of applications, such as

sensors, transparent conductive oxide coatings, catalysts, thermal barrier coatings,

and “superhydrophobic” layers. Producing such coatings at temperatures below

100 �C allows materials that cannot tolerate high temperatures, such as polymers, to

be coated. Immersing a substrate in a liquid overcomes line-of-sight limitations of

vapor-phase deposition or spraying techniques, and allows complex surfaces such

as powders, tubes, and porous structures to be coated. Lastly, the equipment needed

for CBD is much simpler than that used for vapor-phase film deposition techniques

and readily lends itself to manufacturing scale-up and to continuous (as opposed to

batch) processing.
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As a technique for depositing thin nonmetallic inorganic films from aqueous

solutions, chemical bath deposition is at least 140 years old: Hodes [3] cites a report

from 1869 by Puscher of sulfide layers deposited from thiosulfate solutions of

copper, lead and antimony salts. The approach was not studied extensively or

exploited commercially until the last quarter of the twentieth century, when CBD

films of sulfides and selenides began to play crucial roles in the electrodes of

photovoltaic solar cells.

During the same period, aqueous chemical routes for the synthesis of oxide

powders received considerable attention, with a focus on producing fine particles

with uniform shape and narrow size distributions. Although application of these

routes for the synthesis of oxide films is not as widespread as for oxide powders or

for sulfide and selenide films, their shared underlying chemical principles provide a

foundation for understanding oxide film deposition.

To understand chemical bath deposition processes, and thereby to be able to

exert control over aspects such as the growth rates, structures, and properties of the

deposited films, it is helpful to divide the topic into three general areas:

• Solution chemistry—controlling solution parameters such as pH, temperature,

and composition to yield desired phases and control deposition rate;

• Substrate effects—tailoring the surface energy, magnitude and sign of surface

charge density, and hydrophilicity or -phobicity of a substrate so as to localize

and promote the formation of films;

• Process control—designing a deposition process, based on an understanding of

the mode of film formation, to control the growth rate and microstructure of the

deposited film.

The next sections will address each of these topics. The chapter concludes with a

discussion of the limitations and advantages of CBD and its most attractive areas

for future research and potential applications.

14.2 Solution Chemistry

14.2.1 General Framework

To deposit a compound MXn/2 via CBD, the deposition medium will consist of one

or more salts of metal Mn+ and a source for the chalcogenide X (X ¼ O, S, Se) in

aqueous solution. Typically, these salts are chosen for their moderate to high

solubility in water, low cost, or ready availability, e.g., chlorides, nitrates, sulfates,
or acetates. (Metal-fluoride precursors are usually used for the so-called “liquid

phase deposition” approach, described in Sect. 14.2.2.)

Products containing multiple metals are relatively easily obtained when a spe-

cific cation stochiometry is not required (doped materials or solid solutions) and the

metals have similar precipitation behavior at a given temperature and pH.
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A complexing agent (also called a complexant) may be added, as a means

(in addition to adjustment of concentration, temperature, and pH, as discussed

below) of controlling the rate of formation of the solid. Typically, complexants

supply ligands for the metal, and the greater their affinity for the metal relative to

that of the chalcogenide, the more the complexant helps slow down the hydrolysis

reactions that lead to formation of the solid phase. When the desired compound

contains multiple metals whose hydrolysis rates differ widely under a chosen set of

deposition conditions, a complexant can be particularly useful for slowing the

deposition kinetics of the more readily hydrolyzed species. The concentration of

the complexant is usually chosen to be a predetermined ratio of the concentration of

the metal precursor.

For non-oxide films, the chalcogenide source is present in a dilute concentration

(typically 0.01–0.1 M). This concentration constitutes an additional parameter that

permits control to be exerted over the rate of film deposition. When the desired solid

is a sulfide, thiourea ((NH2)2CS), thioacetamide (CH3CSNH2) or soluble salts

of thiosulfate (S2O3
2–) commonly serve as sources of S2– ions, while selenourea

(SeC(NH2)2) or selenosulfate (SSeO3
2–) are examples of sources for Se2– ions.

For oxide products, water provides oxygen in the form of OH– ions. For a metal

cation Mn+ complexed by i ligands Lk–, the steps to forming the oxide MOn/2 can be

formulated as the following reactions:

dissociation of water : nH2O , nOH� þ nHþ (14.1)

displacement of ligands : nOH� þM Lð Þi n�ikð Þþ ! M OHð Þn sð Þ þ iLk� (14.2)

deprotonation to form oxide : M OHð Þn sð Þ ! MOn=2 sð Þ þ n=2 H2O (14.3)

net reaction : M Lð Þi n�ikð Þþ þ n=2 H2O ! MOn=2 sð Þ þ nHþ þ iLk� (14.4)

The process depicted by reactions (14.2) and (14.3) is sometimes called “forced

hydrolysis” [4]. Note an important contrast: for non-oxides, the amount of chalco-

genide precursor added to the solution will primarily determine the concentration

[X2�(aq)] of the free chalcogenide ion, one of the key parameters determining the

degree of supersaturation of the solution (and therefore its tendency to produce the

desired solid). Although pH and temperature allow some modulation of the free

chalcogenide concentration, one of the easiest ways to slow down the rate of solid

production is simply to reduce the starting concentration of the chalcogenide

source. For oxides, on the other hand, the chalcogenide source is OH�, of which
its “precursor”—the water itself—provides a virtually unlimited supply. In CBD of

oxide films from aqueous solutions, the chalcogenide source is essentially never

exhausted. The remaining variables—pH and temperature—must therefore be

closely controlled, as they directly influence the thermodynamics and kinetics of

the deposition process.

Reactions (14.1), (14.2), (14.3), and (14.4) illustrate the roles that pH, tempera-

ture, and concentration play in controlling the rate of deposition:
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• The effect of pH (� –log10[H
+]) is explicit in reactions (14.1) and (14.2). Note

however that forced hydrolysis does not require addition of base; hydrolysis can

occur even in acidic solutions when the metal cation is easily hydrolyzable, as

with Al3+, Ti4+, Fe3+, Zr4+, Sn4+, and Ce4+.

• Increasing the concentration of the metal salt increases the rate of reaction by

shifting reaction (14.2) to the right, and increases the amount of material able to

be deposited from the solution according to the degree to which the solubility

limit of M(OH)n is exceeded.

• The role of temperature is less obvious: with increasing temperature, the disso-

ciation of water (reaction 14.1) shifts to the right, increasing the supply of

hydroxyl ions needed to displace the ligands from the metal (reaction 14.2).

Raising the temperature also induces deprotonation of the hydrated metal spe-

cies (reaction 14.3). Both of these effects typically accelerate the formation of

the solid. In fact, a common strategy in CBD of oxides is to use a precursor

solution that is relatively stable against precipitation at room temperature, but

which produces films in practical time frames when the temperature is raised.

The degree of supersaturation—a measure of the degree to which the

concentrations of the free ions in solution exceed their solubility limits—plays a

central role in film formation. Supersaturation is most often controlled by the

concentration, pH, and temperature of the solution. When film growth occurs by

particle attachment (see Sect. 14.3.1), the degree of supersaturation dictates the

size, population and rate of formation of the particles making up the film.

Figure 14.1 schematically illustrates the interplay between metal ion concentra-

tion [Mn+] and pH in the supersaturation of an aqueous solution. For acidic oxides

such as TiO2, ZrO2, and SnO2, the tendency for solid to precipitate increases as pH
increases from strongly acidic toward less acidic and basic values. Quantitative

versions of Fig. 14.1 for specific oxides can be found in collections such as Baes and

Mesmer [5].

If the pH and concentration place the solution deep in the field labeled “bulk

precipitation” in Fig. 14.1 (adapted from [6]), solid forms rapidly in the solution. In

the field labeled “metastable supersaturation,” solid may form on any solid surface

that lowers the thermodynamic barrier to nucleation. Ideally, the only such surface

Fig. 14.1 Schematic

illustration of the effect of

solution pH (horizontal
axis) and metal

concentration [M] (vertical
axis) on the tendency of a

solution to exsolve a solid

phase (adapted from [6])
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would be the substrate, but in practice it can be difficult to avoid nucleation on other

surfaces (including container walls and adventitious particles in the solution) and to

maintain the solution conditions continuously (and with spatial uniformity) in the

metastable condition.

Because these solution parameters govern the rate of formation of solid, they

have a major influence on the film deposition process, and they will be taken up

again in the sections on substrate effects and process design. As discussed in [2] and

references cited therein, films from less heavily supersaturated solutions typically

grow more slowly but may ultimately reach higher thickness—a “tortoise and hare”

effect. Overall, the growth rate is determined by supersaturation (temperature,

concentration, and pH), while thickness is limited by the supply of reactants

(starting concentrations and avoidance of bulk precipitation).

14.2.2 Variants of CBD

Within the scope of this general description of CBD, considerable latitude exists in

the solution chemistry. Several specific approaches have been utilized for forming

oxide films:

• Liquid phase deposition (LPD) utilizes an aqueous solution of a metal-fluoro

complex (MFm)
(n–m), and slowly hydrolyzes this complex by adding water, boric

acid (H3BO3) or aluminum metal. The great variety of oxides to which this

technique has been applied, notably by Deki and co-workers [7–11], and the

unique strategy of pitting fluoride complexes against fluorine scavengers to

control the rate of hydrolysis, warrant listing it as a distinct technique. Also in

contrast to CBD in general, LPD from its inception has been used predominantly

for producing oxide films: the technique was first described in a patent [12] for

producing titania films on glass in 1984.

• Successive ion layer adsorption and reaction (SILAR), uniquely among CBD

techniques, builds up a film through repeated immersions of the substrate

alternately into a metal salt solution, then a hydrolyzing solution. SILAR is

even able to promote epitaxial growth at room temperature, a fact that was

related to the high surface diffusion coefficients of the adsorbed ions and the

long surface diffusion time available to reach the lattice kinks. The sequential

character of the SILAR technique avoids some of the incompatibilities in the

deposition conditions that might exist between two components of a desired

multicomponent film. The deposits usually need heat treatment to yield the

desired crystalline phase. SILAR was first reported in the mid-1980s indepen-

dently for sulfides [13] and for Cu(I) [14] and Zn(II) [15] oxides. Tolstoy [16]

reviewed the potential applications of SILAR in gas sensing, photovoltaics,

electronics, and lighting applications.

• Electroless deposition (ED) entails a change in the oxidation state of the

dissolved metal cation to an insoluble state in the deposition medium, followed
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by catalyzed deposition of the solid at a “sensitized” substrate without use of

externally imposed sources of electrical energy [17]. This technique is an

adaptation of electroless plating techniques that are widely used for depositing

metal films. In a recent example [17], films of β-FeOOH or Fe3O4 were depos-

ited from iron (III) nitrate solutions, and Fe from iron (III) sulfate solution, on

amine-functionalized Si that had been immersed in a Pd salt solution for

sensitization; dimethylamine borane complex (DMAB, (CH3)2NHBH3) in the

deposition medium served as the reducing agent.

Table 14.1 summarizes the oxide materials (and a few sulfides) that have been

deposited in the form of thin films via these techniques or with the use of organic

self-assembled monolayer surfaces (vide infra). Recent reviews [2, 18, 19] provide
further details about these films and give citations to the original reports.

Some variations on CBD have been extensively developed for a specific cate-

gory of materials. An example is ferrite plating [20, 21], which was developed by

Abe and co-workers to deposit films of iron-containing magnetic oxides (ferrites).

They reported depositing a wide variety of spinel ferrites (such as

(Fe3O4)1-x(γ-Fe2O3)x, MnxFe3–xO4, CoxFe3–xO4, NixFe3–xO4, NixZnyFe3–x–yO4,

Fe3-xZnxO4), Ba-Fe oxides, and Y-Fe oxides. The route includes an aspect of

electroless deposition in that it requires increasing the oxidation state of iron

from (II) in solution to (III) in the films, although unlike ED this oxidation takes

place in the bulk solution and is not believed to be catalyzed at the substrate. Many

of the variations in technique discussed below, such as the use of flowing precursor

solutions, photo-stimulated deposition, and application of electrical current to

induce deposition, have been used in ferrite plating.

14.2.3 Use of Organic Additives

The presence of organic additives in the deposition liquid plays an important role in

the control of the morphology of the formed particle and consequently the film. The

variety of the obtained morphologies is large: sponges, honeycombs, ribbons,

spheres, sheets, cubes and hexagonal platelets. The additives adsorb preferentially

on specific faces of the inorganic crystal, inhibiting the growth of those faces. The

uncoated faces then grow further, conferring unusual morphologies [22–31]. On the

other hand, crystallographically non-selective adsorption of the additives leads to

“miniaturization” of the formed crystallite by slowing the growth rate in all

directions.

Many of the additives that adsorb onto crystal surfaces have functional groups

similar to those found in effective complexants, especially carboxylic acid, alcohol,

amide, and ether groups.

In some cases the role of the organic additive is not exclusively to control the

growth rate of certain crystal faces, but also to promote formation of an intermedi-

ate amorphous phase during the crystal growth. The presence of these amorphous
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Table 14.1 Listing of oxides (and three sulfides) that have been deposited as thin films via

chemical bath deposition (CBD) and related techniques: liquid phase deposition (LPD), successive

ion layer adsorption and reaction (SILAR), electroless deposition (ED), and use of organic self-

assembled monolayers (SAM)

CBD LPD SILAR ED SAM

Ag2O X

AgO X

Cd2SnO4 X

CdO X

CdS X X

CeO2 X X

(Ce,Gd)O2-x X

CoO X

Co3O4 X

Cu2O X X

CuO X

(Cu,Fe)3O4 X

Eu2O3-x X

Fe3O4 X

FeOOH/Fe2O3 X

α-Fe2O3 X X

α-FeOOH X

β-FeOOH X X

γ-FeOOH X

In2O3 X X X

In2O3:Sn X

La2O3-x X

LaCoO3 X

LaCrO3 X

LaFeO3 X

La1-xMnO3 X X

LaNbOx X

MnO2 X X X

NdCoO3 X

NdCrO3 X

NdFeO3 X

NdMnO3 X

NiO X

NiOOH X

NiFe2O4 X

α-PbO2 X

PbS X X

SiO2 X

SnO2 X X

SnO2:Sb X

Sn16(OH)xPW19Oy X

Ti2O3 X X

TiO2 X X X

(continued)
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particles can reduce the degree of supersaturation of the solution, suppressing the

rapid formation of the initial crystals. The amorphous phase then dissolves, and

nanocrystals are formed. The amorphous particles contain metal ions that are

gradually released, promoting a more controlled crystallization process.

14.3 Substrate Effects

14.3.1 Mechanisms of Film Formation

The preceding discussion does not directly address the circumstances that would

cause the forming solid phase to adhere to a substrate as a film. Expressed in broad

terms: the solution chemistry primarily dictates whether a solid can form, while the

substrate largely determines where the solid will deposit. The chemical nature of

the substrate surface and its interactions with the depositing solid and the liquid

deposition medium together influence the film’s growth rate and morphology.

Two basic mechanisms (Fig. 14.2) have to be considered:

• Dissolved ionic species may attach to the substrate according to an ion-by-ion

growth mechanism. In this case heterogeneous nucleation leads to directed

growth of nuclei of the inorganic phase on the substrate.

Table 14.1 (continued)

CBD LPD SILAR ED SAM

TiO2-dopamine X

TiO2-methylene blue X

TiO2-SiO2 X

TiO2-V2O5 X

V2O5 X X

Y2O3, Y2O3-x X X

Y2O3:Eu X

Y2O3-ZrO2 X X

ZnO X X X X X

ZnO:Al X

ZnO:Cd X

ZnO:Cu X

ZnO:Ni X

ZnO:Sn X X

ZnS X X

ZnAl2O4 X

ZrO2 X X X

ZrO2:Eu X

ZrO2:Tb X
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• Colloidal particles may form in the solution by hydrolysis and condensation

reactions of the dissolved species and subsequently be attracted to the substrate

by electrostatic or van der Waals interactions. Here nucleation in solution is

involved, and usually results in a polycrystalline film with random crystal

orientation.

Both mechanisms can occur simultaneously, or ion-by-ion growth can be

followed by particle attachment. Transparency of the solution does not rule out

the possibility of film growth by particle attachment. Nor does the presence of

particles in the solution rule out the possibility of film formation via heterogeneous

nucleation and growth on the substrate. As discussed in Sect. 14.2.3, the ultimate

oxide phase may be preceded by one or more intermediate phases. In practice, it is

usually not possible to determine unambiguously which process dominated the

formation of a specific film from the nature of the deposition medium alone, or

by examining the film’s microstructure ex situ.

Fig. 14.2 Mechanisms for

the formation of inorganic

films from aqueous

inorganic solutions (after

[32])

Fig. 14.3 Scanning electron microscope images of (a) etched titanium surface (plan view);

(b) etched titanium surface with hydroxyapatite coating deposited from simulated body fluid

(plan view); (c) cross-section of hydroxyapatite coating (middle of image) on etched titanium

(bottom of image), showing coating “keyed-in” to the substrate surface. (Figure 14.3a and b

reprinted from [33], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Used with permis-

sion. Figure 14.3c reprinted from [34], © Carl Hanser Verlag, München. Used with permission)
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When a supersaturated solution remains stable against precipitation for very

long times unless a specifically prepared substrate is present to promote film

formation, nucleation and growth is probably the dominant mechanism of deposi-

tion. One example is the deposition of hydroxyapatite coatings on titanium from

supersaturated simulated body fluid (SBF) for orthopedic implant applications

(Fig. 14.3) [33, 34]. Under deposition conditions, the supersaturated SBF remains

solid-free for months unless a substrate that has first been treated with a silicate

“nucleating layer” is placed in the solution.

In contrast, when particles are known to be present in the solution, and the

occurrence or absence of film formation correlates with the nature of the electro-

static interaction between the substrate and the depositing solid, particle attachment

is strongly implicated as a primary mechanism of film deposition. These electro-

static interactions are primarily governed by the zeta potentials of the substrate and

the solid phase, which in turn depend on the pH of the surrounding liquid phase.

When the pH of the solution is such that the zeta potentials of two solid surfaces

are opposite in sign, an electrostatic attraction is expected between the surfaces, and

repulsion when the zeta potentials have the same sign (Fig. 14.4). The condition for

electrostatic attraction is met when the pH of the solution is between the isoelectric

points, IEP1 and IEP2, of the two surfaces (Fig. 14.4). For example, films of vanadia

(which has negative zeta potential [35, 36] in moderately acidic solutions) deposit

on amine- and alkyl ammonium-treated surfaces, which are positively charged [37]

in acidic and neutral solutions, but not on sulfonate-treated surfaces (which are

negatively charged [37] at pH down to about 2) under otherwise identical

conditions. (The functionalization of surfaces is discussed in Sect. 14.3.2.)

Fig. 14.4 Schematic illustration of the effect of the zeta potentials (ζ1 and ζ2) of two adjacent

surfaces on the nature of the electrostatic interaction between them. When the pH of the solution

between the two surfaces is between the isoelectric points (IEP1 and IEP2) of the two surfaces, the

electrostatic interaction is expected to be attractive
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Other interactions occur between solid surfaces in liquid media that can affect

their mutual attraction or repulsion. These include:

• Induced-dipole effects, such as van der Waals interactions, are shorter-range,

usually attractive,1 and smaller in magnitude than the electrostatic interactions

discussed above. Nevertheless such interactions are ubiquitous and may become

significant when electrostatic interactions diminish or are weak to start with.

When a substrate has been completely covered with electrostatically attracted

particles, the attractive van der Waals interactions between the deposited layer

and adjacent unattached particles in the solution may play a role in subsequent

growth of the film.

• Interactions between species surrounding or adsorbed onto one or both solids,

such as ionic double layers or polymer additives from the solution (Sects. 14.2.3

and 14.3.2).

• Very short-range interactions, when the separation between surfaces approaches

the size of a water molecule (so-called hydrophobic interactions) [38].

14.3.2 Functionalization of Substrates

A significant recent trend in research on low-temperature deposition of thin films

from liquid media has been the use of organic modifications of substrate surfaces to

promote the formation of films. This can be achieved for example with surfactants,

polyelectrolyte bilayers, and organic self-assembled monolayers (SAMs). The last

of these will be discussed in more detail to illustrate the options that SAMs afford

for engineering a substrate to promote film deposition.

SAMs are ultra-thin layers (typically 2.5 nm or less) formed via the spontaneous

attachment of hydrocarbon-based surfactant molecules onto a substrate, comprising

structurally ordered, two-dimensional arrays [39, 40]. One end of each surfactant

molecule bonds to the substrate. Thiol groups (-SH) bond to clean unoxidized metal

surfaces. Trichlorosilyl groups (-SiCl3), after hydrolysis to silanol (-Si(OH)3), bond

via a condensation reaction to surfaces such as glass, sapphire, and the native oxides

on Si, Ge, and Ti (Fig. 14.5).

Fig. 14.5 Schematic

illustration of an organic

self-assembled monolayer

(SAM)

1 This presumes that the Hamaker coefficient for the two solid surfaces and the interposing liquid

medium is positive. This is usually the case for aqueous solutions, oxide precipitates, and the

substrates discussed here and in the literature cited.
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The functional group at the opposite end of the molecule (or a group that

replaces it in a post-deposition displacement or transformation) determines the

surface chemistry of the SAM, whether acidic or basic, hydrophilic or hydrophobic,

polar or non-polar. Thus SAMs from alkane thiols and trichlorosilanes, with

terminal methyl groups or other saturated hydrocarbon groups, are hydrophobic

surfaces. SAMs with surface sulfonic acid (-SO3H), carboxylic acid (-COOH), and

phosphonic acid groups (-PO(OH)2) deprotonate in aqueous solutions whose pH is

above that of the pKa of the SAM surface, giving hydrophilic, negatively charged

surfaces. Other surface groups are hydrophilic but tend to acquire positive surface

charge through protonation, as with amine (-NH2) groups, or are cationic in

character, such as alkyl ammonium (-NR3
+) groups. (Amine- and alkyl

ammonium-terminated SAMs were used in the deposition of the vanadia films

that were cited in Sect. 14.3.1 as examples of film growth by particle attachment.)

Oxides that have been deposited as films on SAM-treated surfaces via CBD

methods are listed in Table 14.1.

14.3.3 Patterned Deposition

When the surface treatment used to promote film growth is selectively applied to

specific regions of the substrate, the subsequent film deposition can be made to

conform to that spatially predetermined arrangement, leading to what is called

patterned deposition. Patterned functionalization of a substrate can be achieved in

the way the functionalization is first applied to the surface, through microcontact

printing of a surfactant with what amounts to a “rubber stamp” [41]. Another

approach is to shine UV light through a photomask onto a uniformly functionalized

surface, either to alter the functional group photochemically or to cleave the

adsorbed species from the surface. In contrast to standard photolithography, either

approach permits patterning of the oxide to be achieved without use of photoresists

and without a subtractive step such an etching to remove oxide material that has

already been deposited. Such approaches offer the potential of creating patterned

oxide films with fewer fabrication steps and fewer processing byproducts.

The resolution that can be achieved in the functionalized pattern (i.e., prior to

deposition of the oxide film) can be well into the nanometer scale, depending on the

technique used (electron-beam etching, photolithography, etc.). In a recent example

of nanoscale patterning of an organic functional layer, Schimmel and co-workers

achieved lateral resolution of 40 nm in photodimerized thiol layers 12 nm thick by

using the tip of an atomic force microscope [42]. It remains to be seen whether this

level of resolution in the organic layer will allow higher resolutions to be achieved

in inorganic films subsequently deposited on the patterned surface.

The resolution of the deposited film itself is usually less fine than that of the

patterned functional layer. An extensive review by Gao and Koumoto [18] surveyed

this topic. Typical spatial resolutions in the range of 1–20 μm have been achieved

for various oxide films (TiO2, ZrO2, SnO2, ZnO, iron oxides, Ta2O5). With the size
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of the primary deposited particles typically 15 nm or smaller in such films, and with

nanoscale resolution of the pattern itself having been demonstrated, the potential

would seem to exist for sub-micron resolutions to be achieved. This would require

overcoming at least two factors commonly observed in the deposited films. First,

when films grow via particle attachment, the primary particles are often

agglomerated into clusters 50–100 nm in size; this agglomeration may occur before

the particles deposit on the substrate, limiting the fineness of the patterned deposit.

Second, once the initial layer of particles or agglomerates is complete, subsequent

deposition is likely to be governed more by the interactions between the clusters

and the already-deposited film than by substrate-film interactions, so that the

controlling influence of the patterned substrate on film deposition in lateral

directions diminishes as the film grows thicker. This effect may be seen even if

the films form initially by heterogeneous nucleation and growth on the substrate, for

heterogeneous nucleation may later occur on the growing film. The review by Gao

and Koumoto [18] shows that the same solution parameters that control growth rate

(Sect. 14.2.1) also strongly affect the resolution of patterned films.

14.3.4 New Morphologies

An interplay of solution chemistry, film morphology, and application distinguishes

several recent advances in functional oxide film deposition from aqueous solutions.

For example, while most of the early literature on CBD of oxide films described

deposition on flat planar substrates, the ability of a liquid to permeate porous

structures and to coat fibers, particles, and other shapes with relatively concentrated

precursors for solid films is a powerful advantage of CBD approaches. Figure 14.6

illustrates this capability, showing a porous nickel oxide layer on the anode of a

solid oxide fuel cell before and after CBD of a 100-nm-thick nanocrystalline cerium

oxide film [43]. The ceria film was deposited after the porous nickel oxide was

Fig. 14.6 Left: Porous nickel oxide layer in the anode of a solid oxide fuel cell. Right:
Nanocrystalline cerium oxide film, ~100 nm thick, deposited via chemical bath deposition on

the porous nickel oxide layer shown at left after treatment with a sulfonate-functionalized self-

assembled monolayer. The ceria film was uniform, adherent, and conformal, and it penetrated

throughout the 40-μm depth of the porous anode [43]
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treated with a sulfonate-functionalized SAM. The high degree of conformity of the

ceria film and its lack of cracks and voids are evident. The coating penetrated

throughout the 40-μm-thick porous anode.

Infiltration of surfaces with complex topographies is also of interest for photonic

crystals, data storage, and field emission devices [10]. Thus not only the chemical

nature of the substrate surface, but also its topography plays a role in the utility of

CBD as technique for depositing oxide films.

As the understanding of the deposition methods has increased, the forms of the

synthesized materials have expanded beyond thin films. For example, nanorods of

c-oriented wurzite structure ZnO [44] and nanoporous films of TiO2 [45] were

prepared by CBD routes after first depositing a dense “seed” layer of the respective

oxides.

In a unique adaption of the LPD technique, Deki and coworkers [9] formed films

of TiO2, SnO2 or β-FeOOH at a liquid-liquid interface, rather than on a solid

substrate. This approach should work on a variety of CBD systems and suggests a

way to produce free-standing films of virtually any oxides that are obtainable via

CBD (Table 16.1).

In another example of material deposition at a non-solid interface [46], micelles

of surfactants were used as “substrates” to control the morphology of TiO2-V2O5

mesoporous powders. Surface area could be controlled by the choice of surfactant

and the solution composition, illustrating how the deposition process could be

engineered to achieve a desired level of performance in a functional oxide material

synthesized via low-temperature deposition. Whereas these mesoporous materials

were formed on the outside of the surfactant micelles, another approach [47] used a

reverse micelle, synthesizing nanoparticles of monoclinic VO2, orthorhombic

Ta2O5, and Sn and Nb oxides of unidentified structures on the inside of micelles

via LPD at 30 �C.
Using polymer (usually latex or polystyrene) spheres of uniform size as

substrates for deposition of oxide films takes advantage of the low temperature of

these deposition processes [22, 48]. Nanocrystalline ZnO was produced on

sulfonate-functionalized polystyrene spheres. The polymer could be dissolved or

pyrolyzed away, leaving intact hollow ZnO shells. The effects of a wide variety of

surfactant and polyelectrolyte surface treatments of such spheres were investigated

using LPD of TiO2 (anatase) [49]. While the deposition was very sensitive to the

surface functionalization of the films, electrostatic interactions between the sub-

strate and the particles did not appear to play a decisive role in the film deposition.

An LPD route yielded films of β-FeOOH on polystyrene spheres [50]. Pyrolysis of

the spheres in vacuum at 400 �C for 2 h produced hollow spheres of magnetic

Fe3O4. In a variant of this approach, polystyrene spheres were assembled to form a

template for deposition of a “reverse opal” of SnO2 via LPD [51]. After burnout of

the spheres, the resulting voids in the SnO2 were then infiltrated with Eu-doped

ZrO2.

The deposition of laminated multilayer films made of alternating oxide and

organic layers was investigated. This approach aims to replicate to some extent

the remarkable strength of biominerals such as nacre, whose structure consists of

332 M.R. De Guire et al.

http://dx.doi.org/10.1007/978-3-211-99311-8_16#Tab1


crystalline layers of CaCO3 (aragonite) between thin protein-based layers compris-

ing approximately 5 vol% of the material. Laminated composites, consisting of

alternating layers of TiO2 120 nm thick and polyelectrolyte 25 nm thick were

produced [52]. In nanoindentation measurements, films with three pairs of such

layers on silicon showed hardness values 15 % higher than a liquid-deposited TiO2

film of the same thickness.

In similar work on ZnO/polyelectrolyte laminate films [53], the laminated films

were approximately 25 % harder. These polyelectrolyte layers consisted of poly

(styrene sulfonate), poly-L-glutamic acid and poly-L-lysine hydrobromide.

14.4 Process Control

In its simplest form, a CBD process involves a single isothermal immersion of a

substrate into a non-flowing liquid precursor of the desired film. Even if no external

changes are imposed on the system—e.g. no more reagents are added to the

deposition medium, the solution is not stirred or agitated, the temperature is not

changed—the important solution parameters that affect the deposition process are

far from static. In particular, once solid has begun to form, the supersaturation of the

solution begins to decrease, and eventually reaches a level at which nucleation of

new particles stops (although growth of existing particles may continue). The pH
may significantly change from the initial value, usually in a direction that slows

particle nucleation and growth. As solid nucleates and grows (on the substrate, in

the solution, or both), solid-solid interactions become more important: e.g. adjacent

particles may agglomerate via van der Waals or other interactions, causing contin-

uous changes in the number, size, and spatial distribution of solid particles. Overall,

for a single-immersion deposition, there is usually an “incubation” period during

which no film growth occurs, followed by a period of growth (which may exhibit a

rising growth rate followed by a declining growth rate), then cessation of growth

once supersaturation has dropped below a critical level.

Niesen and De Guire reviewed the growth rates and film thicknesses achieved by

aqueous liquid deposition processes such as CBD, SILAR, LPD and their

variations [2]. Typical growth rates for such processes are 200–1,500 nm/h with

maximum film thickness up to 1,000 nm. For SILAR, typical growth rates are less

than 1 nm/cycle, and ultimate film thicknesses are often lower than for other

chemical bath processes.

Sequential deposition, a concept integral to SILAR, has also been adapted to

other CBD techniques. It provides a simple way to overcome the “exhaustion” of

the deposition process when the supersaturation of the original solution drops to a

level too low to sustain further film growth. The substrate is simply removed from

its solution and inserted in a fresh aliquot of the same precursor. In principle, this

approach can lead to thicker films than single depositions and can be repeated

indefinitely to build up thick films.
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Another approach for avoiding the continuous change in solution concentration

and pH is to monitor and adjust these parameters periodically or continuously to

maintain desired values. Automated electronic systems for maintaining constant pH
(“pH-stats”) are readily available for small- and large-scale depositions. Sensors are

commercially available for continuous measurement of the concentrations of some

metal ions in the deposition medium. Complete systems for monitoring and

maintaining solution parameters have been developed for the commercial deposi-

tion of CdS films for the photovoltaics industry, and these approaches could

undoubtedly be adapted to the deposition of oxide films.

When a reactant is added to a solution, spatial gradients in supersaturation will

occur. This can lead to inadvertent local precipitation and other inhomogeneities at

the site of the addition until the added substance is uniformly mixed into the

solution. One way of avoiding this situation, in solutions where a rise in pH can

be used to trigger the formation of the solid, is to add urea ((NH2)2CO) to the

solution before heating. In aqueous solutions at temperatures between ~40 and

~80 �C, urea will decompose to form ammonia and carbon dioxide. The net effect is

a steady rise in pH, occurring uniformly throughout the solution.

A variant of CBD known as liquid flow deposition (LFD) is designed to reduce

both spatial nonuniformities and temporal changes in supersaturation. In LFD, the

reactant solution is flowed past the substrate at a controlled rate. It was first

developed in the late 1980s [54, 55] as a variation of ferrite plating. In LFD, the

reactants are replenished continuously, allowing more constant composition of

solution and more constant degree of supersaturation to be maintained. The used

precursor may be collected, reconstituted, and reused. The rate of flow of the

deposition medium past the substrate becomes an additional and easily controlled

variable for adjusting the deposition process. With appropriate adjustment of

solution parameters, LFD can be applied to any CBD technique (except perhaps

SILAR). Ferrites [54, 55], CdS, ZnO [2], SnO2 [56] and TiO2 [57] have been

deposited using LFD at constant and high growth rates. In contrast, ZrO2 films

did not grow significantly faster or thicker via LFD than via conventional CBD

[58]. Alternatively, by varying the flow rate and solution makeup during a deposi-

tion, LFD can be designed to vary the composition, growth rate, and microstructure

within a single film, as reported by Deki et al. [59].

Using a simple LFD apparatus to deposit SnO2 films (Fig. 14.7), Supothina

et al. [56, 60] explored the interplay of solution parameters ([Sn4+] and pH) with
chamber design and flow rate. Intermediate flow rates (2–3 mL min�1) gave the

thickest films, while thinner or no films were obtained at higher and lower flow

rates. Their results indicate that, when film growth occurs by particle attachment,

maximum growth rates can be obtained by coupling the residence time of the

solution in the vicinity of the substrate to the incubation time for nucleation of

particles in the solution. The maximum growth rate (85 nm h�1) and the maximum

film thickness (1 μm) were obtained when the deposition chamber was configured

to decrease the distance that particles would have to travel to reach the substrate

after being nucleated in the solution.
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Boyle et al. [61, 62] reported a closed-loop LFD process for CdS films that

filters, recirculates, and replenishes the used solution, significantly reducing the

amount of (cadmium) waste.

Other variants of CBD use different strategies for initiating solid formation and

inducing film formation. These include photochemical deposition (in which light is

used to trigger formation of the solid phase) and deposition assisted by applied

electric or magnetic fields or by ultrasonic agitation. The review by Niesen and De

Guire [2] surveyed some of these techniques.

It is not always desirable to immerse an entire substrate in a CBD medium or to

expose both sides of a substrate to a surface functionalization procedure such as

those described in Sect. 14.3.2. In the deposition of SAMs on the electrodes of solid

oxide fuel cells by Tang et al. [43, 63] it was found that one step in the sulfonate

functionalization procedure had adverse effects on the cathode side of the cell. The

problem was overcome by placing a cotton pad on the anode side of the cell, cut to

the size and shape of the anode, and then carefully saturating the pad with the

reagent in question so that none seeped out onto the rest of the cell. It is likely that a

similar strategy could be implemented in general with CBD solutions if other parts

of the substrate must be protected from contact with the deposition medium.

14.5 Conclusions and Prospects

While CBD approaches offer great versatility with regard to deposition of oxide

films as discussed above, some of the limitations of these films should be kept in

mind. For example, it remains challenging to synthesize multicomponent materials

whose individual components precipitate at widely differing pH or temperature, or

when the choice of complexants for the metals is limited. In such cases,

non-aqueous solutions, e.g. using alcohols or other polar solvents for the metal

and chalcogenide precursors, may offer more precise control over the supersatura-

tion of the solution and therefore of the deposition rate. An extensive base of

Fig. 14.7 Schematic illustration of an apparatus used for liquid flow deposition. A pump delivers

the precursor solution (which may be preheated or which may be heated in the deposition

chamber) to the substrate. After residing in the chamber for a time that depends on the flow rate,

the volume of the chamber, and configuration of the flow field, the precursor flows out of the tube

and may be collected, reconstituted, and reused [56, 60]
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experience can be tapped in developing such approaches. Much of the research on

sol-gel synthesis of oxide materials over the last few decades [64] has utilized

non-aqueous solvents to produce a wide range of technologically important oxide

materials. Such approaches would increase the cost, and could increase adverse

environmental impacts, of the process; no solvent is cheaper, nor more readily

available, biocompatible, and environmentally benign than water. Nevertheless,

there are many technologically important oxide materials, such as tin-doped indium

oxide or ferroelectric oxides such as barium titanate, that do not lend themselves to

purely aqueous CBD. For such materials, non-aqueous approaches represent a

promising strategy for CBD processing.

In the as-deposited state, the films may contain residual water and other

components from the precursor solution. They are often not completely

crystallized. As a result, the films often do not exhibit the same physical properties

as fully crystalline sintered materials. For example, the as-deposited films are

mechanically much softer than fired polycrystalline ceramics, with little abrasion

resistance. Dopants added to the film may not be in solid solution in the

as-deposited host oxide, so that the as-deposited films may not show the intended

optical properties or electrical conductivity. Many of these effects can be alleviated

by a subsequent heat treatment to fully crystallize the film, to incorporate the

dopants into solid solution, to form the desired compound (if necessary), and to

develop physical properties more typical of a polycrystalline oxide. Such a heat

treatment is likely to decompose any organic components, such as SAMs (which

have been shown to pyrolyze from under the overlying oxide CBD film at

temperatures between 200 and 400 �C [65]) or polymer additives in the precursor

solution. If loss of the organic component is not deleterious to the film properties,

and if the substrate can withstand somewhat elevated temperatures, such a heat

treatment would not be a severe drawback, especially in light of the control over

film formation, low costs, and other advantages associated with CBD.

In light of these limitations, the most likely first applications of CBD oxide films

will not expose them to significant mechanical loads or wear. Examples include

single or multilayer optical coatings or catalytic or sensing layers that are protected

by harder materials such as glass or some other rigid support. The cerium oxide

coatings applied to solid oxide fuel cell anodes by Tang et al. [43, 63] survived up to

hundreds of hours of operation in the absence of direct mechanical impact or

abrasion. Significantly, however, microstructural changes occurring in the anodes

during operation, and which were implicated in cell failure, led also to disruption of

the coatings.

The interactions of organic molecules with inorganic surfaces promise some of

the most exciting new prospects for CBD films and broad opportunities for further

research. These include control over film growth and morphology as discussed in

Sects. 14.2.3 and 14.3.4, but also applications involving the adsorption, sensing,

patterning, or other manipulations of biological molecules and assemblies, from

various proteins, to pharmaceuticals, to DNA and entire cells. Organic-inorganic

surface interactions lie at the heart of many potential applications in biochemical

sensing, biomimetic materials synthesis, drug delivery, and biomedical devices.
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Part IV

Processing and Crystallization

This part will cover all aspects which are necessary to transform the as-deposited

films (cp. Fig. 1 in the general introduction) to the desired crystalline metal oxide

thin films with well-defined phase, microstructure, texture, and pattern. This trans-

formation typically takes place by a nucleation and growth determined process

from an initially amorphous phase, which in turn is governed by thermodynamic

and kinetic factors. Hence, in Chap. 15 these basics are discussed in detail. By

controlling these factors it is even possible to grow epitaxial films on single

crystalline substrates, which is described in Chap. 16. Next in Chap. 17, by

means of alkaline earth titanate and lead titanate based thin film materials, it is

demonstrated that these perovskites deposited on platinized silicon substrates can

be tuned from fine grained to columnar microstructure and highly textured. These

are only achieved if the thermodynamic and kinetic aspects are considered prop-

erly. The impact of the different morphologies and textures on the electrical

properties impressively shows the importance of this control over film growth.

In the case of CSD on semiconductor substrates with integrated functionalities

such as transistors or the deposition on temperature sensitive substrates, as for

example plastics or glass the conventional crystallization temperatures

(~600–800 �C) are often too high. Chapter 18 reviews approaches to minimize

the thermal load of the substrates during crystallization.

For some applications thicker films (e.g. piezoelectric devices) or (nano)

composites consisting of a distribution of one material in a matrix of another

material are beneficial. Chapter 19 deals with methods to prepare such (nano)

composite films either from precursor solutions containing particles with different

sizes, i.e. >100 nm to grow thicker films, or <100 nm to create nanocomposite

films. Included are also methods of infiltration of a porous network consisting of

larger particles in order to increase the film density, and molecular mixing of

precursors for two different materials, which do not form mixed phases

(e.g. perovskite and spinel), but segregate into two separate, well distributed

nanoscale phases.

The last two chapters of this part review the fabrication of patterned films and

individual registered nanograins on different lateral scales (from 0.5 to 1.0 μm

http://dx.doi.org/10.1007/978-3-211-99311-8_15
http://dx.doi.org/10.1007/978-3-211-99311-8_16
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http://dx.doi.org/10.1007/978-3-211-99311-8_18
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down to sub-10 nm). Usually patterning is performed in subtractive modes by

fabricating films on the whole substrate area followed by lithographic and etching

steps. By applying UV-beam and electron beam direct patterning of photosensitive

CSD precursor films, which are described in detail in Chap. 20, not only the number

of working steps can be reduced, but also deteriorating influences of the etching

step on the functional oxides can be avoided. Using lead titanate based

ferroelectrics as an example, Chap. 21 reviews a way of fabricating registered

assemblies of individual sub-100 nm grains by using suitable templates, which

can be generated by various methods. By bottom-up CSD-processing these

templates can be transferred into fully functional ferroelectric nanograins, again

without deteriorating influences of the patterning technique itself.
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Chapter 15

Thermodynamics and Heating Processes

Robert W. Schwartz and Manoj Narayanan

15.1 Overview of Pyrolysis and Transformation to the

Crystalline State

Following deposition by spin casting or dip coating, in the most commonly used

solution deposition processes, the film may be described as a viscoelastic solid

consisting of an inorganic network with bound organic moieties (the skeleton) and

solvent entrapped within the pore structure of the film. Both the organic groups

associated with the structural backbone and the solvent must be removed from the

film prior to conversion to the crystalline state. This requires significant structural

rearrangement, which occurs through a variety of chemical and physical processes

at a variety of length scales over a range of temperatures.

The processes involved in the transformation from the as-deposited into the

crystalline state, as well as typical temperature ranges in which they occur, are

illustrated in Fig. 15.1 [1]. It is important to recognize that the temperatures at

which specific reactions and structural rearrangement processes occur are highly

dependent on solution synthesis and thin film processing parameters. Following the

removal of organic species, as heat treatment temperature is increased, kinetic

limitations to further atomic rearrangement are overcome and thermodynamic

factors (e.g., the relative thermodynamic stability of the crystalline state vs. the

amorphous state that is developed following organic removal) lead to the develop-

ment of a crystallized film possessing the desired ferroelectric properties. Various

other factors, such as substrate, ramp rate, heat treatment atmosphere, film thick-

ness, and film composition may each impact the temperature regime in which the

processes noted in Fig. 15.1 will occur. The extent of overlap of these processes,
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film crystallization behavior, microstructure, orientation and epitaxial growth are

all influenced by these parameters. Extensive investigations of such factors have

been carried out and the results of some of these studies are reviewed below.

15.2 Thermolysis and Pyrolysis

15.2.1 Thermolysis and Pyrolysis: Definitions and General
Characteristics

For films deposited by solution methods, the term “pyrolysis” is typically used to

describe the removal of the organic constituents under an oxidizing environment

(either air or oxygen) through conversion to volatile organic molecules, such as CO,

CO2, by combustion [2]. Organic species may also be removed in the absence of

oxygen through the formation of volatile organics by “thermolysis” [2]. These

processes typically involve different chemical reactions and decomposition

pathways that may affect the specific nature of the oxide backbone, which may

subsequently affect densification characteristics and crystallization behavior. As

would be expected, time and temperature parameters for thermolysis and pyrolysis

also impact the specific reactions that occur during heat treatment and nature of the

species that are evolved.

Few studies have focused on the specific reaction pathways and differences

between pyrolysis and thermolysis are typically not differentiated. It is much

more common for individuals preparing solution-derived thin films to simply

study transformation behavior from the perspective of the temperatures at which

organic removal has been completed by using methods such as thermal gravimetric

analysis (TGA, see Chap. 7). Weight loss between a few and a few 10’s weight

percent is typical [2], though it should be noted that if solvent loss from within the

pore structure of the film is considered, the total weight loss is significantly greater,

approaching even 90 % or more. As solution methods for film fabrication were

developed, particularly in the mid-1980s through the 1990s, the most common

approach to study pyrolysis behavior was to study the pyrolysis characteristics of

solution-derived powders prepared from the same solution chemistry and assume

Fig. 15.1 Approximate

temperature ranges for

processes contributing to

densification and

crystallization of solution

derived thin films processed

at moderate ramp rates

(~5–50 �C/min). After [1]
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that the pyrolysis characteristics of the films would be similar to the powders.

Though this is likely not a fully valid assumption, it is not unreasonable and has

been used effectively in thin film preparation to identify a temperature for “removal

of organics” prior to the use of higher heat treatment temperatures to induce

crystallization. Quotations are used above because few studies have focused on

residual carbon content (<0.5–1.0 %) and its possible influence on crystallization

temperature.

Typical TGA results for solution-derived lead titanate (PbTiO3; PT) powders

prepared under different synthesis conditions are presented in Fig. 15.2 [3]. The

results highlighted here are for the 2-methoxyethanol (2-MOE) solution chemistry

pioneered by Budd, Dey and Payne for lead titanate and lead zirconate titanate

(PbZrO3–PbTiO3; PZT) film preparation [4–6]. Different hydrolysis and catalysis

conditions have been used for the preparation of these samples and the figure is

included simply to demonstrate the general nature of the variations in decomposi-

tion behavior that may result from different synthesis conditions. It should be noted

that prior to thermogravimetric analysis (TGA), after gelation, the gel samples were

aged for 0.5 h and then dried at 140 �C for 72 h.

The general effects of synthetic conditions that may be noticed are a decrease in

the pyrolysis temperature and weight loss with increased hydrolysis ratio (RW ¼
moles H2O/mole of alkoxide). Other changes in pyrolysis behavior, such as the

number of decomposition steps and specific temperatures at which the decomposi-

tion reactions occur may also be noticed. Acidic versus basic catalysis conditions

during hydrolysis also impact both pyrolysis temperature and behavior. Knowledge

of decomposition characteristics and temperature may be subsequently used to

select a temperature for crystallization of the powder or film.

Fig. 15.2 Effects of hydrolysis conditions on the decomposition behavior of (a) acidic and (b)

basic catalyzed PbTiO3 gels (air atmosphere). After [3]
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15.2.2 Decomposition Behavior and Pathway

15.2.2.1 Solution Precursor Effects

Many studies have focused on the role of precursor chemistry and thermal treatment

on structural evolution and resultant thin film microstructure [7–17]. The general

nature of the solution synthesis route utilized can impact decomposition behavior,

pathway and temperature, as well as crystallization behavior. The most commonly

employed routes include: (1) metallo-organic decomposition or MOD, typically

based on long-chain hexanoate or di-neodecanoate precursors; (2) hybrid, otherwise

known as chelate or acetate-modified approaches, based on alkoxide precursors and

chelation, typically by the acetate group of acetic acid; and (3) sol-gel approaches

based on alkoxide precursors and hydrolysis and condensation reactions. Various

reaction byproducts and intermediate phases serve to define the decomposition

behavior, which depends upon precursor chemistry and thin film composition.

The intermediate phases may be metallic, single component oxide, carbonate, or

oxocarbonate in nature, or may represent another intermediate phase, such as

pyrochlore or fluorite, which can have a significant impact on the thermodynamic

driving force for crystallization.

Two of the more detailed studies that report on precursor effects on decomposi-

tion pathway are those of Polli and Lange [9] and Neumayer et al. [10]. Polli and

Lange [9] report on the PZT (50/50) material system, while Neumayer et al. [10]

report on the BaTiO3—SrTiO3 (BST) system. These studies discuss the effects of

solution chemistry (MOD, chelate and sol-gel) on decomposition behavior

(temperatures and weight loss), as well as other effects, such as local reducing

environments associated with high retained organic content within specific heat

treatment temperatures. Both studies also report on pyrolysis conditions leading to

homogeneous amorphous phases, which are critical to the production of high

quality crystalline films.

Polli and Lange used X-ray diffraction (XRD) analysis of solution-derived

powders to carry out their investigation [9]. Briefly, these authors noted that

irrespective of solution chemistry, elemental Pb and PbO were the first phases

formed during rapid pyrolysis to 400 �C. Longer times at reduced pyrolysis

temperatures (e.g., 300 �C for 1 h) were effective at suppressing the formation of

these phases for the sol-gel based process, but not for the MOD or chelate based

processes. This led the authors to conclude that precursors with high carbonaceous

content and the rate of hydrocarbon release during pyrolysis were key to avoid

formation of elemental Pb during heat treatment.

Neumayer et al. used Fourier Transform Infrared (FTIR) spectroscopy (cp.

Chap. 9) in their analysis of solution chemistry effects on BST formation

[10]. Their MOD process utilized barium and strontium acetate precursors together

with titanium diisopropoxide bis(acetylacetonate). The sol-gel chemistry studied

was a relatively standard 2-MOE route, while the hybrid route utilized isopropoxide

precursors for Ba, Sr and Ti, followed by chelation with acetic acid. The authors
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note that the MOD route resulted in the least facile decomposition pathway and a

larger thermal budget for organic removal than the other two processes. They also

report that the hybrid route produced films with better crystallinity and lower

carbonate content [10].

In general, shorter chain organic species and lower boiling point solvents

produce materials that undergo decomposition at lower temperatures, however,

the formation of specific intermediate phases, such as barium or strontium carbon-

ate, which are relatively stable intermediate phases, can delay pyrolysis to higher

temperatures. Variations in precursor selection, as well as solution synthesis and

pyrolysis conditions, demand the use of thermal analysis techniques to determine

the temperature at which organic removal is complete.

15.2.2.2 Additional Effects on Decomposition Behavior

There are certainly many more papers than those cited in [7–17] that describe a

variety of effects observed during pyrolysis. Beyond solution chemistry, ambient

atmosphere utilized during pyrolysis (and crystallization) can impact not only

residual carbon content in the film, but also the nature of the intermediate phases

formed [18, 19]. Other parameters, such as heating rate and pyrolysis temperature

can also have a significant impact [20, 21]. One contributing factor to such

observations is related to Fig. 15.1. Because these processes (in particular, capillary

contraction, continued condensation reactions and structural relaxation) occur over

a range of temperatures and each have their own governing kinetics and thermody-

namics, the resulting processing behavior leading to removal of residual organic

material, evolved amorphous structure, and even the formation of intermediate

crystalline phases may be impacted. Examples of such effects are highlighted

below.

15.2.3 Reactions and Byproducts

Relatively few studies have focused on the reaction chemistry associated with

pyrolysis and thermolysis of organic constituents from as-deposited films. How-

ever, one detailed investigation that illustrates the nature of the reactions and

byproducts associated with these processes is that of Coffman et al. [22]. These

authors studied the thermal decomposition of methoxyethanol gel-derived PZT

powders and films using a variety of analytical techniques, including FTIR and

dynamic mass spectrometric analysis (DMSA) coupled with TGA and differential

thermal analysis (DTA). As with other studies [3–5], effects of acid versus base

catalysis were evaluated.

Figure 15.3 illustrates the capabilities of using combined methods to analyze

thermolysis reactions and by-products through the study of evolved species [22].

At lower decomposition temperatures (100–200 �C), water and alcohol
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(2-methoxyethanol) are the principal volatile by-products. At temperatures between

290 and 455 �C, acetone and carbon dioxide become the principal by-products. The

authors link the evolution of these species with thermal events noted in the DTA

analysis. For acid-catalyzed gels, specific processes cited include: endothermic

desorption of H2O and ROH, where R is the 2-methoxyethyl group at temperatures

between 20 and 220 �C; and exothermic condensation reactions evolving

2-methoxyethanol (220–290 �C). Acetone, carbon dioxide and 2-methoxyethanol

are further evolved at temperatures between 290 and 380 �C, and with further

increase in pyrolysis temperature to 600 �C, the principal evolved species is CO2.

The observed behavior was further investigated by the authors through similar

studies of simpler systems, notably, lead titanate gels and the lead acetate precursor

used in solution and gel synthesis. Reactions that DTA/TGA and DMSA data

supported include the decomposition of the lead acetate tri-hydrate precursor

[Pb(OOCCH3)2·3H2O] to lead carbonate and acetone, followed by the decomposition

of lead carbonate to lead oxide and carbon dioxide. After dehydration at lower

temperatures, these reactions may be written:

Pb OOCCH3ð Þ2 ! PbCO3 þ CH3COCH3 (15.1)

and

PbCO3 ! PbOþ CO2 (15.2)

Fig. 15.3 Dynamic mass spectrometric analysis (DMSA) for 2-MOE derived PZT gels at

different pyrolysis temperatures (He atmosphere). Open triangle ¼ water; open circle ¼
2-methoxyethanol; open diamond ¼ acetone; open square ¼ carbon dioxide. After [22]
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The endothermic nature of these reactions as observed in TGA/DTA were

computed to be 47.7 and 88.6 kJ/mol, respectively, for reaction (15.1) and (15.2)

[22]. The authors proceed to relate their studies of such reactions and structural

evolution to synthesis conditions and identify conditions that are optimized for the

preparation of films with desirable microstructural properties [22].

Other investigators have coupled FTIR with TGA to study reactions during

pyrolysis. One such study is that of Nouwen et al. [23]. These authors, who utilized

a modified 2-methoxyethanol-based process (substituting 2-butoxyethanol as the

solvent and reactant) to prepare lead zirconate titanate gels, studied the evolution of

gaseous species as a function of pyrolysis temperature. The results of their study,

which together with spectral (see Fig. 7.3) analysis allowed for conclusions regard-

ing changes in evolved species during gel decomposition. Key spectral ranges

discussed by these authors include the 2,300–2,400/cm and 670/cm ranges

(associated with CO2); 1,750, 1,260, and 1,130/cm (C¼O, C–C–O, and C–O–C

stretching vibrations, respectively, associated with the presence of a gaseous ester

product); and 1,060/cm associated with primary alcohols. The time evolution of

different vibrational bands can thus be used to study reactions during pyrolysis. The

authors suggest various reactions that may lead to the formation of the volatile

alcohol, ester, ether and water byproducts that are formed in various temperature

regimes, providing insight into the chemical reactions occurring during pyrolysis.

15.2.4 Atmosphere Effects

Global and local atmosphere (oxidizing, inert or reducing) effects can impact

decomposition behavior and pathway, intermediate and/or transitory phase forma-

tion, and depending on the substrate, interfacial phase formation. Through their role

on the thermodynamics associated with crystallization, the formation of transitory

phases can also impact final thin film microstructure. Below, we briefly illustrate

and discuss representative effects of atmosphere on pyrolysis behavior.

15.2.4.1 Global

Figure 15.4 shows representative results (TGA/DTA analyses) for the effects of

inert (He atm., Fig. 15.4a) vs. oxidizing (O2 atm., Fig. 15.4b) atmosphere on the

pyrolysis behavior of base-catalyzed 2-MOE derived PZT gels [22]. The thermal

behavior (DTA) for organic removal under inert conditions (thermolysis) is

characterized by a well-defined strong endotherm at approximately 70 �C, a less

intense but broader endotherm between 220 and 320 �C and a sharp exothermic

peak at 328 �C. Studies of various precursor systems suggest that the exothermic

peak at 328 �C is associated with the formation of elemental lead. The reactions

associated with the endothermic peaks have been discussed above.
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With regard to weight loss characteristics, three well-defined thermal events are

evident in the TGA diagram with a gradual weight loss continuing throughout the

remainder of the temperature range studied (to 670 �C). Weight loss was approxi-

mately 25 % although residual organic level within material heat treated to this

temperature was not reported.

In contrast, under O2 (Fig. 15.4b), both weight loss and reaction characteristics

(endo/exothermic) demonstrate different behavior [22]; pyrolysis (organic removal

under an oxidizing atmosphere) is thus different than thermolysis. The lowest

temperature endothermic event is less well defined than under He and reaction

characteristics are generally exothermic in nature, as organic constituents are

removed through various reactions involving oxygen. Pronounced exothermic

peaks at 170, 250, 280, and 345 �C are observed, as well as a dominant exotherm

at 470 �C. The exothermic peak at 470 �C is also attributed to organic removal,

which corresponds to the approximate 3 % weight loss observed in the TGA curve.

The small peak at 635 �C is attributed to crystallization into the perovskite

structure. Though not discussed here, these authors also report on the effects of

acid vs. base catalysis on the pyrolysis and thermolysis behavior of their sol-gel

derived PZT materials [22].

Though only one study has been highlighted to show the effects of heat treatment

atmosphere, the general observations reported with regard to the nature of the

thermal and weight loss behavior are representative of those noted by other

investigators [24, 25].

15.2.4.2 Local/In-Situ Atmosphere Effects

Pyrolysis and crystallization of thin films is most often carried out by heating the

film under either an air or oxygen atmosphere. Despite the use of such oxidizing

conditions, local reducing conditions, which may lead to the formation of elemental

Fig. 15.4 Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) diagrams

for base-catalyzed sol-gel derived PZT bulk material under (a) helium and (b) oxygen atmosphere.

Figure modified after [22]
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metals, may exist for some solution chemistries. Whether such local reducing

conditions exist depends on the nature of the organic species, organic volume or

amount, and nature of the decomposition reactions. Material composition, for

example the zirconium to titanium ratio in PZT can also impact the nature of the

local atmosphere since different chemical compounds, with different decomposi-

tion characteristics are used as sources for zirconium and titanium. In addition,

varying the Zr/Ti ratio can also affect the nature of the chemical species in solution,

and subsequently, the physical (pore size, pore volume, and surface area) and

structural (metal-oxygen-metal; M-O-M network) characteristics of the film.

A review of the literature reveals several examples of locally reducing atmo-

sphere for materials being processed under global oxidizing conditions [9, 26,

27]. Polli and Lange [9] note that PZT materials prepared from sol-gel, hybrid

and MOD routes all produce elemental lead when heat treatment is carried out in air

at 300 and 400 �C. In contrast, when an oxygen atmosphere is used during pyrolysis

at these temperatures, the alkoxide-derived materials demonstrated no elemental

lead formation, while the hybrid and MOD routes still exhibited the formation of Pb

as evidenced by XRD. The differences in pyrolysis behavior were attributed to

organic content and locally low oxygen partial pressure (pO2).

Organic content and locally reducing atmosphere have also been reported to

contribute to the formation of intermediate phases between PZT films and Pt

electrodes, which can also contribute to thin film orientation [26–28]. For example,

Chen and Chen [26] note the formation of Pt5–7Pb at the interface of PZT films and

[111] oriented Pt and attribute the formation of this phase to a moderately reducing

atmosphere associated with the depletion of oxygen within the film during the

initial stages of pyrolysis, when atmospheric oxygen has not had the opportunity to

diffuse from the film surface to the substrate interface. Other investigators have

reported similar effects [27, 28].

Atmosphere effects (global and local) during pyrolysis and crystallization have

been studied in detail for processing ferroelectric films on base metal and copper

substrates [29–31]. These authors have studied the effects of solution chemistry,

heat treatment atmosphere, and film thickness on dielectric and ferroelectric

properties of the resulting films.1 Choice of global atmospheric conditions is

important to prepare high quality films (in this case, proper oxygen stoichiometry

that reduces leakage current and enhances dielectric and ferroelectric properties)

without substrate oxidation, which would degrade substrate electrical conductivity.

In addition to degraded conductivity, the formation of a Cu2O interfacial layer

would degrade film electrical properties. These authors report on the effects of air,

N2, H2/N2 (pO2 ~ 10�17 atm) and N2/H2O atmosphere on film properties [30, 31].

1While copper oxidation is more prevalent at the higher temperatures associated with crystalliza-

tion (due to the more rapid oxidation kinetics), we discuss such atmosphere effects here since

copper oxidation has been noted to begin at temperatures as low as 250 �C [28] or in the

temperature range used for pyrolysis.
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Narayanan et al. [32] used a kinetic-based approach to fabricate high quality

PLZT films on copper without the formation of Cu2O in nitrogen atmosphere.

While the pO2 level of 10
�7–10�8 atm. in the furnace during crystallization was

thermodynamically conducive to the formation of Cu2O, a single layer (115 nm) of

PLZT was sufficient to avoid its formation. This finding suggests the existence of a

much lower pO2 level locally at the film/substrate interface, similar to that reported

by Yang et al. for the Ni–BaTiO3 (BT) system [33], although it is also plausible that

a single layer may physically act as a barrier layer, limiting the diffusion of oxygen

to the interface.

In addition to global atmosphere effects, it was noted above that film organic

content can also impact local oxidizing or reducing conditions. Local hydroxyl

content may have a similar impact. Therefore, either of the following equilibrium

reactions, where all species are gaseous and which define pO2, may also dictate

whether the conditions are oxidizing or reducing:

H2 þ 1=2O2 D H2O (15.3)

and

COþ 1=2O2 D CO2 (15.4)

A thermodynamic strategy for successful processing of films on substrates

such as copper is to work in a pO2 window that can oxidize the ferroelectric

phase (PZT or BST) while preserving the nature of the metal [30, 34]. Such an

approach for the processing of BST films is illustrated in [31] and described in

more detail in Chap. 23.2

Briefly, the approach is based upon classical Ellingham diagrams [35] to estab-

lish a “processing window” in which it is theoretically possible to obtain an

oxidized ferroelectric film while retaining the metallic character of the substrate.

A common assumption that is used in the establishment of the processing window is

that the pO2 under which the least reducible metal species in the film (e.g., Ti) is

oxidized defines the lower pO2 boundary of the processing window. Precursor

selection (and associated organic content and decomposition behavior) may also

be used to widen the effective processing window for film fabrication on metallic

substrates [29].

A final atmosphere effect that has been reported is the use of a wet vs. dry O2 for

film crystallization. It has been found that film orientation may be influenced

though control of this aspect of the heat treatment atmosphere [36].

2 Although [31] deals with the preparation of films by sputtering, the basic arguments regarding

atmosphere effects are still pertinent.
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15.3 Densification Processes

As shown in Fig. 15.1, the four main processes that contribute to densification are:

1. Capillary contraction, as the solvent and any reaction byproducts are removed

from the pore spaces within the film, creating pressures that drive the collapse of

the amorphous network;

2. Continued condensation reactions, as residual alkoxy (OR) and hydroxyl

(OH) groups are removed from the M-O-M backbone;

3. Skeletal densification and structural relaxation as the structure approaches the

state that would be characteristic of the metastable liquid (with concomitant

decrease in the free energy of the material); and

4. Viscous flow, as further structural rearrangements occur at higher temperature.

For crystalline ferroelectric materials prepared by chemical solution deposition

(CSD), viscous flow is less important than in materials such as chemically-derived

SiO2. However, even without significant viscous flow, the first three processes can

result in significant densification of the as-deposited film during processing.

As an example of the contributions of these processes to film consolidation/

densification, Fig. 15.5 illustrates the behavior of solution-deposited ZrO2

[37]. This material was studied as a model system for PZT and representative

results are shown for ZrO2 prepared from zirconium n-propoxide and acetic acid

in n-propanol. Films were deposited onto Si by spin casting (3,000 rpm) from a

0.25 M solution. Gelation, as evidenced by stabilization of interference color during

spin casting occurred in approximately 5–6 s, though casting time was fixed at 30 s.

Thickness and refractive index of the deposited film were measured by

ellipsometry, and for the results presented, a hot plate set at the specified tempera-

ture was used for heat treatment. Initial film thickness was 250–300 nm and

normalized thickness as a function of time is reported, with d(tg) defined as the

thickness of the film at gelation.

Fig. 15.5 Effects of heat

treatment temperature and

time on the consolidation

behavior of solution derived

ZrO2 thin films. A, B and C

denote relative shrinkages

associated with heat

treatment at 25, 200, and

400 �C. After [37]
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For this example, it would be expected that each of the first three processes

above would be active and would contribute to film densification. As noted in

[1, 38] and elsewhere, the specific processes that contribute to densification are highly

dependent on precursor nature and heating rate utilized during processing. At 25 �C,
the dominant processes are expected to be capillary contraction, associated with

volatilization of the solvent at room temperature, and continued condensation

reactions, which based on the solution chemistry, would evolve n-propanol, ester

compounds, and water. Over the 2.5 h study, film shrinkage is approximately 30 %.

At 200 �C, condensation reactions are further promoted and structural relaxation

occurs. Consolidation is seen to be both more rapid and more extensive, with

shrinkage in excess of 70 % being noted. Finally, at 400 �C, capillary contraction

becomes nearly instantaneous, as do the continued condensation reactions. Struc-

tural rearrangement associated with a reduction in the free volume of the amor-

phous phases (e.g., increasing skeletal density) and likely porosity elimination

contribute to the observed response. Consolidation is completed within approxi-

mately 8 min, with shrinkage approaching 80 %.

In the remainder of this section, we discuss driving forces for densification and

structural evolution during heat-treatment up to the crystallization temperature.

15.3.1 Capillary Contraction

15.3.1.1 Driving Forces

Removal of the organic constituents during pyrolysis is necessary for subsequent

crystallization. However, solvent removal also leads to a significant rearrangement

of the solid phase due to forces that are generated through vaporization. In the

as-deposited state, for films prepared by the processes described herein, solution

derived thin films may be described as porous viscoelastic solids containing

solvents entrapped within the pore structure of the viscoelastic solid [1, 2, 38]. Dur-

ing thermolysis or pyrolysis, as the solvent is removed from the pore structure as a

gas, a gas-liquid interface develops within the pore [38]. The pressure across this

interface depends on the nature of the liquid, pore size, and factors such as the

specific energies (J/m2) of the solid-liquid (γsl), solid-vapor (γsv) and liquid-vapor

(γlv) interfaces. The solid-liquid-vapor system is defined by a contact angle, θ,
which describes the wetting or non-wetting character of the liquid according to:

γsv ¼ γsl þ γlv cosΘ (15.5)

Extending this analysis to behavior of a liquid in a capillary tube, and by analogy

to a pore within the film during drying, the following equation describes the

capillary pressure, Pc:
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Pc ¼ � 2γlv cosΘ

a
(15.6)

where a is the radius of the capillary tube and the negative sign indicates that the

liquid is in tension [38]. This equation can be further extended to porous bodies

through consideration of the surface-to-volume ratio of the empty pores [38]:

Pc ¼ � γlv cos Θð ÞSp
Vp

(15.7)

where Sp/Vp is the surface-to-volume ratio of the empty pores. Assuming a uniform

pore size distribution and defining the interfacial area per gram of solid phase, S,
and the relative density of the body, ρ, we may express Sp/Vp as [38, 39]:

Sp
Vp

¼ SρSρ

1� ρ
(15.8)

where relative density, ρ, is defined in terms of the bulk density, ρB, of the solid

network (no liquid) and the skeletal density (the M-O-M backbone), ρS, as:

ρ ¼ ρB
ρS

(15.9)

Drying stresses due to capillary contraction and network consolidation have

been reported to be well in excess of 100 MPa [40]. Such stress levels may lead to

cracking during drying if deposition and pyrolysis conditions are not properly

controlled.

15.3.1.2 Relationship to Processing Conditions and Film Properties

Given the above background on the material properties that influence capillary

contraction, films with smaller pores will experience greater capillary pressures for

analogous solid-liquid systems. Thus, such films are prone to greater consolidation

due to capillary pressure effects. For glass preparation, the role of porosity on the

gel to glass transformation and sintering kinetics has been reported by Zarzycki

[41]. One of the more thorough investigations on solution chemistry effects on

material physical characteristics is that of Schwartz, who studied the effects of acid

vs. base catalysis and hydrolysis ratio on surface area, pore diameter and pore

volume for sol-gel derived PbTiO3 powders (desiccated gels heated to 140 �C for

72 h) [3]. Results for basic catalysis conditions are shown in Table 15.1. Over the

range of hydrolysis conditions studied, surface area is observed to vary by approxi-

mately a factor of 6, pore volume by approximately a factor of 10 and pore diameter

by approximately 15 %. The magnitude of such variations on capillary pressure

could be calculated considering Eqs. (15.7) and (15.8), if skeletal and relative

densities are known. However, it should be remembered that the properties reported
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in Table 15.1 are for dried gels, for which pyrolysis was incomplete. In addition, gel

properties during, rather than after drying, will dictate the capillary pressures that

are developed. Nonetheless, such post-mortem characteristics are likely still evi-

dence of differences earlier in the process. And, as discussed below, because such

physical characteristics also impact the free energy state of the material, crystalli-

zation behavior may also be impacted, presuming such differences still exist at the

temperature at which crystallization onset occurs [42].

15.3.2 Structural Evolution During Pyrolysis

The processes that lead to skeletal densification have their origin in the continued

condensation reactions that occur with heat treatment and the associated reduction

in free volume of the amorphous phase that lowers the free energy of the material

[3, 38, 43]. Following gelation, under commonly employed synthesis conditions,

the formation of the oxide network in the gel is incomplete and the M-O-M

backbone (skeleton) contains residual OR and OH groups. With heat treatment

for pyrolysis of organic species, further condensation reactions occur along the

M-O-M network, resulting in the formation of either ROH or H2O with the

simultaneous creation of additional M-O-M linkages. As these additional linkages

are formed, skeletal density increases. The elimination of OR and OH groups from

the M-O-M backbone also contributes to the consolidation behavior (shrinkage) of

the film as shown in Fig. 15.5.

Assuming materials such as PZT and BST could be made by traditional glass

processing routes, with continued heat treatment up to the crystallization tempera-

ture, the skeletal density might approach that of the corresponding melt-prepared

glass [43]. However, since these materials are non-traditional glass formers, crys-

tallization most likely occurs before full skeletal densification has been attained, or

before viscous flow processes can contribute further to densification. In any case,

the properties of the film at this stage of the process, including residual OH content,

surface area and skeletal density can impact crystallization behavior [2, 3, 42, 43].

Table 15.1 Effect of Rw on the physical characteristics of acid-catalyzed desiccated PbTiO3 gels.

After [3]

Rw (mols H2O/mol alkoxide)

2.0 2.5 3.0 3.5 4.0

Surface area (m2/g)

BET 20.5 89.1 118.6 133.4 135.7

Langmuir 28.3 123.9 165.7 187.5 192.6

Single point 19.5 84.4 111.4 124.5 127.1

Pore volume (cm3/g)

Single point 0.0117 0.0491 0.0716 0.0860 0.0915

BJH cumulative 0.0082 0.0361 0.0617 0.0804 0.0890

Pore size (nm)

Average diameter (BET) 2.29 2.21 2.41 2.58 2.68
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As shown in Fig. 15.1, at higher processing temperatures, crystallization and

structural relaxation processes overlap. There is thus a kinetic competition between

the processes that contribute to densification and those that contribute to crystalli-

zation [44, 45]. The retention of organic groups may inhibit both film densification

and crystallization, though there are few reports of the carbon impurity level

required to effectively inhibit crystallization. The paper by Nouwen [23] reports

that crystallization for gels pyrolyzed under inert gas is limited by residual carbon

impurity, but the associated carbon level is not described. The paper by Keddie and

Giannelis [44] illustrates the effect of heating rate on densification and crystalliza-

tion. These researchers utilized TiO2 prepared by a sol-gel process as a model

system to look at the impact of heating rate (0.2 to 8,000 �C/min) on film density.

As indicators of film density, the authors used ellipsometry to measure thickness

and refractive index and studied Ti atom density (atoms/m3) using Forward Recoil

Spectroscopy (FRES) and Rutherford Backscattering (RBS). The thinnest films

(e.g., those demonstrating the greatest shrinkage) with the highest refractive indices

were obtained at the highest heating rates. Results obtained from FRES

measurements were in agreement with these results. At 0.2 �C/min, a Ti atomic

density of 1.67 � 1028 Ti atoms/m3 was obtained, while at 8,000 �C/min, a Ti

atomic density of 2.30 � 1028 atoms/m3 was obtained. The results obtained were

attributed to the retarded onset of nucleation of the crystalline phase, until further

structural densification had occurred.

Similar observations have been made by a number of other investigators [37,

45]. In a study of ZrO2 thin films, Schwartz and colleagues observed that high

organic content precursors could be heated at rates of 300 �C/min to achieve a

refractive index of 2.07 while low organic content precursors heated at a rate of

5 �C/min demonstrated a refractive index of only 1.83 [37]. These values represent

approximately 96 and 81 % of theoretical density, respectively. Merklein and

coworkers [24] reported that higher heating rates (placing the film directly on the

hot plate at 300 �C followed by heat treatment at 500 �C with an ~ 70 �C/min ramp

rate) resulted in crack-free PZT films with a higher fraction of the perovskite phase.

They attributed this result to the rapid removal of solvent prior followed by rapid

film densification.

The various processes that contribute to film densification are governed by their

individual kinetic rates. Thus, ramp rate and associated changes in the extent of

overlap of each densification process can impact the nature of the material prior to

crystallization. However, it is expected that each of the densification processes will

increase crosslink density of the M-O-M backbone, and thus contribute to the

development of a material that is more like the traditionally prepared glass. Higher

ramp rates tend to delay structural changes to higher temperature, resulting in a

greater retention of the original gel characteristics and generating noticeable effects

with regard to thin film microstructure. Isothermal heat treatment at elevated

temperatures and/or the use of rapid thermal annealing (RTA) methods also afford

unique opportunities with regard to thin film processing, since the temperature

regime over which organic removal, densification and crystallization processes

occur is further compressed [20, 21, 46].
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15.4 Crystallization and Phase Evolution: Thermodynamic

Perspectives

After pyrolysis, the film is typically amorphous, but upon further high temperature

heat treatment, transforms to the crystalline state by a nucleation and growth

process. However, simply noting that the film is “amorphous” in nature at this

processing point is an inadequate description of the nature of the film. Film

properties, such as pore size, pore volume, surface area, residual hydroxyl content,

residual carbon content, and skeletal density may vary based on both solution

chemistry and processing history. Not only thermal history, but even film fabrica-

tion conditions such as spin casting speed are known to induce structural and

physical differences in the characteristics of the amorphous film [37].

To understand the crystallization process and phase evolution behavior of CSD

based films, thermodynamic and kinetic approaches are often coupled with experi-

mental data for in-depth analysis. These fundamental approaches, together with an

understanding of intermediate phases and the properties of the amorphous film have

led to significant insights into observed variations in crystallization behavior and

thin film microstructure. In this section, we review some of the principles used to

understand these mechanisms and we discuss how amorphous film properties can

impact crystallization.

15.4.1 Free Energy Maps

Two types of free energy maps have been used to understand the crystallization

behavior of CSD thin films: free energy vs. temperature and free energy

vs. composition. A schematic free energy vs. temperature plot is shown in

Fig. 15.6 [1, 47, 48]. There are several aspects of this figure that are pertinent to

understanding thin film crystallization behavior. We can see that the free energy of

the CSD amorphous thin film is greater than that of either the characteristic

equilibrium liquid or the crystalline state. The difference in the free energy between

the amorphous film and the crystallized thin film is ΔGv (volumetric free energy;

J/m3). Chemical, physical and structural factors can each contribute to the free

energy of the film. The principal chemical factor is residual hydroxyl content [38,

43]. The principal physical factors are porosity and the associated surface area of

the pores (e.g., a surface energy contribution). And the principal structural factor is

the lower skeletal density of the M-O-M network compared to the traditional glass

(equilibrium liquid). Because of the impact of ΔGv on nucleation behavior, signifi-

cant variations in thin film microstructure can be observed for different solution

chemistries. This occurs because different solution chemistries cause differences in

the chemical, physical and structural characteristics of the amorphous film. We

must also, though, not forget the importance of heat treatment schedule. This can

impact the persistence of such property variations up to the crystallization
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temperature, as discussed by Cooper [42]. Below, the possible magnitude of such

variations is discussed and the potential impact on nucleation behavior, and thus,

thin film microstructure is demonstrated.

The other type of free energy map that is utilized to understand crystallization

behavior is the free energy vs. composition map. A representative map for PT,

shown as the TiO2–PbO binary phase system, is presented in Fig. 15.7 [49]. This

diagram displays the free energies of three stable equilibrium phases (TiO2, PbTiO3

and PbO) and three metastable phases (the amorphous oxide following pyrolysis,

the pyrochlore structure, and PbTi3O7). As expected, the compositional window

over which the perovskite structure exists is narrower than that of the pyrochlore

phase. This schematic representation is in agreement with experimental observation

that perovskite compounds are known to have a smaller range of tolerance with

regard to non-stoichiometry compared to pyrochlore compounds, which are known

to exist over a greater range of compositions. The authors discuss crystallization

behavior that may be observed based on the concept of kinetically limited

(or diffusion limited) crystallization [49, 50]. Under such conditions, the equilib-

rium phases are not always attained due to the limited diffusion that may occur at

the lower heat treatment temperatures associated with the processing and crystalli-

zation of CSD thin films. A brief example of the impact of such conditions on phase

evolution for composition “x” shown in Fig. 15.7 follows [49, 50].

Composition “x” is slightly non-stoichiometric (TiO2-rich) compared to the 1:1

PbO:TiO2 stoichiometry of PbTiO3, lead titanate. Following film preparation and

pyrolysis, the free energy state of the system is defined by the intersection of the

amorphous free energy curve and the tail of the arrow (a) associated with the first

transformation. The free energy difference between the amorphous state and the

(slightly non-stoichiometric) crystalline perovskite state is given by the sum of the

arrows a and b and is ΔGv. Upon further heat treatment following pyrolysis at

temperatures between 400 and 800 �C, the initial crystalline phase to form, as

shown by this figure, is pyrochlore. As noted, the structure of this compound is

more compositionally tolerant, and its formation reduces the overall free energy of

the system. The formation of this phase is typically metastable, and with continued

heat treatment, either for longer time or at higher temperature, the transformation

continues along path b resulting in the formation of the lower free energy, slightly

Fig. 15.6 Schematic of free

energy vs. temperature for

crystalline, equilibrium

liquid and chemically-

derived amorphous

materials. Also indicated is

the thermodynamic driving

force for the transformation,

ΔGv. After [43, 48]
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non-stoichiometric perovskite structure [49]. The schematic illustration of this

transformation behavior is in good agreement with experimental observation,

both with regard to the formation of the metastable pyrochlore (or fluorite) phase

and its subsequent disappearance and concomitant formation of perovskite [51–59].

Typically, at the temperatures utilized for CSD thin films, this would be the final

state of the material. However, as the authors note, at this point, the material is not

under equilibrium conditions; further reductions in free energy are possible, if

higher processing temperatures are utilized. For example, for composition “x” if

the kinetic constraints on crystallization (diffusion) are removed by using higher

temperatures, another step toward equilibrium can be achieved by the formation of

the stoichiometric perovskite and PbTi3O7 (the material would become diphasic

and the free energy would be given by the intersection of the compositional line and

dashed line c) [49, 50]. If still higher temperatures are used, a further reduction in

free energy is achieved by the transformation into TiO2 and stoichiometric PbTiO3

phases. Should this final transformation occur, which requires additional diffusion

and either longer time or higher temperature (or both) to achieve true equilibrium,

the free energy would then be defined by the intersection of the compositional line

and dashed line d.

Free energy maps may be used to understand phase evolution during heat

treatment. However, cognizance of the impact of processing conditions on kinetics

constraints is also required.

15.4.2 Intermediate Phases

The formation of intermediate phases is important from at least two perspectives.

First, depending upon lead loss, the fluorite/pyrochlore phase may exist as a

residual phase in the film following processing resulting in degraded dielectric

Fig. 15.7 Free energy

versus composition

schematic for the PbO-TiO2

material system for

temperatures between

400 and 800 �C. Stable and
metastable phases

associated with chemically

derived materials shown.

After [49]
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and ferroelectric properties. Second, as shown in Fig. 15.7, a significant reduction in

the free energy of the material occurs upon crystallization of the intermediate phase.

As will be seen below, this results in a lower driving force for crystallization, which

impacts nucleation rate.

For both BST and PZT material systems, intermediate phases typically form

during the transformation process. For PZT, while Pb and PbO phases have been

observed as transient phases during processing [9, 26], the most commonly

observed phase is a defect fluorite or pyrochlore compound. This intermediate

phase, which has been identified by techniques such as XRD and transmission

electron microscopy (TEM), typically exist as a nanocrystalline phase that is

subsequently consumed in the formation of the desired perovskite phase

[51–56]. As shown by Voigt [51] and others, the defect fluorite/pyrochlore phase

is nanocrystalline, consisting of grains in the 2–5 nm range. With further heat

treatment, this phase typically transforms to perovskite, though if inappropriate

processing conditions are utilized, a residual pyrochlore phase may remain after

heat treatment. Careful balance of excess lead precursor concentration, film thick-

ness, heat treatment conditions and PZT composition are required to achieve phase

pure perovskite films.

The factors that contribute to the initial formation of the defect fluorite/

pyrochlore phase are reviewed in a thorough article by Bursill and Brooks

[19]. In this paper, the authors consider PbO-Pb3O4 equilibrium as related to pO2

during processing, the role of excess PbO incorporated into the precursor solutions

to compensate for lead loss during heat treatment, the added complexity of the PZT

material system, and the role of the substrate. A focus of the paper, which has been

widely used in interpreting the appearance of the transitory pyrochlore phase and its

conversion to perovskite, is the impact of the limited tolerance of the perovskite

structure to non-stoichiometry and the ability of the pyrochlore structure to tolerate

significant non-stoichiometry. It is the combination of these factors that results in

pyrochlore being the first crystalline phase to form as a result of the atomic level

compositional heterogeneity that is expected in solution derived thin films [19].

Specifically, the authors point to both lead (excess or deficient) and oxygen

non-stoichiometry compared to the ABO3 chemical formula of perovskite as factors

leading to pyrochlore formation in the 350–550 �C heat treatment temperature

regime. This is in agreement with the proposed model of Lange and coworkers

for kinetically limited crystallization leading to pyrochlore formation [49,

50]. Then, as heat treatment temperature is further increased, if thermal and

atmospheric processing conditions leading to the appropriate stoichiometry for

both lead and oxygen species are developed, the perovskite phase is formed.

Interestingly, while the typical focus of pyrochlore formation has been on lead,

the authors clearly demonstrate that oxygen stoichiometry is also critical. They do

so by showing that even at 700 �C, pyrochlore is the only crystalline phase present

when atmospheric conditions leading to non-ABO3 stoichiometry (oxygen excess)

exist. Lastly, these authors also suggest, as we should expect, that little is known

about the oxygen content of the amorphous phase. Compared to the ABO3 stoichi-

ometry, we should expect the amorphous structure to be non-stoichiometric with
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respect to oxygen, yet another factor that could contribute to the formation of the

intermediate pyrochlore phase.

Transmission electron microscopy (TEM) images of the pyrochlore matrix and

perovskite growth into the matrix for PZT 20:80 (20 mol% PbZrO3/80 mol%

PbTiO3) thin films prepared by a hybrid process are shown in Fig. 15.8

[51]. These images illustrate a uniform pyrochlore matrix with a grain size of

approximately 10 nm (Fig. 15.8a) and the growth of the perovskite phase into the

pyrochlore matrix initiating at the surface of the MgO substrate (Fig. 15.8b). The

abnormal shape of the interface between the perovskite and pyrochlore phases is

due to the fact that growth in different crystallographic directions proceeds at

different rates. Figure 15.8c shows the perovskite nucleus later in the transforma-

tion process. The growth of the perovskite nuclei may proceed as a growth front

through the film from the surface of the substrate to the film surface [57]. Under

certain processing (solution chemistry and film thickness) and heat treatment

conditions, nucleation of the perovskite phase may also occur at the film surface,

or within the bulk of the film for thicker layers [8, 58, 59].

For BT, SrTiO3 (ST) and BST materials, observed intermediate phases include

barium carbonate (BaCO3), barium peroxymonocarbonate (BaCO4), barium tita-

nium oxycarbonate (Ba2Ti2O5CO3) or strontium titanium oxycarbonate

(Sr2Ti2O5CO3). The carbonate and oxycarbonate phases are the most commonly

observed [13, 17, 60–64], and thorough investigations of the transformation path-

way, as well as the influence of the precursor compounds have been carried out.

Fig. 15.8 Transmission electron photomicrographs illustrating pyrochlore and perovskite phases

in PZT 20/80 thin films: (a) Pyrochlore matrix, (b) pyrochlore and perovskite phase nucleated at

MgO substrate surface (525 �C; 15 s heat treatment), and (c) high-resolution image of perovskite/

pyrochlore interface illustrating areas of fast (I) and slow (II) perovskite growth. After [51]
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Hasenkox and coworkers [61] have carried out a detailed study of such effects in

BT and ST thin film preparation using acetate, propionate, 2-methylpropionate, and

2-ethylhexanoate precursors for Ba and Sr. As a titanium source, titanium tetra-n-

butoxide was added to a carboxylic acid solution of the respective carboxylate or

was first stabilized using acetylacetone. Various solvents were then added to

prepare solutions of 0.3 M. These researchers noted the following general effects:

• The titanium precursor decomposed first leaving an amorphous titanium oxide

network and distributed alkaline earth carbonate;

• Decomposition of the metal carboxylates was dependent on precursor with the

2-ethylhexanoate decomposing at approximately 400 �C (Ba) and 370 �C
(Sr) and the acetate and propionate decomposing at 500 �C (Ba) and 470 �C (Sr);

• The formation of the oxycarbonate phase in the BT system delayed perovskite

crystallization to higher temperature, which contributed to greater densification

and a larger grain size; and

• The growth of the intermediate phase, and its transitory nature, are influenced by

the distribution and structure of the pyrolysis products and the carboxylate

decomposition mechanism.

While not discussed by these researchers, local pO2 effects resulting from the

nature of the organic phase that is being removed may also play a role in the

observed effects [63].

The nature and distribution of the intermediate phases in BT, ST and BST film

processing result in homogenous nucleation of the perovskite phase through the

film compared to the columnar microstructure of PT and PZT materials. In PZT

materials, the relatively lower thermodynamic stability of PbCO3 compared to

BaCO3 and SrCO3, together with its disappearance and the formation of the

fluorite/pyrochlore phase make heterogeneous nucleation at the interface with

the substrate more important than in BT, ST and BST. These factors contribute to

the generally different microstructures shown in Fig. 15.9: (a) columnar for PZT

materials and (b) equiaxed grains for BST. It is worth noting, however, that by

understanding the role of such phases, it has been possible to develop novel

processing strategies to fabricate columnar BT, ST, and BST films [65–67].

15.4.3 Nucleation and Growth

Although the processing methodologies employed in CSD are different from

traditional mixed oxide ceramic and glass processing, classical principles used to

describe nucleation and growth mechanisms are still useful in describing crystalli-

zation behavior. The reduction or minimization in the Gibbs free energy, as shown

in Fig. 15.6, by forming a new phase is the driving force for both nucleation and

growth. Although we have already noted the importance of intermediate phases

during crystallization, various authors have demonstrated that using classical

approaches to describe nucleation and growth behavior from the amorphous state
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to the perovskite phase can still provide useful insights into the various factors

contributing to microstructural evolution [54, 68–70].

The nucleation process has been widely reported on and the reader is referred to

[71] through [74] for a detailed discussion of this topic. The governing equation for

homogeneous nucleation of a spherical crystalline nucleus, with radius ‘r’, in a

uniform amorphous host is given by:

ΔG ¼ � 4

3
πr3ΔGv þ 4πr2γ (15.10)

where the first and second terms are known as ‘volume’ and ‘surface’ free energy,

respectively. ΔGv, the Gibbs free energy per unit volume, is the driving force for

crystallization, which is the difference in the free energies of the amorphous and

crystalline states, and γ is the surface energy per unit area associated with the

formation of the nucleus. In describing the free energy change associated with

nucleation, it is also possible to include a strain energy term to account for the

formation of the crystalline nucleus in the amorphous host. We neglect that

contribution in the analysis presented below.

Figure 15.10 shows the change in the volume, surface and total free energy as a

function of the radius of the nucleus. It can be seen that there exists a critical radius

(r*) below which the newly formed nucleus is not stable, while for r > r*, the

nucleus is stable and continues to grow. The energy barrier, ΔG*, that the nucle-

ation process must overcome to form a stable nucleus is given by:

Fig. 15.9 Typical

microstructures for (a) PZT

and (b) BST thin films.

After [67, 68]
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ΔG� ¼ 16πγ3

3 ΔGvð Þ2 (15.11)

Before proceeding with the discussion it is worth noting that Eq. (15.11)

indicates that the barrier for the formation of a stable nucleus increases with

increasing surface energy and decreases with increasing free energy difference

between the amorphous and crystalline states.

For heterogeneous nucleation, Eqs. (15.10) and (15.11) may be multiplied by a

contact angle term that is dependent on the surface energies of the interfaces

associated with the growth surface (which for CSD films is most often the sub-

strate), crystal and amorphous phases, as in Eq. (15.12):

ΔG�
hetero ¼ ΔG� � f θð Þ;

f θð Þ ¼ 2� 3 cos θ þ cos 3θ

4
(15.12)

where, θ is the contact or wetting angle measured between crystal and the substrate

surface. Energetically, heterogeneous nucleation will always be preferred (see

Fig. 15.10) because preferential nucleation sites, such as the substrate surface,

impurity phases or grain boundaries require less energy due to a lower effective

surface energy. However, it is important to note that while r* remains unchanged

for heterogeneous vs. homogeneous nucleation, the volume of the crystalline nuclei

can be significantly less for heterogeneous nucleation due to the wetting angle

affecting the shape of the nuclei. (Recall Fig. 15.8 that demonstrates a hemispheri-

cal nucleus formed on the substrate surface.)

Fig. 15.10 Volume and

surface energy

contributions to the barriers

for homogeneous and

heterogeneous nucleation
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While the energy barrier is important in understanding the changes in the energy

of the system as a function of nuclei radius, for thin film microstructure, we are also

interested in the nucleation rate. Higher nucleation densities produce films with

finer grain sizes, whereas lower nucleation densities produce larger grain size

materials. As would be expected, greater barrier heights decrease nucleation den-

sity. The relationship between barrier height, temperature and nucleation density is

given by:

n� / exp �ΔG�=RTð Þ (15.13)

where n* is the nucleation density (number of nuclei per cubic meter). At lower

temperatures, in traditional glasses, nucleation density is low due to the high

viscosity of the amorphous matrix. As temperature increases, RT increases,

providing greater energy for the nucleation barrier to be overcome, thus increasing

the nucleation density. With further increases in temperature, nucleation density

again decreases. Such characteristic behavior is shown by a bell-shaped curve for

nucleation. Growth rate displays a similar characteristic and the two curves are

displaced with respect to each other with the curve for nucleation rate dominating at

lower temperatures and the curve for growth rate being dominant at higher

temperatures [74]. Schematic representations, as well as actual experimental results

for nucleation and growth curves may be found in [71] through [74]. Calculated

nucleation density curves as a function of changes in γ andΔGv, as may be expected

based on different physical, chemical and structural differences for the amorphous

state are discussed in greater detail below.

At constant temperature, the fraction of amorphous material transformed (x) to
the crystalline state in a given time (t) can be described using the Johnson-Mehl-
Avrami model as given below [75, 76]:

x ¼ 1� exp �ktnð Þ (15.14)

where n is the reaction order, and k is the reaction rate constant described by the

Arrhenius expression:

k ¼ k0exp �Ea=RTð Þ (15.15)

where Ea is the activation energy, ko is the pre-exponential constant, T is the

temperature and R is the gas constant. The reaction order can be correlated to the

mode of nucleation with value ranging between 1 and 4. For bulk homogeneous

nucleation (1D, 2D, and 3D), n ranges between 2 and 4, whereas for heterogeneous

surface nucleation it is unity. Many other empirical kinetic models with different

functions have also been reported in the literature [77, 78].

The growth process is governed by related thermodynamic factors to those

discussed for nucleation, including the thermodynamic driving force for growth

[71, 74]. Depending on the analysis used to describe growth, other factors such as

jump distance, jump frequency across the interface between the crystal and
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amorphous matrix, and surface energy also play a role. Growth behavior is not

considered further here because in the analysis below we only discuss the impact of

amorphous material properties on nucleation.

15.4.4 Chemical, Physical, and Structural Effects

As shown in Fig. 15.6, the free energies of the CSD amorphous film and perovskite

crystal are dependent on temperature. Therefore, crystallization temperature, as

well as the chemical, physical and structural properties of the amorphous state will

dictate the thermodynamic driving force (ΔGv) for crystallization. As mentioned

earlier, these properties may be influenced by solution precursor chemistry and heat

treatment history. Observed differences in microstructural properties are thus

dependent on any residual differences in the structure of the amorphous material.

As would be expected, higher heating rates or shorter heat treatment times leading

up to crystallization would be expected to preserve greater chemical, physical and

structural differences, whereas longer thermal soaks at temperatures below the

crystallization temperature tend to reduce such differences. Cooper [42] explores

this issue in detail. To fully understand observed variations in crystallization

behavior requires a full analysis of amorphous film properties immediately prior

to the onset of crystallization. To the knowledge of the authors, such a study has not

been carried out for ferroelectric films. However, there are a number of studies that

have looked at material properties at temperatures of 25–50 �C below the crystalli-

zation temperature [3, 79]. These studies have demonstrated the significant

differences that can exist in amorphous gel properties following heat treatment.

In this section, examples of the magnitude of these effects are presented, but first,

the contributing factors are described.

15.4.4.1 Chemical Factors

Hydroxyl Content

The chemical factor for CSD amorphous films that has been considered most

extensively is hydroxyl content [1, 38, 43]. This may be considered from the

perspective of the following general reaction that demonstrates the removal of

water from the structural backbone of the amorphous material as two hydroxyl

species react to form a water molecule and a new M-O-M bond (a dehydration

condensation reaction):

ROð ÞxM� OHþ HO�M ORð Þx ! ROð ÞxM� O�M ORð Þx þ H2O (15.16)

where OR is the alkoxy group. Because the above reaction is typically exothermic,

structures with higher levels of hydroxyl species have greater excess free energy, or
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greater ΔGv upon crystallization, all other factors being held constant. These

reactions and their associated reaction enthalpies (or free energies) are noted

below for specific cases as examples of the magnitude of the contribution to the

free energy of the material.

For SiO2 [38]:

Si OHð Þ4 ! SiO2 þ 2 H2O ΔGf 298Kð Þ ¼ �14:9 kJ=mol (15.17)

For BaTiO3 (note the reaction involving the elimination of a water molecule is

more exothermic) [17, 80]:

BaOþ TiO2 ! BaTiO3 ΔH ¼ �162:1 kJ=mol (15.18)

BaOþ TiO OHð Þ2 ! BaTiO3 þ H2O ΔH ¼ �196:6 kJ=mol (15.19)

Ba OHð Þ2 þ TiO2 ! BaTiO3 þ H2O ΔGrxn ¼ �180 kJ=mol 700 �Cð Þ (15.20)

It should be noted that (15.20) is highly temperature dependent, unlike (15.18),

which is relatively independent of temperature [17]. For temperatures above

approximately 600 �C, (15.19) is more exothermic in nature than (15.18).

Other investigators have noted that H2O introduced into either the firing atmo-

sphere [54] or during solution preparation [81] can also impact crystallization

temperature and film orientation. Keddie and Giannelis have shown the impact of

ramp rate on retained hydroxyls for TiO2 thin film processing and have reported that

slower ramp rates do, in fact, result in lower hydroxyl concentrations, but they do

not report on the impact of this chemical characteristic on crystallization behavior

[44]. The more extensive removal of hydroxyl species for slower ramp rates though

does agree with the expectation that the chemical solution derived material would

become more like the traditionally processed material under conditions that are less

kinetically limiting.

Organic Content

Another chemical factor that can impact crystallization behavior is organic content.

Retained organic content can delay crystallization to higher temperatures, resulting

in a reduced thermodynamic driving force (ΔGv) for crystallization. This, in turn,

results in an increased energy barrier for nucleation (ΔG*), and as reported by

Schwartz and coworkers, can impact the relative differences in the energy barriers

for heterogeneous versus homogenous nucleation [68]. Comparing the energy

barriers to ramp rate can lead to understanding of the nucleation sites that can

define thin film microstructure.

This is shown schematically in Fig. 15.11 for (a) lower temperature and

(b) higher temperature crystallization conditions and possible substrate and film

surface nucleation events. The resulting thin film microstructures are shown in

Fig. 15.12.
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The film shown in Fig. 15.12a was prepared from a solution that resulted in a

lower crystallization temperature [68]. Nucleation at both the substrate interface

and film surface is observed. It is believed that nucleation at the substrate occurs

first, leading to the growth of columnar grains toward the surface of the film.

Subsequent to this nucleation and growth event, nucleation at the film surface

also occurs. Nucleation density is lower here than at the substrate surface. Large

hemispherical grains, that grow toward the substrate, result from this second

nucleation event. Figure 15.11a shows that for the low crystallization temperature

films, there is a smaller difference in the energy barriers for the two nucleation

events than for films that crystallize at higher temperatures (Fig. 15.11b and

15.12b), which exhibit a greater difference in the energy barriers [68]. Evidently,

for the high crystallization temperature film, growth of the grains nucleated at the

substrate surface proceeds to completion prior to nucleation at the film surface.

We may speculate that if a thicker film had been prepared from the higher

crystallization temperature precursor solution we might again observe grains nucle-

ated at the surface of the film, due to the longer time required for the growth of the

grains nucleated at the substrate to transform the film. This “kinetic” aspect, which

is also to be expected, is highlighted in Fig. 15.11. Because the onset of crystalliza-

tion likely occurs during the ramp to the firing temperature, we can see the

relationship between nucleation behavior, thermal input, and the differences in

the energy barrier heights [68]. Compared to Fig. 15.11a, longer time and higher

temperature are required to induce surface crystallization, which did not occur for

the film thickness studied. Stated otherwise, grain growth of the columnar grains

nucleated at the substrate completely transforms the film into the perovskite

structure in a time interval less than t2 in Fig. 15.11b [68].

Fig. 15.11 Energy barriers for interface and surface nucleation in thin films with (a) lower and (b)

higher pyrolysis and crystallization temperatures. Also shown is a comparison of the energy

barriers to ramp rate and suggested time intervals (t1 and t2) between the interface and surface

nucleation events. After [68]
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15.4.4.2 Physical Factors

The predominant physical factor that may impact crystallization behavior is the

surface area of the film. As was discussed in Sect. 15.3.1, in the as-deposited state,

the film consists of a viscoelastic solid with entrapped organic species. As these

species are removed during pyrolysis, a pore structure develops within the film,

potentially creating a high surface area, high pore volume material. Due to surface

energy, films with higher surface areas have higher free energies than films with

lower surface areas (all other variables being held constant). This concomitantly

impacts ΔGv, ΔG*, and n*.

We noted earlier that precursor differences can result in differences in the

characteristics of dried gels, which may be retained to higher heat treatment

temperatures. One report of the retention of differences in gel physical

characteristics with heat treatment to temperatures within 50 �C of crystallization

is that of Schwartz et al. [79]. The observed changes in surface area for PT gels

between desiccation at 140 �C and heat treatment at 400 �C are illustrated in

Fig. 15.13a. As anticipated, surface area is decreased. However, over the range of

synthesis conditions utilized, a variation in surface area from approximately 35 to

70 m2/g is still observed. If we assume a value of 1 J/m2 for the surface energy of the

amorphous PT phase [82, 83], contributions to ΔGv of 10.6 and 21.2 kJ/mol,

respectively would be anticipated.

Of course, the key issue, as noted by Cooper [42] is what property differences

persist to the onset of crystallization? To address this question, physical properties

of these gels were studied as a function of long heat treatment times (up to 10 h) at

410 �C. This temperature was selected since it is close to the anticipated crystalli-

zation temperature of 425 �C. As illustrated in Fig. 15.13b, even after extended heat
treatment times at 410 �C, differences in the surface areas of chemically-derived PT

remain [79]. Considering the observed range of surface areas from 25 to 40 m2/g,

we would expect contributions to ΔGv of 7.6 to 12.1 kJ/mol, respectively. Other

parts of the figure (Fig. 15.3c, d) are discussed in Sect. 15.4.4.3.

Fig. 15.12 Surface and cross-sectional scanning electron photomicrographs for the thin films

associated with Fig. 15.11: (a) lower and (b) higher pyrolysis and crystallization temperatures.

Film (a) cross-section demonstrates lower electrode and film (b) demonstrates both lower and

surface Pt electrodes. After [68]
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Other authors have noted that differences in surface energies between different

crystallographic directions can impact thin film orientation following heat treat-

ment. While this does not contribute to a difference inΔGv, it does contribute to the

change in ΔG associated with nucleation. Norga and Fe have reported such effects

for PZT thin film growth on Pt-coated Si substrates and have noted that the (111)

orientation is energetically favored compared to the (100) orientation because of a

lower barrier height for nucleation [54].

Fig. 15.13 Physical properties of desiccated and heat-treated sol-gel derived lead titanate

powders prepared under various catalysis and hydrolysis conditions: (a) surface area of room

temperature (open symbol) and 400 �C heat treated (closed symbol) powders; circles—acid

catalysis and squares—base catalysis; (b) surface area as a function of heat treatment time at

410 �C; (c) free volume following heat treatment at 400 �C; and (d) free volume as a function of

heat treatment time at 410 �C. After [79]
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15.4.4.3 Structural Factors

Compositional uniformity and bonding arrangements of the metallic species in

amorphous CSD films have been sparingly studied, but there are a few reports of

such film properties in the literature [84–87]. Sengupta et al. used extended X-ray

absorption fine structure (EXAFS) analysis (cp. Chap. 8) to probe the nature of

amorphous PZT films [84]. This investigation suggests that the A-site species

(Pb) does not form M-O-M linkages such as Pb-O-Zr and Pb-O-Ti. In contrast,

Arčon notes such linkages definitely exist in the precursor solutions for PZT films,

which suggests they would also exist in the amorphous structure [85]. Other authors

have reported on structural changes during pyrolysis. For example, Lakeman

et al. [85] note the development of medium range order and additional

heterogeneities during heat treatment. Such local atomic level heterogeneities

may be expected to impact crystallization behavior, but here, we take a broader

look at structural effects in the context of structural free volume.

Structural free volume is calculated using the densities of the amorphous mate-

rial and the pure crystalline compound of the parent material according to:

FV ¼ 1� ρa=ρcð Þ (15.21)

where FV is the free volume, ρa the density of the amorphous phase and ρc the
density of the crystalline compound. Higher free volumes imply greater openness in

the structure and greater ease of structural rearrangement toward the metastable

liquid [38]. Brinker and colleagues note that structural relaxation occurs by diffu-

sive motions of the network that result in irreversible shrinkage [38, 43]. These

authors present shrinkage, thermal data (differential scanning calorimetry; DSC)

and changes in surface area to demonstrate that that the irreversible shrinkage

associated with structural relaxation is exothermic in nature. For the material

studied (SiO2) the net energy change reported for the temperature range of

400–700 �C was approximately �19.7 J/g [38]. This value includes contributions

from the reduction in surface energy, the heat of dehydration and structural relaxa-

tion. Based on typical values of surface energy for oxide glasses and ceramics and

the known exothermic nature of dehydration [Eq. (15.17)], we estimate the exo-

thermic nature of the structural relaxation process to be �5 J/g for the sol-gel

derived materials of the reported studies [38, 43].

Figure 15.13c, d show that differences in structural free volume induced through

variations in solution preparation conditions persist after heat treatment in the

400–410 �C temperature regime [79]. As noted for the SiO2 materials in the

above reports, even after thermal treatment at 400 �C, free volume varies widely,

from approximately 0.17 to 0.27 (Fig. 15.13c). With extended heat treatment times

at 410 �C (Fig. 15.13d), after 10 h, free volume differences range from 0.08 to 0.15.

Assuming such differences still exist within the gel structure at the onset of

crystallization, we still need to make a number of further assumptions in order to

estimate the contributions of differences in structural free volume to the driving

force for crystallization. First, we wish to make a conservative estimate, so in
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carrying out this analysis, we first assume that the �5 J/g exothermic energy

associated with structural relaxation in SiO2 is representative of that for PT with

the highest observed free volume at 400 �C, which is FV¼ 0.27 (the acid-catalyzed

material prepared with an RW value of 2.5). Materials with lower free volume

would, therefore, only be capable of smaller contributions to the free energy state of

the amorphous material. Assuming this value varies linearly with free volume, the

variation in energetic contributions range from �1.5 to �2.8 J/g, or converting to

mols, from approximately �0.5 to �0.9 kJ/mol. We note here that this is a

speculative conclusion, but presuming some validity to the assumptions and values

utilized, compared to the other possible contributions to crystallization driving

force, the contribution from structural factors is the smallest of the three

contributions.

We show below that the magnitude of these contributions (hydroxyl content,

surface area/energy and structural free volume) are not insignificant compared to

the heats of fusion of these materials. Thus, variations in such properties can have

an impact on the driving force for crystallization, the observed crystallization

behavior and the resulting thin film microstructure.

15.4.4.4 Magnitude of Factor Effects on Nucleation and Growth

To illustrate the effect of these individual contributions to thin film nucleation and

growth (microstructure), we study the case of ST, a room temperature paraelectric

material. Here we neglect the formation of any intermediate phase and simply

present an analysis of the magnitude of property variations on crystallization as an

illustrative example. For ST, the driving force between 400 and 1,000 �C was

calculated using the Turnbull equation [88]:

ΔGv ¼ ΔHf Tm � Tð Þ=Tm½ � (15.22)

where ΔHf is the heat of fusion, Tm the melting point and T the temperature (below

the melting point). The following data were utilized: Tm ¼ 2,626 K, Tg ¼ 673 K,

and ΔHf ¼ 58.7 kJ/mol and the analyses for ΔGv and ΔG* are reported in

Fig. 15.14. The barrier height and nucleation density were calculated using

Eq. (15.11) and (15.13), respectively. It can be noticed in Fig. 15.6 that the driving

force for crystallization decreases as the temperature approaches the melting

temperature. This causes the barrier height for nucleation to increase with tempera-

ture. Since we know that the driving force for transformation and the transformation

pathway depends on the thermal history of the sample and solution chemistry,

differences in the free energy state of amorphous CSD films processed under

various conditions are expected, as already discussed. Considering the factors

noted above and the reported heat of fusion for ST, we see that if simply structural

differences exist between materials,ΔGv may only vary by a few percent. However,

if significant differences in surface energies or hydroxyl content exist between

different materials, differences in ΔGv exceeding 10 % may easily result.
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To illustrate the effect of differences in amorphous state free energy on nucle-

ation density, we assume an increase in the free energy of 5, 10 and 15 %. The

corresponding changes in calculated nucleation density are shown in Fig. 15.15a

where ‘standard’ represents the relative nucleation density corresponding to the free

energy calculated in Fig. 15.14. The nucleation density changes significantly with a

15 % increase in the free energy of the amorphous phase. For example, at 600 �C,
the nucleation density increases by approximately a factor of 25.

Likewise, to demonstrate the effect of a decrease in surface energy on nucleation

density, a decrease of 5–15 % was assumed in the calculations. Results are

represented in Fig. 15.15b. Here, we note that this is not the physical surface area

as discussed in detail above, but the surface area between the crystalline nucleus

and amorphous matrix, as related to the preferred growth direction of [111]

compared to [100] noted by Norga and Fe [54]. Such a surface energy effect can

be seen to be even more important than the physical surface energy or hydroxyl

effect, changing relative nucleation density from a value of less than 5 to nearly

150 at 600 �C.

15.4.5 Control of Crystallization and Film Orientation
(Seeding and Lattice Matching)

Above we discussed preferred growth directions from an energetic perspective.

Through their impact on the nature of the heterogeneous nucleation event, seeding

and lattice matching can have a significant effect on crystallization behavior and

thin film microstructure. Many researchers have observed a change in the crystalli-

zation kinetics and temperature of lead-based perovskite materials deposited on

different substrates or buffer layers. Tong [89] reported a difference of >50 �C in

Fig. 15.14 ΔGv and ΔG*
values for strontium titanate

calculated from the

Turnbull equation
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crystallization temperature (Tcryst) for PLZT (lanthanum-doped PZT) films depos-

ited on platinum and lanthanum nickel oxide (LNO) bottom electrodes. Similar

results were reported by Cheng et al. [90] for PZT on an iron substrate with a PT

buffer layer. These investigators found that the pyrochlore phase was absent at

Tcryst as low as 550 �C, suggesting that the perovskite phase is favored over

pyrochlore by nucleation and growth on a buffer layer with perovskite structure.

Kwok et al. [91] employed PT as the seed layer for PZT films deposited on sapphire

substrates and observed a 100 �C decrease in the conversion temperature for

pyrochlore to perovskite (Tpy-pe). They concluded that this effect was not related

to the strain energy of the deposited films. Shareef et al. [92] reported the opposite

effect for PZT films deposited on RuO2. Through TEM studies, these investigators

determined that the density of perovskite nuclei on RuO2 is significantly smaller

than on Pt/Si substrates. They observed the Tpy-pe to be 50 �C lower for PZT films

deposited on Pt/Si compared to those on RuO2. These results can be explained by

the similar structure of RuO2 (rutile) to pyrochlore (fluorite) phase and the trans-

formation pathway of perovskite from the amorphous state, as discussed below.

Figure 15.16 shows schematically the thermodynamics associated with the phase

transition for PLZT films on Pt and LNO surface at the same Tcryst. The composi-

tion and lattice structure in the initial (fluorite) and final (perovskite) states of the

film remain the same for transformation on each substrate. Similarly, the interfacial

energy between these two states, γ, is a constant. Thus, the nucleation barriers in the
two situations are determined solely by f(θ). Although θ is properly defined as the

wetting contact angle of liquid with the surface (Pt or LNO), f(θ) can be considered
to decrease the nucleation energy in a solid state reaction as discussed here; e.g.,

elimination of the interfacial energy between a new phase and the substrate. Since

Fig. 15.15 Relative nucleation densities as a function of 5, 10 and 15 % changes in (a)

thermodynamic driving force (ΔGv) and (b) surface energy (γ)
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PLZT and LNO have the same perovskite structure, similar ionic radii and electro-

negativity, a coherent or semi-coherent interface will form. Compared with an

incoherent interface, like that of PLZT on Pt, a coherent or semi-coherent interface

will have a lower ΔG*, and therefore, nucleation will be easier. Since ΔG is a

constant for the fluorite-perovskite transition, only the bottom electrode determines

ΔG* for the phase transition, as shown in Fig. 15.16. If the bottom electrode

(LNO–ABO3 perovskite) has a crystal structure (and lattice matching) similar to

that of the deposited film, ΔG* is lowered by providing preferred nucleation sites,

which decreases Tpy-pe. In contrast, as shown by the solid line of Fig. 15.16, if the

bottom electrode (Pt–FCC) has a dissimilar crystalline structure to the perovskite

phase, nucleation requires a larger ΔG*, which raises Tpy-pe, because greater

thermal energy is required to exceed the energy barrier for crystallization. As a

result, Tpy-pe(Pt) > Tpy-pe(LNO) because ΔG*(Pt) is greater than ΔG*(LNO), due to
the mismatch of lattice structures between the substrate/bottom electrode and

coated films.

15.5 Kinetic Competition During Heat Treatment

A final aspect of pyrolysis and crystallization worth considering is the concept of

the “kinetic competition” between various processes and the role of film thickness.

Processes that occur concurrently during film processing are highlighted in

Fig. 15.1. Beyond the overlap [and thus the time (t), and temperature (T) competi-

tion] between processes such as organic removal and structural collapse, numerous

other processes are in competition with one another during higher heat treatment

temperatures. While it is simple to note that the thermodynamic and kinetic aspects

of these processes will serve to dictate the final thin film microstructure, obviously,

significant research into such effects has been ongoing since the early investigations

into the solution deposition of ferroelectric films in the mid-1980s. Some of the

other competing processes that occur during film processing include densification,

nucleation, grain growth, interfacial reactions, formation and consumption of

intermediate phases, diffusion of film constituents into the substrate and the loss

Fig. 15.16 Variation in

free energy for the fluorite

to perovskite transformation

on Pt and LaNiO3 substrates
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of volatile species. There are many examples regarding approaches developed to

address problems caused when one process in competition with another results in

undesirable film characteristics.

One such example is the case of the undesired surface nucleation event shown in

Fig. 15.12 [79]. Here, the researchers resorted to the addition of a higher boiling

structural modifier to delay organic removal, reduce ΔGv and shift crystallization to

a higher temperature, thus suppressing the second nucleation event at the surface.

Another interesting example is found in the work of Hoffman et al. in the

processing of BT, ST and BST materials [65]. These investigators were able to

prepare columnar BT and ST materials and thus “get around” bulk nucleation

within the film (which produces the typical, fine grain equiaxed microstructure)

by reducing the thickness of the individual layers that are deposited and using a high

heat treatment temperature after deposition of each of the thinner layers to induce

film crystallization. This approach resulted in an epitaxial overgrowth of

subsequent layers and the columnar microstructure that had been sought by the

authors. A final interesting example involves the challenge of balancing crystalli-

zation kinetics of the PZT materials with the volatility of lead oxide during

processing. If improperly done, a residual pyrochlore phase may exist at the surface

of the film, degrading electrical properties. The most common strategy to address

this problem has been to incorporate excess lead into the precursor solution, though

Bursill and Brooks have shown some of the possible problems of this approach with

regard to the narrow range of stoichiometry of the perovskite compounds

[19]. Novel strategies to prevent residual pyrochlore at the surface of the film,

such as using a final top deposited layer with a solution of only the lead precursor,

have proven effective [93]. Others have noted how such problems can develop, or

be reduced based on the Zr/Ti ratio in the PZT material. Numerous examples of

such kinetic competition effects are reported in the literature.

15.6 Summary and Conclusions

All aspects of the CSD processing of thin films, ranging from solution

characteristics to patterning can impact the resultant film properties. The pyrolysis

and crystallization conditions utilized in film processing are certainly among the

more important parameters that will serve to define thin film microstructure, and

thereby, dielectric, ferroelectric and even optical properties. In this chapter, we

have attempted to give a fundamental view of the reactions and transformation

behavior that occur during heat treatment. We have also attempted, as possible, and

hopefully as appropriate, to both explore and speculate about how some of these

factors may contribute to the differences in film microstructure that have been

observed. Since the early investigations of such processing routes for thin ferro-

electric films, significant progress in both scientific understanding and engineering

advancement for devices has been achieved. It is also our opinion, however, that

many opportunities remain to gain additional insights into film processing, which
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may lead to better process control, and thus, greater adoption of CSD as a mainline

fabrication strategy. The vast number of studies that have been carried out regard-

ing pyrolysis and crystallization behavior provide an expansive foundation on

which to draw for further study, as well as for the fabrication of films with excellent

dielectric, ferroelectric, and optical properties.
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Chapter 16

Epitaxial Films

Fred Lange

16.1 Introduction

Physicists, who call materials “condensed matter”, have synthesized single crystal

thin films for many years using a variety of vapor phase methods. Within the last

20 years, several chemical solution methods have been developed. One, the chemi-

cal solution deposition (CSD) method is the theme of this review. CSD is also

called metal organic deposition (MOD), a term commonly used by people develop-

ing ‘reel to reel’ superconducting wires [1]. Although CSD is a relatively recent

method for synthesizing epitaxial films, its application to manufacture kilometer

lengths of superconductor wires has been demonstrated [1]. Literature that

describes other solution routes, such as the high temperature hydrothermal synthe-

sis method and the low temperature chemical bath deposition (CBD) method (see

Chap. 14), where epitaxial films and crystals are directly synthesized within a

solution, can be found elsewhere [2–4]. The CSD method starts with a solution of

dissolved molecules, mixed at the molecular level, that will of form a multi-

element, inorganic material during heating. These molecules are similar to those

used for different vapor phase methods, but differ in the fact that they do not

volatize during heating, but, instead, decompose during heating (pyrolysis) to form

an inorganic material. Many different molecules, each containing at least one metal

atom bonded to either an oxygen, sulfur, nitrogen, carbon, etc., which, in turn, is

bonded to an organic ligand, can be mixed in a common solvent to form a multi-

element inorganic compound during pyrolysis. Substrates are coated with the

solution by one of a number of methods. The technologies for producing coatings

with a uniform thickness over large areas via spin-coating has been well developed

in the electronic industry where photoresist coatings are commonly used to make

patterns, and in the glass industry where SnO2 anti-reflective coatings are produced
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via dip coating large sheets of glass with an alkoxide precursor [5]. Spin-coating

and ultrasonic spray deposition (spray pyrolysis) [6] are popular coating methods

for experimentalists. During coating, the solvent evaporates to produce a solid,

precursor film with mechanical properties that depend on the precursor, e.g.,

‘soapy’ for some surfactant-like precursors such as the hexanoates, and brittle for

gel forming precursors. It has been demonstrated that dip coating and, more

recently, slot coating can be used in the production of long lengths (reel to reel)

of epitaxial, superconductor wires [7]. Soft lithographic and photolithographic

methods have been used to pattern the precursor on a substrate [8–10]. The science

and engineering of all solution coating methods involve rheology and evaporation,

which governs film thickness, capillarity, which governs wetting and surface

defects, and fracture mechanics, which explains the critical thickness needed to

extend small flaws into large cracks. Although the CSD method has primarily been

used to synthesize a large variety of oxides, it has also been used to synthesize GaN,

different sulfides and selenides. Single crystal substrates that are atomic templates

for the structure of the coating are required to form epitaxial films. As discussed

below, epitaxy can take place even when the crystalline structures of the substrate

and film are dissimilar.

The review begins with a summary of the different precursors chemistries, which

is generally only limited by the imagination of the chemist. Because mud cracks

commonly arise during substrate coating, the second subject will explain why

cracking is likely when the film exceeds a critical thickness. It is shown that films

generally crack when the solvent evaporates. Since the critical thickness is gener-

ally ~100 nm, the cracking phenomenon is the limiting feature of the CSD method

to form epitaxial films with minimal defects. Thicker film, generally containing

more defects, can be produced by multiple precursor deposition, pyrolysis cycles.

Heating causes the precursor film to pyrolysis (decomposition during heating),

forming an amorphous film, which then crystallizes into a porous, polycrystalline

film with a nano-grain size. The reason for the nano-grain size will be detailed

below. Spontaneous crystallization at low temperatures is generally diffusion

limited. Namely, since crystallization only requires small atomic displacements,

and not long range diffusion, metastable structures and extended solutions are likely

to form at low temperature, before they form thermodynamic stable phases pro-

duced when heated to higher temperatures.

The review discusses the different phenomena that can be used to convert the

polycrystalline film, first formed after pyrolysis, into a single crystal. Generally, the

structure of the single crystal substrate is either identical or very similar (namely,

different in composition and lattice parameters) to the structure of the material that

crystallizes after pyrolysis. But, epitaxial films can also be formed when the

crystalline structure of the film is different relative to the single crystal substrate.

It will be shown that either epitaxial or highly oriented films can be produced

despite the mismatch between structures, let alone, the mismatch between lattice

parameters.
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16.2 Precursor Chemistries

Different solution precursor chemistries can be used to produce the same inorganic

material. The different precursors used for coating substrates can have different

properties that include different rheological behaviors that influence coating cover-

age, different mechanical properties that effect cracking during solvent evaporation

and different decomposition products that can alter the composition of the inorganic

formed during pyrolysis. Because the inorganic material is formed by pyrolysis at

low temperatures where diffusion is kinetically limited, metastable phases can

crystallize to affect epitaxy during their transformation to the stable phase.

One advantage of solution routes is the economics that ‘beakers and benches’

chemistry offer relative to capital intensive vapor phase routes. A second advantage

is the high degree of compositional control inherent with the solution synthesis of

multi-element, inorganic materials. As reviewed by Schwartz et al. [11], common

precursor chemistries are generally defined by their ligand, e.g., carboxylates,

alkoxides, and β-diketonates. Carboxylates (see Chap. 2), Mn+(OOCR)n, are salts

of carboxylic acids, where n is the valence of the cation (M) and R is an alkyl group,

viz., a hydrocarbon chain. When R¼CH3, the carboxylate is a metal acetate, which,

because of its very small ‘hydrocarbon chain’, can be soluble in either water or its

carboxylic acid, namely, acidic acid. Longer chain carboxylates such as

2-ethylhexanoates (R¼C7H15) can solubilize in their carboxylic acid and non-polar

solvents such as toluene and xylene. Commercial carboxylates are available for

most all metals. Multi-element compounds can be formulated by mixing different

carboxylates in a common solvent. Evaporation of the solvent from longer chain

carboxylates produces a waxy precursor, where the different carboxylates are

mixed at the molecular scale without separation. An example is the cuprate

superconductor, Bi2.1Sr1.6Ca0.9Cu2Ox, synthesized by mixing Bi, Sr, Ca and Cu

2-ethyl-hexanoates, each assayed for their specific metal oxide, in toluene

[12]. Some acetates like zirconium acetate, do not cleanly pyrolyze to ZrO2, but

produce residual carbon, which must be removed by oxidation [5]. Noble metals,

Ag, Au, Pt, etc., can also form via the pyrolysis of carboxylate precursors. These

‘resin’ precursors are commonly used as ‘inks’ to produce decorative coatings on

‘up-market’ products.

Although not as convenient to synthesize multi-element compounds as it is with

carboxylates, alkoxides, Mn+(OR)n, the metal salts of alcohols, are another common

group of precursors. The great popularity of alkoxide precursors stems from their

ability to form polymeric species composed of metal-oxygen-metal bonds when

reacted with water [13, 14]. Two reactions occur to form a three dimensional

network with branched -O-M-O-M- bonds. One occurs when a water molecule

partially hydrolyzes the alkoxide molecule to form Mn+(OR)n-1(OH). The second

occurs when a partially hydrolyzed molecule reacts with another alkoxide mole-

cule. These two reactions form the crossed-linked metal oxide network. The first of

these reactions is called hydrolysis, and the second, condensation

(or polymerization). The viscosity of the solution increases with the molecular
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weight of the reacted species. The cross-linked polymeric species eventually forms

a gel composed of a three dimensional metal-oxide network [13, 14] within alcohol,

with a substantial fraction of un-reacted, -M-OH and -M-OR groups. If it were not

due to the many un-reacted -M-OR and -M-OH groups ‘hidden’ within the tangled,

molecular gel, it would cleanly transform to an oxide when heated with a weight

loss only due to the alcohol, or some other solvent for the alkoxide, such has

2-methoxyethanol (CH3OCH2CH2OH), that ‘holds’ the gel apart. Unlike precursor

solutions containing mixed 2-ethyl-hexanoates that evaporate to form a soft, soapy

substance, alkoxide solutions form brittle gels that are more prone to ‘mud-

cracking’.

The major objective of using solutions precursors is to allow the mixing of

different precursor molecules, each containing a different metal element, at the

molecular level so that long range diffusion is not required to synthesize a multi-

element compound. Mixing on the molecular scale enables compound synthesis at

low temperatures, following pyrolysis. This goal is easy to achieve, provided the

different molecules do not segregate. Small precursor molecules, such as acetates

(a short chain carboxylate) can crystallize and thus, phase separate during evapora-

tion. Phase separation involves longer diffusion distances. Metal nitrates also

crystallize during water evaporation, and should be avoided unless the nitrates

have an identical structure enabling a solid-solution after pyrolysis. As pointed

out by Mantese et al. [15], metal carboxylates can directly produce certain metals,

including Pb, Bi, Sn, and Cu, because they can cleanly pyrolyzed within a ‘window’

of low oxygen partial pressure, where the metal, instead of its oxide, is thermody-

namically stable. The loss of volatile Pb during the synthesis of oxide compounds is

caused by the low oxygen partial pressure produced by the volatized hydrocarbon

gas that arise during pyrolysis [16].

16.3 Mechanical Instability (Avoiding ‘Mud-Cracking’)

After coating the substrate with the precursor solution, solvent evaporation causes

the precursor molecules to consolidate and form a film that is sufficiently elastic to

support stresses. At this point, further evaporation will further reduce the volume of

the film causing shrinkage. Because the film is bound to the substrate, the decreased

volume is biaxially constrained, producing biaxial tensile stresses. Alkoxide

precursors form brittle gels that easily support tensile stresses. Although large

chain carboxylates form waxy films that appear not to support large stress, they

undergo a large volume change during pyrolysis to an elastic, inorganic material

which can support biaxial tensile stresses. As illustrated below, the biaxial tensile

stresses will lead to the formation of ‘mud’ cracks if the film thickness is greater

than a critical value. For precursors that produce brittle gels, the critical thickness is

generally �100 nm.

The reason for a critical thickness can be understood with the help of Fig. 16.1,

which shows a thin film of thickness, ‘t’, containing a small crack of length ‘c’, that
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extends from the surface to the substrate. The film has an elastic modulus, E and a

Poisson’s ratio, υ and is subjected to a biaxial tensile stress, σ due to the constrained

shrinkage. Since the tensile forces within the film, times the cross-sectional area of

the film, must be equal to the compressive forces within the substrate, times the

cross sectional area of the substrate, the compressive stresses within the substrate

will be extremely small when the film is very thin relative to the substrate. That is,

only the tensile stresses within the film need be considered.

The strain energy stored in the film, per unit volume, is:

σ2 1� υð Þ
2E

¼ σ2

2E� (16.1)

The strain energy within the film of area A, containing the small crack of

length c is:

σ2

2E�

� �
At� σ2

2E�

� �
Zct2 (16.2)

where Zct2 is the volume of material around the crack where strain energy is

relieved as shown in the second term. The energy needed to form the crack’s

surface is ctGC, where GC is the energy needed to form two crack surfaces per

unit area, and ct is the area of the crack. Thus, the total energy associated with the

cracked film is:

Ut ¼ s2

2E�

� �
At� s2

2E�

� �
Zct2 þ ctGC (16.3)

To find the conditions for crack extension along the film, we apply the concept

introduced 90 years ago by A.A. Griffith, namely, a crack can only extend if it

reduces the free energy of the system. Assuming that the stress, elastic properties

and strain energy release rate (Gc) are constants of the film, the only variables are

the thickness and crack length. Appling Griffith’s criterion, one needs to determine

when ∂Ut/∂c∂t � 0. Differentiating the free energy function [Eq. (16.3)] with

respect to the crack length and film thickness, one finds that the condition for

Fig. 16.1 Portion of a thin film bonded to a thicker substrate containing a crack of length c, which

extends (right hand view) along the length of the film to form a ‘mud crack’ pattern with the

extension of other cracks

16 Epitaxial Films 387



crack extension does not depend on the length of the crack, but instead, depends on
the film thickness as expressed by

∂Ut

∂c∂t
� GC � Z

σ2

E� t (16.4)

Setting Eq. (16.4) equal to zero, one can now understand why a crack cannot

extend until the film thickness exceeds a critical value:

t � tc ¼ GcE
�

Zσ2
(16.5)

A more rigorous analyses [17–19] for a variety of different crack geometries,

e.g., cracks that not only extend across the film, but concurrently extend either

along the interface or into the substrate, leads to the same equation, where Z

changes with the crack geometry [19]. Thus, crack extension can be avoided

when the film thickness does not exceed a critical value.

For a given stress (or shrinkage strain), Eq. (16.5) shows that the critical

thickness can be increased by increasing the crack growth resistance of the precur-

sor film, i.e., increasing Gc. Observations suggest that brittle precursors (gels) form

their ‘mud’ crack pattern during drying when Gc apparently has its smallest value.

Using this knowledge, Roeder and Slamovich [20] showed that when 10 wt% of an

elastomeric polymer was mixed with a precursor solution formulated with a hybrid

alkoxide, they could increase the critical thickness by an order of magnitude

(0.1–1 μm). The elastomer would be expected to increase the Gc of the film.

Evidence also suggests that if a eutectic melt can be formed prior to epitaxy, the

melt can heal any cracks produced during the earlier stages, thus, enabling thicker

films [12]. Today, processors who use CSD, generally form thicker films by

building up the film thickness with cyclic coating and pyrolysis steps, avoiding

cracking during each cycle. This cyclic coating procedure is known to introduce

defects.

16.4 Kinetic Limited Crystallization

Crystallization of the inorganic phase can occur either during or after pyrolysis.

If crystallization occurs after pyrolysis, the inorganic is a porous, amorphous

material. Crystallization requires the formation of a critical nucleus that can grow

when it spontaneously lowers its free energy. The size of the critical nucleus is

determined in a similar manor as for the condition for crack extension detailed

above. Namely, the free energy per unit volume ΔGc that is driving the crystalliza-

tion, is negative below the melting temperature, whereas the growing nucleus

introduces a new interface, and thus growth also increases the free energy, as the

nucleus becomes larger. In addition, because nucleation occurs within a porous
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solid, strain energy arises both within and around the growing nucleus. The strain

energy per unit volume, Use, always increases the free energy. The free energy

function can be described by

ΔG ¼ Use � ΔGcj jð Þ 4π
3
r3 þ 4πr2γ (16.6)

where r is the radius of the nucleus, γ is the surface energy per unite area, and |ΔGc|

is the absolute value of ΔGc, which is assumed to be negative below the melting

temperature. It can be seen that Eq. (16.6) has a maximum value, which can be

determined by its differential with respect to r, namely,

∂ΔG
∂r

¼ Use � ΔGcj jð Þ4πr2 þ 8πrγ (16.7)

The critical nucleus that allows the free energy of the system to decrease as it

grows is determined by setting Eq. (16.7) equal to zero. Thus, the critical nucleus is

estimated with

rc ¼ 2γ

ΔGcj j � Useð Þ (16.8)

Because the difference between the pyrolysis temperature (generally between

200 and 400 �C) and the melting temperature of the inorganic is very large, |ΔGc|

will be very large, and thus, rc will be very small. Thus, the crystallization of a

connective (partially sintered) network of nano-crystallites (<2 nm) is generally

observed.

Because crystallization occurs at low temperatures, where diffusion is kineti-

cally limited, metastable phases (extended solid-solutions and non-equilibrium

structures) can crystallize [21, 22]. The concept of kinetic limited crystallization,

detailed by Levi [23], can be illustrated with the help of a free energy

vs. composition plot shown in Fig. 16.2 (lower figure), which schematically

shows the free energy of two phases, with the α and β structures, that forms in a

simple binary system with a single eutectic (upper figure). It is assumed that the

lower plot represents the free energy of both α and β and the amorphous phase

(upper curve) as a function of composition, at the crystallization temperature. The

equilibrium composition of both crystalline phases occurs at their minimum free

energy. Let us assume we formulate a precursor that has the composition ‘a’, which

produces an amorphous phase after pyrolysis. Under equilibrium conditions, this

composition would crystallize as two phases, α and β, each with their equilibrium

composition, as shown in the upper plot. Instead, one experimentally finds only one

crystalline phase, α, that contains all of the B atoms with different lattice parameters

than what would be expected. Using the TEM, no amorphous phase can be

found [22].
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Because diffusion is kinetically limited at temperatures just above the pyrolysis

temperature and the free energy (ΔGc) driving crystallization is large, a nano-sized,

single phase polycrystalline material with a metastable composition, forms and

lowers the free energy of the system. As the temperature is increased and diffusion

is unleashed, partitioning begins by the precipitation of the β phase with its

equilibrium composition. The free energy change driving partitioning is ΔGp.

During partitioning, the α phase loses its excess B atoms as the β phase increases

its volume fraction within the two phase material. After partitioning ceases, the

precursor derived material consists of two phases, consistent with the phase

diagrams (upper figure), each with their equilibrium composition.

When the composition of the precursor ‘a’ is closer to the equilibrium composi-

tion (composition with the minimum in free energy), ΔGc is larger, and thus, the

size of the critical nucleus is small. On the other hand, when the composition ‘a’

moves further away from the equilibrium composition, ΔGc becomes smaller and

smaller, requiring larger and larger nuclei to enable spontaneous crystallization.

Experiments [22] have shown that as the composition moves further away from the

equilibrium composition, crystallization takes place at higher and higher

temperatures, presumably due to the larger and larger size of the nuclei needed

for spontaneous crystallization.

Besides forming metastable, extended solid-solutions, single phase materials

synthesized from precursors are well known to crystallize with a metastable crystal

structure. Single oxide examples include the crystallization of Al2O3 with the

metastable γ (spinel) structure instead of the stable α structure, and the crystalliza-

tion of TiO2 as the anatase structure, instead of the stable rutile structure.

Fig. 16.2 Simple binary

phase diagram with a

eutectic (upper figure)
showing two phases, A

and B, with the respective

crystal structures, α and β.
Lower figure shows that free
energy of α, β and the

amorphous phase as a

function of composition at

the temperature where the

amorphous phase, with the

composition ‘a’ will

crystallize
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These metastable structures enable larger distortions in the atomic arrangements

[23]. Mixed oxide compounds also form metastable phases. Important examples

include the series of solid solution Pb(Ti,Zr)O3 materials, which will crystallize

with the pyrochlore structure, instead of the stable perovskite structure from which

it derives its ferroelectricity. Why the metastable pyrochlore structure is chosen

could be because it offers greater freedom for placement of Pb and Ti ions on cation

sites and offers the greater possibility of vacancies on oxygen sites. That is, at

temperatures were diffusion is severally limited, the pyrochlore structure is kineti-

cally more favorable, and offers a structure that does not require exact placement of

elements, relative to the stable structure. In one precursor study of the PbO-TiO2

binary system [16], where a TiO2 rich PbTiO3 composition was synthesized, a large

number of metastable phases were formed. Despite the excess TiO2, a metastable

pyrochlore crystallized first. When heated to higher temperatures, the metastable

pyrochlore structure transformed to the perovskite structure, but retained its meta-

stable, Ti-rich composition. At still higher temperatures, the metastable perovskite

partitioned into two phases: a metastable Ti-rich phase (PbTi3O7) and a perovskite

phase with a composition that approached the stoichiometric, equilibrium phase,

PbTiO3. At still higher temperatures, the two phase react to finally form the two

stable phases, TiO2 (rutile) and PbTiO3 (perovskite). The free energy is sequentially

decreased during each of these kinetically limited steps.

16.5 Epitaxial Grain Growth

Although a number of different phenomena are known to convert the polycrystal-

line film, first formed during crystallization, into a single crystal film, the most

common is enabled by grain growth. If the film material and substrate have

identical structures, despite different chemistries, and their lattice mismatch is

small (<5 %), the nanometer grains at the film/substrate interface will crystallize

with the orientation of underlying substrate [24]. That is, the substrate acts as a large

nucleus for the crystallization of the amorphous material formed after pyrolysis. All

other grains not in direct contact with the substrate will have no special orientation.

This is shown in Fig. 16.3a where the darker grains at the interface have lattice

fringes that extend from the substrate. After crystallization and further heat treat-

ment, the oriented grains at the interface, which have a lower free energy, will

systematically grow to consume the grains above them to eventually convert the

polycrystalline film into a single crystal via grain growth. Miller et al. [24] uncov-

ered this growth mechanism during studies where aqueous solutions of Zr-acetate +

Y-nitrate were used to coat (100) cubic-Zr(Y)O2 (9.5 mol% Y2O3) substrates. Film

compositions within the range cubic-Zr(Y)O2 (6–40 mol% Y2O3) had a lattice

mismatch up to 1.59 %. Miller et al. showed that although the nanometer, epitaxial

grains are produced at the film/substrate interface during pyrolysis (�400 �C),
higher temperatures were needed to sufficiently densify the film to allow the

epitaxial grains to grow to the surface by consuming all other misoriented grains.
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The elimination of grain boundaries in the initial, polycrystalline film is the

apparent driving free energy for this epitaxial grain growth phenomenon.

Figure 16.3b, a dark field transmission electron microscopy (TEM) image,

shows that at 900 �C, the epitaxial layer (mismatch ¼ 0.81 %) has grown approxi-

mately half-way to the surface. The top half is still polycrystalline. Most of the

epitaxial film and substrate are brighter because the image is taken with a common

diffraction beam (dark field) from the substrate and epitaxial film. Grains that have

a small misorientation were not consumed during epitaxial grain growth and appear

as darker, defect ‘grains’. For this system, higher temperatures (�1,100 �C) were
needed to fully grow the film to the surface and to eliminate many of the internal

defects observed at lower temperatures. At 1,100 �C, the surface was not smooth,

but contained pits caused by remnant pores ‘pushed’ to surface by the moving,

epitaxial front. Surface diffusion produced smooth surfaces at higher temperatures

(>1,200 �C).
Miller et al. [25] also observed that when the film and substrate had nearly the

same composition and thus, nearly no mismatch strain, the epitaxial grain growth

phenomenon initiated at a lower temperature relative to compositions with a larger

mismatch. For this case, pores within the partially dense, polycrystalline film,

would become internally trapped as it was converted into a single crystal film.

Trapped pores were difficult to remove via heat treatment because of the lack of

intersecting grain boundaries, which are rapid paths for mass transport [25]. This

observation suggested that the strain energy associated with the initial epitaxial

growth helps retard growth to a higher temperature, were pores were able to move

with the epitaxial front [25].

Miller et al. [24] showed that much of the strain energy within the film due to

lattice mismatch was relieved by the formation of a dislocation network at the film/

substrate interface as observed for vapor grown films [26, 27]. To a first approxi-

mation, the interfacial energy might be estimated to be solely due to the dislocation

network. For atomic layer by layer growth in vapor phase epitaxy, it is believed that

the dislocations move from the surface to the interface [26]. The mechanism of how

the dislocation network forms at the interface is still unknown for the CSD method.

Fig. 16.3 (a) A cross-sectional view of a polycrystalline Zr(Y)O2 film formed on a (100) cubic-Zr

(Y)O2 single crystal substrate grains at the substrate interface that have nucleated with the same

orientation during pyrolysis (distance between lattice fringes is �2.5 nm) and (b) dark field TEM

of the same film heat treated at 900 �C showing partial conversion of the polycrystalline film to a

single crystal by grain growth [24]
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Several studies were undertaken to understand how the epitaxy mechanism

might change with lattice mismatch. One involved the epitaxy of metal oxides

(CdO, CaO, SrO) on MgO; all have the NaCl structure with lattice mismatch

between 11 and 23 %. [28] The second involved a series of solid-solution

compositions (Sr,Ba)(Ti,Zr,Ce)O3 grown on either SrTiO3 or LaAlO3 [29], with a

lattice mismatch between 0 to 16 %. In both studies, both films and substrates have

the perovskite structure and 2-ethyl-hexanoate/toluene were the precursor

solutions. Figure 16.4 shows the closely spaced and periodic dislocations at the

SrZrO3/SrTiO3 interface [30]. The dislocation spacing ‘s’ is nearly identical to that

predicted with the relation, s ¼ b/ε, where b is the Burger’s vector of the disloca-

tion and ε is the strain associated with the lattice mismatch [27]. It should be noted

that since the film has a larger lattice parameter relative to the substrate, the edge

dislocations that terminate at the interface are missing planes within the film.

In a third study of epitaxy mechanisms, LiNbO3 (precursor: hybrid alkoxide)

was grown on basal plane Al2O3 substrates [31]. Both have similar structures with

Li and Nb systematically replacing Al. The large lattice mismatch (�8 %) appears

to be responsible for the ‘mosaic’ character of the film and a second epitaxy

orientation described by an in-plane rotation of 60�. ‘Mosaic’ character describes

a film composed of small regions that are slightly rotated relative to one another and

the substrate (up to 5 % in this case) [31]. ‘Mosaic’ regions are undesirable because

their boundaries scatter light, and the grooves formed where the boundaries inter-

sect the surface produces a ‘rough’ surface which also scatters light. Films grown

by vapor routes have similar defects. A Fe2O3 epitaxial buffer layer (produced with

a Fe-hexanoate precursor) between the Al2O3 substrate and LiNbO3 film, which

reduces the lattice mismatch to 2 %, lowers the ‘mosaic’ character and eliminates

the in-plane, 60� rotation variant [31]. This evidence suggests that when the

mismatch strain exceeds �8 %, the epitaxy phenomena is not the grain growth

phenomenon described above, but appears to occur by concurrent abnormal grain

growth and an instability phenomena described in the section detailing instabilities.

Fig. 16.4 Cross-sectional view, <100 > zone axis, of an interface between epitaxial SrZrO3 film

and (001) SrTiO3 substrate, showing periodic missing planes in SrZrO3 crystal that compensates

for much of the lattice mismatch strain due to the larger (5 %) lattice parameter of the SrZrO3. Note

Burgers circuit around the dislocation at the interface [28]
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Non-oxide epitaxial films can also be produced by the CSD method. A good

example is the epitaxy of GaN on basal-plane [32, 33] and R-plane [34] sapphire

and LiGaO2 [35]. The GaN films were produced using two different precursors:

gallium dimethyl amide, containing gallium–nitrogen bonds and gallium

isopropoxide, containing gallium oxygen bonds [36]. Pyrolysis of the gallium

dimethyl amide film at 600 �C produced a continuous layer of GaN grains with a

single orientation relation with the substrate, identical to that of the GaN epitaxially

grown on basal plane sapphire via MOCVD. Above this layer of epitaxial GaN

grain was an overlying polycrystalline film similar to that discussed above. Namely,

when the precursor crystallizes, only the grains in contact with the substrate have

the preferred orientation dictated by the substrate. But the growth of the oriented

grains into a single crystal thin film occurred by a very different mechanism. At

temperatures greater than 600 �C, the oriented grains consumed the polycrystalline

layer via evaporation–condensation mass transport. Evaporation-condensation

occurs because GaN decomposes in the environment used for synthesis [36]. Pyrol-

ysis at 600 �C of the films made with the alkoxide precursor, usually used to

synthesize Ga2O3, produced a continuous layer of gallium oxynitride grains with

the corundum structure in the NH3 atmosphere, which was epitaxial relative to the

corundum substrate. The epitaxial grains had an overlaying polycrystalline gallium

oxynitride film with a spinel structure. Increasing the temperature caused growth of

oriented grains in contact with the substrate and their conversion of the oxynitride

to wurtzite GaN at 800 �C. It is interesting to note that the reaction of Ga2O3 with

ammonium would not be expected to produce GaN due to the positive change in

free energy. The reason GaN does form is that the gaseous reaction product, H2O, is

swept out of the furnace and thus, cannot maintain an equilibrium partial pressure.

16.5.1 Multilayered, Epitaxial Films

Within the last decade, the use of the CSD method for producing epitaxial films has

played an increasing role in the development of the ‘reel to reel’ processing of

superconducting wires. The US Department of Energy has supported several large

programs. Initially, all programs used metal substrates on which different epitaxial

layers including the superconductor, YBa2Cu3O7-δ (YBCO), was deposited by one

of several vapor phase methods. In one program, a group at Oak Ridge National

Laboratory (ORNL) lead by Goyal and colleagues [37], developed a highly textured

ribbon of a Ni-W (5 atom %) as a substrate. To reduce the costs inherent to vapor

phase processing, the ORNL program took the chance to explore the CSD method

[1]. The superconducting wire produced at ORNL has a layered architecture on top

of the Ni-W ribbon. Prior to any deposition, the textured substrate is sulphurized by

annealing in H2S gas to obtain a textured, c(2 � 2), monolayer of sulfur on the

Ni–W surface. The sulfur imitates an epitaxial layer of oxygen that enables the

deposition of the first epitaxial layer of an oxide. A series of epitaxial layers are then

deposited on top of the Ni-W substrate. Currently, a ‘seed layer’ of Y2O3 is first

placed on the sulphurized Ni-W substrate; it enables the epitaxial growth of the
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second layer, a yttrium stabilized ZrO2, which is the buffer layer that inhibits the

oxidation of the substrate. The third epitaxial layer is CeO2 which enables the

epitaxy of YBCO. With the exception of the YBCO, all layers are deposited using

reactive sputtering.

Since ~2000, the fourth epitaxial layer, YBCO, has been synthesized with a CSD

method (for details see Chap. 27). Because it was expected that Ba precursors

would form BaCO3, which is stable to ~900
�C and would not react with the Y and

Cu precursors at lower temperatures, a Ba(O2CCF3)2 precursor, which forms BaF2,

was shown by Gupta et al. [38] to be effective when water vapor was introduced

between 200 to 400 �C. This process, known as the trifluoroacetate process, because
all three elements were introduced as trifluorocetates, is used by American

Superconductors Inc. [39] to manufacture a commercial product known as the

‘second generation’ superconductor wire. In Xu et al. [40] showed that trifluor-

oacetates could be abandoned by simply using Ba(OH)2 and simpler, trimethyl

acetate salts of copper, yttrium, (Y(C4H9COO)3 and Cu(C4H9COO)2). Later Xu

et al. [41] showed that this precursor route will produced a good superconductor on

a layered (Y2O3, Zr(Y)O2, CeO2) Ni-W substrate. It should be noted that the

anhydrous form of Ba(OH)2 melts at ~400 �C, i.e., the temperature where water

vapor is still being introduced during the trifluoroacetate process. This melt could

be responsible for the thicker films that can be formed in this system. Most recently

Wesolowski et al. [42] reported that some sort of melt phase is observed in both the

trifluorocetate and trimethyl acetate precursor approaches to YBCO synthesis.

In recent years, Paranthaman and colleagues [43] at ORNL first demonstrated

that the barrier properties and the performance of a CSD epitaxial layer of La2Zr2O7

(LZO) produced on top of the sputtered Y2O3 layer, matched that of the sputtered Zr

(Y)O2 layer. More recently the same group has grown a La3TaO7 (LTO) seed layer

directly on the biaxially textured Ni-W substrate that not only replaces the sputtered

Y2O3 layer, but also improves the epitaxial texture of the next layer, LZO, also

produced by the CSD method. Their current effort is to replace the sputtered CeO2

layer with a CSD CeO2 layer, to enable each successive CSD layer to be deposited

by industrially scalable methods such as slot-die coating of metal-organic

precursors [7].

The first non-government supported commercial product using the ‘second

generation’ superconductor wire is a Magnetic Billet Heater manufactured by

Zenergy Power, which is used for extruding aluminum billets [44].

Although not as profound as the application of CSD to superconducting wires,

McNally et al. [45] demonstrated a three layer ferroelectric FRAM device, where

each of the three layers were epitaxially synthesized on top of one another via the

CSD method. The active material was Pb(Zr0.5Ti0.5)O3 (PZT), which was

sandwiched between the oxide conductor, La0.7Sr0.3MnO3 (LSMO). The first

LSMO layer was epitaxially grown on a SrTiO3 (STO) single crystal substrate.

The LSMO/PZT/LSMO/SrTiO3 multilayered specimens were compared to devices

in which the top electrode was a metal instead of the LSMO oxide electrode. The

addition of a top oxide electrode to PZT/LSMO/SrTiO3 specimens was found to

give larger polarization, lower coercive field values, and superior fatigue behavior
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relative to metal electrodes. These values were similar to those obtained for oxide

electrode-PZT combinations fabricated using vapor deposition techniques.

16.5.2 Thermodynamics of Morphological Instabilities

The most general case where the idea of templating becomes obscure, the film and

substrate do not have the same structure. A polycrystalline film, which does not

produce epitaxial grains, will undergo grain growth during heating as any other

polycrystalline material until the grain size is equivalent to the film thickness. Once

the in-plane dimension of the grains is larger than the film thickness, grains with

specific orientations will undergo abnormal grain growth because of their lower

surface and/or interfacial energy [46]. Namely, these grains will have a lower free

energy relative to all other grains, and thus ‘consume’ neighboring grains by grain

boundary motion. Thus, polycrystalline films with columnar microstructures are

expected to undergo abnormal grain growth and to develop at least one preferred

orientation even when the substrate is amorphous.

In addition to abnormal grain growth, the film can also undergo a morphological

instability that causes it to uncover the substrate during grain growth. This phe-

nomenon eventually produces a microstructure where every grain is an island and

separated from one another. Srolovitz and Safrin [47] were the first to predict this

instability phenomena. They showed that a pin hole could grow in a polycrystalline

thin film by the deepening of the grain boundary grooves at a three grain junction

during grain growth. Miller et al. [48] confirmed this uncovering phenomenon with

polycrystalline Zr(Y)O2 thin films on sapphire substrates. They also presented a

thermodynamic analysis showing that the break-up process lowers the free energy

of the system when the grain size (D) to film thickness (t) ratio exceeds a critical

value, (D/t)c, which depends on the dihedral angle (a measure of the grain boundary

to surface energy ratio) and the solid-state ‘wetting angle’ of the isolated grains

‘sitting’ on the substrate.

Miller et al. [48] summarized their thermodynamic calculations with an equilib-

rium, configurational diagram, shown in Fig. 16.5, where the D/t ratio is plotted as a

function of the solid-state ‘wetting angle’ for a specific value of the ratio of the

surface to grain boundary energies. One boundary in this diagram represents

the condition (values of D/t and solid-state wetting angle) where the free energy

of the coherent film (represented by hexagonal, truncated grains) is equal to that

of the film broken into isolated, single crystal islands (spherical caps). A third

configuration also exists where grains are still joined by grain boundaries, but the

substrate is uncovered where three grains meet. As illustrated, the coherent film

only exists over a small range of D/t. For very thin films, only a small amount of

grain growth is required to cause the polycrystalline film to break-up, uncover the

substrate and reduce the free energy of the system.

For most film applications, the instability phenomenon is unwanted. For exam-

ple, if the polycrystalline film were to be used as an electrode, its break-up into
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isolated islands would prohibit in-plane connectivity and thus, conductivity. On the

other hand, the break-up into isolated, highly oriented single crystal islands can be

used for a variety of applications. In one, if the single crystal islands are truly

epitaxial, with a single orientational relation with the substrate both in-plane and

out of plane, they can be used to produce ‘seeds’ to grow another material as a thin

film. This was first accomplished by Kim and Lange [49] when it was found that the

lattice mismatch between the PbTiO3 and LaAlO3, two perovskites, was too large to

produce an epitaxial film without many defects. To reduce the defects, a very thin

polycrystalline film of PbTiO3 was produced and heat treated to break-up the film

into oriented single crystal islands on the LaAlO3 substrate. A second coating of the

PbTiO3 precursor was then applied to the substrate containing oriented islands.

After a second heat treatment, the large oriented islands consumed the very small

grains within the film to produce a single crystal film with fewer defects. In another

application of this ‘seeding’ method, ‘seeds’ of ZrO2 were produced on a basal

plane sapphire substrate, where all grains had a single out-of-plane orientation, but

due to the threefold symmetry axis of the underlying substrate, the cubic ZrO2 seeds

had three in-plane variants, each related to one another by 120� [50]. In a third

example [31], because of the large lattice mismatch (~9 %) between LiNbO3, which

has an ‘α-alumina like’ structure, and a basal-plane alumina substrate, a poly-

variant LiNbO3 forms. To avoid this, it was discovered that a single variant film

could be produced using a two-step process. Namely, the first step produced a single

variant at a lower temperature, whereas recoating produced an epitaxial film with

the single variant [31]. One might comment on the La3TaO7 (LTO) seed layer

reported by Bhuiyan et al. [51] discussed above. The published micrographs

suggest that the isolated ‘seeds’ act in the same way as discussed for the last

three examples. Namely, isolated LTO single crystal islands, produced by the

grain growth phenomenon sited above, were the ‘seeds’ for the growth of

the La2Zr2O7 (LZO) buffer layer, which is one part of the layered architecture of

the superconductor wire. One more example can be given where lead titanate nano

islands were produced by breaking up a film produced by the CSD method on a

polycrystalline Pt substrate [52].

Fig. 16.5 Equilibrium

configuration diagram for

polycrystalline thin films

with columnar

microstructures. Boundaries

represent the conditions

(grain size/film thickness

ratio and solid-state wetting

angle) where different

configurations have the

same free energy [48]
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A second type of morphological instability, which causes a single crystal film to

uncover the substrate, was recently discovered [53] when very thin, single crystal

PbTiO3 films were grown on a SrTiO3. This instability is observed when the surface

of a hole has a lower specific energy than the surface of the film. Experimental

observations showed that three different film-configurations may exist, which

depends on the film thickness: thick films completely cover the substrate whereas

pre-existing holes in thinner films can grow to either form a continuous film

containing an equilibrium area fraction of holes or they can grow together to

cause the film to break-up into single crystal islands. A free energy model, which

includes surface energy anisotropy and the spacing between pre-existing holes, was

used to explain this instability phenomenon [54]. The model showed, similar to the

experimental results, that pre-existing holes in thinner films will uncover the

substrate. It was also found that for the range of surface energies commonly

observed in the inorganic materials of interest, pre-existing holes, greater than a

critical size, are necessary to initiate the instability.

16.5.3 Epitaxy of Dissimilar Structures

The different examples for epitaxial materials discussed above neglected to com-

ment that the structure of the film material was different than that of the substrate.

Two examples taken from the discussion of superconductors above are, from the

substrate to the top, Ni-W/Y2O3/Zr(Y)O2/CeO2/YBa2Cu3O7-δ, and Ni-W/

La2Zr2O7/La2Zr2O7/CeO2/YBa2Cu3O7-δ. Another is the epitaxy of ZrO2 on Al2O3

[50, 55]. The question is why does one structure template a totally different

structure? And, how can one predict this occurrence?

For identical structures, with different lattice spacing, e.g., BaTiO3 epitaxially

grown on SrTiO3 (both perovskites), the misfit strain due to their differential lattice

spacing can be conceptually related to the excess energy associated with the

interface, due to the predictable dislocation density at the interface. This conceptual

relation is not apparent when the two structures are different, and thus differential

strain cannot be the only tool used to explain special crystallographic relations

between two dissimilar structures.

The coincident site lattice (CSL) model has often been used to understand the

frequent occurrence of special interfaces between two lattices [27]. It was first used

to understand the interfaces that join together two identical crystals, namely grain

boundaries. The CSL model was of limited success in predicting the formation of

special grain boundaries in metals. With this limited success, it has been assumed

that the plane with the largest number of coincident sites might have the lowest free

energy. Later, the CSL model has been used to explain the special interfaces

observed between two crystals with dissimilar structures [55]. When applied to

dissimilar structures, the requirement for exact coincidence of lattice sites is usually
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relaxed, such that when lattice vectors in the two structures are compared, some

differential is allowed, giving rise to the term near coincident site lattice (NCSL)

model.

Determining a CSL (or NCSL) starts by rotating the two lattices about an

invariant direction (normal to the interface) to seek a rotation, via a computer

search, with the greatest density of coincident lattice sites, i.e., sites in one lattice

that overlay sites in the second lattice [55]. Alternately, one can seek a rotation

vector and a rotation angle to determine the plane that would contain the largest

number of coincident sites. For the near coincidence site lattice (NCSL) principle,

translation vectors in both lattices need not perfectly match one another. It was

anticipated that planes with the largest density of coincident sites (or near coinci-

dent sites) would have a low interfacial energy. Although CSL (or NCSL)

representations can be formed with known epitaxial relations between dissimilar

structures, other possible, however, not observed, NCSL relations can be formed

with the same invariant rotational axis that produces identical coincident site

densities with similar misfit allowances [55, 56]. Thus, the NCSL model cannot

necessarily predict an epitaxial relation even when the invariant rotation axis is

known. In addition the NCSL model does not address the coordination of atoms of

one type by those of the other type, at the interface.

Recently, a new understanding was discovered [54, 57, 58]. It uses the two

simple rules of crystal chemistry to understand epitaxial orientation relations

between dissimilar structures formed by non-metallic, inorganic materials. The

first rule pertains to the fact that the (generally smaller) cations are coordinated

by a specific number of anions, referred to as the coordination number, which

depends on the size ratio of the cations to anions. With this simple rule, it was

hypothesized that the first, and most important, rule must be obeyed for cations and

anions that make up the interface. The second rule states that the charge associated

with the cations and anions within a space that includes the interface, should

balance to zero. These two rules are commonly used to select a stable of different

cations and anions that substitute for one another to form specific structures.

The two rules, coordination number and charge balance, are the important first

two of the five statements know as “Pauling’s rules” [59–61]. The first rule states

that a coordination polyhedron of anions is formed about each cation in the

structure, where the coordination number is determined by the ratio of the radii of

the two ions. Although this appears to imply purely ionic bonding, it also applies to

a mixture of ionic/covalent bonding, and covalent bonding between like atoms, e.g.,

Si, C, etc. In a crystal structure, the polyhedra formed by anions and coordinated

cations are arranged in three dimensions to optimize the nearest neighbor

interactions. A stable structure must be electrically neutral at the unit cell level.

Pauling’s second rule describes the base for evaluating charge neutrality. Pauling’s

third rule further describes the linking of different (or like) polyhedra. Although all

linkages are possible, more stable structures link at corners, relative to edges and

faces, etc. The fourth and fifth rules further express the linkage and the joining of

different polyhedra. Pauling and Brown further elaborated the bonding as a

‘Valance-Bond’ rule [62]. It can be shown that these same rules govern the epitaxial

relation between two dissimilar structures. Namely, as detailed elsewhere [58],
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what explains the relative placement of atoms in a three dimensional structure, must

also apply to their placements at interfaces between two different structure, where

each has a special orientation relation to one another.

16.6 Patterning

Many device applications, e.g., optical wave guides, require patterned thin films.

After forming a precursor film produced with mixed, metal carboxylates, such as

hexanoates, Mantese et al. [15] have formed useful device patterns by only

pyrolyzing the selected regions with a scanning laser. Un-scanned areas can be

simply washed away with the same solvent used to formulate the initial precursor

solution. Yogo et al. [63] have applied photolithography techniques to form

patterns by adding a photo sensitive chemical (l-phenyl-1,3-butanedione), designed

to have a specific ultraviolet absorption at 330 nm, to their mixed alkoxide

precursor to form patterned, single crystal films of LiNbO3 on sapphire substrates

by masking and exposure.

Jeon et al. [10] adopted the innovative method developed by Kumar and

Whitesides [64] of stamping hydrophobic patterns on nearly any surface to produce

patterned, epitaxial LiNbO3 films on sapphire. This method uses a rubber stamp and

an ‘ink’ that renders the stamped surface hydrophobic. The rubber stamp is produced

from a relief pattern formed on a Si substrate by conventional photolithography and

etching techniques, and thus has the potential for sub-micron resolution. The inks

are bi-functional molecules; one end reacts with the -metal-OH surface sites to

chemically attach a hydrocarbon chain, which renders the surface it prints, hydro-

phobic. Jeon et al. [10] demonstrated that a spun-on precursor does not bond to the

substrate at hydrophobic sites, and thus is easily removed after pyrolysis.

Moran and Lange [8] developed a method using the PDMS stamp procedure

developed by Kumar andWhitesides [64], but instead of using the raised plateaus to

define the pattern, they used the channels. Namely, the channels were filled with the

precursor solution by spin coating the PDMS stamp. During spin coating, the

solution evaporates leaving the precursor molecules behind within the channels.

The material within the channels is then transferred to the substrate by stamping.

Moran and Lange showed that during solvent evaporation, the precursor shrinks

away from the channels, forming cracks along the sidewalls. During stamping, the

solid precursor within the channel makes contact with the substrate. When the

stamp is lifted away from the substrate, and the precursor within the channel

adheres to the substrate, the crack between the precursor, the side walls and bottom

of the channel will extend. They detailed the fracture mechanics of this process to

enable the design of surface adhesion of the precursor molecules with the PDMS

and substrate that will produce stamped patterns without defects. They also showed

that photoresist could be easily stamped onto different substrates with this method

they called “Channel Stamping”, thus avoiding costly photolithography. Kim

et al. [65] showed that they could pattern the lead-free ferroelectric, SrBi2Ta2O9,
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on SrTiO3 substrates via Channel Stamping. More recently, Clemens et al. [66]

developed a ‘bottom-up’ method of growing periodic Pb(Zr,Ti)O3 ferroelectric

nano-crystals that are epitaxial with the underlying substrate. In this approach, a

number of different steps and chemical processes were involved, centered around

the use of electron lithography to define the periodic, nano-pattern.

16.7 Looking Forward

As discussed above, the major limitation of CSD is film thickness. In general, films

thicker than 100–200 nm must be formed by multiple deposition/pyrolysis cycles,

which is not only costly, but also introduces defects. Routes to solve this problem

have been identified. One, the incorporation of a polymer that increases the

precursor film’s crack growth resistance has been introduced [20], but not followed

up to this author’s knowledge. A second route where the pyrolyzed precursor forms

a melt has also been identified [20], and is more than likely why YBCO films are

generally much thicker than other materials formed by the CSD method. This route

should be further explored. Innovations in this area are needed.

It appears that if superconducting wires will ever be universally commercialized,

it will be due to the relatively inexpensive CSD method used in its manufacture.

The question is: what other large scale commercial opportunities exist for epitaxial

CSD films. As pointed out by several research groups, CSD could impact the further

development of non-volatile ferroelectric random access memory (FeRAM)

devices [67] as well as ferroelectric mass-storage [68]. The Waser Group at

RWTH-Aachen [66] is working towards this commercial goal using CSD.

ZnO offers one of the greatest opportunities for epitaxial CSD processing. ZnO

is a wideband gap, transparent semiconductor, and resembles GaN in many ways,

viz., structure, band gap, etc., the semiconductor used for white lighting. The

bandgap of ZnO can be engineered between 3 and 4 eV by substituting Mg and

Cd for Zn, respectively [69]. Band gap engineering is required for obtaining

different colors. Unlike GaN, ZnO is currently processed by all methods only as a

n-type semiconductor; consistent synthesis p-type, by any means, has yet to be

accomplished. But, unlike GaN, large single crystal substrates of ZnO can be

produced by several methods [2]. Single crystal substrates of the same material

are important in reducing threading dislocations that trap electrons and holes,

reducing the luminescence efficiency. The lack of large GaN single crystal is one

factor that is currently limiting the mass production of large, white LEDs needed for

the economic replacement of florescent lighting, at great energy savings. Assuming

a p-ZnO will be developed, several research objectives will need to be implemented

to enable ZnO Light Emitting Diode (LED) production via CSD. First, high purity

precursors need to be developed. This objective should be easy since Metal Organic

Chemical Vapor Deposition (MOCVD), a commercial production method of cur-

rent GaN LEDs, uses similar, but volatile, metal organic molecules. Namely, if one

can commercially produce high purity volatile precursors, one should be able to
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produce pure, non-volatile precursors. It should be noted here that a large fraction

of these expensive volatile precursors are lost in the MOCVD process as they

‘shower’ the substrate. Second, sophisticated LEDs are not a simple, single p-n

junction, but are formed of multiple layers with nanometer dimensions. One reason

for the multiple layers is to grade lattice mismatch between different materials,

namely, substrate to semiconductor, etc. The principle reason is that single and

multiple quantum wells are used to better ‘collect’ electrons and holes. Thus, to

implement this multiple layered architecture for ZnO (or GaN) CSD technology

must become more sophisticated to produce the desired, multiple nano layers. No

theoretical or experimental limitation to this object can be seen to impede this

paradigm shift.
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Chapter 17

Orientation and Microstructure Design

Susanne Hoffmann-Eifert and Theodor Schneller

17.1 Introduction

Crystalline film formation typically occurs from the amorphous phase through a

nucleation & growth process. In Chap. 15 ‘Thermodynamics and Heating
Processes’ it has been shown that for chemical solution deposited (CSD) thin

films already the first pyrolysis step has an impact on the film densification process

and thereby on the film microstructure and orientation. In most cases CSD films have

to be heated to even higher temperatures for crystallization into the final structure to

occur. The high temperature steps involve thermolysis and structural relaxation

reactions, crystallization and dissolution of intermediate phases, and finally the

crystallization of the desired phase. All intermediate steps influence the nucleation

and growth process of the crystalline structure and by this affect the grain size and

orientation, in other words the morphology of the films. Therefore a careful

understanding of the crystallization process of a given material system depending

on the applied precursor chemistry, the heating processes and atmospheres, and the

underlying substrate material is inevitable for the growth of thin films of high and

reproducible quality. At the same time the strong effect of external processing

parameters on crystallization opens up the possibility to tailor the final microstruc-

ture and orientation of thin films deposited by CSD if the decisive controlling

parameters are once known. For the thermodynamic basics of nucleation theory the

reader may be referred to Chaps. 15 and 16 where crystallization processes are

described fundamentally in the model of glass crystallization theory. For many

practical applications of oxide thin films, the adjustment of a certain microstructure
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and a certain orientation is of utmost importance to obtain the desired properties of

thin films, especially for materials with anisotropic physical properties as is shown

in several chapters of this book.

17.2 Crystallization of Amorphous Films

Briefly crystallization is characterized by a competition between homogeneous

nucleation events within the volume of amorphous films and heterogeneous nucle-

ation events at the interfaces (substrate-film and/or substrate-atmosphere) or at

seeds (foreign particles or intermediate phases) within the amorphous matrix. The

initial stages of growth of the desired phase starting from an amorphous matrix are

schematically shown in Fig. 17.1a–c. Each of these events has its specific nucle-

ation and growth rate and one might dominate over the other (for comparison see

[1–3]). Columnar growth in CSD derived films can only be obtained if the possibility

for heterogeneous nucleation at the interface (preferably substrate/film) is favored

over all other basically possible nucleation events. It should be mentioned that

during the crystallization of an initially amorphous matrix also a competition of the

nucleation of different phases may occur, which of course affects the crystallization

of the desired phase. In certain cases, the formation of a metastable intermediate

phase is advantageous for the crystallization of the desired phase with a certain

texture (e.g. crystallization of PZT via the fluorite phase [4]). The competition of

the nucleation of different phases can for example be initialized by tiny

inhomogeneities of the cation or anion stoichiometry at the nanoscale.

Another important parameter for the phase formation is the control of the partial

pressure of volatile species during crystallization. In thin film production lines this

can be a rather difficult task because the thin film crystallization is mostly not

performed in a sealed environment but in a continuous gas stream. Therefore

different alternatives have been proposed to compensate evaporation of volatile

compounds in order to avoid the formation of non-desired phases during crystalli-

zation like for example adding a well-controlled excess of the volatile compound,

making use of as deposited gradients or depositing an enriched capping layer. Some

of these ‘tricks’ will be found in next paragraphs which deal with the case studies of

ferroelectric Pb(Zr,Ti)O3 and high-k (Ba,Sr)TiO3 thin films.

Beside the control of compositional homogeneity also the control of grain size

and texture are of predominant importance for the application of ferroelectric and

high-k thin films. Basically, this is originating from the non-centro-symmetric

materials properties which are inherent to ferroelectrics. Again different technolog-

ical approaches are available to address these topics. In the case study of high-k
(Ba,Sr)TiO3 thin films it will be shown how the grain size can be adjusted by the

control of the nucleation events resulting in thin film morphologies which range

from nanocrystalline to columnar shaped grains. In the case study of ferroelectric

Pb(Zr,Ti)O3 thin films the texture control will be addressed by demonstrating the

importance of the underlying substrate material for the initialization of textured

growth. In this case a control with regard to texture selection might be enabled if the
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lattice constants of the substrate and the crystalline film are matching. Table 17.1

summarizes exemplarily some lattice constants of alkaline earth and lead based

titanates and the corresponding misfit of the (111) oriented unit cells to (111)

textured platinum to show where textured growth should be possible.

As will be shown in the next sections, sometimes, in spite of relatively good

lattice matching, special tricks like artificial seeds or seed layers are necessary to

force the textured growth in a certain direction (see also Chap. 21).

Thus, important parameters which govern the microstructure and orientation

evolution are (1) precursor chemistry, (2) atmosphere, (3) processing temperature,

(4) heating ramp, (5) seed layers, (6) compositional inhomogeneities, and (7) the

underlying substrate material. In the following sections the evolution of different

morphologies and textures, respectively, will be explained by taking the influencing

factors mentioned above into account. By means of two technologically important

case study materials, i.e. ferroelectric Pb(Zr,Ti)O3 (PZT) and high-k (Ba,Sr)TiO3

(BST) it will be discussed how the detailed knowledge of the effects of these

different parameters enables the design of microstructure and orientation.

17.3 Case Study I: Crystallization of Pb(ZrxTi1-x)O3 Films

Lead titanate based material systems will serve in this section as prime example to

explain different facets of heterogeneous nucleation. Since lead titanate itself is

relatively difficult to grow crack free on platinized silicon substrates and since the

coercive voltage is relatively high, which makes it less attractive for device

integration, most work in the field of ferroelectric and piezoelectric thin films has

been directed to zirconia substituted lead titanate (Pb(ZrxTi1-x)O3) with various

compositions. For memory applications typically tetragonal compositions ranging

from 20 to 40 % substitution of Ti by Zr are preferred since they feature high

remanent polarization and relatively low coercive voltage. From a look to the

tetragonal distortion of the unit cell (Table 17.1) it becomes clear that the highest

remanent polarization is expected if the PZT grains grow along the c-axis direction
perpendicular to the substrate surface, i.e. (001) oriented grains. This however is

typically not possible on platinized silicon substrates due to ~150 MPa tensile stress

arising in the crystallized film during cooling through the Curie temperature caused

Fig. 17.1 Schematic illustrations of the different nucleation events which can take place during

crystallization of amorphous CSD thin films. (a) homogeneous nucleation, (b) heterogeneous

nucleation events at the interface, and (c) heterogeneous nucleation events at seeds
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by the thermal expansion mismatches between the film and substrate [15]. Hence

the second best growth direction would be along the body diagonal. In particular for

memory applications, where a high remanent polarization is a major issue, the

processes have to be designed to obtain highly (111) textured PZT films. In addition

a columnar microstructure is preferred over a grainy microstructure because it

eliminates grain boundaries in a direction perpendicular to the switched field. For

piezoelectric applications (for details see Chap. 25) compositions around the

morphotropic phase boundary (~PZT 53/47) are advantageous. As will be shown

there texture orientation control requires special measures, such as seed layers etc.

In the following the “natural” orientation development, i.e. after film deposition on

bare platinized silicon substrates is described. For details to the different applied

tricks the reader is referred to the Chaps. 21 and 25.

At first the different stages of the processing are briefly described to show crucial

factors which influence the microstructure evolution process. Starting point is

always the precursor solution. Most of the PZT precursor solutions (for details

see Chap. 3) are based on lead (II) acetate (with and without crystal water),

zirconium tetra n-propoxide and titanium tetra iso-propoxide dissolved in a solvent

which is very often an etheralcohol (R-O-CH2CH2-OH). Since it is a chemical

deposition process the precursor chemistry may play an important role. This aspect

is partly controversy discussed [1] but a recent comparison of studies on similar

precursor solutions with moderately modified educts shows a clear dependence on

this parameter (Fig. 17.4) [16]. After the deposition onto a substrate which is often

done by spin coating, the films are thermally treated which is typically performed in

a two-step process where at first a drying/pyrolysis (range 200–450 �C) step is

Table 17.1 Lattice constants of selected materials and compositions

Material/

composition

System at

RT

Lattice

constants Inplane distance

(111) di [Å]
Misfit toa (111)

Pt [%] Referencesa [Å] c [Å]

Pt Cubic 3.92(4) – 5.55 0 [5]

PtxPb Cubic 4.05 – 5.73 +3.24 [6]

PbTiO3 Tetragonal 3.902 4.156 5.64 +1.62 [7]

Pb(Zr0.2Ti0.8)O3 Tetragonal 3.965 4.110 5.68 +2.34 [8]

Pb(Zr0.3Ti0.7)O3 Tetragonal 3.992 4.108 5.70 +2.70 [9]

Pb(Zr0.44Ti0.46)O3 Tetragonal 4.017 4.139 5.74 +3.42 [10]

SrTiO3 Cubic 3.905 – 5.52 �0.54 [11]

(Ba0.6Sr0.4)TiO3 Cubic 3.965 – 5.61 +1.08 [12]

(Ba0.67Sr0.33)TiO3 Tetragonal 3.972 3.970 5.62 +1.26 [13]

BaTiO3 Tetragonal 3.994 4.038 5.67 +2.16 [14]
aSince platinized silicon substrates are a very typical and often applied substrate for CSD, the

lattice mismatch is calculated with regard to the usual (111) texture of the Pt-layer. For this

purpose averaged distances (di) of the atoms (ions) in the (111) plane were calculated from the

lattice constants of each material according to di ¼
ffiffiffiffiffiffiffi
2a2

p
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
a2þc2

p� �
=3 (c ¼ a in cubic case).

Then the misfit was determined according to Misfit ¼ di Materialð Þ�di Ptð Þð Þ
di Ptð Þ � 100 %
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performed and the as-pyrolyzed film is finally transferred to the crystalline film by

annealing in a furnace at 600–700 �C. As briefly pointed out in the introduction

nucleation has to take place in the as-pyrolyzed film, which is mainly X-ray

amorphous, but could still contain carbon residues or nanocrystalline secondary

phases depending on the process conditions. Thus it is instructive to begin with a

view on this amorphous phase. In the early days of PZT film preparation, often

secondary pyrochlore and fluorite phases, respectively, [17–19] were observed in

the films. These were commonly lead deficient if stoichiometric coating solutions

were applied due to the volatility of PbO at temperatures above approximately

500 �C. In order to avoid this lead deficiency either a lead excess between 10 and

20 % can be added to the precursor solutions, a PbO overcoat [20] on top of the PZT

film before crystallization can be deposited, or a PbO rich atmosphere in the furnace

during crystallization may be applied. These procedures were successfully applied

to avoid lead deficiencies, nevertheless pyrochlore or fluorite phases may occur

when indicated in nanocrystalline form, which means they cannot be detected by

conventional X-ray analysis. The origin of these metastable intermediate phases

can be explained by the model of the kinetically limited crystallization which is

described in detail in Chap. 15. This means that the applied temperature is not

sufficient to allow for long-range diffusion which in turn would be necessary to

form the thermodynamically stable perovskite. Instead (nano)crystalline fluorite or

pyrochlore intermediate phases are often observed [17–22], because these interme-

diate phases are compositionally more flexible than the perovskite phase and hence

form more easily [23]. Further factors which affect the kinetic competition between

different nucleation events are the Zr content, the type and orientation of substrate,

and the roughness. For example, increasing the Zr content is known to reduce the

perovskite crystallization rate. Therefore, increasing the Zr to Ti ratio should

increase the time for PbO loss and thus increase the likelihood of forming residual

surface fluorite. All these factors will influence the final microstructure [24, 25].

Interestingly these nanocrystalline fluorite or pyrochlore phases which may be

distributed homogeneously in the volume of the film do not act as nucleation sites

for the perovskite structure [23, 26] and therefore the favored nucleation event is the

heterogeneous nucleation at the substrate/film interface (Fig. 17.1b). Under certain

conditions heterogeneous nucleation at the film/atmosphere interface is basically

also possible. Schwartz et al. observed for example surface nucleated grains in case

of the use of aged PZT 40/60 precursor solutions [1]. Fortunately this kind of

nucleation is rarely observed and will therefore not be considered further in this

chapter. In fact most PZT films grow in a columnar way as the outcome of the

predominant heterogeneous nucleation, which in turn is the important precondition

to gain control over the orientation of the grains in the film. The current models for

texture selection of PZT thin films on platinized silicon substrates are discussed in

the following paragraphs. Thereby the most prominent model which is based on the

formation of an intermediate PtxPb phase will be described in detail but other

proposed models will be also mentioned for completeness.

For the intermetallic phase model two specific features of the CSD process,

namely the burnout of the organic material in the as-deposited film and the ease of
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change of the oxidation state between 0, +2, and +4 of lead have to be taken into

account. The latter is one reason for the suitability as electrode material in batteries.

During pyrolysis typically the organic matrix around the metal ions is decomposed

into carbon dioxide and water and maybe to a certain extent, depending on the

oxygen partial pressure to carbon monoxide. A low oxygen partial pressure

corresponding to a reducing atmosphere nearby the substrate PZT film interface

is self-evident either in the first time after starting the pyrolysis or if thicker films

are deposited, simply because oxygen diffusion from the surface through the film to

the interface needs a certain time. Thus Pb2+ could easily be reduced to metallic

lead (+0). Although the exact mechanism is not known yet the following well

known exothermic reaction may illustrate that thermodynamically this reaction is

reasonable in such a reducing ambience at a typical temperature for pyrolysis

(350 �C).

PbOþ CO ! Pb0 þ CO2 ΔG623:15K ¼ �76:66 kJ=mol1 (17.1)

Furthermore in the given metal oxide system, according to the Ellingham

diagram (Fig. 23.1), PbO is more easily reduced than TiO2 and ZrO2 [28]. In the

subsequent step the metallic lead will form an epitaxial (111) oriented PtxPb alloy

in the interface near region. This (111) PtxPb phase has a smaller lattice mismatch

to PZT (111) as the pure Pt (111) (Table 17.1) and is therefore beneficial for the

heteroepitaxial nucleation of PZT. Although the exact composition of this interme-

tallic phase is not completely clear yet there are several literature reports which

unambiguously point to this reaction. Chen et al. where the first, who investigated

this mechanism in order to explain the texture selection of their MOD derived films

[29]. They postulated a composition Pt5-7Pb while others found Pt3Pb [30, 31]

(Fig. 17.2d) or similar Pt3-4Pb [32] during thermal processing of sol-gel derived

PZT films. Brooks et al. also detected the formation of the intermetallic phase in

sol-gel derived PZT films, but only if the atmosphere was reducing (argon). They

found no evidence in their experiments that the PtxPb phase is formed when

processed under air and hence concluded that other mechanisms must govern the

texture selection [17]. However a closer look to the pyrolysis times in this work and

a comparison with studies, which investigate shorter pyrolysis times of sol-gel

derived PZT films [33, 34], show that the pyrolysis time in the study of Brooks

et al are probably too long to be able to observe the PtxPb phase, since under

oxidizing conditions the probably initially formed PtxPb phase was easily

re-oxidized. Interestingly this PtxPb alloy was at first found in a MOD derived

film maybe due to the fact that there is much more organic material in the as

deposited film which has really to be thermally decomposed and burned out,

respectively.

1 Calculated according to thermodynamic functions from textbook knowledge. Thermodynamic

basic data from [27].
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This means that the typically applied pyrolysis times in the range of few minutes

are simply not long enough to obtain already oxidizing conditions nearby the

Pt/film interface. Hence the probability for detecting the PtxPb phase in the

XRD’s of these MOD films is higher than in sol-gel2 derived films after similar

2 In the systematic of the CSD terminology PZT precursor solutions, which are often denoted with

“sol-gel”, belong to the mixed metallo-organic precursor systems (Chap. 3). They contain lead

carboxylate and the alkoxides of titanium and zirconium, which still undergo hydrolysis and

condensation reactions. Hence they can react in a sol-gel manner, which is different to MOD.

Fig. 17.2 Combined transmission electron microscopic and XRD study on the early stage of lead

titanate crystallisation. (a) X-ray diffraction patterns of comparably thick sol-gel type PbTiO3

layers heat treated at 650 �C for untypically short times. Durations and emerging phases are

indicated in the graph. (b) Bright field TEM image of a sample exhibiting the intermediate lead

platinum compound. Capital letters indicate the different layer materials S—SiO2, T—TiO2

adhesion layer, E—Pt bottom electrode, I—intermediate PtxPb layer and C—CSD derived film.

(c) and (d) High-angle annular dark field (HAADF) images and EDX scan lines (red in nm) of the

sample showing both intermetallic phases in the XRD pattern recorded at different positions. The

corresponding analysis of the EDX signals shows in case of (c) both intermediate phases (PtPb and

PtxPb), while in (d) only Pt3Pb could be detected. The bar at the bottom of the EDX profiles shows

schematically the layer sequence. Modified after [30]
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pyrolysis times since in the latter case a larger portion of the organic material may

be removed already at lower temperatures due to simple evaporation of released

alcohols stemming from the hydrolysis/condensation reactions. However if suffi-

ciently short pyrolysis times and slightly thicker film thicknesses were chosen,

intermetallic lead platinum phases could be also observed in sol-gel type solutions.

Thus recently, hints to the kinetics of the alloy formation were found by using

untypically short heat treatment times in the range of few seconds. By a combined

transmission electron microscopic and X-ray diffraction study on CSD derived lead

titanate films the occurrence of a PtxPb phase could be proven and even a hitherto

not observed phase with the composition of Pb:Pt of 1:1 was found in the very early

stage of the thermal process, i.e. after 1–2 s (Fig. 17.2). From the obtained data the

following improved model for the phase evolution was developed. In the early

phase of thermal processing a thin lead platinum alloy develops at the CSD film-

platinum electrode interface. With increasing temperature the lead atoms gain a

higher mobility leading to further diffusion into the Pt layer forming progressively

the intermetallic compound in sub-stoichiometric ratio. After a certain period of

coexistence the equimolar Pt-Pb composition vanishes leaving behind the Pt rich

composition.

Another alloy, namely Pt3Ti, proposed by Tani et al. [35], has to be mentioned in

this context as well. It is formed on Pt/Ti/SiO2/Si substrates by Ti outward diffusion

and reaction with Pt. This also decreases the interfacial energy between Pt electrode

and PZT(111) planes, due to the closer lattice matching similar to the PtxPb phase

[35, 36]. However this intermetallic phase can only form in case of a metallic Ti

adhesion layer. In case of the often used TiO2 adhesion layer the formation can be

practically excluded for two reasons. Firstly TiO2 does not move along the Pt grain

boundaries to the top of the Pt [37] and secondly the reduction of TiO2 to metallic Ti

under the given conditions can also be ruled out due to the thermodynamic reasons

mentioned above. A comparison of PZT films deposited by the same CSD process

on platinized silicon substrates with TiO2, ZrO2, and Al2O3 adhesion layers fea-

tured the same morphologic and ferroelectric properties irrespective of the under-

lying adhesion layer [16]. This yields another argument why Pt3Ti as orientation

promoting phase can be disregarded in most cases.

Besides these alloy models the (111) oriented nucleation and growth was also

explained by PZT seeds, which nucleate directly on Pt due to the lattice matching

between PZT (111) and Pt (111) (Table 17.1) at the film/Pt interface [38–40] or by a

model where at first a well-crystallized PZT-fluorite-structure Pb2(Zr,Ti)2O7-x

forms at the PZT/Pt interface in the as pyrolyzed film [41]. Since the (111) planes

are minimum energy planes in the fluorite lattice, it is concluded that these fluorite

crystallites grow with a preferential (111) orientation. During the subsequent

crystallization, (111) oriented perovskite nuclei form by conversion of the (111)-

oriented fluorite grains.

The case of (100) oriented growth of PZT films is often explained by an

energetically favored (100) growth plane [20, 39, 42].

In the last part of this paragraph some other factors will be shown which

influence the texture and microstructure development during CSD processing of
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PZT thin films. Certainly the thermodynamics and heat treatment conditions play a

crucial role. Therefore however the reader is referred to Chap. 15, where the

corresponding aspects are described in detail.

17.3.1 Influence of the Substrate

In order to get columnar grown PZT films with a preferred orientation such as (111)

for memory applications, predominant heterogeneous nucleation at the Pt/PZT

interface including transfer of grain orientation is of utmost importance. This

directly implies that the Pt film must have excellent surface properties, i.e. high

degree of (111) orientation, low roughness, and no hillocks or pin holes. The latter

two points are especially important for getting finally short circuit free ferroelectric

thin film capacitors. Figure 17.3 illustrates the impact of the quality of the platinum

bottom electrodes on morphologies and orientations of the grown PZT films.

If the platinum layer possesses a low degree of (111) orientation along with a

significant amount of (200) oriented grains (Fig. 17.3a), the resulting PZT film

shows a preferred (100) orientation and consists of large not well defined grains

(Fig. 17.3 upper lines and SEM image) [44]. In contrast, in case of optimized

substrates with highly (111) oriented Pt layers, correspondingly oriented PZT films

with well-defined columnar microstructures could be obtained (Fig. 17.3 lower

graphs and image).

Fig. 17.3 Influence of substrate. (a) XRD pattern from platinized silicon substrates obtained from

different suppliers after preannealing at 700 �C. The upper diffractogram stems from a less well

(111) oriented Pt layer with a considerable amount of (200) oriented grains in the Pt film. (b) XRD

results from PZT 53/47 films prepared with the same precursor solution (prepared according to

[43]) and the same processing conditions (spin on at 3,000 rpm, pyrolysis at 420 �C, 10 min,

crystallization in a RTA at 700 �C for 30 min) on these different substrates. (c) Corresponding

cross section SEM images showing quite different morphologies. The upper parts of the graphs in
each case show the films with less good properties. Modified after [44]
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17.3.2 Influence of Film Thickness and Precursor Chemistry

Depending on the application of the final PZT films, different film thicknesses are

required. While in case of piezoelectric applications thicker films are beneficial due

to the larger piezoelectric response, for memory applications thinner films are

aimed due to e.g. lower coercive voltage (see Fig. 17.4), which helps to reduce

the operation voltage of the device. In order to prepare such thinner films by CSD

the simplest approach is a reduction of the number of coatings and dilution of the

precursor solution with the corresponding solvent. According to the before

discussed effect of the PtxPb phase on the texture of the grown PZT films it can

be easily anticipated that the dilution of coating solution may affect the resulting

orientation of the PZT grains. The orange graphs in Fig. 17.4a, b show a typical

result of this procedure [45]. Here a 2-butoxyethanol based precursor solution [16, 46]

was diluted to a concentration of 0.37 mol/l and processed in an oxygen

containing environment. Highly (100) oriented PZT films were obtained featuring

indeed a lower coercive voltage but also a significantly lower remanent polarization

and a slanted loop compared to the optimized 119 nm thick (111) textured films

(black graphs in Fig. 17.4). This can be understood in terms of a suppressed

formation of the (111) orientation promoting PtxPb intermediate phase due to faster

oxygen diffusion through the thinner film. Less reducing conditions at the PZT/Pt

interface might lead to a suppression of the Pb2+ to Pb0 reduction, or a shorter

lifetime of a once formed lead platinum alloy. As the result the films grow

predominantly in (100) direction which give the lower ferroelectric response.

Taking this into account Norga et al. [47] suggested a reducing annealing in N2

atmosphere and could show the beneficial effect on the orientation, but only

Fig. 17.4 Impact of film thickness and precursor chemistry on the orientation and the ferroelectric

properties of PZT 30/70. (a) XRD pattern of differently processed PZT 30/70 films.

(b) Corresponding ferroelectric hysteresis curves. Black graphs: 119 nm thick films prepared by

an optimized standard CSD process (0.5 mol/l concentration) with annealing under oxygen

[16]. Green graphs: 56 nm thick films prepared by a modified CSD process with annealing

under nitrogen [45]. Blue graphs: 119 nm thick films prepared by a precursor modified CSD

process with annealing under oxygen. Here Ti(OiPr)4 has been replaced by (TBT). Orange graphs:
56 nm thick films prepared by a modified CSD process with annealing under oxygen [45]
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Ellerkmann et al. [45] could measure the improved ferroelectric response (green

graphs in Fig. 17.4).

Although not fully understood on the microscopic scale yet, the impact of a

small change of the educts in precursor solution synthesis may be explained by a

similar mechanism. The simple exchange of the typically used Ti(OiPr)4 by

Ti(OnBu)4 (TBT) during solution synthesis and otherwise unchanged processing

conditions compared to the standard route also led to an increased degree of (100)

orientation. As a consequence again a reduced remanent polarization is measured

(blue graphs in Fig. 17.4), although the thickness remained unchanged with respect

to the standard. This could be explained by different overall hydrolysis-condensa-

tion-decomposition behavior of the latter, which may lead to slightly more

oxidizing conditions at the Pt/PZT film interface [16]. This in turn prohibits the

effective formation of the PtxPb phase similar to the situation if very thin films

(<100 nm) are annealed under oxidizing conditions.

17.4 Case Study II: Crystallization of (Ba1-xSrx)TiO3 Films

Barium strontium titanate thin film systems will serve in this section as prime

example for a material system for which the crystallization of the pyrolized,

amorphous film into the perovskite structured titanate predominantly occurs via

homogeneous nucleation (see Fig. 17.1a, c). Nevertheless it will be shown how the

thin film morphology can be affected by the control of CSD processing (1) by the

choice of alkaline earth and titanium precursors, (2) by the heating procedure and

solution concentration.

Whereas the fundamental theory on ‘Thermodynamics and Heating Processes’
is discussed in Chap. 15, the present chapter should give a more detailed view on

the technologically interesting high-k material barium strontium titanate. Within

the solid solution system (Ba1-xSrx)TiO3, the phase transition from the low temper-

ature ferroelectric to the high temperature cubic phase is continuously shifted from

about (–260) �C for SrTiO3 to about 123 �C for BaTiO3 (see Fig. 17.5a) [48]. The

composition (Ba0.7Sr0.3)TiO3 exhibits a high technological potential because of its

high dielectric permittivity at room temperature which is of superior interest for

high-k capacitors as for example in monolytic integrated decoupling devices.

A challenge in the utilization of this type of high-kmaterial in thin film devices is

the dependence of the dielectric and ferroelectric properties on the microstructure

of the crystalline material, i.e. the grain size, texture, and intrinsically incorporated

defects (Fig. 17.5b) [49]. In Chap. 23 it is demonstrated how the increase of the

crystallization temperature can improve the dielectric properties of BaTiO3 thin

films for integration into multilayer ceramic capacitors (MLCC). Whereas in this

chapter we will concentrate on the temperature regime below 800 �C which is the

maximum temperature for the integration of BST thin film capacitors onto silicon

based devices [50].
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17.4.1 Influence of Precursor Chemistry

Well established synthesis routes for precursor solutions containing barium, stron-

tium and titanium are typical hybrid routes (see Chap. 3) utilizing alkaline earth

carboxylates in combination with stabilized or non-stabilized titanium alkoxides

dissolved in a mixture of carboxylic acid and a parent alcohol or glycol [51–54]. In

order to prepare high quality BST thin films, Hasenkox et al. [55] optimized and

studied this approach in detail in particular with regard to decomposition and phase

formation behavior of precursors with different chain lengths of the carboxylates.

The details of the CSD process may be found in Sect. 3.4. In general a complex

sequence of decomposition and densification steps accompanied by eventual for-

mation of metastable intermediate phases occurs during the heating procedure

which is roughly comprised in Table 17.2.

For alkaline earth carboxylates the length of the alkyl chain significantly affects

the chemical and physical properties of the compound [56] such as the polarity or

solubility and the thermal decomposition behavior (for details see Chap. 2).

It could be shown [55, 57] that one key point for the understanding of the crystalli-

zation behavior of BST thin films from a carboxylic route is the knowledge about the

decomposition of the alkaline earth carboxylate precursor in relation to the decompo-

sition of the titanium precursor and thus the formation of the titanium oxide skeleton.

For this purpose the regimes of thermal decomposition were determined from

thermogravimetric analyses of the different precursors. From the systematic summary

given in Fig. 17.6 two types of barium and strontium carboxylate precursors have been

identified. Type I precursors which are given above the Ti compounds in Fig. 17.6

show a slightly lower or comparable decomposition temperature compared to the

titanium precursors and Type II precursors which are listed below the Ti compounds

decompose at slightly higher temperatures relative to the titanium compound.

The effect of the decomposition behavior of the alkaline earth precursors on the

crystallization of the barium-titanium and strontium-titanium based films into the

Fig. 17.5 Temperature dependence of the relative dielectric permittivity for (a) coarse grained

(Ba1-xSrx)TiO3 ceramics and (b) CSD grown thin films with a thickness of about 200 nm integrated

into Pt/BST/Pt devices [49]. With kind permission of The European Physical Journal (EPJ)
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respective perovskite structures, SrTiO3 and BaTiO3, has been studied in detail by

means of a series of crystallization temperatures in combination with infrared

spectroscopy (FTIR) and X-ray diffraction (XRD) analyses of the obtained thin

films [55]. Figure 17.7 shows the results for three representative precursors, the type

I precursor Sr-propionate in comparison to the type II precursors Sr-acetate and

Ba-acetate. In accordance to the low decomposition temperature of the

Sr-propionate precursor, the respective CSD process gives SrTiO3 thin films of

crystalline perovskite phase at very low growth temperatures of about 450 �C
(723 K). In contrast, the crystallization into the SrTiO3 or BaTiO3 phase, respec-

tively, is delayed up to temperatures of about 650 �C (923 K) if type II precursors

are used. A very interesting feature is the appearance of an intermediate phase

(ZP) which is observed for both type II precursors irrespective of the difference of

the alkaline earth cation. By combination of the FTIR and XRD diagrams with

literature data an alkaline earth titanium oxocarbonate phase [58] was proposed

[55] which was also confirmed by other groups [59].

Table 17.2 General effects occurring during the crystallization of BST thin films (see [55])

Step Effect

1 Hydrolysis and decomposition of the titanium precursor

2 Formation of an amorphous titanium-oxide skeleton with alkaline earth carbonates sitting in

the pores of the network

3 Decomposition of the Ba- and Sr-carboxylates

4 Growth of intermediate phases which affect the crystallization of the perovskite phase

5 Densification and crystallization of the final perovskite phase

Fig. 17.6 Decomposition regimes of the barium and strontium carboxylates in air in comparison

to titanium tetra n-butoxide. The inset shows representative TG/DTA curves of Sr and Ba

propionate
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Thus, two mechanisms have to be distinguished in respect of the nucleation of

the SrTiO3, BaTiO3, and BST thin films obtained from alkaline earth carboxylate/Ti

butoxide based CSD solutions. For the type I Sr- and Ba-precursors, the crystalli-

zation process may be described as a homogeneous nucleation which occurs at low

temperatures (compare Fig. 17.1a) [60]. In contrast, the crystallization into the final

perovskite phase is delayed to higher temperatures for the type II Sr- and

Ba-precursors, and in addition, the formation of an intermediate alkaline earth

titanium oxocarbonate phase is observed [61, 62]. The intermediate phase forma-

tion is identified as the main origin for the increase of the temperature for crystalli-

zation of the perovskite phase to values of about 650 �C (923 K) which is even

higher than the decomposition temperatures of the individual precursors. In analogy

to the crystallization process of CSD PZT thin films described in case study I, it is of

superior importance to identify the role of the intermediate phase for the nucleation

behaviour of the BST thin films. Hasenkox et al. [55] showed that the intermediate

metal-Ti-oxo-carbonate phase influences the perovskite phase formation in two

respects. Firstly, the crystallization of the perovskite phase is delayed to higher

Fig. 17.7 Crystallization behavior of SrTiO3 and BaTiO3 thin films derived from different

alkaline earth precursors which can be classified with respect to their decomposition behavior

into type I, Sr-propionate, and type II, Sr-acetate and Ba-acetate, according to Fig. 17.6. ‘w’

assigns peaks of the substrate material. (rearrangement of diagrams from [55] with kind permis-

sion from Springer Science and Business Media)
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temperatures. Secondly, the metal-Ti-oxo-carbonate nanograins act as homoge-

neous seeds for preferred crystallization of the perovskite phase. Thus the crystalli-

zation mechanism of perovskite type BST thin films from carboxylate-alkoxide-

based CSD routes has basically to be described as homogeneous. For type I alkaline

earth precursors which decompose at low temperature a nucleation of randomly

oriented perovskite grains can be observed at temperatures of about 450 �C. For
type II alkaline earth precursors crystallization of the perovskite phase is delayed

due to the intermediate formation of a metal-Ti-oxo-carbonate phase. The nucle-

ation of this phase appears in a homogeneous manner throughout the amorphous

film matrix and these metal-Ti-oxo-carbonate nano crystals serve as seeds for the

nucleation of the perovskite BST phase [60]. The nucleation processes may be

schematically comprised by the pictures in Fig. 17.8.

In summary, homogeneous nucleation events are dominating the microstructure

of CSD derived perovskite-type BST thin films irrespective of the choice of alkaline

earth carboxylic precursor. Nevertheless, the nucleation density and subsequently

the grain size are affected by the decomposition temperature of the alkaline earth

carboxylate compound. While CSD processes utilizing type I precursors result in a

high density of perovskite type nuclei formed at low temperatures, the use of type II

precursors results in nucleation of oxo-carbonate seeds at higher temperatures and

in a lower density of nanograins. These intermediate phase nuclei may then act as

seeds for the crystallization of the perovskite phase. This model can explain the

morphological difference in grain size between the films obtained from different

precursors.

17.4.2 Influence of Heating Procedure and Solution
Concentration

As it has been discussed in detail by Schwartz and Narayanan in Chap. 15 there is a

strong kinetic competition of homogeneous and heterogeneous nucleation events

and thus, the heating rate and the crystallization temperature of the desired phase

strongly influence the final microstructure of the thin films. From thermodynamic

perspectives of crystallization events and phase evolution processes it becomes

apparent that heterogeneous nucleation events are favored for high heating rates

and high crystallization temperatures [1]. In this case the driving force for crystal-

lization is small and thus the number of homogeneous nucleation events is strongly

decreased shifting the competition between the nucleation events to the side of

heterogeneous nucleation [63]. Experimental evidence for this model has already

been indicated in Sect. 17.4.1 where it was shown that the increase of the crystalli-

zation temperature for the perovskite phase for the case of type II precursors

resulted in more coarse grained films as compared to fine grained polycrystalline

films which are obtained by low temperature processing utilizing the type I

precursors.
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But in order to change the microstructures of the BST thin films significantly,

one more step is necessary. This is accessible by means of one more independent

parameter of the CSD processing: the concentration of the CSD solution which

affects the thickness of the single deposited layer. The reduction of the thickness of

the amorphous layer will increase the probability of heterogeneous nucleation

events at the cost of homogeneous nucleation events as a consequence of the

increase of the surface to volume ratio. And this parameter is directly accessible

by the thickness of the single coating in CSD [57]. Results of the corresponding

experiments for the case of BaTiO3 and SrTiO3 thin films are shown in Fig. 17.9.

The columnar structure of the alkaline earth titanate films grown from CSD has

been confirmed by transmission electron microscopic studies on thin film cross

sections [64]. From the high resolution micrographs the epitaxial overgrowth of

subsequent layers forming the columnar microstructure could be revealed;

examples are shown in Fig. 17.10.

This case study on the crystallization behavior of CSD grown (Ba1-xSrx)TiO3

thin films may show the huge variety of process parameters which are accessible in

chemical solution deposition techniques and which in combination with a funda-

mental understanding of the decisive chemical and physical mechanisms may be

utilized to tune the microstructure of the film with respect to the need of the final

application.

The proposed growth mechanism for CSD grown BST thin films is in good

agreement to the empirical ‘structure zone model for sol-gel films’ which has been

recently proposed by Schuler and co-workers [65]. The authors defined an empiri-

cal number q ¼ ICS/SLT as the ratio of the ‘intrinsic crystallite size (ICS)’ and the

‘single layer thickness (SLT)’. From statistical analysis of the q-parameter as a

function of the film crystallization temperature for a variety undoped and doped

TiO2, SnO2, and ZnO2 thin films they could identify different zones representing

the three main structures of thin films: columnar, layered and granular. For CSD

accessible processing temperatures which result in crystallized thin films the three

main microstructures can be identified by the q-parameter. For q << 1, a fine

grained morphology is observed, while for 0.42 < q < 1 a layer-type film micro-

structure appears, and for q >> 1 the grain structure becomes columnar type.

Fig. 17.8 Schematic illustration of the early state of nucleation of the perovskite phase in CSD

grown SrTiO3 and BaTiO3 thin films obtained from an alkaline-earth-carboxylate/Ti alkoxide

based route for (a) Type I alkaline earth precursor and (b) Type II alkaline earth precursor. The

grey film represents the amorphous matrix, and the red and grey circles refer to the perovskite and
to the metal-Ti-oxo-carbonate phase, respectively
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From the glass crystallization theory described in Chap. 15 and from our studies

it is obvious that this classification by means of the q ratio holds for the categoriza-
tion of thin film structures for which the homogeneous nucleation is dominating

over the heterogeneous one. While the ‘structure zone model’ is an empirical

approach, the results confirm those derived from the thermodynamic and kinetic

description of the crystallization process and the phase evolution. The empirical

‘structure zone model’ may therefore be utilized where a new CSD route should be

applied to the growth of a crystalline thin films with a certain desired micro

structure.

The necessity for the control of the microstructure of high-k thin films is

becoming obvious from the graph in Fig. 17.11. Here the temperature dependence

of the permittivity of Pt/BaTiO3/Pt capacitors is shown for films of the same

thickness of 200 nm, but significant differences in the morphology and grain size

(see [66, 67]).

Fig. 17.9 Morphologies of BaTiO3 and SrTiO3 thin films grown from CSD solutions with

different concentrations which result in different thicknesses of the individual layers. The perov-

skite thin films were grown from type II carboxylate Ti-alkoxide solutions using Ba-propionate

and Sr-acetate, respectively. The single layers where crystallized at 750 �C and the final annealing

of the about 250 nm thick films was performed at 800 �C (rearrangement of diagrams from [57]

with kind permission from Cambridge University Press)
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The principle has been also applied to (Ba0.7Sr0.3)TiO3 thin films by Liedtke

et al. [68–70] who could demonstrate the growth of 30 nm thin columnar structured

BST thin films from CSD technique (see Fig. 17.12) [69], which showed compara-

ble high insulation resistance and high-k values as compared to state of the art

MOCVD grown BST films [71] for integrated capacitor applications.

Fig. 17.10 (a) Transmission electron micrographs of a columnar structured SrTiO3 thin film

revealing straight columns, a clear interface between the Pt substrate and the STO film and even a

heteroepitaxial relationship between the (111) Pt texture and the (111) STO texture of the SrTiO3

thin film. (b) The high resolution transmission electron micrograph of a columnar structured

BaTiO3 grain clearly resolves the epitaxial overgrowth of subsequent layers during CSD

processing (rearrangement of diagrams from [64] with kind permission from Cambridge Univer-

sity Press)

Fig. 17.11 Effect of microstructure and grain size on the relativity permittivity values of

Pt/BaTiO3/Pt capacitors (rearrangement of diagrams from [66] with permission from Elsevier)
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Beyond the high-k materials, the microstructure tuning approach of multiple

coatings of ultrathin individual layers has been successfully applied to a variety of

other functional oxide layers, which show a predominately homogeneous crystalli-

zation behavior. Among these are transparent conducting oxides (TCO—see

Chap. 26) [73–75], higher-k materials [76], and proton conducting perovskites

[77], to name a few examples.

17.5 Summary

For functional oxide thin films the microstructure and orientation of the films’

grains is of superior importance with regard to a control of the desired electrical

properties. In this chapter, we have attempted to give a more detailed insight into

the microstructure control of technical relevant Pb(Zr,Ti)O3 thin films for ferro-

electric and piezoelectric applications and (Ba,Sr)TiO3 films for high-k capacitors.
The main difference between the two perovskite thin films is their preferred

nucleation when deposited on technical relevant platinum coated silicon substrates.

While the crystallization of PZT films is a predominant example for a heteroge-
neous nucleation the crystallization of BST films can be regarded as a classical

example for homogeneous nucleation. Thus, the two case studies dealt with in this

chapter, highlight different important aspects which might be utilized to achieve a

certain microstructure. For the heterogeneously crystallizing PZT films grown on Pt

coated silicon substrates the formation of a textured PtxPb phase is of great

importance because of the better lattice matching to PZT. We showed that beside

the preference of heterogeneous nucleation events the atmosphere during

processing and the chemistry of the CSD PZT solution are significant factors in

order to establish an oxygen deficient environment at the Pt/PZT interface to favor

the development of the PtxPb phase. For the homogeneously crystallizing BST

films grown on Pt coated silicon substrates the orientation of the Pt layer is of lower

importance. Nevertheless, the microstructure of these films can be tailored from

fine grained random oriented, via coarse grained to columnar structured grains with

preferred texture by changing the solution chemistry, the concentration of the

Fig. 17.12 Columnar structured (Ba0.7Sr0.3)TiO3 thin films of 30 nm thickness prepared by a

propionate based CSD route. The films exhibit density values as well as permittivities and leakage

currents which are comparable to high quality BST films obtained from metal organic chemical

vapor deposition. Modified after [72]
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solution and the heating rate. It should be mentioned that the formation of an

intermediate metal-Ti-oxo carbonate phase is necessary to shift the crystallization

temperature of the perovskite phase to higher temperatures. This in consequence

favors heterogeneous nucleation, although in a very limited processing regime. In

recent years the ‘dissolution principle’ has been successfully transferred to other

material systems in order to control the microstructure and hence the desired

properties of the thin films. This in turn nicely demonstrates the more general

applicability of this method.
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Chapter 18

Low-Temperature Processing

Sebastjan Glinšek, Barbara Malič, and Marija Kosec{

18.1 Introduction

Functional oxides typically consist of at least two metal ions, such as a large group

of transition-metal perovskites, including (Ba,Sr)TiO3 (BST) and Pb(Zr,Ti)O3

(PZT). While in CSD of single-metal oxides the crystallization from the amorphous

phase is the process which mainly determines the final heating temperature, in

complex oxides the thermodynamically stable phase composition and absence of

chemical heterogeneities are additional requirements to be fulfilled.

The design of the heterometallic precursor solution, which results in a homoge-

neous distribution of constituent species, and the heating profile, which allows an

effective removal of functional groups without any phase segregation, are the key

parameters which contribute to decreasing the processing temperature in ‘classical’

CSD of complex-oxide thin films [1–3].

The choice of the substrate and/or the nucleation layer or seeds has contributed

to decreasing the crystallization temperature of materials which crystallize predom-

inantly via heterogeneous nucleation, with PZT as the most studied example

[4–11]. In contrast, in films with prevailing homogeneous nucleation, such as

BST, lowering of the crystallization temperature could be influenced either by

solution chemistry or heating profile [2, 12].
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Due to application requirements the functional-oxide films have been generally

deposited on platinized silicon substrates with the following structure: Pt/TiOx/

SiOx/Si. The main obstacle for successful integration of the films into silicon

technology is their relatively high processing temperature, usually between

500 and 750 �C for PZT [5] and at least 650 �C for BST [2, 13]. At temperatures

above 500 �C, various interface reactions contribute to a decreased functional

response of the films, including diffusion of titanium through the substrate [7, 14]

and/or diffusion of lead through the platinum in case of the PZT [15].

Halder and co-workers [16] showed that the temperature stability of the platinum

electrodes can be enhanced up to 1,000 �C by the exchange of TiOx adhesion layer

with Al2O3. Despite strongly enhanced functional properties of the BST films

deposited on such substrates, this approach still does not solve the problem of

high-temperature stability of other components and therefore the need for lower

processing temperatures of functional-oxide thin films remains.

In recent years, many combined approaches have been employed to prepare

functional-oxide films at temperatures around 400–450 �C. In these cases other

methods have been included into the chemical solution deposition process, such as

hydrothermal processing, photochemical activation, or laser activation [17–19].

Further approaches, such as multiphase ferroelectric films (ferrons model) [20],

ultra-thin films of solid solutions of Bi2SiO5 and ferroelectrics (Bi4Ti3O12,

SrBi2Ta2O9, Pb(Zr,Ti)O3) with crystallization temperatures at 150–200 �C [21],

or low-pressure rapid thermal annealing (RTA) [22] have been reported and the

interested reader is directed to references listed above.

Flexible, transparent, lightweight, and mechanically robust electronics for

so-called “invisible electronic circuits”, such as displays or identification tags, are

based on oxide semiconductor films on polymer substrates which typically require

processing temperatures below 150–200 �C. Amorphous ZnO–based thin films

have been deposited by physical vapor deposition routes even at room temperature

[23, 24], however solution approaches to deposit organics-free amorphous films at

such temperatures are still a challenge [25, 26].

18.2 Solution Chemistry

One of the main advantages of CSD is that by designing the solution chemistry the

phase composition, orientation, microstructure and functional properties of the

films are modified. Lowering the crystallization temperature can be achieved by

forming the metal complexes or coordination compounds, which have the same

arrangement of metal and oxygen ions as in the final crystalline state already in the

solution, and/or by increasing the homogeneity of the solution.

Hirano and Kato [1, 27] prepared LiNbO3 thin films on silicon and sapphire

single-crystal substrates from the 24 h-refluxed solutions of lithium and niobium

ethoxides in ethanol solvent. The films, deposited from the partially hydrolyzed

solutions, started to crystallize after heating as low as 250 �C and were fully

crystallized upon heating at 400 �C. The heating was performed in a flow of
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water vapor-enriched oxygen, which promoted both hydrolysis of the remaining

alkoxide groups in the gel film and oxidation of residual organic species. As it was

shown later by Eichorst and Payne [28], the bimetallic alkoxide LiNb(OEt)6 was

formed during the reflux, which served as the “molecular building block” for the

crystallization of LiNbO3 thin films. The films deposited on (100) silicon substrates

and heated at 400 �C reached the values of dielectric permittivity ε0 and dielectric

losses tanδ at 100 kHz of 35 and 0.004, respectively [29].

The crystallization of the perovskite phase often occurs via a transient

non-ferroelectric phase and if such phase persists in the final film it can lower its

functional response. In the process of crystallization of BaTiO3 and SrTiO3 thin

films from short alkyl-chain carboxylate-alkoxide based precursors, a transient

oxocarbonate phase is formed which shifts the crystallization of the perovskite

phase to higher temperatures. This is not the case if longer-chain carboxylates are

used. For example, BaTiO3 films, prepared from barium propionate or acetate,

crystallize at 700 �C, while the films prepared from barium ethylhexanoate crystal-

lize at 600 �C [2]. But even when carboxylate free precursors are used and the

formation of the transient oxocarbonate phase is avoided BaTiO3-based films were

found not to crystallize bellow 600 �C [30].

In the case of PZT, a non-ferroelectric pyrochlore-type phase is stable up to

550 �C, depending on the composition, as shown in Fig. 18.1 [5].

The crystallization temperature of the perovskite phase decreases with the

decreasing Zr/Ti ratio, as shown in Fig. 18.1. The influence of the Zr/Ti ratio on

the crystallization kinetics is also illustrated by the cross-section transmission

electron microscope (TEM) micrographs of the Zr-rich Pb0.905La0.095Zr0.65Ti0.35O3

(PLZT 9.5/65/35) and Ti-rich PbZr0.3Ti0.7O3 (PZT 30/70) films on platinized

silicon heated at 400 �C (Fig. 18.2). In the Zr-rich film, only a thin part of the

film close to the substrate crystallized into the perovskite phase, indicating the

prevalence of heterogeneous nucleation, while the bulk of the film remained

amorphous after heating for 5 h. In contrast, the Ti-rich film was fully crystallized

and consisted of columnar grains after only 1 h at 400 �C. The influence of the

solution chemistry on the perovskite crystallization at 400 �C was further studied in

the Ti-rich PZT and La-doped PZT films [31, 32]. PZT 30/70 films, prepared from

lead oxide, zirconium, and titanium n-butoxides in 2-methoxyethanol on platinized

silicon substrates, crystallized in (111) oriented perovskite phase after heating at

400 �C and showed good ferroelectric properties with remanent polarization Pr

20 μC cm�2 and coercive field Ec 160 kV cm�1.

The reactivity of zirconium alkoxide, n-propoxide in the specific study, was

found to be the critical issue for enhancing the homogeneity of the PZT 53/47 sols

prepared by the 2-methoxyethanol route [3]. The investigation by extended X-ray

absorption fine structure spectroscopy (EXAFS—see Chap. 8) pointed to segrega-

tion of the zirconium species already upon the PZT solution synthesis. By modifi-

cation of the zirconium n-propoxide by acetic acid prior the PZT synthesis, the

original dimeric structure of the alkoxide was preserved throughout the solution

processing and also in the amorphous film. Consequently, such films had a more

homogeneous microstructure (Fig. 18.3) and exhibited enhanced dielectric

properties than conventionally prepared films [35].
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18.3 Seeding Layers and Crystallization Seeds

The principle of this approach in processing of PZT thin films is that the nucleation

is the rate limiting step for the crystallization of the perovskite phase, i.e., the

activation energy of the nucleation is much higher than that for the growth of the

crystallites [36]. Kwok and Desu [5] successfully lowered the perovskite crystalli-

zation temperature of the PZT 53/47 thin films on sapphire substrates for 100 �C,
that is to 500 �C, by introducing a thin PbTiO3 seeding layer (~45 nm), selected on

the basis of the lowest crystallization temperature in the PZT solid solution

(Fig. 18.1).

Fig. 18.1 Pyrochlore to perovskite transformation temperatures as a function of the

PbZrO3–PbTiO3 solid solution composition. Py pyrochlore phase, P perovskite phase

[5]. Reprinted with permission of the author and MRS©1992

Fig. 18.2 Influence of the composition (Zr/Ti ratio) on the crystallization kinetics of the

PZT-based thin films on platinized silicon substrates (a) TEM micrograph of the PLZT 9.5/65/

35 thin film after heating at 400 �C for 5 h [33], (b) PZT 30/70 thin film after heating at 400 �C for

1 h [34]. Am amorphous phase, P perovskite phase. Reprinted with the author’s permission
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In the lead-based perovskite films, another effect has been implemented to promote

the heterogeneous nucleation at the film/electrode interface and consecutively to lower

the energy barrier for the nucleation of perovskite phase. Upon heating of the

as-deposited (‘gel’) film, a reducing local atmosphere may form as a consequence of

the oxygen consumption in the process of thermal decomposition/oxidation of

organics. A fraction of Pb2+ species may be reduced to Pb0 (see preceding chapter).

In case of the film on platinized silicon substrate, a Pt-Pb intermetallic phase,

described as Pt5-7Pb [8], Pt3Pb [37], or Pt6Pb [38], may form. The TEM micrograph

and XRD patterns of the amorphous PZT films after heating to 400 �C in different

atmospheres, revealing the presence of the Pt-Pb intermetallic phase, are collected in

Fig. 18.4. The intermetallic phase serves as an efficient nucleation layer for the (111)

oriented perovskite phase due to a good lattice match to the PZT. For example, the

lattice mismatch between the PZT 30/70 (a0 ¼ 4.035 Å for pseudocubic perovskite

phase) and Pt3Pb phase (a0 ¼ 4.05 Å) is only 0.37 %. Upon further heating the Pb0

may re-oxidize again to Pb2+. By implementing this approach, the (111) oriented PZT

30/70 films with the values of remanent polarization, Pr, coercive field Ec, and

pyroelectric coefficient γ of 36 μC cm�2, 66 kV cm�1, and 1.8 � 10�4 C m�2 K�1,

respectively, have been prepared at 480 �C [4].

The amount of the intermetallic Pt-Pb phase formed during heating can

be controlled by the choice of the starting compounds [39]. PZT 30/70 films

on platinized silicon were prepared from transition metal n-butoxides in

2-methoxyethanol. When the PbO was used, the films were (111) oriented after

heating at 400 �C, while the films prepared from the lead acetate had a mixed (111)/

(100) orientation of the perovskite phase. The difference was explained by the

thermal decomposition pathways of the lead oxide- and lead acetate-derived gel

films. In the former case, the local atmosphere was much more reducing than in the

latter case. As a consequence, a larger amount of intermetallic Pt-Pb phase was

formed during heating which remained stable in a wide temperature range, between

350 and 450 �C. In the latter case, the amount of the as-formed Pb0 was lower and it

re-oxidized to Pb2+ in a narrower temperature interval.

Wu and co-workers [5] used another approach to lower the activation energy for

nucleation of the perovskite phase. They introduced the perovskite PZT 52/48

particles as the nucleation seeds into the sol of the same composition. The films,

prepared from the sols with 5 mol% of the seeds, crystallized into the single-phase

Fig. 18.3 Plane view SEM micrographs of the PZT 53/47 thin films on platinized silicon

substrates after heating at 650 �C for 15 min in RTA furnace, prepared from (a) nonmodified

precursor solution, (b) acetic acid-modified zirconium n-propoxide [30]. Reprinted with permis-

sion of Elsevier©2003
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perovskite with preferential (111) orientation after heating at 400 �C for 40 h. The

films heated at 430 �C for 40 h reached the values of remanent polarization Pr, and

coercive filed Ec of 6.71 μC cm�2, and 80 kV cm�1, respectively.

Maki et al. [41] combined the seeding approach with the RTA heating to prepare

high quality PZT 40/60 thin films on platinized silicon substrates at as low as

420 �C. First, they deposited a thin (~3 nm) PbTiO3 seeding layer. In the second

step, they deposited the PZT solution on it and crystallized it on a hot-plate at

420 �C for 2 h. They repeated the deposition/heating steps for four times and

therefore each crystallized layer served as the seeding layer for the following one.

The 135 nm thick films showed promising ferroelectric properties with the Pr 15 μC
cm�2 and Ec 59 kV cm�1.

18.4 Sol-Gel Hydrothermal Processing

An interesting approach to low temperature processing of thin films is a combina-

tion of sol-gel, or more generally CSD, and hydrothermal methods. This method

offers advantages of both techniques, control of the film stoichiometry and thick-

ness, deposition of uniform layers over large areas of the former, and low

Fig. 18.4 XRD patterns of the amorphous PZT 30/70 thin films prepared from transition metal

n-butoxides and PbO in 2-methoxyethanol deposited on platinized silicon substrates. The films

were heated to 400 �C in nitrogen, air, or oxygen atmospheres. Inset: TEM micrograph of the film

heated to 400 �C in air revealing the intermetallic Pt-Pb phase between the amorphous PZT and

platinum electrode [33, 40]. Am amorphous phase, asterisk substrate. Reprinted with permission of

the author and MRS©2006
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temperature crystallization of the latter. A comparison of the three approaches,

sol-gel, hydrothermal, and ‘combined’, for the processing of PZT 52/48 films is

shown in Fig. 18.5 [17, 42].

Amorphous gel film, containing Pb/Zr/Ti in the stoichiometric ratio

corresponding to PZT 52/48, on platinized silicon substrate was immersed into

the 2 M KOH + 0.1 M Pb(OH)2 solution and hydrothermally treated in an auto-

clave at 160 �C for 1 h. The KOH supplied a large enough amount of OH� ions for

the reaction as the solubility of the Pb(OH)2 was not high enough. The perovskite

phase with (111) preferred orientation crystallized upon hydrothermal treatment.

The authors proposed a dissolution-reaction-crystallization mechanism for the

perovskite formation. The Pb-species dissolved in the KOH + Pb(OH)2 mixture,

while the dissolution of ZrO2 and TiO2 was slower, and consequently a porous

skeleton of these two compounds remained on the substrate. PZT as the product of

the hydrothermal reaction in the solution precipitated on the substrate. The

as-prepared films had poor ferroelectric properties. However, after post-heating at

400 �C the Pr 26 μC cm�2 and Ec 40.1 kV cm�1 were obtained. The improvement

was most probably due to the removal of the adsorbed water [42].

Besides PZT, BaTiO3 films were also deposited at low temperatures using this

approach. Similarly, post-annealing at 500 �C contributed to improved dielectric

properties [43].

A low-temperature water-based synthesis was used for the preparation of epi-

taxial ZnO structures on (111) MgAl2O4 substrates [44]. The synthesis was

performed in two steps. In the first step, the substrate was submerged into a sealed

aqueous solution of zinc nitrate and ammonium nitrate at 90 �C. Simultaneously,

Precursor

Substrate

sol-gel
Hydrothermal Growth
sol-gel+hydrothermal

Pt/Ti/SiO2/Si

Spincoating Drying

Repeat
4 times

Aqueous Solution

Hydrothermal

Post-baking

Annealing

treatment
100–200°C

400°C

600°C
(60min)

Substrate
Ti/Pt/Ti/SiO2/Si

Pre-baking
300°C

(30min)
120°C

(10min)

500rpm(5s)
2000rpm

(18s)

Solution of
PZT

Fig. 18.5 Flow chart presentation of the conventional sol-gel, hydrothermal methods and com-

parison to the “hybrid” sol-gel hydrothermal process as reported by Wei and co-workers for PZT

52/48 films [42]. Reprinted with permission of JSAP©2001
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the pH of the solution was raised from 4.5 to 7.5 (room temperature values, pH was

approximated to be invariant with the temperature) to produce a supersaturated

solution with a large number of nuclei. This step resulted in a thin ZnO film

composed of small epitaxial grains which served later as the seeding layer. Before

the second step, the film was covered by a photoresist and patterned to obtain

periodic circular windows where anisotropic growth of the ZnO could occur.

Consequently, the epitaxial growth on the seeding layer was achieved by submerg-

ing the film into a sealed solution of zinc nitrate and ammonia at room temperature,

then the temperature was raised to 90 �C. Somehow contra-intuitive decrease of

ZnO solubility with increase of the temperature in the aqueous ammonia solution

was confirmed also by a thermodynamical model [45].

18.5 Photochemical Solution Deposition

A combination of photochemical activation and CSD has been employed in

low-temperature processing of functional-oxide films. The decomposition of

organic species in the gel film upon pyrolysis was promoted by a high-power

irradiation in the ultraviolet (UV) range. This resulted in a decrease of the crystalli-

zation temperature of the target phase. To modify the organics decomposition

pathway by the UV radiation, the starting solution should contain UV absorbing

species. Metal alkoxides, which are often used as metal sources in the CSD, do not

have significant absorption in this wavelength range. On the other hand, UV

radiation causes photoexcitation of π � π* transitions in β-diketonate complexes

and dissociation of the chelate bonds [46, 47]. Thus UV radiation can also be used

for patterning as described in more detail in Chap. 20.

The photochemical solution deposition has been implemented in processing of

different single-oxide films, such as ZrO2 and SiO2 [48, 49], as well as complex

oxides, such as Pb0.76Ca0.24TiO3 (PCT). Calzada and co-workers [18] prepared

PCT films on platinized silicon substrates by the diol-based sol-gel route where the

titanium alkoxide was modified with β-diketonate, as shown in Fig. 18.6a. The gel

films were exposed to UV radiation at 250 �C for 4 min (Fig. 18.6b).

Fourier-transform infrared spectroscopy (FTIR) patterns of the gel films

prepared without or with UV radiation revealed decreased intensities of the absorp-

tion bands, characteristic for the stretching vibrations of the CH2 and CH3 groups,

in the latter (Fig. 18.6c). This indicated that the UV radiation contributed to the

enhanced elimination of the organics. Single phase perovskites were prepared at

450 �C using an RTA furnace without any organic residues [50].

In the sequel work the authors reported the enhanced electrical properties by

processing the films in oxygen, which was attributed to the presence of ozone O3

and active oxygen species O(1D) formed upon dissociation of oxygen under the UV

light [51]. PCT films, prepared by UV radiation and heating at 450 �C, had time-

stable remanent polarization Pr 11 μC cm�2, and the values of coercive field Ec and

pyroelectric coefficient γ 164 kV cm�1 and 3.1 � 10�8 C cm�2 K�1, respectively.
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These properties were still somehow inferior to the properties of the films prepared

at high temperatures (γ � 42 � 10�9 C cm�2 K�1 [52]), but fulfilled requirements

for some applications. Recently Bretos et al. [53] reported the successful prepara-

tion of the PCT films from the stoichiometric solutions, i.e., without any lead-oxide

excess, which is usually necessary to obtain phase-pure perovskite films.

18.6 Laser-Assisted Low Temperature Crystallization

Laser-assisted heating is a well known method in semiconductor industry to enable

crystallization of ion-implanted amorphous silicon films on different substrates at

low temperatures [54]. The benefit of the method lies in the absorption of the laser

light which produces strong heating only in a thin surface layer while the substrate

remains cold. Strictly speaking, the approach is not really a “low” temperature one,

since the calculations showed that the surface temperature can be as high as 3,400 K

[19]. The approach has not been widely used in processing of electroceramic thin

films and the amount of studies in the literature is very limited. The reasons are poor

thermal conductivity and a very high absorption coefficient of ferroelectric

materials at excimer laser wavelengths, which may cause melting and therefore

Fig. 18.6 (a) Structure of the titanium di-isopropoxide bis-acetylacetonate; (b) scheme of the

UV-assisted thin films heating regime; (c) FTIR spectra of the Pb0.76Ca0.24TiO3 gel layers

prepared with and without UV radiation [18]. Reprinted with permission of the author and

Wiley-VCH©2007
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deterioration of the film surface [55]. Most often used excimer lasers are based on

ArF and KrF gases, which provide wavelengths of 193 and 248 nm, respectively,

and energy densities used are usually around ~100 mJ cm�2. The experimental

setup for laser-assisted crystallization is shown in Fig. 18.7.

Baldus and Waser [56] prepared BST 70/30 films on platinized silicon substrates

by the laser-assisted crystallization of amorphous films. They studied the influence

of the film thickness on final properties. In case of 200 nm thick films cracking

occurred. The 30 nm thick films melted during processing. The authors successfully

prepared 130 nm thick films using the energy density of 100 mJ cm�2 and obtained

the values of dielectric permittivity ε0 180 and dielectric losses tanδ 0.01 at 10 kHz.
The influence of the substrate temperature on the crystallization kinetics during

laser annealing was described by Donohue and co-workers [54, 57]. The amorphous

PZT 30/70 thin films on platinized silicon substrates were activated by energy

density of 80 mJ cm�2 when the substrates were held at 300 �C. Both perovskite and
pyrochlore phases were detected by X-ray diffraction. The films could not be

crystallized when the substrates were kept at room temperature whatever energy

density was used.

Cheng et al. [58] prepared Bi1.5Zn0.5Nb1.5O6.5 thin films on platinized silicon

substrates using a combination of laser-assisted crystallization and conventional

heating. High quality films were obtained using the energy density of 27 mJ cm�2,

the temperature of the substrate 400 �C, and post-annealing at 400 �C for 2 h in an

oxygen atmosphere. The films had dielectric permittivity ε0 156, dielectric losses

below 0.2 %, and tunability (ε0(0) � ε0(2.24 MV/cm))/ε0(0) of 33 %, measured at

100 kHz. These values are comparable to those obtained for rapid thermally

annealed Bi1.5Zn0.5Nb1.5O6.5 films prepared at T exceeding 600 �C.
Finally, Hawelka and co-workers [59] recently proposed the use of size- and cost-

efficient diode laser module for drying and hardening of ZrO2 nano-dispersions spin-

coated on steel substrates. Four-time increase in hardness as compared to a

non-treated coating was achieved by using laser intensity of 5 � 103 W cm�2.

Fig. 18.7 Schematic of a laser-assisted crystallization setup [19]. Reprinted with permission of

Wiley-Blackwell@2008
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18.7 Amorphous Functional-Oxide Films

As mentioned earlier functional-oxide thin films on flexible polymer substrates are

interesting for some applications in electronics, namely in transparent electronic

devices. Oxide semiconductors, including In2O3:Sn (ITO) or compositions based

on ZnO, such as In-Zn-O or In-Zn-Ga-O, are an alternative to classical silicon

semiconductors and are prepared in the form of transparent films at low

temperatures, mainly by physical vapor deposition routes [23, 24], taking into

account the fact that the mobility of the amorphous materials is comparable to

that of the crystalline phases [60]. Amorphous ZnO films have been prepared from

zinc acetate dihydrate and 2-methoxyethanol as a solvent at as low as 150 �C. The
films on polyethylene naphthalate substrates did not contain any residual organics

as confirmed by X-ray photoelectron spectroscopy, and showed reasonable optical

and electrical properties [61]. Similarly, amorphous ZrO2 films have been prepared

from the zirconium n-propoxide based solutions on glass substrates at 200 �C in

oxygen atmosphere [62].

18.8 Summary

In this chapter some approaches to lower the processing temperature of functional

complex-oxide thin films by CSD have been introduced. The optimized solution

chemistry and/or the heating profile have contributed to successfully decreasing the

crystallization temperature of a number of complex oxides. In processing of PZT

thin films, nucleation layers—either prepared before the deposition of the active

material or formed in-situ during processing have majorly contributed to achieving

both a lower crystallization temperature and a selected orientation of the perovskite

phase. Hydrothermal processing resulted in crystallization of functional-oxide thin

films already in solution, but required an additional heating step to achieve suitable

functional properties. Photochemical activation of the as-deposited films promoted

the decomposition of organic groups and contributed to a decrease of crystallization

temperature of PbTiO3-based films, even without any lead-oxide excess in the

coating solution. Laser activation of the as-deposited films could result in film

crystallization without over-heating the underlying substrate and could be therefore

implemented with temperature-unstable substrates such as glass and polymers. The

challenge in CSD of oxide semiconductors on polymer substrates is to design liquid

precursors which decompose at temperatures not exceeding 150–200 �C.
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35. Malič B, Kosec M, Arčon I, Kodre A, Hiboux S, Muralt P (2000) PZT thin films prepared from

modified zirconium alkoxide. Integr Ferroelectr 35:81–89

36. Chen K, Mackenzie J (1990) Crystallization kinetics of metallo-organics derived PZT thin

film. In: Zelinsky BJJ, Brinker CJ, Clark DE, Ulrich DR (eds) Better ceramics through

chemistry IV. Materials research society symposium proceedings, vol 180, pp 663–668

37. Huang Z, Zhang Q, Whatmore RW (1999) Structural development in the early stages of

annealing of sol-gel prepared lead zirconate titanate thin films. J Appl Phys 86:1662–1669

38. Impey SA, Huang Z, Patel A, Beanland R, Shorrocks NM, Watton R, Whatmore RW (1998)

Microstructural characterization of sol-gel lead-zirconate-titanate thin films. J Appl Phys

83:2202–2208
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51. Calzada ML, Bretos I, Jiménez R, Guillona H, Ricote J, Pardo L (2007) Low-temperature

ultraviolet sol-gel photoannealing processing of multifunctional lead-titanate-based thin films.

J Mater Res 22:1824–1833

52. Poyato P, Calzada ML, Pardo L (2003) Effects of substrate annealing and post-crystallization

thermal treatments on the functional properties of preferentially oriented (Pb,Ca)TiO3 thin

films. J Appl Phys 93:4081–4090
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Chapter 19

Composite Film Processing

Robert Dorey, Subhasis Roy, A. Sharma, Chandan Ghanty,

and Subhasish B. Majumder

19.1 Composites from Particles Larger than 100 nm

19.1.1 Introduction: Why Thick Films

As will be shown in Chap. 24, piezoelectric films are of interest as they can be used

to act upon or sense the surrounding environment. Thicker films are of particular

interest due to the higher forces and strains that can be exerted [1, 2] and due to the

higher signals that they generate [3–5] when acted upon. Of special interest are

films with thicknesses between 1 and 100 μm due to the combined high sensitivity

and high power that can be achieved.

Films typically below 1 μm are most commonly deposited using physical and

chemical vapour deposition or chemical solution deposition routes, while films

thicker than 100 μm are most readily produced by machining bulk materials

[6]. The main route for achieving thick films between 1 and 100 μm is through

the use of powder based deposition routes where powder is deposited onto the

surface of the substrate and then processed to produce a thick film. A variety of

different techniques can be used to deposit the film including screen printing,

electrophoresis and spray coating.

The most common of the deposition processes is screen printing as it is consid-

ered to be a relatively simple process and is able to create films up to 100 μm thick

with relative ease [7]. In its simplest configuration screen printing consists of

creating an ink containing the active powder, an organic carrier fluid (such as

pine oil), dispersing agent and ceramic binder [8]. This ink is printed onto the
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substrate and dried to remove the carrier fluid. The active powder, along with any

non volatile materials, is then left behind in a loosely bound state. A high tempera-

ture sintering stage is used to densify the powder and bond it to the surface of the

substrate. Due to the nature of ceramic materials such sintering stages typically

occur at relatively high temperatures of between 1,000 and 1,400 �C [7, 9]. This

poses a number of challenges when the whole system consisting of film, substrate

and electrodes is considered.

19.1.2 Challenges

The challenges associated with integrating functional thick films with the required

electrical connections and mechanical support structures can be grouped under

three main headings depending on the origin of the failure mechanism that arises.

• Thermal: Failure arises purely due to thermally induced degradation of one, or

more, of the materials in the system. Examples of degradation include melting,

vaporising, and softening of materials. Such a failure mechanism occurs when

the processing requirements for one material (normally the ceramic) exceed the

safe working conditions for one of the other materials within the system. An

example of this type of failure would be that of a polymer melting during

processing at elevated temperatures. Such failure can also occur in more ther-

mally robust systems. A critical concern for lead-containing ceramics is that of

loss of lead at elevated temperatures [9]. While not inducing structural failure,

this loss of lead due to evaporation changes the stoichiometry of the materials

and significantly alters the functional properties of such materials.

• Thermo-chemical: Failure through chemical reactions occurs when

neighbouring materials are chemically incompatible. Such incompatibilities

can also occur between a material and the surrounding environment. Failure

will proceed either through the removal of material (e.g. transformation into a

liquid or gas which is unable to act as a linking material) or creation of a weak

interface material (e.g. creation of a poor adhesion material).

The role of temperature is to control the rate at which such reactions occur or

to allow such a reaction mechanism to be activated. So, while a chemical

reaction is a prerequisite for this type of failure mode, the presence of elevated

temperatures is not necessarily required as many such reactions can occur at

ambient temperatures. The term thermo-chemical is used as both atomic diffu-

sion and chemical reactions are accelerated at elevated temperatures which

means that degradation will tend to occur where both chemical incompatibility

and high temperatures are present. In the majority of solid-solid interfaces

reactions typically occur at very slow rates (if at all) at ambient temperatures.

In such situations elevated temperatures are required to initiate failure. However,

across liquid–solid or gaseous-solid interfaces such reactions can occur at much

faster rates, even at ambient temperatures, due to the enhanced atomic diffusion
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of liquids and gases. Examples of such failure include oxidation of metals [9]

and formation of liquid phases in interfacial regions such as found between

silicon and lead containing materials at temperature in excess of 714 �C [1, 3, 10].

• Thermo-chemo-mechanical: Mechanical strains, generated due to the thermal

and/or chemical processing of materials, can give rise to mechanical stresses

within a system when there is a mismatch between the strains in different

materials. Differential strains arise due to volume changes caused by thermal

expansion mismatch, oxidation, reactions, densification and drying. When the

system is subjected to stresses failure modes, include bowing, cracking and

delamination, can occur. Even when failure does not occur initially, delayed

failure can occur in a system due to sub-critical crack growth where defects

continue to grow under the action of stress until they reach a critical size and

failure of the system occurs. The term thermo-chemo-mechanical failure is used

as the mechanical failure is driven by thermal and/or chemically generated

stresses.

Underlying the separate failure mechanisms highlighted above are a series of

common causes. The most influential of these is that of temperature as it has a direct

influence on the majority of the issues. It is for this reason that a reduction in the

processing temperature is the most beneficial action that can be undertaken to

minimise the challenges faced in integrating thick ceramic films with structural

materials. Other mitigation measures that can be undertaken include the use of an

inert atmosphere to prevent oxidation, diffusion/adhesion barriers to prevent inter-

facial reactions and delamination and decreasing the amount of densification

required during processing to reduce the stresses generated.

In the first instance, the reduction in processing temperature can be viewed as the

primary way to minimise the probability of failure. To start with this chapter will

examine some conventional routes, taken from bulk ceramic processing, which

have also been successfully used to reduce the sintering temperature of ceramic

thick films.

19.1.3 Reduction in Sintering Temperature

19.1.3.1 Sintering Aid

The processing temperature can be reduced very effectively through the use of low

melting temperature sintering aids (Table 19.1). These sintering aids melt at

moderate temperatures and coat the active powder. As atomic diffusion is signifi-

cantly faster in a liquid than it is in a solid, the rate of material diffusion is increased

allowing densification to occur at a much increased rate or at a reduced temperature.
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In addition, because the particles are surrounded by a lubricating liquid they can

reorient themselves more easily to relieve stress and increase density.

The most straightforward approach is to use a relatively high level (up to 30 vol%)

of ceramic binder such as lead borosilicate glass [8]. The disadvantage of using

such sintering aids is that they are non functional and so represent an inactive phase

which reduces the functional properties of the film [8, 9, 11]. Conversely,

minimising the quantities added makes it difficult to get the homogenous mixing

of materials that is required for short processing times at low temperatures [9]. In

addition, the lower levels of liquid phase result in a reduction in the ability of

particles to reorientate. Due to these conflicting actions there is often an optimum

level of sintering aid that can be added. This varies from system to system and

depends on a number of parameters including particle sizes, shapes and chemistry

of the system. Typically additions of between 1 and 10 vol% of sintering aid are

added to enhance densification (Table 19.1).

19.1.3.2 Small Powder Sizes

As with conventional sintering processes, decreasing the size of the powder

particles leads to an increased driving force and sintering kinetics which manifests

itself in enhanced sintering and the ability to process films at lower temperatures.

By using nanoscale powder systems the sintering temperatures can be reduced by a

few hundred Kelvin.

19.1.3.3 Mixed Powder Sizes

When powders are compacted together (irrespective of the size of particles) small

interstitial voids will remain within the structure. It is the role of the sintering

process to remove these voids through densification. If these voids can be filled with

smaller particles the level of densification required can be reduced. By mixing two

powders of different size it is possible to increase the density of the unsintered film

Table 19.1 Examples of sintering aids, level of addition and processing temperature used in the

densification of lead containing piezoelectric and ferroelectric films

Sintering aid Addition Processing temperature References

PbO

(Tm ¼ 800 �C)
6 wt%

5wt%

850 �C
925 �C

[7]

[9]

Pb5GeO11

(Tm ¼ 738 �C)
2 wt% 800 �C

850 �C
[7]

Bi2O3-Li2O 1 wt% 925 �C [9]

Cu2O:4PbO

(Tm ¼ 680 �C)
5 wt% 710 �C [12]

Bi2O3-ZnO 950 �C [10]

Borosilicate glass
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as the smaller particles fill the gaps between the larger particles [13]. Not only do

the smaller particles help to increase the green density by filling in the voids, they

also help to accelerate the densification process due to their higher densification

kinetics. Care needs to be taken to ensure that a homogenous distribution of the

different sizes of particles obtained otherwise some areas will sinter at different

rates to other areas giving rise to differential strains and stresses being generated.

19.1.3.4 Sol Infiltration

A logical evolution of the mixed powder sizes is the use of sol–gel systems

[14]. Conventionally screen printed PZT ceramics can be processed at lower

temperatures through the use of a sol infiltration stage [15]. This builds on the

notion of using a mixed powder sized distribution and makes use of the nano-

particulate and low temperature processing nature of sol–gel materials to both fill

the interstitial voids and bind the larger ceramic particles together and to the

substrate. A conventional screen printing route with high temperature (1050 �C/2 h)

sintering can first be used to create a thick film material. The functional properties

of the system can then be increased by infiltrating a PZT producing sol into the

screen printed structure prior to drying at 300 �C for 30 min and sintering at 650 �C
for 1 h. Increasing the number of infiltrations results in an increase in remnant

polarisation, coercive field, and relative permittivity. The piezoelectric coefficient,

however, tends to decrease due to increased clamping of the substrate and internal

stresses. Increasing the concentration of the sol results in an increased effectiveness

of the infiltration process as more PZT is produced within the pores for each

infiltration stage. However, increasing the concentration of the sol too much

(above 1–1.5 M) does not result in an increase in properties as the sol becomes

too viscous to infiltrate the porous structure [16]. Instead, the sol remains at the

surface of the film, effectively trapping the porosity within the layer.

A similar approach, using repeated sol infiltration prior to sintering, can be used

to reduce the sintering temperature to between 750 and 950 �C [3]. This is

obviously an advantage over the pre-sintering route in that the maximum tempera-

ture that the film experiences is reduced. The infiltration of the sol prior to sintering

increases the sinterability of the film allowing higher densities at a given sintering

temperature to be achieved. As with the previous post-sintering infiltration,

pre-sintering infiltration leads to an increase in both relative permittivity and

remnant polarisation as a result of improvements in density.

It is not just the active material that can be infiltrated to improve the final

properties of the films. A sintering aid, in the form of a PbO producing sol, can

be infiltrated into a presintered electrophoretically deposited film to increase the

density and properties of the native film [17]. In this way the sintering aid was

directly deposited on the surface of the PZT particles.
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19.1.4 Composite Sol–Gel Approach

The basic premise behind the use of composite sol–gel processing is the combina-

tion of the sol infiltration and powder processing stages into a single step to enhance

sintering [18, 19]. By creating an ink where the conventional inert carrier fluid and

binder are replaced by a ceramic producing sol it is possible to produce a system

where the sol serves the dual role of carrier fluid and binder. The added advantage

of this approach is that the binder system can be compositionally matched to the

parent ceramic powder ensuring a homogenous system [20] without inactive or

detrimental phases (Fig. 19.1).

As the composite sol–gel system is essentially a mixture of sol and powder it is

possible to produce inks with very different fluidic properties by varying both the

sol concentration and the ratio of sol to powder. In this way a diverse system of inks

can be produced that range from very fluid systems through to very viscous pastes.

This ability to tailor the properties of the ink allows a range of deposition

techniques to be employed for producing thick films.

Fig. 19.1 Schematic showing a comparison between the conventional ceramic film technologies

(left) and composite sol–gel system (right)
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Irrespective of the route used to deposit the film there are a number of key stages

in the processing which need to be considered if the optimum film is to be obtained.

• Deposition, where the ink is deposited onto the substrate using on the techniques

outlined below.

• Drying where the solvent is removed from the system at temperatures below

250 �C. This stage sees a significant reduction in the volume of the system and

needs to be carefully controlled in order to prevent cracking of the films. During

the early stages of drying the system is relatively fluid and particle reorientation

is possible with relative ease. As more liquid is removed from the system this

reorientation becomes progressively more difficult. Indeed, in the very late

stages of drying the capillary forces between individual particles can build to

such a level that the film will fail.

• Pyrolysis stage involves the conversion of the metal organic gel into an amor-

phous ceramic material through the application of heat. Typically pyrolysis

occurs in the temperature range 250–550 �C. Further volume reduction occurs

during this stage as the organic component of the sol removed. Rapid changes in

strength and increases in stress can again lead to cracking.

• Crystallisation of the amorphous ceramic material into a crystalline ceramic

material. Typically a temperature range of 550–700 �C is required to accomplish

this transformation. A slight change in volume is often observed during the

crystallisation of the ceramic material.

Due to the volume changes experienced during the processing of these compos-

ite sol–gel systems it is often necessary to deposit films using a layer-by-layer

process with intermediate thermal treatments. In this way stresses within the film

are managed and cracking is retarded.

While one of the stated advantages of the composite sol–gel system is the ability

to create homogenous films, it is equally possible to create heterogeneous active

films by combining multiple active materials such that the sol is used to produce

one materials while the powder is composed on another material. An examples of

such a heterogeneous film is PMN-PT powder in a PZT sol matrix [21] to enhance

the dielectric properties of the thick film. This approach opens up an exciting

possibility to create multifunctional systems.

19.1.4.1 Spin Coating

Perhaps the most frequently used approach for depositing composite sol–gel films is

that of spin coating owing to the ability to achieve uniform film thicknesses and the

readily transferrable know-how from the microelectronics industry where spin

coating is frequently used for conformal coating. The process involves covering

the substrate with the ink and then spinning the excess off at high speed to produce a

uniform layer.

A number of different powder loadings have been employed with the spin

coating approach to yield films with markedly different microstructures [22].
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Where the ink contains an excess of sol the resultant microstructures are typically

characterised by individual powder particles embedded in a ‘sea’ of sol–gel derived

material [22]. Conversely, where the powder loading is much higher the micro-

structure is composed of easily discernable powder particles bonded together by the

sol–gel phase [23]. This gives rise to a range of reported properties as the different

phases contribute to different degrees depending on the exact arrangement of

sol–gel derived phase, ceramic powder and porosity (Fig. 19.2).

The choice of powder to sol ratio is dictated by the often conflicting

requirements for the final film. Examples of common constraints places upon the

final film include thickness, uniformity, surface quality, and properties.

For given processing conditions, the thickness of the film achieved using spin

coating is dictated by the viscosity of the ink. As the viscosity of the ink increases so

does the thickness of the film. In this way increases in film thickness can be

achieved by increasing the powder loading [2]. This needs to be conducted with

caution as there is an increased risk that films will crack when the film thickness

increases (Fig. 19.3). This is mitigated to a slight degree by the reduced shrinkage

exhibited by inks with high powder loading. However, generally this reduction in

shrinkage is insufficient to prevent fracture of the films as the film thickness

increases at a much faster rate.

While increasing the powder loading leads to an increase in thickness it also

results in a change in shear thinning behaviour of the ink which can have an effect

on the uniformity of the film. Shear thinning liquids are characterised by a large

decrease in viscosity as the shear force is increased. This behaviour becomes more

prevalent when the powder loading in increased. In a spin coating system the shear

forces are at a minimum in the centre of the spinning substrate and increase towards

the edges. The effect of this is to cause the ink to exhibit a higher viscosity, and

hence thicker deposition, at the centre than compared to the periphery. This can

result in a significant variation in thickness across the film. So while spin coating

can be used to achieve relatively uniform thickness coatings in many systems,

problems can arise in the composite sol–gel system if the powder loading is

increased too far.

The surface quality of the film is affected by perturbations in the film and by

cracking. It is known that spin coating of pure sol system results in very high quality

surface finishes. When a small amount of powder is added to the sol to produce a

Fig. 19.2 Schematic showing possible arrangements of powder, sol–gel derived material and

porosity in a thick film (a) powder embedded in a ‘sea’ of sol–gel derived material; (b) sol–gel

material completely filling the interstitial pores between powder particles; (c) powder particles

bonded together with sol–gel derived material with remnant porosity between powder particles
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composite sol–gel system the viscosity of the ink may only be increased slightly

such that when it is spun the film thickness is less than the size of the ceramic

particles. The resultant structure will then have a very poor surface quality and be

composed of a thin film with large particles sitting proud of the film surface. Only as

the powder loading increases does the film thickness increase to allow the particles

to be fully embedded. The highest surface quality is obtained when powder

particles are fully embedded in the structure and the sol forms a conformal layer

at the top of the film. As the powder loading is increases still further the surface

roughness increases again due to the profile of the powder particles dominating.

Along with the geometric constraints outline above, the final properties of the

film are of great importance. Within a composite system each individual phase

exhibits unique properties. Within the composite sol–gel system the three dominant

phases are the sol–gel derived PZT (medium functional properties), the PZT

powder (high functional properties) and the porosity (air—negligible functional

properties). The final properties of the film will be a complex function of the system

geometry and relative proportions of each phase [24]. The ceramic particle phase

tends to exhibit a greater contribution than the sol–gel derived phase due to the

larger grain size. The porosity will only have a negligible contribution to the

functional properties. The result of these different contributions is that for inks

with very low powder content the functional properties are relatively low and

dominated by the sol–gel derived phase. As the powder content increases the

functional properties are increased until the sol–gel derived phase just fills all of

the pores between the ceramic particles. Further increases in powder content will

cause progressively more porosity to be introduced into the system and a decrease

in properties. The exact tipping point when properties begin to decrease will depend

on the balance between the proportions and relative properties of each phase.

Within a relatively narrow range of compositions increasing the powder loading

or sol concentration leads to thicker films which exhibit higher relative

permittivities and remnant polarisations [2]. As with sol infiltration treatments of

screen printed materials, the increase in sol concentration results in a more effective

filling of the pores. Increasing the powder loading results in improved properties

due to the higher proportion of powder present.

Fig. 19.3 SEM micrograph

showing a cracked PZT

thick film with an

excessively high powder

loading
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The through thickness microstructural homogeneity can be affected by the

repeated deposition process due to infiltration of sol into lower levels [23, 25,

26]. Consider a four layer system where each layer has a degree of porosity

following pyrolysis. The first layer deposited will have three layers above it

where each will have infiltrated some sol into lower the levels during deposition.

The effect of this is that the bottom layer will have been infiltrated three times, the

second layer two times and the third layer once giving rise to a density gradient

through the thickness of the film (Fig. 19.4).

As stated earlier, another variable of the composite sol–gel ink is the concentra-

tion of the sol used to disperse the powder. As the concentration of the sol is

increased, the viscosity of the sol, and hence the ink, increases leading to an

increase in thickness of the resultant film [2, 22]. While this also results in an

increase in density, due to reduced sol shrinkage, aggregation of powder [22] and

risk of cracking are increased (due to the increased thickness).

Spin coating is a relatively inefficient fabrication technique due to the material

wastage during the spin-off stage where as much as 90 % of the material is

discarded. This can pose problems with environmentally unfriendly or expensive

materials. In an effort to alleviate the issue of thickness variation and cracking,

other techniques have also be used to deposit ceramic thick films using the

composite sol–gel approach. Techniques include screen printing, dip and spray

coating and interfacial reaction techniques.

19.1.4.2 Screen Printing

Screen printing inks are characterised by high viscosity and deliberate shear

thinning behaviour. The ink behaves like a thick paste when placed on top of the

screen printing mesh preventing it from passing through the small holes. When the

squeegee moves across the printing frame the applied shear stress causes the ink to

shear thin and reduce in viscosity. At this stage the ink is able to pass through the

mesh and make contact with the underlying substrate. The removal of the shear

stress, once the squeegee has passed, causes the ink to once again increase in

Fig. 19.4 Schematic showing the through thickness variation in density of the films caused by

successive infiltration of sol from subsequent deposition stages
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viscosity preventing further spreading of the ink on the substrate. In conventional

screen printing inks such shear thinning behaviour is caused by a high powder

loading and selection of appropriate carrier fluids. In the case of the composite

sol–gel system similar behaviour can be created by increasing the powder loading

of the ink.

One factor that must be considered in addition to the powder loading is the

volatility of the carrier fluid. In screen printing it is common to use carrier fluids

such as pine oil with a relatively low volatility. This is to ensure that the ink does

not dry out prior to passing though the mesh. Many sol–gel systems are based on

low boiling point solvents such as ethanol, methanol and propanol. While suitable

for spin coating, where drying time is expected to be relatively rapid, they are

unsuitable for screen printing applications where the major solvent should have a

boiling point above 100 �C to minimise evaporation. A slow evaporation rate also

ensures that the rheological properties of the ink do not change in an uncontrolled

manner during the printing process. Such composite sol–gel based screen printing

inks can be achieved using systems based on 2-methoxyethanol [27, 28], butanol or

other high boiling point solvents. The use of such solvents, does however lead to a

slight increase in shrinkage on pyrolysis as more organic matter needs to be

removed from the system.

Screen printing of composite sol–gel systems has not been examined in great

detail due to the tendency of the sols to be sensitive to moisture which in turn makes

cleaning the fine printing screens problematic. Other deposition processes do not

require such a screen and so can tolerate composite sol–gel inks more readily.

19.1.4.3 Dip Coating

Dip coating ink occupies the opposite spectrum of the composite sol–gel inks in

terms of powder loading and viscosity. In these systems [24, 29] dilute suspension

of particles (0.01–10 g/ml) are used such that each dipping stage results in the

deposition of a thin layer of material. Repeated deposition with intermediate drying

stages is then used to build up the final film thickness. Care needs to be taken to

ensure that the viscosity of the system is sufficiently high to prevent particle

sedimentation and creation of very thin pure sol–gel layers. This can be accom-

plished either by adding an organic viscosity enhancer or by continuously agitating

the dip coating bath [29]. Addition of significant levels of organic phase will result

in the generation of porosity in the system when it is burned out. Relatively high

density films are obtained using this approach as sol is able to infiltrate the

interstitial pores during subsequent infiltration stages.

19.1.4.4 Electrophoretic Deposition

Comparable to dip coating in terms of the inks used, electrophoretic deposition

makes use of the fact that charged particles in suspension can be deposited onto a
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substrate through the application of an applied field. The advantage of this approach

is that non-planar substrates can be coated with relative ease providing that they are

electrically conducting or can be coated with an electrically conducting material.

The speed at which the charged particles move in the suspension, and hence their

deposition, will depend on their physical attributes such as shape, size and density

and the level of charge associated with them. This can lead to differences in

deposition when mixed particles are deposited simultaneously. Due to the nature

of the sol in the ink, it does not deposit at the same rate (if at all) as the suspended

powder. However, as it is part of the carrier fluid the EPD process intrinsically

ensures that the sol material is embedded in the resultant film. During EPD the

powder particles will be deposited in a semi compacted arrangement on the surface

of the substrate with the sol in the interstitial voids. On drying this sol will shrink

considerably so that the resultant structure will be comparable to a high powder

loading spin coated system (Fig. 19.2c). Alternatively a standard EPD film can be

infiltrated with sol following deposition in a standard EPD solution [17]. This

approach has the advantage that a more concentrated sol can be used to infiltrate

the porous film, resulting in greater filling efficiency, and there are no issues of

disposal of the remaining sol in the EPD solution.

19.1.4.5 Sedimentation

Instead of using an electric filed to deposit the PZT thick film, a sedimentation route

can be employed. In this case a low concentration powder suspension (~0.5 mg/ml)

[24] is centrifuged at a few thousand rpm to cause the powder system to sediment.

After each cycle the film is dried and pyrolysed until the final film thickness is

achieved.

19.1.4.6 Spray Coating

A number of approaches can be used to create an atomised aerosol of ink for

spraying including ultrasonic nebuliser, air atomizer [30], or electrospray

[31]. Irrespective of the route used to create the aerosol the basic requirements of

the ink are broadly similar and require a relatively dilute suspension of power in a

carrier fluid with a moderate evaporation rate. The key requirement is that the

droplets created are sufficiently stable that they remain liquid during the transit

from the spray apparatus to the substrate. If the droplets dry out during flight they

will not spread on contact with the substrate and a highly porous film will be

produce [31, 32]. Even when the spraying is managed effectively to ensure wet

droplets arrive at the surface of the substrate, porosity can still arise due to

shrinkage of the sol–gel phase during pyrolysis [30].

As with spin coating, intermediate drying, pyrolysis and crystallisation stages

are often performed to manage the stresses within the films.
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19.1.4.7 Interfacial Polymerisation

An alternative approach to building up the thick film on the surface of the substrate

is to first create the film and then bring it into contact with the substrate. This can be

achieved by using an interfacial polymerisation type approach [33, 34] using two

immiscible liquids. The PZT producing sol and powder are mixed with a non-water

soluble solvent such as hexane. A suitable substrate is then immersed in a container

of water and the composite ink gently poured on top of the water. At the interface

between the water and composite solution an interfacial polymerisation reaction

occurs forming a composite film. When the water is drained off, the composite film

is gently lowered onto the waiting substrate. Controlled heating in stages at room

temperature, 400 and 950 �C are used to dry, pyrolyse and sinter the films. The

resultant films are similar to the other high powder loaded composite films in

appearance and characterised by PZT powder bound by the sol–gel phase with

interstitial porosity. As with the other high powder loading systems, the porosity

arises due to the shrinkage of the sol material during drying and pyrolysis.

19.1.5 Enhancements to the Composite Sol–Gel Process

19.1.5.1 Infiltration

As discussed above, the presence of porosity within the film results in a reduction in

functional properties. This can be countered by incorporating an infiltration process

whereby the pores are filled with PZT producing sol prior to converting the sol to

ceramic through a heat treatment process. The infiltration process can be conducted

at the end of the deposition process [24] or at intermediate coating stages [1, 23, 35, 36].

Using an intermediate deposition process can help to improve the surface finish of

the films [23], but also has the effect of slowing the film forming process down.

The process can be described by considering a ‘standard’ repeat building block

as the composite ink layers with corresponding infiltration cycles. Such that

2C + 2S would describe a process where two composite ink layers were deposited

and infiltrated twice using sol.

Following the infiltration of the porous network the excess sol–gel material is

removed to leave only the pores filled with sol. Subsequent drying and pyrolysis

converts the sol to a ceramic and also causes a significant loss of material the effect

of which is to leave a degree of porosity. Subsequent infiltration will again only fill

some of the remaining porosity. In this respect sol–gel infiltration operates on a case

of diminishing returns as each successive infiltration treatment will remove pro-

gressively less porosity from the system. Depending on the concentration of the sol

the point at which infiltration no longer brings a benefit can occur after only a few

cycles.
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Another feature of the sol infiltration process is the formation of interlayers of

pure sol–gel material between layers of composite sol–gel. This occurs at the stage

where sol can no longer infiltrate the composite sol–gel layer and instead remains

on the surface of the film and blocks the surface pores preventing further infiltra-

tion. Further infiltration treatments only result in an increase in the thickness of

these interlayers and a decrease in the properties of the film as while due to the

lower functional properties associated with pure sol–gel derived material.

19.1.5.2 Sintering Aids

As with the conventional screen printing approach, the application of sintering aids

can be used to increase densification and reduce the sintering temperature. The key

parameter again is to ensure that the melting temperature of the sintering aid is

below that of the proposed processing temperature. Given the low temperatures are

which sol–gel systems are converted to ceramics the sintering aids used in screen

printing are often ineffective. Two low temperature sintering aids that have been

used successfully with thick PZT films include the eutectic mixture of PbO/Cu2O

(Tm ¼ 678 �C) [23] processed at 710 �C and PGO (Tm ¼ 738 �C) [37] processed
at 770 �C.

While adding a sintering aid has been shown to lead to an improvement in

densification, the formation of the liquid phase increases interfacial reactions

making it necessary to introduce a barrier layer into the system. This is particularly

important when integrating lead containing materials with silicon based materials

[7] where interdiffusion of the lead in silicon can lead to the formation of low

permittivity lead silicates. The presence of such reaction phases can lead to signifi-

cant reduction on properties. Examples of diffusion barrier materials employed to

prevent such reactions include ZrO2 [38], TiO2 [39], and Al2O3 [7].

As the sintering aid is added to the composite sol–gel system it is possible to

combine the use of sintering aids and sol infiltrations to get enhanced densification.

19.1.5.3 Pressure

The application of uniaxial pressure to the film during sintering has also been

proposed as a way to increase the density of the film in a similar manner to how

hot pressing is used in the manufacture of bulk ceramics. Improvements in density

were observed using this process, but care needs to be taken to ensure that the

substrate material is not damaged and that uniform pressure is applied across the

film to prevent inhomogeneities in density from developing. These two constraints

have tended to limit the tackle up of this approach.

To maintain a reasonable surface finish and functional properties in films only a

few microns thick requires the size of the powder additions to be reduced to sub

100 nm. In this way it is still possible for the films to be many particles thick such

that the random packing of the particle allows a homogenous surface to be
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maintained. When the particles are too big variations in particle packing can result

in significant inhomogeneities in thickness and density across the film.

19.2 Composites from Sub-100 nm Particles/

(Or Nano-composite Electro-Ceramic Thin Films)

19.2.1 Why Nano-composite Thin Films

Oxide thin films exhibit a wide range of functional properties including but not

limited to ferroelectricity, multiferroic characteristics, high temperature supercon-

ductivity, spintronic characteristics, colossal magneto-resistance etc [40]. Synthesis

of nano-composite thin films using two or more oxides are found to be very

attractive either to enhance the individual properties of these oxide characteristics

or to yield new functionality which otherwise is not available in the constituent

oxide forming the composite. As for example the electrochromism characteristics

are significantly improved in Nb2O5-ITO based nano-composite thin films

[41]. Also relaxor and multiferroic characteristics are reported in BaTiO3-ZrO2

and Pb0.85La0.15TiO3 (PLT) -CoFe2O4 (CFO) [42, 43] nano-composite thin films,

where, neither BaTiO3 (BTO) nor ZrO2 shows relaxor behavior, similarly, neither

PLT nor CFO are multiferroic. For such nano-composite thin films, understanding

on the compositional, morphological, and size effect of the individual oxide

component is crucial to comment on their physical and chemical interaction that

leads to either the enhancement of properties or evolution of new properties. In

view to this several new discoveries including interface induced high temperature

superconductivity [44], enhanced polarization and magnetism at the interface [45]

etc. have recently been reported in literature.

In the present section various process methodologies to grow nano-composite

thin films are reviewed. First the micro-emulsion mediated synthesis of BaTiO3-

ZrO2 nano-composite thin films suitable for miniaturized multi-layered capacitor

thin films is described. Second self-assembled oxide nano-composite thin films and

their functionalities reported in recent literatures are reviewed. Third nano-

composites of piezoelectric and ferrites form multiferroic composite materials.

The strain mediated interaction between these phases’ results in a magnetoelectric

coupling. Multiferroic thin films are proposed to be attractive material candidates

for next generation computer memories and tunable devices. The magnetoelectric

coupling coefficients are dependent on the phase distribution of the magnetostric-

tive and piezoelectric phases. When one of these phases is distributed homo-

geneously at the nano-scale into the bulk matrix it is called a 0–3 type composite.

When such a phase distribution is of columnar type in the bulk matrix it is called

1–3 type composite. Finally the multilayered thin film configuration of these phases

is termed as 2–2 composite. Next the material characteristics of layered

oxide intercalating compounds with super-lattice cation ordering is described.
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Li[Lix/(2+x)Mn2x/(2+x)M
0
(2-2x)/(2+x)]O2 [where M0 ¼ (Mn0.375Ni0.375Co0.25)] thin

films with super-lattice ordering between Li and Mn ions (forming Li2MnO3 type

domains) demonstrated to be attractive cathode materials for lithium rechargeable

micro-batteries. Finally, the challenges involved and application prospective of

these nano-composite thin films are summarized.

19.2.2 Micro-emulsion Mediated Synthesis of
Nano-composite Thin Films

The advent of portable electronic devices with a steadily increasing number of

functions (in the same available space) necessitates the further miniaturization of

passive components such as low temperature co-fired ceramics (LTCC), micro

electro mechanical systems (MEMS), multilayer ceramic capacitors (MLCC),

etc., fabricated by multi-layer technology. The trend towards miniaturization of

microelectronic modules requires continuous reduction of layer thickness and use

of nano-crystalline ceramic powders. State of the art MLCCs fabricated by conven-

tional tape casting or screen printing techniques consist of a multitude of dielectric

layers with an individual thickness down to ~1–3 μm separated by base metal

electrodes (~0.3–0.5 μm thick) of Ni, Cu etc. [46, 47]. For the required miniaturiza-

tion of MLCCs, however, the reduction of the individual dielectric layers thickness

remains the most promising approach [48], since alternative thin film materials with

higher permittivity than chemically modified BTO, which is typically used in

industry, are hard to find. In Chap. 22 details to the status of MLCCs and the issues

for the required reduction of thickness are discussed. Hence novel processing

techniques should be sought to deposit tailor-made dielectric layers in the

mesoscopic thickness range of 500–800 nm for miniaturized and highly volume-

efficient MLCCs. In this context the use of water in oil type reverse micelle

(microemulsions) nano-reactors to synthesize nano-sized BaTiO3 (BTO) particles

and corresponding films has been suggested [49]. Basically the microemulsion

mediated synthesis of BTO films results in dielectric properties that are attractive

to MLCC applications (cp. Chap. 22). Also as compared to standard chemical

solution derived films, the microemulsion mediated routes allow to deposit thicker

films per coating/firing cycle significantly reducing the processing cost. For com-

mercial MLCCs the most widely used types are based on ceramic formulations

meeting the Y5V and X7R specifications of the EIA (Electronic Industry Associa-

tion) [50]. Ceramic capacitors of the Y5V type exhibit a strong voltage and

temperature dependence of capacitance whereas X7R type MLCCs exhibit a

minimal frequency, temperature as well as voltage dependence of their capacitance

values. This means that for micro-emulsion derived pure barium titanate thin films,

further material optimization is needed in order to reduce both the frequency and

temperature dependence of the measured capacitance.
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In the following section the synthesis and electrical properties of micro-

emulsion derived nano-composite films with tailor made dielectric properties are

described in more detail.

19.2.2.1 Micro-emulsion Mediated Nano-composite Films with Tailor

Made Dielectric Properties

The incorporation of a linear dielectric material in a non-linear dielectric matrix has

been found to significantly reduce the frequency dispersion of the capacitance, loss

tangent as well as leakage current densities. Realization of these effects strongly

depends on the thin film geometry and dispersion of a low loss linear dielectric

within the non-linear dielectric matrix [51]. Only a broad temperature dependent

dielectric anomaly was obtained in these engineered thin film structures. For a

significant reduction of the temperature coefficient of capacitance (TCC), local

variation of the Curie temperature of barium titanate is essential. Substitution of Ti4+

cations in the BTO lattice by Zr4+ is known to reduce the paraelectric to

ferroelectric phase transition temperature. However, it remains challenging to use

this Curie point shifter cation to locally vary the transition temperature (Tc) in order

to achieve an almost flat temperature characteristic of the dielectric response

[48]. The relatively low sensitivity of the measured dielectric constant as a function

of frequency, dc bias voltage and temperature can be achieved in heterogeneous

BTO (core)-ZrO2 (shell) nano-composite thin films.

So-called BTO:metal alkoxide hybrid precursor sols using microemulsion

derived BTO nano-particles dispersed homogeneously in zirconia tetra-n-butoxide

precursor solutions have been prepared. At first the required stable BTO nanoparti-

cle dispersions were prepared by stoichiometric hydrolysis of a mixed Ba-Ti-

methoxide precursor inside reverse micelles formed from the cationic surfactant

cetyl trimethyl ammonium bromide (CTAB). Homogeneous dispersions of nano-

crystalline BTO particles with surfactant molecules adsorbed at the surface were

obtained. The typical particle size of these dispersed BTO particles, measured by

dynamic light scattering, was found to be 5 � 0.5 nm. Their concentration was

adjusted to be ~0.17 mol/l. To prepare the hybrid precursor solutions, stoichiomet-

ric amounts of the Zr alkoxide precursor solution and BTO nanoparticle dispersion

were mixed together to yield in 0.0, 1.0, 5.0, 10.0, 20.0, 30.0, and 40.0 wt% ZrO2 in

the final nano-composite film. Details of the preparation of surfactant stabilized

water droplets, dispersed in cyclohexane may be found elsewhere [43, 49].

Before mixing the Zr-alkoxide with the BTO particulate sol, the alkoxide

solution was aged for 2–3 days. Using the hybrid precursor sols thin films were

spin coated on platinized silicon substrates. Just after deposition films were directly

inserted in a preheated diffusion furnace and annealed at 700 �C for 30 min. The

coating and firing schedule was repeated for 1–4 times to yield films about 500 nm

thick. Circular platinum top contacts (approximately 200 μm in diameter) were

deposited on the film surface and parts of the films and parts of the films were

chemically etched to expose the underlying platinum layer as bottom contact. The
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dielectric properties of the annealed films were measured as a function of frequency

(100 Hz to 100 kHz) and temperature (RT � 350 �C). Figure 19.5 compares the

temperature dependence of the dielectric constant and the loss tangent of pure BTO

and BTO-40Z thin films. As shown in the figure, the pure BTO film shows a broad

dielectric anomaly with low loss tangent coefficients in the studied temperature

range. As compared to pure BTO, BTO-Z film exhibits a temperature independent

dielectric constant and lower loss tangent in a wide range of temperature (�174 to

+200 �C). Such flat dielectric response is extremely desirable in many practical

device applications including MLCC and voltage tunable frequency agile micro-

wave electronic (FAME) devices. Additionally, in BTO-Z composite thin films the

dielectric constant becomes more and more insensitive to the measurement fre-

quency and dc bias with progressive increase of the zirconia content (not shown).

All these material characteristics are attractive for the use of such composite thin

films in miniaturized multilayered ceramic capacitors. The plausible mechanism of

the formation of core-shell microstructure in BTO-Z composite films and their

lower sensitivity of the measured dielectric constant as a function of frequency, dc

bias voltage and temperature is explained in the following subsection.

19.2.2.2 Plausible Mechanism of the Formation of Core-Shell

Nano-composite Films

Mainly two different types of mechanism have been invoked in the literature to

explain the formation of nano-crystalline core-shell structures via reverse micelle

route [52]. For Cds:Ag based system, the addition of Ag+ to CdS micro-emulsion

partially replace Cd2+ resulting a monolayer shell of Ag2S on the core of CdS. In

another plausible mechanism CdS particles act as heterogeneous site for the

nucleation and subsequent growth of a surrounding Ag2S shell. None of the

above two mechanism seems to be operative to form BTO (core)-ZrO2 (shell)

Fig. 19.5 Temperature

dependence of the dielectric

constant and loss tangent of

BTO and BTO-40Z nano-

composite films
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based nano-composite films described above. As for example, the ionic exchange

can be ruled out as it is unlikely that Zr4+ ions would be separated from acetyl

acetone stabilized zirconia oligomers in the hybrid precursor sol used in this

study [43].

As the steric strain of the acetyl acetone chelated alkoxide is much larger, mainly

due to Coulombic attraction, the zirconia oligomers are expected to be flocked in

the vicinity of the surfactant stabilized BTO core to form a core-shell structure in

the hybrid sol. Once the hybrid sol was spin coated onto the platinized silicon

substrates (Fig. 19.6a), the core-shell structures of the hybrid sol come into close

proximity in the deposited film with the oil phase, surfactant, and the solvent

trapped in between. Now depending on the concentration of oligomers surrounding

the BTO cores in the hybrid sol, the thickness of the shell is varied around each core

particle. During intermediate heat treatment, the solvent, oil phase as well as the

surfactants are evaporated instantaneously and a zirconia shell forms as an oxide

skeleton on BTO core (see Fig. 19.6b). As shown in the schematic Fig. 19.6b, the

nano-composite thin films at this stage has a porous microstructure and each BTO

core is surrounded by a ZrO2 based shell layer with varying thickness. During

sintering, Zr4+ ions from the reactive oxide skeleton of the shell diffuse inwards to

the BTO cores. Such diffusion is driven by the concentration gradient of the

diffusing species. Due to the unequal thickness of the shell layer, the said concen-

tration gradient varies among the dispersed BTO cores. Since the annealing tem-

perature and time are kept relatively low, the diffusion rate of the dopant is slow

along the nano-sized BTO core. The slow diffusion rate of the dopant cation in turn

yields an inhomogeneous dopant distribution within as well as among the BTO

cores. In other words each BTO core is expected to have Ti:Zr compositional

heterogeneity in these micro-emulsion derived nano-composite thin films.

Micro-emulsion mediated synthesis demonstrated to be one of the most versatile

and attractive methods to synthesize BaTiO3 (BTO) nano-particles as well as

mesoscopic thin films with excellent dielectric properties. Using mixed precursor

sols based on zirconium alkoxide and micro-emulsion synthesized BTO,

nanocomposite BaTiO3-ZrO2 (BTO-Z) thin films have successfully been prepared.

Fig. 19.6 Schematic of micro-emulsion mediated thin film processing (a) after deposition and

(b) after firing (adapted from [43])
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It has been proposed that a ZrO2 oligomer shell already forms on the nano-

crystalline BTO core in the hybrid precursor sol used for thin film deposition.

The compositional heterogeneity in the precursor sol is found to be maintained in

crystalline BTO-Z nano-composite films avoiding the formation of BaZrxTi1-xO3

solid solution. The heterogeneity has been confirmed by Raman spectroscopy in

conjunction with X-ray diffraction and high resolution transmission microstructure

analyses [43]. It was proposed that such nano-composite films would be able to

close the gap between conventional particulate fabrication routine (to yield films

down to ~800 nm) and classical wet chemical synthesis technique (to yield films up

to 300 nm thick) to grow composite films for multi-layered ceramic capacitors. In

principle, such nano-composite films can also be used for several other applications

where nano-scale heterogeneity of the functional thin films is required. As one

example, BaZrO3 nanoparticles acting as flux pinning centers in superconducting

YBa2Cu3O7-δ layers are briefly described in Chap. 27.

19.2.3 Self-Assembled Oxide Nano-composite Thin Films

Achieving self-assembling or self-organized organic systems have been studied

intensively in the last two decades. As for example polystyrene and polymethyl

methacrylate has been made phase separated by spinodal decomposition of a

polymer blend. Several self-assembled nanostructures in the form of lamellae,

cylinders embedded in a matrix etc. with spatial dimensions in the order of 20 nm

have been reported in these organic systems [53, 55]. Controls of the parameters

such as temperature, bond energies, composition etc. are required to control the

overall energy of the system to yield desired nano-composite structures. The

kinetics of the system is controlled to yield the desired length scale of the self

assembled organic nanostructures.

Compared to organic self-assembled nano-composites, very limited research

works have been performed on oxide based inorganic systems. As outlined in the

following section, the majority of the self-assembled oxide nano-composite films

have been grown by physical vapor deposition routes. Limited attempt so far been

made to synthesize such films by CSD routes. It is believed that CSD could qualify

as a viable synthesis route to synthesize nano-composite oxide films on large area

substrates. Using suitable lattice matched single-crystalline substrates it is also

possible to grow vertical hetero-epitaxial nano-composite (VHN) oxide thin

films. As a proof of concept, polycrystalline lead lanthanum titanate—cobalt iron

oxide nano-composite thin films on platinized silicon substrates utilizing a hybrid

sol–gel technique have been grown. A percolative distribution of cobalt iron oxide

in a lead lanthanum titanate matrix (with percolation threshold ~8 vol%) is

identified in these in these nano-composite thin films. The structural,

microstructural, electrical, magnetic, magnetoelectric and optical characteristics

of these films are described as follows.
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19.2.3.1 Self-Assembled Thin Film Growth: Sol–Gel Grown Lead

Lanthanum Titanate-Cobalt Iron Oxide Multiferroic

Composite Thin Films as a Case Study

In general self-assembled oxide thin films are grown using physical vapor deposi-

tion routes (e.g. pulsed laser deposition) using a target composed of two intermixed

oxides of interest. For hetero-epitaxial growth of the oxide, lattice matched single

crystalline substrates are used. Plausible growth mechanism of these films are

recently been reviewed by Judith et al. [40]. Depending on the nature of constituent

oxides, three different self-assembly growth mechanisms have been identified.

These mechanisms are summarized for four different types of oxide combinations.

First, for oxides with no solid solubility, individual oxides may be grown on the

underlying substrate by nucleation and growth. If there exists sufficient miscibility

of the constituent cations and oxygen, a single phase oxide film may be nucleated

and grown on the substrate. For oxide systems which are miscible at higher

temperature and a tendency towards clustering at relatively lower temperatures,

then depending on the overall composition of the starting mixture, two phases may

form either by nucleation and growth or by spinodal growth. Finally, for partially

miscible oxides, coherent precipitation of a lower symmetry oxide phase is obtained

in the matrix of a higher symmetry phase.

Guided by the above summary we thought that it would be interesting to grow

nano-composite films by mixing molecular precursors of constituent oxides. As

outlined earlier, for all of those four types of oxide systems, nano-composite thin

films are primarily grown using physical vapor deposition techniques. The growth

of such thin films using molecular precursors using wet chemical synthesis routes

has grossly been neglected. Therefore, as a case study lanthanum doped lead

titanate (PLT) (piezoelectric constituent) and cobalt iron oxide (CFO) (magne-

tostrictive constituent) precursor sol to prepare PLT-CFO composite thin films

have been mixed. The individual precursor sols have been synthesized by mixing

nitrate salts of cobalt and iron for cobalt iron oxide and, lead acetate and lanthanum

nitrate are mixed with titanium butoxide for lead lanthanum titanate. The salient

features of synthesizing piezoelectric:magnetostrictive composite thin films using

PLT-CFO mixed precursor sols are as follows: First, in this kind of processing, the

magnetostrictive (CFO) and piezoelectric (PLT) precursors are mixed in molecular

level; hence a homogeneous phase mixing (at nano-scale) between the constituent

phases is expected. Second, the crystallization kinetics of the perovskite (PLT) and

spinel (CFO) phases in a mixed precursor sol could be very different as compared to

respective pure precursor sols. Third, although the spinel and perovskite phase are

not expected to react (during calcination) to form any impurity phase/(s), due to

molecular level mixing of the precursors, possible interfacial reaction between

piezoelectric and magnetostrictive phases cannot be ruled out during calcination.

Composite multiferroic films are being studied actively for their possible

applications in magnetic field sensors, transducers, filters, oscillators, phase shifters

and memory devices. Traditional magneto-resistive read heads requires a constant
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dc current to detect the resistance change during operation. As proposed by

Vopsaroiu et al. theoretically [55], in a novel magnetic record head, constant dc

current is not required as the data are read back directly as an induced magneto-

electric output voltage. Use of multiferroic composites in such application would

lead to lowering of power consumption. A prototype of such magneto-electric

recoding head has recently been demonstrated using CoFe2O4/BaTiO3 bi-layer

film [56]. Also, the magneto-electric coupling in multiferroic composite thin

films is considered to be very attractive to make electrically tunable microwave

magnetic devices such as filters, resonators, phase shifters etc. Thus by fabricating

Fe3O4/PMN-PT and Fe3O4/PZN-PT composite films Liu et al. [57] achieved a shift

in FMR absorption spectra by applying an electric field. Magnetoelectric

multiferroic films are also attractive for next generation memory devices. In these

devices data could be written electrically and read magnetically. Possibilities

of several such novel type memory elements are reported in the open literature

[58, 59]. In these proposed memory devices the electrical control of magnetization

via ME coupling offers the opportunity to combine the respective advantages of

FeRAM and MRAM devices. In the subsequent sections the characteristics of lead

lanthanum titanate (PLT)-cobalt iron oxide (CFO) nano-composite multiferroic

thin films are presented.

19.2.3.2 Structural and Micro-structural Characteristics

Two interesting observations are made while analyzing the X-ray diffraction

patterns of (1-x)Pb0.85La0.15TiO3 � xCoFe2O4 nano-composite films. First, in all

the synthesized composite thin films, the diffraction peaks corresponding to the

perovskite PLT are readily detected; however, diffraction peaks corresponding to

the spinel CFO are too weak to be detected. Second: with the increase of CFO

volume content up to 8.3 %, the diffraction peaks of the perovskite (PLT) phase is

shifted to higher diffraction angle (2θ). Beyond 8.3 % volume content of the

magnetostrictive phase, the peak shift, however, is less prominent. The systematic

shifts of the PLT diffraction peaks indicate the shrinkage of the lattice parameter of

perovskite PLT in the nano-composite films. In piezoelectric:magnetostrictive

based composite thin films, mechanical interaction between the constituent phases

introduces stress in each other resulting in such reduction of lattice parameters.

During the annealing of such nano-composite films, diffusion of transition metal

cation/(s) [viz. Co2+, Fe3+] from the ferrite to perovskite phase is also possible.

Such cationic diffusion would indeed reduce the lattice parameter of perovskite

phase as the transition metal cations have smaller ionic radii than Ti4+ ions in PLT

lattice. Further research effort is needed to delineate if the lattice contraction is due

to strain or dopant induced.

Figure 19.7 shows (a) the surface and (b) cross sectional morphology of

PLT-CFO composite thin films. In the PLT-CFO nano-composite films, CFO grains

(white nano-crystals) are found to be uniformly dispersed in the PLT matrix. The

cross sectional surface morphologies of PLT-CFO composite films are found to be
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equiaxed. The distribution of CFO and PLT phases, however, remain undistin-

guishable in the cross section micrographs. The line scans analysis on the white

regions (not shown) yield signals only from Co, Fe and O confirming them to be the

CFO phase. When the line scan is performed in the greyish region then the

elemental signal corresponds to Pb, Ti, La, and O; confirming it to be the PLT

matrix. Finally when the span of the line scan is increased to cover both white

(CFO) and grey (PLT) regions then signals from all the constituent elements are

achieved. EDS analyses are performed to determine the atomic contents of the

constituent elements in these films. A close agreement between the nominal and

EDS estimated compositions of pure PLT and PLT-CFO composite films has been

observed.

19.2.3.3 Electrical Characteristics

(1-x)Pb0.85La0.15TiO3 � xCoFe2O4 (x ~ 0.0–0.12) nano-composite films were

characterized in terms of dielectric, ferroelectric and leakage current

characteristics. The remarkable difference in the dielectric permittivity and con-

ductivity between PLT and CFO phases together with their nano-scale mixing lead

to Maxwell-Wagner polarization in the nano-composite thin films. Strong fre-

quency dispersion in both dielectric constant and loss tangent is found in these

films and it is inferred that both space charge polarization and dipolar response

contribute to the observed frequency dispersion. The dielectric constant of such

composite films depends both on space charge polarization, dominated by the

magnetostrictive phase component, and dipolar polarization dominated by the

piezoelectric phase. For PLT-CFO nano-composite films, the measured dielectric

constant and loss tangent initially increase and maximize at certain specific CFO

volume contents and then both these parameters are steadily decreased (see

Fig. 19.8). According to a general percolation theory developed for ceramic—

metal composites, the dielectric constant of a composite is strongly dependent on

the conductivity ratio of the matrix and dispersed phase. As reported elsewhere in

details, the increase of dielectric constant and loss tangent fits well to the general

empirical equations of the respective parameters, developed originally for

ceramic—metal composites [60]. At the percolation threshold (~8.6 vol% of CFO

contents, derived from non-linear curve fitting of general empirical equations) both

Fig. 19.7 FESEM

micrograph of the

(a) surface and (b) cross-

section morphology of a

PLT-CFO (5.94 vol%)

nano-composite thin film
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the dielectric constant and loss tangent of PLT-CFO composite film are found to be

increased significantly as compared to pure PLT thin films. The sharp drop in the

dielectric constant with further increase in CFO volume contents beyond the

percolation threshold is thought to be related to the sudden drop in the resistivity

of the composite films.

The polarization hysteresis characteristics of these composite films are

characterized by capacitance (C)-dc voltage (V) (C-V loop) and polarization

(P)-electric field (E) (P-E loop) measurements. In PLT-CFO composite films, the

saturation polarization increases up to ~6.0 vol% CFO contents and then starts to

decrease with further increase of CFO contents. The coercive field, however, does

not have any definite correlation with the CFO volume contents in these composite

films. The ferroelectric polarization consists of reversible and irreversible

components. It is accepted that the irreversible polarization component is useful

for potential applications. By integrating a C-V curve and dividing by the area of

the capacitor in a point to point basis, the reversible polarization contribution has

been estimated. Such an estimation is based on the fact that a small ac signal

(~50 mV used for capacitance measurements) superimposed on the slowly varying

dc bias allows only for small reversible displacements of the domain wall. The

measured quasistatic P-E hysteresis is a sum of reversible and irreversible

contributions. By subtracting the reversible polarization the irreversible polariza-

tion components have been obtained. In Fig. 19.9 the variation of the reversible,

irreversible and total polarization (at Vmax) with CFO volume contents in PLT-CFO

composite thin films is compared. It is interesting to note that with the increase in

CFO volume contents the irreversible polarization component is reduced. The

reversible polarization component, however, increases up to 6 vol% CFO contents

and reduced thereafter with the further increase in CFO volume contents.

Due to the variation of the reversible polarization component, at lower CFO

contents (<6.0 vol% CFO), the total polarization increases with CFO contents

(although for all these nano-composite films, the total polarization still remains

less as compared to pure PLT film). Two accepted mechanisms exist to explain the

Fig. 19.8 Variation of

dielectric constant and loss

tangent of PLT-CFO nano-

composite films measured

at 100 kHz
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irreversible polarization (1) the intrinsic defects could pin the domain wall and

hence after removing the electric field the domain wall does not return back to their

original position. In other words, the domain walls are pinned by the defect.

(2) Another possible mechanism is the application of electric field initiates the

nucleation and growth of new domains which do not disappear when the field is

removed. However, these are simplified assumptions made originally for ferroelec-

tric thin films. In ferroelectric:ferrite based composite films the phenomenon is

further complicated by the presence of a magnetostrictive phase, possibilities of

cation diffusion from the ferrite to perovskite grains etc. The presence of defect

dipoles and free charges also contribute to the measured polarization (in low

frequency measurement), and, in addition, they would also interact with domain

walls. The reversible polarization is influenced by the defect density and the

perovskite phase content in the composite thin films. Among all these possible

factors, the increase of the magnetostrictive (CFO) phase contents clearly would

have pronounced influence on increasing the reversible polarization components of

PLT15-CFO nano-composite thin films with lower CFO volume contents (up to

5.94 vol%). In the vicinity of the percolation threshold, a decrease in the reversible

polarization component with the increase in CFO volume contents has been

observed. More detailed studies are required to fully understand the role of the

magnetostrictive phase distribution in controlling the domain wall motion in these

nano-composite films. The leaky hysteresis loop of the PLT15-CFO (11.74 vol%)

nano-composite film clearly indicates the decrease of dc resistivity of this film.

The operative conduction mechanisms in insulating films can be grouped into

either electrode or bulk limiting. For piezoelectric:magnetostrictive nano-

composite films it is not clear whether the primary current conduction mechanism

is electrode or bulk limiting. By measuring both field as well as temperature

dependence of leakage current, Schottky emission is found to be the dominant

current conduction mechanism in the PLT15-CFO composite thin films. Interest-

ingly, similar to the dielectric constant, the increase in conductivity could also be

Fig. 19.9 Plot of the

reversible (rev.),

irreversible (irrv.), and total

polarization of PLT-CFO

composite films with

varying CFO volume

contents
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fitted using an empirical equation originally developed for ceramic metal

composites. As reported in details in a recent publication, a good agreement is

achieved between the percolation threshold from dielectric and conductivity

data [61].

The ac conductivity of PLT-CFO composite films in a temperature range

between 25 and 200 �C has also been measured. Additionally these films are also

characterized using impedance and modulus spectroscopy analyses. Interesting

features in the ac conductivities, impedance and modulus parameters are only

observed beyond the percolation threshold. The frequency dependent ac conductiv-

ity in the mentioned temperature range is fitted to a double power universal Power

law. For PLT-CFO composite films, irrespective of the measurement frequencies,

the ac conductivity is found to increase with the increase in temperature. For a

particular frequency, the temperature dependence of the ac conductivity obeys the

Arrhenius relation. Accordingly, from the estimated slope of the linear fit of the

logarithimic variation of ac conductivities vs inverse of measurement temperatures,

activation energy for ac conduction was estimated for PLT-CFO composite films.

For these films, Fig. 19.10 shows the variation of the estimated activation energies

(for ac conduction) with the measurement frequencies. Two interesting features are

identified in Fig. 19.10. First, at lower CFO contents (up to 3.6 vol%), Eac increases

with the increase in frequency, however, in composite films with higher CFO

volume contents, a reverse trend is observed. Second, irrespective to the measure-

ment frequencies, Eac decreases systematically with the increase in CFO volume

contents. The range of activation energy (0.07–0.16 eV at 10 kHz) is lower as

compared to that estimated at higher frequency (0.03–0.3 eV). The comparatively

lower activation energy is indicative to hopping conduction at intermediate fre-

quency range. The fact that activation energy is reduced systematically with the

Fig. 19.10 The variation of

the estimated activation

energies (for ac conduction)

with the measurement

frequencies in PLT-CFO

composite thin films of

different composition

(a) PLT15, (b) 98.82

PLT15-1.18 CFO, (c) 96.42

PLT15-3.58 CFO, (d) 94.06

PLT15-5.94 CFO, (e) 91.74

PLT15-8.26 CFO, (f) 88.26

PLT15-11.74 CFO
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increase in CFO volume contents in PLT-CFO composite films is consistent with

the increase of ac conductivity with CFO volume contents in these films.

For impedance and modulus spectroscopy analyses the frequency dispersion

(42 Hz–1 MHz) of impedance (Z) and phase angle (θ) in the temperature range

between 30 and 200 �C has been measured. From the measured Nyquist plots of

PLT and PLT-CFO nano-composite thin films it is observed that the bulk resistance

is suddenly reduced in nano-composite film with 8.2 vol% CFO content. Thus the

ac impedance spectroscopy analyses support the percolative model of magne-

tostrictive phase distribution. For nano-composite thin films with higher CFO

volume content, the broad nature of Z00-f peak and its shift to higher frequencies

with the increase in temperature ascertain the distribution of relaxation time. It is

known that for an ideal Debye-type relaxation for a particular temperature, both Z00

and M00 should peak at identical frequencies. Since in the present case it has been

found that Z00 and M00 peak at different frequencies, a non-Debye type relaxation

process in the composite films with higher CFO contents can be inferred.

19.2.3.4 Magnetic and Magnetoelectric Characteristics

The magnetic properties and magneto-electric coupling characteristics of (1-x)

Pb0.85La0.15TiO3 � xCoFe2O4 (x ~ 0.0–0.12) composite films have also been

characterized. The magnetic hysteresis at room temperature is measured by apply-

ing a magnetic field perpendicular to the plane of PLT-CFO composite films using a

vibrating sample magnetometer. It is interesting to note that PLT-CFO composite

films exhibit both polarization and magnetic hysteresis loops at room temperature.

Thus for 91.7 PLT-8.3 CFO film, the measured saturation and remnant magnetiza-

tion of these films are ~15.0 and 5 emu/cm3 with a coercive field ~336 Oe. Beyond

12.0 vol% CFO contents, the polarization hysteresis loop turns leaky; however,

magnetization is increased yielding well saturated hysteresis loops. The field cooled

(FC), zero field cooled (ZFC), magnetization (M)- temperature (T) characteristics

of PLT-CFO composites have also been measured. For PLT-CFO (5.9 vol%)

composite a bifurcation of ZFC and FC curve is clearly visible ~180 K. Similar

feature has also been observed in PLT-CFO composites with relatively higher CFO

volume contents. Such FC:ZFC magnetization behavior is probably related to the

nano-scale distribution of CFO phase in PLT matrix forming a 0–3 type

composite [62].

To measure magneto-electric coupling coefficient (dE/dH), the composite films

are put in a dc magnetic field that is varied up to 3 kOe. The measurements are done

with superimposed small amplitude of ac magnetic fields generated by Helmholtz

coils. Both ac and dc magnetic fields are kept parallel to the direction of polariza-

tion (longitudinal mode). The output voltage generated by the composite film is

measured using a lock in amplifier. A maximum magnetoelectric coupling coeffi-

cient (αmax) is obtained at an optimized dc magnetic field. The magnetic bias field

dependence of the magnetoelectric coupling coefficient is found to be due to the
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magnetic field dependence of the piezomagnetic coefficient of the CFO phase.

Figure 19.11 shows the dc magnetic field dependence of the estimated magneto-

electric coupling coefficients for PLT-CFO thin films with varying CFO volume

contents. It is interesting to note that αmax is significantly increased in nano-

composite films with CFO volume content in the vicinity (within 2.0 vol% of

CFO contents) of the percolation threshold. With further increase in CFO volume

contents αmax drops and probably levels off. Thus for x ~ 0.06, αmax is measured to

be ~250 mV/cm Oe (at 20 kHz). As compared to the magneto-electric coupling

coefficients reported for ferroelectric-ferrite nano-composite films, the present films

yield significantly larger magnetoelectric coupling coefficients.

19.2.3.5 Optical Characteristics

Finally, the optical properties of (1-x)Pb0.85La0.15TiO3 � xCoFe2O4 (x ~ 0.0–0.12)

composite films have been studied. Optical characterization of these nano-

composite thin films can be used as an effective diagnostic tool to assess the quality

of these films. In case of ferroelectric:ferrite based nano-composite films with dilute

magnetostrictive phase the optical constants of these thin films have been system-

atically investigated.

The optical properties of these nano-composite films are investigated using both

transmission and reflection spectra in the wavelength range 200–900 nm. The

refractive index (n), extinction coefficient (k) and thickness of the film (d) are

determined from the measured transmission spectra. Thickness of the films

obtained from the interference fringes in transmission or reflection spectra agree

well with those obtained from other characterization methods. The appearance of

interference fringes itself is an indication of the thickness uniformity of these films.

The low value of extinction coefficient (in the order of 10�2) as observed in our

films is a qualitative indication of excellent surface smoothness of the films. The

densities of the films have also been estimated from their packing fraction values.

Fig. 19.11 The variation of

the estimated αmax with

CFO volume contents at

three different ac

frequencies
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The packing fractions of the films are calculated from their refractive indices using

effective medium approximation (EMA). The average oscillator strength and its

associated wavelength are estimated using a Sellmeir-type dispersion equation. It

could be demonstrated that analysis of multiferroic nano-composite films in terms

of its dispersion of refractive indices could be an effective tool to comment on the

magnetostrictive phase distribution in perovskite matrix. Thus in case of 0–3 type

PLT-CFO nano-composite films it has been shown that as long as the CFO phase is

distributed homogeneously in the PLT matrix, the measured refractive indices

follow Sellmeir dispersion formalism. Interestingly, when the percolation of the

magnetostrictive phase (CFO) initiates, then the dispersion deviates from the

Sellmeir type dispersion (for one dominant electronic oscillator) [63].

Absorption coefficient (α) and the band gap energy (Eg) are obtained for PLT

and PLT-CFO composite films with varying CFO volume contents. Both refractive

indices and the packing fraction of PLT-CFO composite films are found to be

marginally reduced with the increase in CFO volume contents. The band gap (Eg) of

these films is found to be systematically reduced with the increase in CFO volume

contents. The observed change in band gap is argued to be due to a combined effect

involving microstructure and cation/(s) diffusion across the PLT/CFO interfacial

regions.

The salient features of the results presented above are summarized as follows:

Multiferroic lead lanthanum titanate-cobalt iron oxide nano-composite thin films

are synthesized by a sol–gel route. A percolative distribution of cobalt iron oxide

phase, with percolation threshold ~8 vol%, is identified through unified

microstructural, electrical and optical characterizations. Large magnetoelectric

coupling coefficient (~250 mV/cm Oe) is found in the nano-composite films with

cobalt iron oxide volume contents in the vicinity of its percolation threshold. The

composite films with dilute magnetostrictive volume contents yield superior

multiferroic properties to its counterparts with relatively higher magnetostrictive

volume contents. Using various theoretical formalisms it is predicted that 1–3 type

vertical heterostructures with low leakage current would yield large magnetoelec-

tric coupling coefficient whereas 2–2 type laminated composite would yield poor

coupling coefficient due to substrate constraint effect. Such theoretical prediction

has been experimentally verified. We could not find any comprehensive theoretical

model predicting the magnetoelectric coupling coefficient of 0–3 type composite

films. It is therefore necessary to develop a theoretical model for such 0–3 nano-

composites to check if our experimental observations that the composite film with

dilute magnetostrictive phase content would exhibit percolation and large magne-

toelectric coupling in the vicinity of percolation threshold are in line to the

theoretical prediction or not. Additionally, by cross-sectional high-resolution trans-

mission electron microscopy (HRTEM) in conjunction with compositional line

analyses we need to verify if indeed cation/(s) diffusion is operative across the

piezoelectric/magnetostrictive inter-phase boundary. Analyses the nature of the

interface is very important to understand the strain-mediated magnetoelectric

coupling. Finally, to yield effective magnetoelectric coupling, one can synthesize

ferroelectric:ferrite core-shell nano-crystalline particles with ferrite as core and
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ferroelectric materials as shell. The synthesis of such particles could be micro-

emulsion mediated, as outline in Sect. 19.2.2. Multiferroic films grown from such

core-shell nano-particles would probably yield excellent magnetoelectric coupling.

19.2.4 Nano-composite Thin Films with Super-Lattice
Ordering

19.2.4.1 Introduction to Bulk Nano-composite with Super-Lattice

Ordering

Due to the enormous growth of various portable electronic devices cheaper,

environmentally benign lithium rechargeable micro-batteries with higher capacities

and energy densities are in large demand. As for example, to power the devices like

high density computer memories such micro-batteries are proposed to be integrated

into the electronics at chip level [64]. The heart of these micro-batteries is the

cathode material used in the cell construction. Due to their higher discharge

capacities and thermal stability, hexagonal layered structured Li(Ni0.5Mn0.5)O2

has been considered to be one of the most important material candidates for such

applications [65]. In these cathode materials, oxygen octahedra containing transi-

tion metal cations (Ni, Mn, or Co) are separated to each other by another oxygen

octahedra containing Li ions. Unlike conventional LiCoO2 cathode, Li(Ni0.5Mn0.5)

O2 is able to incorporate excess lithium ions in transition metal site. The ability to

incorporate excess lithium ions in the transition metal site is attributed to the +2

valence state in nickel and +4 valence state in manganese. In conventional layered

oxides (viz. LiCoO2, LiNiO2, LiMnO2 etc.), the transition metal cations remain in

the +3 valence state and therefore excess lithium incorporation in transition metal

sites is improbable [66]. Interestingly, when lithium ions exist in the transition

metal site containing Mn4+ as major constituent, they have a strong tendency to

form a cation ordering with Mn4+ion to form Li2MnO3 type nano-domains. As has

recently been reported for Li(Li0.2Mn0.55Ni0.15Co0.1)O2 powders (calcined at

800 �C for 12 h in air) Arrhenius super lattice peaks (marked by asterisk in

Fig. 19.12a) around 20–25� are due to the ordering of Li and Mn ions to form a

Li2MnO3 like regions [67]. For similar cathode compositions, identification of

Li2MnO3-type domain in active-cathode matrix has also been confirmed by high-

resolution transmission electron microscopy and other characterization tools such

as nuclear magnetic resonance, X-ray absorption spectroscopy, etc. [68].

For example, as shown in the transmission electron micrographs of Li

(Li0.111Mn0.471Ni0.249Co0.166)O2 cathode particles (Fig. 19.12b) two distinctly dif-

ferent lattice fringes are identified in the individual particles. Thus, along with the

well ordered fringes there are regions with disturbed lattice fringes (marked with

circles in the micrograph). These disorder regions correspond to the nano-domains

of Li2MnO3 [67, 69]. The nano-domains (form due to the ordering of lithium and
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manganese ions in transition metal layer) are large enough to yield coherent X-ray

diffraction. The diffraction peaks correspond to the super-lattice ordering has

clearly been identified in the X-ray diffractograms presented earlier. In bulk

form, these nano-composite cathodes with super-lattice cation ordering, yield

much higher discharge capacity as compared to conventional layered and spinel

oxide based cathodes. Little efforts has so far been attempted to investigate the

electrochemical characteristics of such nano-composites cathodes in thin film form.

Preliminary structural and electrochemical characteristics of such thin film

cathodes are described as follows.

19.2.4.2 Nano-composite Thin Films for Lithium Rechargeable

Batteries

To prepare the precursor solution for thin film deposition, stoichiometric amounts

of lithium acetate, nickel acetate, cobalt acetate and manganese acetate were

co-dissolved in warm acetic acid through continuous stirring. To avoid precipita-

tion few drops of nitric acid was added into the mixed precursor sol. The molar

concentration of the precursor solution was maintained to ~0.5 mol/l, and it was

spin coated on polished platinum substrates at 2,500 rpm for 10 s. Just after

deposition, the films were directly inserted into a pre-heated furnace kept at

450 �C and fired for 5 min to remove the associated organics. The coating and

firing schedule was repeated for 25 times to yield films about 1 μm thick. After final

firing, these films were annealed at 700 �C for 360 min for crystallization. The firing

and annealing temperatures were decided on the basis of thermo-gravimetric

analysis of gel derived powder of the precursor sol.

The electrochemical properties of these films were evaluated in a two electrode

split cell using Li foil both as counter and reference electrodes and deposited thin

Fig. 19.12 (a) XRD profile of Li(Li0.2Mn0.55Ni0.15Co0.1)O2. Super-lattice peaks are marked by

asterisk. (b) High resolution transmission electron micrograph of Li(Li0.111Mn0.471Ni0.249Co0.166)

O2 powder. Regions correspond to Li2MnO3 nanodomains are marked in the micrograph
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film on platinum substrate as working electrode. The electrolyte solution was 1 M

LiPF6 salt mixed with ethylene carbonate (EC) and diethyl carbonate (DEC) in 1:1

molar ratio. All the electrochemical experiments were performed inside a moisture-

controlled glove box. The films were about 1.0 μm thick unless specified otherwise

and the electrode area inside the electrolyte solution was ~0.56 cm2. A computer-

controlled potentiostat–galvanostat system was utilized for the electrochemical

measurements. The cyclic voltammograms were recorded at a voltage scan rate

(v) of 0.5 mV/s in a cut-off limit of 5.0–2.0 V. The charge–discharge measurements

were performed at constant current densities ranging 0.05 mA/cm2 in a cut-off

voltage limit of 5.0–2.0 V Li/Li+. The discharge capacity was estimated from these

measurements.

The X-ray diffraction peaks of thin film cathode materials are too weak to

estimate their phase formation behavior. However, comparing with its bulk coun-

terpart it can be concluded that due to the presence of high content of lithium and

manganese ions, super lattice ordering between lithium and manganese ions leads

to formation of inactive Li2MnO3 like regions embedded inside the active

Li(Mn0.375Ni0.375Co0.25)O2 matrix. This eventually can be visualized as a nano-

composite structure.

The occurrence of Li2MnO3 domains embedded in the Li(Mn0.375Ni0.375Co0.25)

O2 phase can realized from the electrochemical measurements. For example, cyclic

voltammetry (CV) measurements are performed to identify the redox reactions

during the charging and discharging of these nano-composite cathode thin films.

Figure 19.13 compares the CV characteristics of Li(Mn0.375Ni0.375Co0.25)O2, and

Li(Li0.2Mn0.55Ni0.15Co0.1)O2. For Li(Mn0.375Ni0.375Co0.25)O2 thin films, the said

super lattice ordering is absent. During charging of this film, the broad oxidation

peak ~4.0 V is due to the oxidation of nickel and cobalt cations in the transition

metal cation layer of this layered oxide cathode. In pristine Li(Mn0.375Ni0.375Co0.25)

O2 cathode, nickel and cobalt ions are in the +2 and +3 valence state, respectively,

Fig. 19.13 Cyclic

voltammograms of

Li(Mn0.375Ni0.375Co0.25)O2,

and

Li(Li0.2Mn0.55Ni0.15Co0.1)O2

thin film cathodes
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and during charging they are oxidized to the +4 valence state. As seen in Fig. 19.13,

the reduction potential of these cations is found to be ~3.4 V. During the discharge

cycle, the broad hump at ~4.5 V probably indicates the insertion of lithium ions in

the vacant tetrahedral site of the layered oxide lattice. In pure Li2MnO3 thin films a

loss of lattice oxygen takes place with concomitant (electrochemical) extraction of

lithium from the monoclinic Li2MnO3 lattice. In the composite thin film, (where

super lattice ordering takes place to form Li2MnO3 like region) Li can be extracted

from the Li2MnO3 domain through the release of lattice oxygen (indicated by a

oxidation peak at ~4.8V) to form activated MnO2. The MnO2 is reported to be

structurally integrated with an active component. Upon discharge Mn ions are

reduced to the +3 states and subsequently oxidized to the +4 valence state in the

next charge cycle. The capacity of these composite cathodes is increased due to the

occurrence of both Mn3+/Mn4+ along with usual Ni2+/Ni4+ and Co3+/Co4+ redox

couples in these nano-composite cathodes.

In line to this, as shown in Fig. 19.14 the specific capacity of the nano-composite

Li(Li0.2Mn0.55Ni0.15Co0.1)O2 cathode is much higher than the Li(Mn0.375Ni0.375Co0.25)

O2 thin film. The voltage plateau obtained in the ~3 V regions is due to the reduction

of Mn4+ to Mn3+. The formation of Li2MNO3 type nano-domains (due to the

incorporation of excess lithium in the transition metal site) in these nano-composite

thin films helps to increase the discharge capacity significantly.

19.3 Summary

Composite film processing offers many exciting possibilities to optimize and tailor

the resulting functional layers not only with regard to economic production of high

performance thicker films as described in Sect. 19.1, but also as presented in the

second part the potential of modifying the microstructure on a nanoscale, i.e. nano-

composites in the sub-100 nm regime.

Fig. 19.14 Charge

discharge profile of

Li(Mn0.375Ni0.375Co0.25)O2

and

Li(Li0.2Mn0.55Ni0.15Co0.1)O2

thin film cathodes
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The ability to create high density thick films at moderate temperatures between

550 and 750 �C was shown impressively in the first part. This reduction in

processing temperature is brought about by the move away from classical sintering

relying on solid state diffusion of atoms. Instead, film formation is accomplished

through a gluing type approach where the conversion of metallo-organic precursors

to ceramic materials through the action of heat. Small scale atomic diffusion,

possible at these moderate temperatures, still occurs but is insufficient for large

scale densification required to densify a collection of ceramic particles. High

density thick films are either achieved by having a high proportion of sol–gel

material such that the final films structure consists of isolated ceramic powder

particles embedded in a ‘sea’ of sol–gel derived material, or where subsequent

sol infiltration treatments are used to fill remnant porosity directly. Further densifi-

cation can also be achieved by using a low melting point sintering aid to enhance

local diffusion or through the action of an externally applied pressure. The use of an

applied pressure should, however, be used with caution to prevent damage to

underlying substrate materials.

In the second part of the chapter recent approaches to generate nano-composite

films with a tailored heterogeneity are reviewed. Nano-composite BaTiO3-ZrO2

(BTO-Z) thin films have successfully been prepared using mixed precursor sols

based on zirconium alkoxide and micro-emulsion synthesized BTO nanoparticle

dispersions. It has been proposed that a ZrO2 oligomer shell forms on the nanopar-

ticle BTO core in the hybrid precursor sol used for thin film deposition. The

compositional heterogeneity in the precursor sol is found to be maintained in

crystalline BTO-Z nano-composite films. It was proposed that such nano-composite

films would be able to close the gap between conventional particulate fabrication

routine (to yield films down to ~800 nm) and classical wet chemical synthesis

technique (to yield films up to 300 nm thick) to grow nano-composite films for

multi-layered ceramic capacitors. Such nano-composite films can also be used for

several other applications, such as superconducting tape conductors, where nano-

scale heterogeneity of the functional thin films is required.

Multiferroic lead lanthanum titanate-cobalt iron oxide nano-composite thin films

are synthesized by a sol–gel route. A percolative distribution of the cobalt iron

oxide phase, with a percolation threshold of ~8 vol%, is identified through unified

microstructural, electrical and optical characterizations. A large magnetoelectric

coupling coefficient (~250 mV/cm Oe) is found in the nano-composite films with

cobalt iron oxide volume contents in the vicinity of its percolation threshold. The

nano-composite films with dilute magnetostrictive volume contents yield superior

multiferroic properties to its counterparts with relatively higher magnetostrictive

volume contents.

Finally the synthesis and electrochemical characteristics of lithium excess hex-

agonal layered oxide thin film cathodes for lithium rechargeable micro-batteries has

been outlined. The excess lithium forms Li2MnO3 type nano-domains in the layered

oxide matrix forming a nano-composite structure. Extraction of lithium from these

nano-domains during high voltage charging is found to be the key to achieve

sufficiently larger discharge capacity from these nano-composite cathodes.
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Chapter 20

UV and E-Beam Direct Patterning

of Photosensitive CSD Films

Kiyoharu Tadanaga and Mohammad S.M. Saifullah

20.1 UV Patterning

20.1.1 Introduction

Fine patterning techniques of thin films derived by chemical solution deposition

process have attracted much attention for the practical applications of these films to

devices like integrated optical circuits and micro-electronic memories. Several

approaches, such as UV-irradiation on photosensitive precursor films, embossing,

micro-contact printing (cp. Chap. 13) or UV-patterned self-assembled monolayers,

have been proposed.

In this section, direct UV-patterning process using photosensitive precursor

films is reviewed. Figure 20.1 portrays the fine-patterning process using photosen-

sitive precursor films. Table 20.1 lists examples of materials, in which

micropatterns were prepared by the direct UV-patterning process, together with

precursors. Precursors for the photosensitive films, preparation of multi-component

systems, some applications of direct UV-patterning, and limitation of this process

will be discussed.
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20.1.2 Precursors for Photosensitive Precursor Films

20.1.2.1 Metal-Alkoxide with β-Diketones

When metal alkoxides M(OR)n or metal salts are reacted with β-diketones, metal

atoms are coordinated with β-diketones to form chelate rings (cp. Chap. 1). Chelate

rings are durable against hydrolysis, and thus gel films derived by the hydrolysis of

modified metal alkoxides contain chelate bonds. These gel films exhibit absorption

bands, which are characteristic of the π-π* transition in the chelate rings, at

wavelength in a UV-range depending on a combination of metal and β-diketones.

Fig. 20.1 Fine-patterning

process using a

photosensitive

precursor film

Table 20.1 Precursors for UV-micropatterning of oxide thin films

Oxides Precursors References

TiO2 Ti-alkoxide + β-diketone
Ti-alkoxide + alkanolamine

[1, 3, 10, 14, 15]

[27]

ZrO2 Zr-alkoxide + β-diketone [1–3, 10–13]

Al2O3 Al-alkoxide + β-diketone [4, 6, 10, 20]

ZnO Zn-acetate + β-diketone [8, 9]

SnO2 SnCl2 + β-diketone
Sn-2-ethylhexanoate

Sn-alkoxide + β-diketone
Sn-alkoxide + alkanolamines

[16]

[23]

[25]

[28]

Cu2O Cu-2-ethylhexanoate [17]

In2O3 In-2-ethylhexanoate [18]

UO3 U-2-ethylhexanoate [19]

Al2O3-SiO2 Al-alkoxide + β-diketone [5]

Pb(ZrxTi1-x)O3 Zr, Ti-alkoxide + β-diketone
Pb, Zr-2-ethylhexanoate

[7]

[21]

(Pbx,La1-x)(ZryTi1-y)O3 Zr, Ti-alkoxide + β-diketone
Pb, Zr-2-ethylhexanoate

[10]

[22]

Bi4-xLaxTi3O12 Bi-, La-2-ethylhexanoate [24]

LiNbO3 Li-Nb double-alkoxide + β-diketone [26]
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Moreover such or related compounds are sensitive to electron beam exposure as

well, which is also used for patterning (see Sect. 20.2). Typical β-diketones used for
micropatterning are acetyl acetone (AcAc), ethyl acetoacetate (EAcAc), benzoyl

acetone (BzAc). By UV-irradiation on gel films, chelating bonds in gel films are

decomposed, and usually, the films become dense because of formation of metal-

oxygen-metal bonds in the gel films. Any type of UV-source can be used such as

high pressure mercury lamps, excimer lamps, and UV-lasers. The reaction model is

described in Scheme 20.1.

Figure 20.2 shows the absorption spectra of the ZrO2 gel films modified chemi-

cally with four different β-diketones [11]. The characteristic absorption bands of

these gel films lay at 280, 302, 334 and 365 nm for ethyl acetoacetate (EAcAc),

acetylacetone (AcAc), benzoyl acetone (BzAc) and dibenzoyl methane (DBzMe)

ligands, respectively; the absorption bands observable in a range from 240 to

280 nm for BzAc and DBzMe ligands originate from phenyl group, showing that

the incorporation of phenyl group in chelate rings shifts the characteristic absorp-

tion band to longer wavelengths due to induction effect of phenyl group. Thus,

suitable β-diketones should be selected according to combination of center metal

and UV source.

Figure 20.3 shows the change of optical absorption spectra of ZrO2 films

modified with acetylacetone, AcAc, with UV-irradiation [2]. The ZrO2/AcAc gel

films shows the absorption band at around 300 nm because of π-π* transition in the
chelating bonds of AcAc. The absorption of the band decreased with an increase in

UV-irradiation time, and the band disappeared after 5 min irradiation. The disap-

pearance of the band shows that the chelate bonds dissociate with UV-irradiation.

Because these chelating bonds are confirmed to be stable at room temperature, the

dissociation of the chelate bonds is accelerated by the excitation of π-π* transition.

In the gel films prepared by metal alkoxide modified with β-diketones, the
solubility of the gel film is controlled by the photochemically-induced reactions

of chelates bond to metal centers. The photo-dissociation of the chalet rings is

accompanied by the change in solubility of the gel films, because of formation of

metal-oxygen-metal bonds in the gel films.

Scheme 20.1 Model of a

reaction of β-diketone with
metal alkoxide
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The change of solubility enables the formation of micropatterns through

UV-irradiation. Gel films were irradiated through a mask with UV-light and then

leached with appropriate solutions. The irradiated part of the gel films remained

after the leaching, while the unirradiated part was leached out, which gave a

negative pattern of the mask used. As leaching solutions, organic solvents such as

methanol, ethanol, 2-propanol, or appropriate pH of acid- and base-solution have

been used.

Patterning of oxide thin films using metal-alkoxide-β-diketone systems was

firstly reported by Tohge’s group, and the other groups are following using similar

Fig. 20.2 Optical

absorption spectra of ZrO2

gel films derived from

Zr(O-n-Bu)4 modified with

different β-diketones

Fig. 20.3 Change of

optical absorption spectra of

ZrO2 gel films derived from

Zr(O-n-Bu)4 modified with

acetylacetone, with UV

irradiation [2]
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process. As a simple oxide system, micropatterning of ZrO2, TiO2, Al2O3, SnO2

have been reported as shown in Table 20.1.

20.1.2.2 Metal Complex of Carboxylic Acid

Metal complexes of carboxylic acids are known to show absorption bands in UV or

near UV region because of ligand-to-metal charge transfer (LMCT). These

complexes undergo photoreduction in solution and the solid state. Patterning of

oxide thin films using these metal complexes has been proposed as photochemical

metal organic deposition (PMOD) process [18]. In this process, precursor amor-

phous films are formed from these metal complexes. Photolysis of these films

results in the loss of the ligands from the metal center, leaving metal on the surface

under inert gas, and metal oxides under the ambient atmosphere because of the

oxidation of metals.

For example, photolithographic deposition of indium oxide from indium

2-ethylhecanoate has been reported [18]. The complex shows absorption maximum

at 260 nm, and UV light of 254 nm was used for irradiation. The photoreaction was

monitored with FT-IR spectra and the mass spectroscopy, the photolysis reaction is

clarified as follows:

In
�
O2CCH

�
CH2CH3

�
CH2

�
3
CH3

�
3
! Inþ3CO2þ3

2
C7H16þ3

2
C7H14 (20.1)

Inþ 1

2
O2 ! InO (20.2)

After UV irradiation using a contact mask, the patterns were developed using

methylene chloride. As leaching solutions, organic solvents such as methanol,

hexane, methylene chloride have been used.

Using this type of complex with 2-ethylhexanoate, formation of patterns of

oxides such as CuO, InOx, SnO2, UO3, PZT, PLZT, and so on has been reported

as shown in Table 20.1.

20.1.3 Binary and Multi-Component Systems

Not only single oxide films, micropatterns of several binary oxides and multi-

component oxide systems have been reported. Especially, thin films of ferroelectric

materials such as PZT, PLZT are very important target of the micropatterning. In

the preparation of multi-component oxides, not all the precursor should be photo-

sensitive precursor. For example, in the preparation of PZT using β-diketones-
modified gel films, Zr and Ti are modified with β-diketones, but lead acetate, for

example, is used for precursor [7]. In the preparation of PZT using PMOD process,
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Pb and Zr complexes with 2-ethylhexanoate, and Ti-alkoxide are used as

precursors [21].

Tohge’s group reported that preparation of Al2O3-SiO2 binary oxide system

using tetraethoxysilane, which is not photosensitive precursor, and Al-alkoxide

with a β-diketone [5]. They show that gel films with a composition of x larger

than 30 in x Al2O3 (100-x)SiO2 showed difference in solubility between irradiated-

and unirradiated- areas to form micropatterns. This proves the feasibility of direct

fine patterning process of multi-component oxide thin films using photosensitive

gel films.

20.1.4 Positive-Type Patterning

Kawahara et al. reported the formation of positive-type patterned ZnO films [8, 9].

Usually, photo-irradiated areas become dense after photo-decomposition of

precursors. However, irradiation of UV-light on precursor films prepared form

Zn2+ modified with benzoylacetone yields hydrophilic moieties in the gel films,

and irradiated area were easily leached out with an aqueous solution of HNO3.

20.1.5 Applications

Finely patterned thin films derived by CSD have attracted much attention for the

practical applications of these films to devices like integrated optical circuits and

micro-electronic memories. For example, Tohge’s group applied the process for the

UV patterning of photosensitive gel films to the formation of several types of

diffraction gratings [6, 10–13]. Surface-relief gratings were fabricated on silica

glass and Si substrates by the irradiation of the modified gel films with a XeF

excimer laser through a phase mask, or diffraction gratings of arbitrary periods have

been prepared by using two-beam-interference method using He-Cd laser.

In the two-interference method, linearly polarized laser beam is split into two

beams, which are then condensed on the sample surface to form straight interfer-

ence fringe. Changing the incidence angle of the two beams can control the spacing

of the fringe. By using two-beam-interference method, very uniform diffraction

gratings with a pitch of about 0.5–1.0 μmwere produced for oxide thin films such as

Al2O3, ZrO2, TiO2, and PLZT [6, 10–13]. Figure 20.4 shows the SEM photograph

of 1.0 μm diffraction gratings prepared from ZrO2 gel film modified with BzAc

[11]. The grooves formed are uniform and their cross sectional shape is rectangular.

By double exposures with rotation of the photosensitive gel films between

exposures, two-dimensional gratings can be also fabricated [12]. If the irradiation

by one exposure is rather below the threshold to make irradiated area to be insoluble

in a leaching solution, and the second irradiation ensures the doubly irradiated area

to be insoluble in leaching solutions, then. The doubly irradiated areas with 90�
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rotation between exposure can remain after the leaching, whereas both unirradiated

and singly irradiated regions are soluble in the leaching solution. In this case, the

island type patterns can be formed. When the dose of one exposure is strong enough

to make irradiated region insoluble in a leaching solution, both singly and doubly

irradiated regions after rotation remain after the leaching. In this case, grating of

lattice type can be obtained. The island type two dimensional surface relief gratings

showed excellent antireflection effect in a range of wavelength longer than the

period of gratings, because of so-called the “moth eye effect” [12].

20.1.6 Limitation of UV-Patterning

As pointed out in a review by Martin and Aksay [29], the limitation of the

patterning process should be discussed in terms of materials, resolution, and

thickness or cracking.

As to the material limitation, a precursor gel film must have photosensitivity in

the UV-region. Most of metals can form complexes with β-diketones or carbonyl
compounds, and thus, photosensitivity can be introduced to the gel films prepared

from those precursors. However, for the nonmetallic elements, formation of such

photosensitive absorption band in the UV region is very difficult, and thus, forma-

tion of micropatterns of such oxides is very difficult. For example, although pure

SiO2 micropatterning must be very important, it is very difficult to make pattern of

pure SiO2 because there are no good photosensitive precursors for SiO2. By using

organically modified alkoxysilanes with C¼C in organic group, or by using photo-

sensitive solvents such as photo curable monomers, micropatterns can be prepared,

but organic groups must be removed from the pattern.

As in the photolithography in semiconductor industry, the resolution of

micropatterns is limited by the resolution of photomask, equipment optics, and

the wavelength of the light source. As mentioned above, by using two-beam

Fig. 20.4 SEM photograph

of 1.0 μm diffraction

gratings prepared from a

ZrO2 gel film modified with

BzAc [11]
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interference process, very uniform diffraction gratings with a pitch of about

0.5–1.0 μm were produced using He-Cd laser (325 nm).

Because continuous thin films must be prepared before the formation of the final

pattern, the height of the final patterns is limited by the thickness of the precursor

thin films. In the CSD process, the critical thickness without cracking is in the order

of 0.1 μm. Thus repeated coating and heat-treatment cycles are required to get

thicker films. If micropatterns are formed with thicker photosensitive gel films, this

pattern can be cracked with heat-treatment after development with the leaching

solution.

In order to overcome in particular the limitations of the minimal structure size of

the patterned structure, electron beams which exhibit a significantly smaller wave-

length have been introduced into patterning processes. Hence in Sect. 20.2 the

features of electron beam lithography are discussed in detail.

20.2 Electron Beam Lithography

20.2.1 Introduction

Electron beam lithography is a process where a beam of electrons is scanned

(‘exposure’) in a patterned fashion across a surface (‘substrate’) coated with a

film (called the ‘resist’) and then selectively removing (‘development’) either the

unexposed or exposed regions to create very fine structures in the film. ‘Positive’

electron resist produces the image that is the same as the pattern drawn by an

electron beam, while ‘negative’ one produces the reverse image of the pattern

drawn. Positive resists undergo bond-breaking when exposed to electrons, thus

become more soluble in a developer solution. On the other hand, negative resists

form bonds or cross-links between polymer chains which render them less soluble

in a developer. The structure created in the resist can be subsequently transferred to

a substrate by either ‘wet’ or ‘dry’ etching. Alternatively, metals or oxides can be

deposited on the patterned resist and, subsequently, the resist can be “lifted-off” or

dissolved in organic solvents to obtain patterned metals or oxides. A typical

electron beam lithography system consists of an electron gun, focusing condenser

lenses, beam blanker unit, beam deflection unit and a stage holder for substrate. The

principal advantage of electron beam lithography is its ability to beat the diffraction

limit of light. The resolution is related to the extremely small de Broglie wavelength

of the electrons (the wavelength at an accelerating voltage of 50 kV is ~0.01 nm).

Furthermore, the electron beam also has a greater depth of focus. In spite of these

advantages, the key limitation of electron beam lithography is that it is a serial

process and, therefore, the throughput suffers as it takes a very long time to expose

an entire silicon wafer or a chrome-coated glass substrate. A long exposure time

means that the process of writing is vulnerable to beam drift or instability which

may occur during the exposure. Conventional electron beam lithography uses poly
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(methylmethacrylate), or PMMA as it is commonly abbreviated, as resist and has a

resolution ~4 nm [30]. At this resolution, the lift-off step is delicate and the line

edge roughness poor. The limiting factors for not achieving the theoretical resolu-

tion as per the de Broglie wavelength are spherical aberrations, scattering of

electrons (both forward scattering in the resist and backscattering from substrate)

and the range of secondary electrons generated by inelastic interaction of primary

electrons with the resist molecules. These effects tend to ‘increase’ the beam size

and also lead to unwanted additional exposure known as the proximity effect.

Furthermore, the chemical nature of the resist, its molecular size and the choice

of developer also determines the maximum achievable resolution in the resist.

Using a thin resist and a thin substrate in combination with appropriate lithography

conditions such as high accelerating voltage, smaller apertures can reduce the

scattering and aberration effects, while the proximity effect can be compensated

by dose control. The advantage of an inorganic resist over an organic one is that it

offers a resolution better than 1 nm and requires little or no chemical development.

To attain such sort of resolution, researchers around the world have been studying

various materials and their behaviour under an electron beam for potential applica-

tion as inorganic resists. The suitability of these materials as resists depends upon

their ease of deposition on the substrate, their electron beam sensitivity and damage

(or exposure) characteristics in an electron beam, and ease of pattern transfer on

silicon substrates after exposure. Here we provide an overview of the studies so far

carried out in the development of inorganic resists for high resolution electron beam

nanolithography.

20.2.2 Patterning of Inorganic Materials by an Electron
Beam: a Brief History

The origin of patterning of inorganic materials used as resists goes back to about

30 years. The earliest efforts to find suitable inorganic resists for electron beam

lithography were largely confined to using instruments fitting with intense electron

probes and their ability to drill holes through a thin specimen. The us e of a highly

intense and small probe, such as that provided by a Vacuum Generators 501HB

dedicated Scanning Transmission Electron Microscope (VG-STEM) and a Field

Emission Gun-equipped Scanning Electron Microscope (FEG-SEM) to directly

form nanoscale features in a physically deposited film of ionic materials has been

an exciting discovery.

20.2.2.1 In the Beginning: Metal Halides as High Resolution Resists

In 1978 Broers et al. first drilled holes of 5 nm in diameter in a 250 nm thick NaCl

film using a focused electron probe in a STEM with LaB6 filament [31]. The holes
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required an exposure dose of 0.1 C m�2. This observation was attributed to

evaporation of the material. In 1981, Isaacson and Muray studied the drilling

mechanism in thinner NaCl crystalline films evaporated on carbon support grids

using electron energy loss spectroscopy (EELS) [32]. They could drill holes of 2 nm

diameter. EELS analysis of an intermediate, partially drilled hole suggested that

sodium metal was left. The mechanism of drilling is schematically shown in

Fig. 20.5 The transmitted

current versus time curves

(or the drilling curves) in

some halides and oxides

indicate that broadly two

types of materials exist in

terms of their mass loss

behaviour during the

exposure to an electron

beam. (a) Type 1: Here an

abrupt mass loss in

observed during drilling.

This is caused by the

formation of gas bubbles in

the irradiated volume of the

sample which ‘pop’ to form

a hole after sufficient

irradiation. Metal cations

are displaced from the

irradiated volume to

surround the hole. Drilling

time shows a nearly linear

behaviour with accelerating

voltage and is relatively

temperature and thickness

independent. Examples

include amorphous AlF3,

amorphous Al2O3 and

MgF2. (b) Type 2: In this

case continuous mass loss is

observed during drilling.

Material may be lost from

both surfaces of the

specimen. Drilling time

shows highly non-linear

accelerating voltage

dependence but mass loss is

accelerated at higher

temperatures. Examples are

crystalline CaF2, TiO2,

NaCl, MgO, and sodium

β-alumina
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Fig. 20.5b. These holes were not permanent structures due to the attack of NaCl by

atmospheric water vapour.

The first permanent hole drilling was performed by Mochel et al. in sodium

β-alumina using a field emission gun [33]. Devenish et al. have shown that holes

may be drilled in sodium β-alumina by using a standard thermionic source [34]. The

acronym SCRIBE (Sub-nanometer Cutting and Ruling by an Intense Beam of

Electrons) was coined by Salisbury et al. to differentiate this process from conven-

tional electron beam lithography [35]. Various metal halides, oxides and pure

metals undergo this process, albeit exhibiting different damage mechanisms

(Fig. 20.5).

Muray et al. found that in AlF3, a dose of about 1 � 105 C m�2 was required to

remove aluminium and fluorine from the irradiated areas of 80 nm thick film

[36]. They used AlF3 film to mask a 50 nm thick silicon nitride film against reactive

ion etching in a CHF3 plasma. After reactive ion etching, features with dimensions

of 8 � 10 nm were produced by removing the AlF3 with an aqueous solution of

HCl. On the other hand, studies by Kratschmer and Isaacson have found that

metallic aluminium was formed in the irradiated areas of AlF3 after a dose of

only ~2 C m�2 [37]. Aluminium wires about 20 nm wide were produced by

subsequently dissolving the resist in water. They also investigated the use of

AlF3, FeF2, BaF2, SrF2, CrF2, and CsF as both positive and negative resists

[38]. They were all found to act acceptably in both fashions, albeit FeF2 tended to

crack due to internal stresses set-up due to mass loss and CrF2 could not be used as

an etch mask as a positive resist due to a residual thin layer of chromium on Si3N4

substrate. LaF3 was found not to drill well, instead producing voids and cracking

next to the exposed area. Scherer and Craighead showed that BaF2 and SrF2 films

could indeed act as negative resists [39]. In situ EELS analysis on both materials

showed a distinct decline in the fluorine K-edge signal, together with a

corresponding increase in the oxygen K-edge intensity—oxygen coming from the

vacuum of the microscope chamber. Using BaF2 and SrF2 developed in water,

feature sizes of about 100 nm were achieved on GaAs, the limiting factor being the

grain size of the resist film. The work was continued by Scherer et al. who

attempted to optimise the negative fluoride resists by grain size control [40]. The

best balance was struck with a SrF2 film containing 8 at.% of AlF3 to reduce the

grain size.

CaF2 and MgF2 were used as positive resists and developed in water or other

suitable agents to chemically strip radiolysis-induced products. Such resists require

relatively high doses of typically 1 � 104 to 1 � 106 C m�2, since chemical

conversion of fluorides to other products has to occur before exposure is complete.

Mankiewich et al. had demonstrated the use of CaF2 as a high resolution inorganic

resist with 30 nm resolution using water as developer [41]. They found that the end

product of CaF2 radiolysis was CaO when the exposure was carried out in a STEM

at ~5 � 10�7 Torr. They suggested that the product of electron-induced radiolysis

of CaF2 was Ca, which was rapidly oxidised at ~5 � 10�7 Torr by oxygen and/or

oxygen containing residual gases. The chemical conversion took 1 � 105 C m�2 to

complete. CaO is about hundred times more soluble in water than CaF2, therefore
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H2O could be used as developer. The work on a CaF2 etch mask was continued by

Zanetti et al. who used molecular beam epitaxy to deposit CaF2 as a resist for

etching GaAs [42]. CaF2 was chosen as it has a good lattice match with GaAs and

hence epitaxial films should be attainable.

Sub-10 nm electron beam nanolithography using a FEG-SEM was carried out by

Fujita et al. on AlF3-doped LiF inorganic resists. They were able to delineate 5 nm

linewidths patterns with 60 nm periodicity using a 30 kV electron beam [43]. Elec-

tron stimulated desorption studies on these resists showed that a metal rich layer is

formed by preferential desorption of fluorine which suppresses the subsequent

fluorine desorption. The surface diffusion of the residual metal film plays an

important role in the self-developing reaction [44]. Although metal halides

demonstrated a very high resolution, they suffered from two main drawbacks:

firstly, they are highly hygroscopic and, secondly, the dose requirement to drill a

hole or expose the resist is very steep. In order eliminate these drawbacks, metal

oxides were looked into as potential resists for high resolution electron beam

nanolithography.

20.2.2.2 Metal Oxides as High Resolution Resists

It was mentioned earlier that Mochel et al. found that a highly intense focused

electron probe could drill 2 nm holes and cut 2 nm lines through a 200 nm thick

crystalline sample of sodium β–alumina in a few seconds [33]. If the irradiation was

stopped before the hole was completed, a stable partially formed hole could be

observed. A plot of the transmitted current versus time curve during hole drilling

shows an initial fairly constant rate of mass loss, followed by decrease of mass loss

rate and ending with the formation of a hole (schematically shown in Fig. 20.5b).

Berger et al. used the techniques of EELS and energy filtered imaging, together

with transmitted current versus time curves, to study drilling process in crystalline

sodium β–alumina [45]. They suggested that the hole was produced by material

removed atom plane by atom plane from both surfaces, with oxygen being desorbed

following ionisation by the incident beam, and aluminium migrating to the sides of

the hole.

Similar work performed by Mochel et al. [46] and Berger et al. [45] showed that

drilling of a nanometer-sized hole in anodised amorphous Al2O3 occured in a

different way from that of crystalline sodium β–alumina. A plot of transmitted

current versus time shows a swift increase in current followed by a slowly rising

plateau region, which slowly increases until the current suddenly jumps to a final

value (schematically shown in Fig. 20.5a). This indicates that amorphous Al2O3

suffers from initial small loss of mass followed by an interval during which no

appreciable mass loss occurs. Finally, an abrupt transition to a complete hole takes

place. If the beam was switched off in the plateau region, then the partially drilled

hole healed up quickly and no sign of the embryonic hole remained.

Devenish et al. attempted to drill amorphous Al2O3 using a conventional therm-

ionic source in a conventional transmission electron microscope, and consequently

494 K. Tadanaga and M.S.M. Saifullah



at much lower current density [34]. It was found that at room temperature the

material suffered some damage but no holes could be drilled. At liquid nitrogen

temperature, however, holes were easily drilled. One possibility is that at low

temperatures gases in the column vacuum (water vapor, oxygen, etc.) may be

condensed or adsorbed on the specimen. The electron beam ionizes the adsorbed

species, and the reactive ions enhance the hole drilling. Another explanation was

proposed when some partially drilled holes were observed to heal up. It was

proposed that the drilling process was a balance between material removal and

diffusion of aluminium back to the hole which reacts to give Al2O3. Lowering the

temperature should decrease the rate of back diffusion of aluminium and hence

increase the drilling rate.

Hollenbach and Buchanan studied the response of RF sputtered thin films of

amorphous Al2O3 in a VG-STEM [47]. They found that the sensitivity was signifi-

cantly increased in sputtered amorphous Al2O3 films relative to anodised Al2O3

films and the hole formation time could be dramatically reduced to 50 ms rather

than tens of seconds. This reduction of dose requirement for the two materials

indicates that microstructural characteristics strongly affect the speed of the mate-

rial removal process. One obvious chemical difference in sputtered films is the

incorporation of argon. Argon, which has a relatively large ionic size, is believed to

be incorporated as a neutral species. Hence argon can act as a structural modifier.

Thus the improved rate of material removal can be a result of more open structure of

amorphous materials, particularly when modified by entrapped argon, via an

increase of atomic diffusion rates. Further investigations of this material by Morgan

et al. showed that electron irradiation with a high magnification raster (>500 k)

causes the holes to heal up [48]. They found that when the holes were produced

closer together than a critical separation then a proximity effect occurred causing

pear-shaped holes. These effects are not observed in crystalline Al2O3 [49].

Chen et al. [50] and later Saifullah et al. [51] showed that self-supporting thin

films of SiO2 produced by electron beam evaporation can be directly reduced to

silicon with an intense 100 kV electron probe in a VG-STEM. Windowless energy

dispersive X-ray spectroscopy and EELS studies showed that although both silicon

and oxygen are lost, the latter is lost faster than the former. They proposed the

fabrication of nanoscale structures such as columns and plates of silicon that can be

used in microelectronics. Using a FEG-SEM, Fujita et al. have shown that the

selective thermal desorption of thermally grown SiO2 on Si (111) substrate can be

induced by an intense electron probe in an ultra-high vacuum (UHV) chamber

[52]. Change of contrast during selective thermal desorption was observed using

scanning reflection electron microscopy (SREM) as well as microprobe reflection

high energy electron diffraction (μ-RHEED). It was proposed that this was caused

by the existence of a near-surface region with high Si content produced by electron

beam irradiation and its interaction with SiO2.

SiO2 solidð Þ þ Si solidð Þ ! SiO gasð Þ (20.3)
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By using this technique of selective thermal desorption, 10 nm wide open

windows could be produced. A pattern transfer from the open windows to thin Si

films was performed by Si growth and subsequent heating. This had produced Si

wires of 10 nm width.

Salisbury et al. first studied the SCRIBE process in MgO [35]. They found that it

is possible to machine holes and steps on the nanometer scale on the surface of

MgO smoke cubes with {100} faces oriented parallel to the electron beam. Further

studies by Turner et al. and Devenish et al. have found that rastering a focused

electron beam over the surface of the crystal results in the formation of atomically

smooth surface faces [53, 54]. The holes produced in MgO formed by a deep

indentation on the electron exit surface grow towards a much shallower indentation

on the entrance surface. Energy dispersive X-ray spectroscopy showed that the

Mg:O ratio remained constant during drilling suggesting that the material is

removed in stoichiometric groups.

SCRIBE studies in TiO2, TiO and Ti2O3 showed that drilling was accompanied

by the gradual loss of oxygen and displacement of titanium under the beam in a

process that is similar to that observed in metal β-aluminas [55]. The holes did not

penetrate through the film and the hole drilling stopped when a critical Ti:O ratio

was reached. A comparative study of amorphous and crystalline TiO2 films

suggested that, contrary to what has been observed, crystalline TiO2 film is more

amenable to electron beam damage. Time-resolved EELS studies suggested that

both amorphous and crystalline TiO2 films lose oxygen continuously during elec-

tron irradiation and that the Ti-L2,3 edges shift to lower value indicating an insulator

to metal transition [56].

Devenish et al. studied hole drilling in ZnO crystals and they found that it gives

rise to faceted holes, but the indentation formed equally at both entrance and exit

surfaces [54]. Other oxides where hole drilling has been studied are MoO and the

YBa2Cu3O7 system [34]. In YBa2Cu3O7 under electron irradiation, oxygen can be

removed transforming it into a semiconductor. Since this process can be done on a

nanometer scale, Devenish et al. suggested that Josephson junctions could be

produced using the SCRIBE technique [34]. Pauza et al. used electrons to create

a narrow damaged section on YBa2Cu3O7 film and showed that weak links can be

written directly on this material [57].

With the exception of few studies, almost all the work on metal oxides as

electron beam resists were carried out using free-standing thin films. In order to

understand the electron beam exposure behaviour of inorganic resists on a sub-

strate, Saifullah et al. conducted series of experiments using sputtered Al2O3 resist

on silicon [58]. The changes taking place in the resists as a function of electron dose

were recorded from a 6 � 6 nm2 area using EELS. Before exposure both the Al and

Si (from the substrate) L3,2 edges and the O-K edge are visible (Fig. 20.6a, b). After

a 10 s exposure the Al-L3,2 and O-K edges are much reduced, indicating that that

both aluminium and oxygen are lost from the damaged area, whilst the Si-L3,2 edge

becomes much clearer owing to the reduced resist thickness. However, even after a

prolonged exposure some of aluminium and oxygen remains. It should be noted that

the Si-L3,2 edge shows no evidence of the shift to higher energies which would be
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seen if the surface of the silicon was oxidising. The presence of the remaining oxide

on the substrate surface after a prolonged exposure could be due to two reasons

(a) Previous studies using micro-diffraction patterns acquired using a nanoprobe in

a STEM from a newly created structure in an amorphous Al2O3 film were found to

be of metallic aluminium [47]. The oxide formation could be because of the

appearance of atomic species of oxygen under the electron beam which then

quickly reacts with the aluminium on the silicon substrate. (b) The amorphous

Al2O3 itself becomes resistant to damage before it is completely reduced to

aluminium. This is supported by the fact that if two lines are drawn intersecting

each other, then there is a region about 8 nm from the first line on which a second

line cannot be drawn (Fig. 20.6c). The non-connectivity of the two lines is also

shown in amorphous Al2O3 self-supporting films [59]. In self-supporting films, this

proximity effect is attributed to the migration of aluminium from the damaged areas

to the edges of the line. The presence of oxide in the damaged region has

implications for the fabrication of nanostructures using reactive ion etching. Amor-

phous Al2O3 is resistant to reactive ion etching in fluorine containing plasmas.

Fig. 20.6 EELS spectra showing (a) Al-L3,2 and (b) O-K edges before and after exposure of

amorphous Al2O3 on silicon substrate to a high magnification raster. (c) Lines cut through an

amorphous Al2O3 resist with a line dose of 1.80 � 10�3C m�1. It is seen that the second line

drawn is discontinuous when it crosses the first line
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Presence of small amount of amorphous Al2O3 on the substrate can result in the

lack of pattern transfer.

Although the oxide resists did not suffer from the problem of hygroscopic

behaviour of metal halides, they still required a very high electron dose for their

exposure. The reason for such a high exposure dose can be understood by studying

the electron beam damage mechanisms in these materials.

20.2.2.3 Mechanisms for the Electron Beam Damage Processes

The mechanisms by which an inorganic material is damaged on exposure to an

intense electron beam are intriguing and variable. For example, Devenish

et al. showed that a less intense electron beam from a tungsten filament or a LaB6

filament could easily drill holes in an amorphous Al2O3 at liquid nitrogen

temperatures even though the current density of the incident electron beam was

well below the threshold for hole drilling [34]. There may be many different

mechanisms involved during the SCRIBE process and different mechanisms may

be dominant in different materials. In this section, the mechanisms of electron beam

damage are chosen and discussed to illustrate their wide variety.

Knock-On Displacement and Radiolysis

Knock-on displacement is produced by direct momentum transfer from the incident

electron to the atomic nucleus. Figure 20.7a shows that the energy transferred to an

Fig. 20.7 Mechanisms of permanent displacement of atoms under an electron beam. (a) The

processes of knock-on displacement and radiolysis. Eth and Eth* are threshold energies for knock-

on displacement and radiolysis, respectively. (b) Knotek-Feibelman Mechanism. Schematic of

desorption induced by interatomic Auger decay of a maximal valency ionic solid (TiO2). In these

systems electrons are always removed from anion species in Auger events resulting in highly

repulsive final states and subsequent desorption
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atom E must be greater than the threshold for knock-on displacement, Eth to

permanently displace a lattice atom from its normal site, thus forming an interstitial

vacancy Frenkel pair defect. This defect constitutes the fundamental unit of radia-

tion damage in the knock-on displacement process. The knock-on threshold energy

depends on bond strength, specimen temperature, space available for accommodat-

ing an interstitial atom in the structure, the form of interstitials and the orientation

of the crystal with respect to the incident electrons.

Radiolysis occurs with relatively high efficiency in almost all alkali and alkaline

earth halides as well as in a variety of other inorganic materials [60] and is the main

damage mechanism in the SCRIBE process [33, 36, 38, 41]. Pooley proposed a

model that the decay of an exciton could transfer its energy to an alkali halide

molecule to induce molecular dissociation [61]. Kabler and Williams also showed

the radiolytic displacement in alkali halides (MX) resulted from the decay of

excitons from which an [X2
�] and halogen vacancy (F centre) were formed. They

proposed an energy to momentum transfer mechanism [62]. The released energy

could be used in crowdion translation or off-centre rotation forming an [X2
�]x

crowdion interstitial (H centre). The [X2
�]x interstitial and halogen vacancy

together form the fundamental Frenkel pair defect in the halogen sub-lattice. This

mechanism is remarkably efficient because it involves only a single sub-lattice.

The permanent displacements through knock-on and radiolysis processes sug-

gest that the dissociation of “internal” molecules results in the production of

Frenkel pair defects. Molecules on or near surfaces can be displaced more easily

than internal molecules because of reduced interatomic bonding. Surface knock-on

displacement can occur as a result of direct momentum transfer. Surfaces can also

be rendered unstable when irradiated with an electron beam.

Knotek-Feibelman Mechanism

Surface desorption of materials is induced by electron excitation of surface bonds.

The Knotek and Feibelman desorption mechanism involves the excitation of

core levels followed by interatomic decay to complex desorptive final states

[63, 64]. Knotek and Feibelman observed in materials like TiO2 that if an electron

is removed by ionisation from Ti then an intermediate Auger process can cause the

loss of up to three electrons from an O2� ion to give an O+ ion. This results in a

repulsive Madelung term and therefore oxygen gets desorbed (Fig. 20.7b).

Mochel et al. suggested that the hole in crystalline sodium β-alumina was

produced by material being removed atom plane by atom plane from both surfaces,

with oxygen being desorbed by the Knotek-Feibelman mechanism under the elec-

tron beam, and aluminium migrating to the sides of the hole [33]. Humphreys

et al. reiterated this proposed mechanism by delineating the energy levels of Al2O3,

showing that the highest occupied level of the Al3+ ion is the 2p level, which is deep

enough to provide energy to remove one or two electrons from O2� [65].

Although the advantage of an inorganic resist over an organic one is that it offers

a resolution better than 1 nm and requires little or no chemical development, it was
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noted that the former suffered from the requirement of a heavy electron dose

especially when the resist was deposited on a substrate. In order to minimize the

dose required, sputtered oxides such as Fe2O3 and WO3 were investigated

[66–68]. These oxides undergo amorphous to crystalline transition under an elec-

tron beam which results in change in their solubility in basic or acidic aqueous

solutions. Although lowering of dose to exposure was obtained by several orders of

magnitude, the amorphous to crystalline transition also resulted in increased line

edge roughness after development. Thus the benefit of higher resolution was lost in

spite of gaining higher sensitivity.

20.2.3 From Physical Deposition to Chemical Solution
Deposition: A Paradigm Shift

By 1990s, a stalemate was reached for inorganic resists. A paradigm shift was

needed in order to achieve not only higher resolution and low line edge roughness

but also higher sensitivity to electrons. It was suggested by us that instead of

starting from a pure inorganic resist, whether a halide or an oxide, which is

relatively stable in an electron beam and hence requires a higher dose to damage

(or exposure), it is better to start from a relatively unstable material that has both

inorganic and organic components, and more importantly, it should be spin-

coatable. Exposure to an electron beam would enrich the inorganic component of

the material because the organic part is removed in the form of volatile compounds.

Such a proposal resulted in the introduction of metal alkoxides to high resolution

electron beam nanolithography.

20.2.3.1 Spin-Coatable Metal Alkoxides for High Resolution Electron

Beam Nanolithography

Metal alkoxides (cp. Chap. 1) are very reactive compounds because of the presence of

electronegative alkoxy groups, making the metal atoms highly prone to nucleophilic

attack. Due to the high affinity of alkoxides to water, the hydrolysis reaction results in

the formation of molecular aggregates of hydrated metal oxide alkoxides. However,

under carefully controlled conditions, it is possible to form soluble polymeric

intermediates (or sols) which undergo further polymerization to form a clear electron

beam-sensitive gel. The hydrolytic reactivity of metal alkoxides can be controlled by

complexation with β-diketones (e.g., acetylacetone, benzoylacetone, etc.) and

β-ketoesters (e.g., methyl acetoacetate, ethyl acetoacetate, etc.) capable of keto-enol
tautomerism. The enol form of β-diketones or β-ketoesters is stabilized by chelation

with metal alkoxides. Further, the reaction also results in the partial replacement of the

alkoxyl group by a β-diketonato ligand, as shown Fig. 20.8a. The hydrolytic activity of
stabilized metal alkoxides is substantially reduced perhaps due to the steric hindrance.
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This also enables the stabilized alkoxide to be spin-coatable on a substrate in a

conventional manner for electron beam nanolithography.

The first stabilized metal alkoxide studied for electron beam nanolithography

was aluminium sec-butoxide reacted with acetylacetone and ethylacetoacetate

[69,70], which was already used for UV-patterning [4–6] (see Sect. 20.1.2). The

final product was a gel, which on spin-coating on a silicon substrate gave Al2O3

resist for electron beam writing. Figure 20.8b shows the electron beam exposure

Fig. 20.8 (a) Principle of stabilizing of a metal alkoxide resist using β-diketones and β-ketoesters.
Here the stabilization of aluminium tert-butoxide with β-diketone (R ¼ alkyl group) or

β-ketoester (R ¼ alkoxy group) is shown. The stabilized product is used as spin-coatable Al2O3

resist. (b) Electron beam exposure response curves for Al2O3 resist stabilized by β-diketone and

β-ketoester. The accelerating voltage of the electron beam was 80 kV
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response curves for Al2O3 resist stabilized by acetylacetone (β-diketone) and ethyl

acetoacetate (β-ketoester). Exposure response curve of a resist gives an idea of its

sensitivity and contrast. Sensitivity, by definition, is an exposure that provides

thickness of the remaining film equal to 50 % of its original value. For negative

tone resists, contrast is defined as γ ¼ |log(D1/D0)|
�1, where D0 and D1 correspond

to electron doses at 0 and 100 % of remaining film thickness, respectively. It was

found that the Al2O3 resist was ~10
6 times more electron beam-sensitive (sensitiv-

ity at 80 kV, D0.5 ¼ ~8 mC cm�2 and contrast, γ ~1.4) than sputtered amorphous

Al2O3 resists [58], thus bringing the former’s sensitivity closer to some of the

conventional electron beam resists such as calixerene.

Around the same time, Mitchell and Hu performed electron beam

nanolithography on the condensed titanium isopropoxide films to obtain TiO2

patterns. These films showed a high sensitivity to an electron beam, close to what

is seen for conventional organic resists such as PMMA, but cumbersome deposition

of titanium isopropoxide required a high vacuum chamber and cooling of the wafer

for alkoxide deposition [71–73]. Although it was an interesting approach, it failed

to gain traction because it could not be used for wide variety of alkoxides. It also

lacked the features such as environmental stability and spin-coatability of stabilized

alkoxides.

It was seen that the spin-coatable Al2O3 resist was capable of ~10 nm resolution

over the entire 500 μm � 500 μm main field, a unique distinction for a newly

introduced resist (Fig. 20.9) [74]. Using the model of Al2O3 resist, spin-coatable

electron-beam sensitive resists of TiO2 [75], ZrO2 [76], HfO2 [77], Nb2O5 [78],

VO2 [79], PbTiO3, PZT, yttrium iron garnet (YIG) among others were developed

[80]. Particularly interesting are the cases of TiO2 and ZrO2 resist where not only

high density sub-10 nm patterns of low line edge roughness were achieved

(Fig. 20.10a, c) but also little deviation of the patterned structures from the designed

widths was seen (Fig. 20.10b).

An interesting variation in patterning La0.7Sr0.3MnO3 involved the use of metal

nitrates and polyvinyl alcohol as the starting materials instead metal alkoxides.

Depending upon the electron dose, the spin-coatable La0.7Sr0.3MnO3 acted as a

positive or negative resist [81, 82]. Upon heat-treatment at 900 �C for 4 h, periodic

arrays of magnetic La0.7Sr0.3MnO3 were formed.

Mechanism for the Electron Beam Exposure Process in Spin-Coatable Metal

Alkoxide Resists

The behavior of stabilized metal alkoxides under an electron beam is different from

the oxide and halide resists studied in the earlier sections “Knock-On Displacement

and Radiolysis” and “Knotek-Feibelman Mechanism”. In the case of stabilized

metal alkoxides, it is seen that with increasing electron dose the peaks associated

with ν(C C) and ν(C O) vibrations in the chelate ring decrease in intensity,

suggesting their rapid breakdown under an electron beam (Fig. 20.11).
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The Fourier Transform Infrared (FTIR) spectra become “flattened” with increas-

ing dose indicating that the organic component is decomposed and removed from

under the electron beam. The breakdown of the chelate rings makes the resist

insoluble in organic solvents such as methanol, ethanol and acetone. This behavior

was used for the direct electron beam writing of stabilized metal alkoxide resists. A

tentative exposure mechanism of Al2O3 resist is shown in Fig. 20.12.

A comment needs to be added concerning the sensitivity and contrast of the spin-

coatable oxide resists. It was observed that the sensitivity of the spincoatable Al2O3

resist was dependent upon the choice of stabilizer used for suppressing the hydro-

lysis of aluminium tert-butoxide [83]. The nature of the stabilizer in turn modifies

the stability of the chelate ring. This stability can be decreased either by adding or

removing electrons from the chelate ring. The alkyl group’s ability to release

electrons increases in intensity among the normal and branched chain homologues

is as follows [84]:

methyl < ethyl < n‐propyl and higher normal

methyl < ethyl < i‐propyl < tert‐butyl

The number of available electrons on the chelate ring increases with increasing

molecular weight of R (Fig. 20.8a). This increased availability of electrons can

Fig. 20.9 ~8–11 nm lines of Al2O3 formed in the centre as well as the corners of the main field

(with permission from K. Yamazaki). The resist was prepared by stabilizing aluminium tert-
butoxide with ethyl acetoacetate
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result in weakening of the link between alkoxide and β-ketoester ligand. A stream

of high energy electrons could break this weak link easily and this would in turn

facilitate the breakdown of chelate bonds.

The higher contrast of an acetylacetone-stabilized aluminium tert-butoxide as

opposed to a β-ketoester-stabilized aluminium tert-butoxide is perhaps due to the

amount of enol content (Fig. 20.8b). Acetylacetone and ethyl acetoacetate have

76.4 and 8 % enol contents, respectively [85]. Hence a large fraction of aluminium

tert-butoxide would be chelated when reacted with acetylacetone unlike ethylace-

toacetate. A large chelated fraction means that the resist would get exposed at a

particular threshold dose of electrons, thus giving rise to higher contrast. Not

surprisingly, it was also observed that an acetylacetone-stabilized aluminium tert-
butoxide was more stable than an ethyl acetoacetate-stabilized aluminium tert-
butoxide in an atmosphere containing 45 % relative humidity [70].

Applications of Spin-Coatable Metal Alkoxide Electron Beam Resists

Resists based on stabilized metal alkoxides such as spin-coatable Al2O3, TiO2

and ZrO2 have found applications in pattern transfer in semiconductors

[70, 86, 87]. Electron beam-patterned TiO2, ZrO2 and HfO2 resists were used as

gate dielectrics in a field effect transistor (FET), and showed similar behavior

Fig. 20.10 (a) SEM images of an 8 nm wide line written with spin-coatable TiO2 resist.

(b) An example of close tolerances (design width ¼ 200 nm) that can be achieved (obtained

width ¼ ~200 nm) when directly writing complex features using this resist. (c) Patterning density

achievable in this resist with (left to right) 60 nm, 40 nm, and 30 nm pitches
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[77, 88, 89]. In these FETs, the oxide dielectric layer allowed too large a gate

leakage current for good device operation at room temperature due to the presence

of defects, but the leakage current was strongly suppressed at cryogenic

temperatures and good transistor characteristics were observed (Fig. 20.13). Inves-

tigation of the lifetime of a single electron trapped in the TiO2 dielectric layer of a

FET under the influence of a short microwave pulse suggests promise for quantum

information processing [90]. A single FET with a sol–gel-based TiO2 as gate

dielectric contains a large number of excitations that can act as potential qubits,

which can be separately addressed in the frequency domain [89]. This provides the

possibility of constructing a multi-qubit quantum computer.

More complicated alkoxide-based multicomponent materials have been electron

beam-patterned with interesting results. Alexe et al. used such a system to electron

beam pattern periodic arrays of ferroelectric cells of SrBi2Ta2O9 (SBT) and PZT,

yielding 1 Gbit/cm2 density as shown in Fig. 20.14a [91].

After developing in xylene, the patterns were subsequently transformed into an

oxide by annealing in air for 5 min at 300 �C and further crystallized into the

ferroelectric phase by heat-treating at temperatures ranging from 600 to 850 �C.
The properties of patterned ferroelectric material were studied by a scanning probe

Fig. 20.11 Time-resolved FTIR spectra of electron beam exposure of Al2O3 resist prepared by

stabilizing aluminium tert-butoxide with ethyl acetoacetate. The normalized absorption intensity

is plotted on a reverse scale. Notice the reduction of bands arising due to chelate rings at

~1,600 cm�1 and ~1,525 cm�1 with increasing dose. The arrow marked on the right hand side
shows a broad band that is likely due to appearance of Al-O bonding
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Fig. 20.12 Tentative proposal of chemical changes occurring in a spin-coatable Al2O3 resist

under an electron beam
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Fig. 20.13 Id-Vds characteristics of sol–gel TiO2 gate oxide-based FET at (a) room temperature,

inset: optical image of the device (b) 77 K, inset: the schematic layout and (c) 4 K (with permission

from M.Z.R. Khan)
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microscope working in piezoresponse mode. Figure 20.14b shows the piezoelectric

hysteresis loop of a 1 μm and a 100 nm PZT cell, respectively. Both cell sizes

exhibit well-defined hysteresis loops having exactly the same coercive voltages,

which indicates that shrinking the cell down to 100 nm does not modify the coercive

field. However, the piezoelectric coefficient at zero field decreases as the size

decreases, the value for the 1 μm cell being about two times larger than that of

the 100 nm cell.

20.2.3.2 Metal Naphthenates as High Resolution Electron Beam Resists

Another class of electron beam sensitive materials which have attracted attention

for direct writing of oxides is metal naphthenates. Metal naphthenates are stable

viscous liquids at room temperature. They consist of cyclopentanes or

cyclohexanes, methylene chains [�(CH2)–], carboxylates and metals. They are

represented as [(cyclopentane)–(CH2)n–COO]
–m–Mm+, where M is a metal atom.

The infrared absorption study on a naphthenate resist suggests that its exposure to

an electron beam results in naphthenate molecules building bridges between each

other at –C¼O and/or –(CH2)n– thereby cross-linking and increasing the molecular

weight of the resist, making it insoluble in toluene. This gives rise to negative-tone

patterning [92]. The low molecular weights of metal naphthenates make them

excellent candidates for high-resolution electron beam nanolithography.

The earliest oxide to be written using a mixture of metal naphthenates was

YBa2Cu3O7 [93]. Here individual metal naphthenates were mixed in the required

ratio, spin-coated on a substrate, and patterned using an electron beam. Toluene was

used a developer to removed the unexposed areas. The patterned film was pyrolized

to give YBa2Cu3O7. Using similar method, Kakimi et al. showed that ferroelectric

Bi4Ti3O12 patterns can also be written using an electron beam from naphthenate

Fig. 20.14 (a) Metallo organic SBT test structures fabricated with an electron dose of 3 mC cm�2

and subsequently developed in xylene. (b) Piezoelectric hysteresis loops of a 1 μm PZT cell (open
circle) and of a 100 nm PZT cell ( filled squares). Each point of the hysteresis was acquired at zero
dc bias after polarizing the sample with a bias pulse (100 ms width) at the desired voltage (with

permission from M. Alexe and the American Institute of Physics)
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precursors [92]. It was the work of Saifullah et al. that showed that zinc naphthenate

(sensitivity at 100 kV, D0.5 ¼ ~15 mC cm�2 and contrast, γ ~ 3.3) was capable of

forming 7 nm lines with an aspect ratio of ~9 over the entire 500 μm � 500 μm
main field (Fig. 20.15a) [94, 95]. These lines also showed a very low line edge

roughness (3σ ¼ 2.8 nm). Heat-treatment of these naphthenate patterns gave ~5 nm

wide ZnO nanolines (Fig. 20.15b).

Naphthenates of iron, nickel and copper were also patterned using an electron

beam, and like zinc naphthenate, they also showed very high resolution (~11 nm

wide lines with aspect ratios of ~8) [96]. The advantage of these naphthenates is

that they can be converted to either oxides or native metals depending upon the type

of heat-treatment used. For example, patterned nickel naphthenate can be converted

to nickel oxide when heat-treated in air. However, when a hydrogen-rich gas is used

for heat-treatment, the patterned structure transforms to metallic nickel. Such

flexibility offers interesting possibilities for using patterned oxide or metal as a

catalyst to grow other materials. For example, vertically aligned, densely packed,

equal in height, three- to four-walled and 5–7 nm inner diameter carbon nanotubes

were grown on the nanoscale stripe patterns generated from iron naphthenate by

water-assisted chemical vapour deposition [97].

Metal octylates are another class of materials, similar to naphthenates, which are

electron beam-sensitive and hence can be used to pattern oxides. Bi4Ti3O12 was

patterned by electrons by exposing a spin-coated film containing a suitable ratio of

bismuth and titanium octylates. The patterned metal organic was heat-treated in air

to give crystalline ferroelectric Bi4Ti3O12 [98].

Fig. 20.15 (a) Patterned zinc naphthenate resist showing sub-10 nm linewidths in the centre as

well as at the edges of the main deflection field. These lines show a line edge roughness (3σ) of
about 2.8 nm, the lowest value for any electron beam resist studied so far. (b) Reduction of

linewidth to ~5 nm after heat-treatment at 500 �C for 1 h to form ZnO
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Patterned composite metal naphthenates (YBa2Cu3O7, Bi4Ti3O12, BaTiO3) and

metal octylates (Bi4Ti3O12, BaTiO3) were investigated for their capability as an

etch mask to pattern chemical vapour deposited diamond films. It was observed that

the etch selectivity of composite metal octylates was better than metal naphthenates

under the plasma etching conditions of microwave power of 300 W and O2 gas flow

rate of 3 sccm. In particular, the Bi4Ti3O12 octylate film showed the best etch

selectivity [99].

20.3 Conclusions and Future Perspectives

The direct patterning of chemical solution derived functional oxide precursor resists

by exposure to irradiation (UV light or electron beam) for use in micro-optical

components, MEMS, and other applications is of great interest. Depending on the

required minimum feature size UV light or electron beams (<10 nm) may be

applied to the inorganic resists. In the first part of the present chapter the use of

UV-patterning of photosensitive precursor films is reviewed. It was shown that not

only single oxide films but also micropatterns of multi-component oxide systems

can be prepared.

In Sect. 20.2 electron beam direct writing which enables patterns in the

sub-10 nm region was discussed starting with a brief history. Hence 30 years ago,

the foundations of high resolution electron beam patterning of inorganic resists

were laid with the writing of 5 nm holes in a physically deposited NaCl film

[31]. Eventually, many metal oxides and metal halides were studied for their

suitability as high resolution inorganic resists. Despite their ability to attain

sub-10 nm resolution, the dose requirement was very steep—almost more than

million times than that of conventional organic resists such as PMMA. However,

with a shift from physical deposition to chemical solution deposition resulting from

the development of stabilized metal alkoxide and metal naphthenate resists, whose

sensitivity matched closely to conventional electron beam resists, the research

shifted away from mere academic curiosity. These resists displayed not

only superior sensitivity to electrons but also showed very low line edge roughness

at sub-10 nm resolution. Moreover, the ability to directly write metal oxides down

to sub-10 nm scale resulted in the removal of the delicate lift-off step.

Electron beam-sensitive stabilized metal alkoxide and metal naphthenate resists

have found several applications, especially in device fabrication. Their ability to be

patterned on a sub-10 nm scale has opened up new vistas in the world of miniaturi-

zation of devices and the potential to study them on such a small scale.

In spite of such a good performance, higher electron beam sensitivity is desired

for the stabilized metal alkoxide and metal naphthenate resists. Furthermore, apart

from the alkoxides of aluminium, titanium and zirconium, all other alkoxides are

expensive and some of them are insoluble in common alcohols. This restricts their

broad usage. Further research in cheaper production of some of the metal alkoxides

would boost their usage in direct writing of oxides.
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Chapter 21

Template Controlled Growth

Sven Clemens and Theodor Schneller

21.1 Introduction

As already pointed out in the general introduction of this book in case of CSD

processing the genesis of crystalline oxide thin films or structures occurs through a

nucleation and growth process from an initially amorphous thin film on a substrate.

This enables engineering of the nucleation process by artificial nucleation sites

within the film or at the substrate/amorphous film interface. For certain applications

it is important to generate not only crystalline films but also highly oriented films

and/or registered deposition of functional oxides.

Gaining control on the orientation of the crystalline thin film allows for tailoring

the films physical properties within certain limits. Laterally well defined structures

are of particular interest for applications in information and semiconductor indus-

try, where in order to stay competitive, the markets need for ever growing integra-

tion densities has to be followed [1]. Achieving this by controlling the thin films

nucleation process yields the elegant opportunity to do without any erosive and

therefore deteriorating post-deposition patterning processes, i.e. cutting laterally

defined ceramic cells from continuous films. This might become a key factor for

processing as the physical properties of ceramic materials directly rely on their

crystal lattice structure. Especially in case of ferroelectrics, where size effects are

expected to occur intrinsically due to the ferroelectric nature of collective dipole-

dipole interactions, stabilization of the ferroelectric phase by tailoring, stabilization

or at least perpetuation of the crystal lattice is in focus of research [2, 3]. One has to
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consider, that even when dealing with a stable ferroelectric phase, the switching

charge scales with the cells surface. A surface charge of a 100 nm2 capacitor that

features a 30 μC/cm2 polarization is compensated by merely 180 electrons for

example.

Regarding CSD processing routes, ceramic nanocells can be prepared using self-

assembly routes based on a microstructural instability of thin films [4]. The under-

lying principle is that with shrinking amorphous film thickness, a three dimensional

island configuration becomes energetically more favourable during crystallization

compared to a continuous thin film configuration. Using such a bottom-up growth

technique, smallest ceramic nanocells can be patterned in effective manners

[5–7]. However, the resulting cells grow self-assembled with a poor level of

registration and a wide size distribution. In order to gain a high degree of registra-

tion, some kind of pre-patterned field, i.e. a specially prepared substrate, becomes

essential [8].

Controlling the nucleation process during ceramic oxide thin film growth by

using artificial pre-patterned nucleation sites on the substrate, ceramic cell arrays

featuring dimensions from microns down to a few nanometers could be generated

[9, 10]. Within this chapter the use of templates or seeds will be explained on the

example of a registered growth of ferroelectric lead titanate nanograins and the use

of isolated alkaline earth titanate nanograins to support the texture selection in case

of alkaline earth titanate thin films.

21.2 Seed Layers and Seeds for Orientation Selection

For thin film materials with anisotropic properties such as ferroelectrics or

superconductors the relative orientation of the film on its substrate plays a crucial

role for the final device properties as already pointed out in some chapters of this

book (Chaps. 17 and 27). In order to gain control on the orientation one has to take

into account that the different materials (substrate and film) may have good and

excellent, respectively, or poor lattice match.

In the first case it is often comparatively easy to get a reasonable orientation of

the films but even then sometimes special techniques have to be applied to control

the texture selection of the deposited films. Tetragonal PZT thin films on platinized

silicon wafers where the Pt layer is highly (111) oriented may serve as an example.

Although the lattice mismatch between tetragonal (111) PZT (e.g. PZT 20/80) and

cubic (111) Pt is only 2, 3 % one can get all different orientations depending on

various factors (for details see Chap. 17). In the early days of wet chemical PZT

deposition getting the preferred (111) orientation was therefore one big issue. One

solution is the finding, that crystalline few nanometer thick Ti, or TiO2 films,

respectively, on top of the (111) Pt surface are very efficient seed-layers for the

(111) oriented growth of PZT [11–14]. Muralt et al. [14] were the first who

investigated this phenomenon in more detail and found, that ultrathin titania layers

lower the nucleation energy of the perovskite phase, promote crystal growth in
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(111) orientation and are finally transformed into the perovskite phase during

crystallization. A scenario that was suggested for this seeded growth by sputter

deposition of lead zirconate titanate (PZT) describes an affinity layer that actively

takes part in the chemical reactions. Briefly, PbO is attached to the TiO2 surface,

preventing its desorption and providing the correct hexagonal coordination of the

(111)-oriented perovskite lattice. While the promoted embryonic nuclei grow, PbO

sinks into the seeding layer and the TiO2 becomes unstable, transforming into the

(111)-oriented perovskite phase [15].

In the second case of larger lattice mismatch it is mostly impossible without

processing tricks to get highly textured films. Thus seed concepts have been

developed in order to gain control over nucleation and growth. In the following

the seed concept, which was already introduced in Chap. 16 by Fred Lange, is

briefly repeated by means of oriented BST and SrBi4Ti4O15 films in order to have

the basis present for the templated growth approach described in the next section.

This seed concept relies in the first step on the microstructure instability phenome-

non of polycrystalline thin films [16], which means that if the thin film falls below a

certain value it breaks up into islands due to thermodynamic reasons (for details see

Chap. 16). During the breakup process grains with unpropitious orientations rela-

tive to the substrate are eliminated. In the second coating step a thicker layer is

deposited onto the remaining highly oriented grains at which these oriented grains

act as seeds for the growing grains of the second and any further layer during the

crystallization step. According to Miller et al. [17] for this process a lattice

matching of the film and the substrate is not required.

Besides the examples presented in detail in Chap. 16, two further examples may

illustrate this approach. In case of SrBi4Ti4O15 it was possible by a careful control of

the process parameters, namely concentration of the precursor solution and heating

ramp, to obtain highly c-axis oriented thin films on platinized silicon wafers although

the ceramic film has a quite different texture and lattice constant compared to the

underlying (111) Pt bottom electrode [18]. The seed technique was also successfully

applied for the CSD fabrication of highly (100) oriented SrTiO3 films on highly (200)

textured Ni-tapes under reducing annealing conditions in spite of the large lattice

mismatch of 11.1% [19]. Such films are investigated for the use as alternative buffer

layer for the manufacturing of coated conductors (see Chap. 27). By a suitable

combination of the “material effect” (matched rutile structure on (111) platinum) of

the TiO2 seed layer and the thermodynamic nucleation aspect of the seeds concept,

templates can be generated which may enable the control of registration and orienta-

tion on a sub 100 nm scale. This approach will be discussed in the following section.

21.3 Templated Growth of Ferroelectric Nanograins

As already mentioned within the introductional part of this chapter, using the CSD

technique, in particular the microstructural instability in case of thinnest films, is a

promising approach to grow laterally insulated ceramic nanocells. It is
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straightforward and yields nanoscaled ceramic structures without the need for

sophisticated, time consuming and usually expensive top-down patterning steps.

Besides, being a bottom-up technique, no post-deposition patterning steps are

employed, which reduces the risk of inducing damage to the functional structures.

The already mentioned microstructural instability of ultrathin perovskite films

during CSD processing was first reported by Seifert et al. [4] by growing epitaxial

PTO films on single crystal (001) STO substrates. They found that for film

thicknesses <80 nm holes developed during crystallization. Towards thinner

films these holes grew and caused breaking of the film into single-crystal PTO

islands. This phenomenon was described by a free energy model based on the

minimization of the overall surface and interface energies. The principle was

adapted to polycrystalline substrates by Roelofs et al. in order to grow PTO islands

on Pt(111)/TiO2/SiO2/Si(100) and study size-effects [5, 6] PTO grains of sizes

below 15 nm were fabricated and it was found, that grains smaller than approxi-

mately 20 nm in lateral dimension exhibited no piezoelectric response whereas

larger grains clearly showed ferroelectric behavior. This was attributed to a size

dependent phase transition into a superparaelectric state. Using the same approach,

Szafraniak et al. grew PZT crystals epitaxially on single crystalline Nb-doped

(001)-oriented STO substrates [7]. The lowest initial film thickness resulted in

grains with lateral dimensions ranging from 40 to 90 nm and a thickness of around

10 nm. Grains below 25 nm in height showed no piezoelectric hysteresis which was

attributed to defects like interface dislocations.

However, regarding possible applications of the resulting structures, the self-

assembly technique is hampered for a few reasons. This is, as the ceramic cells

show no alignment or ordering and feature a statistical governed size distribution.

For integration in prospective device architectures however, a high registration and

a narrow grain size distribution is mandatory. In order to preserve the advantages of

bottom-up growth approaches (i.e. down-scaling of structural dimensions and

minimization of damage), guiding the nucleation and growth process on the sub-

strate becomes essential. As already mentioned, this can be achieved by a

pre-patterned field on the substrate, i.e. a specially engineered substrate [8]. A

promising option within this context is the use of artificial nucleation spots. The

basic idea behind the nucleation site concept is to engineer the substrate in such a

way that nucleation and growth takes place at predefined sites with reduced

activation energies for nucleation. Such preferential nucleation sites can for exam-

ple be generated by strain fields [8] or by topographic surface features [20]. As soon

as these sites are highly ordered the ceramic thin film will grow highly arranged as

well. Beyond, when such sites allow for guiding the crystallographic orientation of

the growing cells, tuning of the highly anisotropic physical properties of the

emerging cells becomes possible as well.

In the following, the realization of a template-based concept for a registered

growth of lead based perovskite islands deposited by CSD is presented. The concept

is deduced from a combination of ultrathin TiO2 layers and the isolated seeds

described above, i.e. it utilizes the preparation of predefined nanosized TiO2
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patterns on (111)-oriented platinized substrates to act as seeds for the subsequent

deposition of lead based perovskites.

In the course of the next subchapters, we will show how tailor-made TiO2

nucleation sites can be generated on platinised silicon substrates and how such

sites feature guidance for bottom-up grown ferroelectric PTO nanocell arrays by

CSD and/or other deposition methods. As we will see, the resulting matrices feature

ferroelectric cells with smallest structural dimensions below 100 nm in lateral

dimensions and can achieve integration densities far into the Gbit/cm2 regime.

Setting a step towards further integration, we subsequently present an embedding

technique based on flowable oxides as dielectric matrix layers that allow for

equipping bottom-up grown ferroelectric structures with top electrodes—a neces-

sary requirement for prospective direct electrical characterization, which is cur-

rently hampered as the surface charge to detect scales with lateral cell dimensions.

In order to characterize ferroelectric nanostructures, different scanning probe

microscopy (SPM) techniques (vide infra) are currently the method of choice.

21.3.1 Template Controlled Growth Approaches

The concept of using nanosized TiO2 patterns on platinum (111)-oriented substrates

to guide nucleation and growth of lead based perovskites was followed in few

publications so far. Basically two approaches for structuring the nucleation site

templates were presented: generation of the templates by e-beam lithography

[9, 10] or by self-assembly based on diblock-copolymer micelles and gold hard

masks [21]. Both approaches will be presented in the following in more detail.

In addition it should be mentioned here, that also a reversed nucleation site

concept has been suggested in literature [22]. Based on the findings that only

adequately thin, crystalline TiO2 layers are effective in seeding the perovskite

phase, amorphous, 50 nm thick TiO2 layers on platinized silicon substrates were

provided with holes ranging from 100 to 500 nm using a focused ion beam (FIB)

technique. Subsequent crystallization of a low temperature PZT precursor (400 �C)
yielded a perovskite PZT phase that only emerged within the milled holes. This

effect was explained by an amorphous TiO2 layer that actively drives away the PZT

nucleation to the FIB generated holes where bare platinum is present. The platinum

reacts with metallic lead which forms during the reducing conditions of pyrolysis an

intermetallic PbPtx phase (cp. Chap. 17) which serves as an excellent nucleation

seed for the ferroelectric PZT phase. Thus it is mandatory to keep the annealing

temperature as low as possible in order to just enable crystallization of the PZT but

inhibit crystallization of the glassy TiO2 (Fig. 21.1).

A notable side effect of the method is that the patterned ferroelectrics are readily

integrated within a dielectric matrix layer after deposition as will be discussed in

Sect. 21.3.3.
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21.3.1.1 Nucleation Site Concept by e-Beam Lithography

One possible way to pattern TiO2 nucleation site arrays with nanoscale dimensions

is based on electron beam lithography. Here, basically two approaches were

followed. Initially, the functionality of the seed concept was demonstrated for

sputter deposited lead based ferroelectric perovskites. 120–150 nm wide PZT

crystals were grown onto 150 nm wide TiO2 nucleation sites that featured a

500 nm pitch distance [9]. The merely 2 nm thick TiO2 seed layer was epitaxially

grown onto (111)-oriented Pt/STO substrates and structured by means of a Cr hard

mask and electron-beam lithography (EBL). With varying initial PbO flux, either

square shaped grains indicating a (100) orientation (large PbO flux) or triangular

shaped grains indicating a (111) orientation (low PbO flux) were grown (cp. Sect.

24.3).

While the structuring of the TiO2 layer was done here indirectly by means of a

dry etching process to gain epitaxial TiO2 seed structures, the TiO2 layer can also be

patterned directly by lift-off processing [10]. In this case, the structures to be

transferred were directly written into a two-layer e-beam resist system, consisting

of a conventional PMMA polymer top layer with a (relatively high) molecular

weight of 950 kg/mol in combination with a copolymer of PMMA and methacrylic

acid (MAA) bottom layer. Due to the much higher sensitivity of the PMMA/MAA

copolymer (the methacrylic acid reduces re-polymerization during electron expo-

sure), negative resist profiles were obtained after exposure and development. Such a

resist profile is especially suitable for lift-off processing. As the TiO2 seed

structures to be transferred were below 100 nm in lateral dimensions, the overall

resist thickness was adjusted to the same range (Fig. 21.2).

For structural transformation into TiO2, an about 1.2 nm thick layer of titanium

was thermally evaporated on top of the developed resist mask. Subsequently the

resist was removed in an organic solvent, yielding titanium dot arrays on the

polycrystalline Pt(111)[100nm])/TiO2[15nm]/SiO2[450nm]/Si(100) substrates

(denoted as Pt/Si). In order to ensure full transformation of the titanium into

TiO2, the seeded substrates were subsequently heat treated at 700 �C in oxygen

atmosphere (Fig. 21.3).

Fig. 21.1 Schematic diagram of the processing steps used in the fabrication of ferroelectric

nanostructures. (a) FIB patterning of the spun-on-TiO2 coated platinized silicon wafer. (b) The

structure after spin-coating of the PZT precursor solution. (c) Actual structure after annealing at

450 �C. It has been shown that the PZT material inside the dot is raised above the surrounding

matrix and that it has individual crystallites. Figure modified after [22]
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The smallest dots that were fabricated with this method were 30 nm in diameter on

a 75 nm pitch which corresponds to an integration density of approx. 17.8 Gbit/cm2.

Higher integration densities resulted in an increased loss of contrast during exposure

and development (Fig. 21.4).

Subsequently, PTO islands were grown onto the seeded substrates by CSD using

highly diluted, modified 2-butoxyethanol based precursor solutions. After pyrolysis

at 350 �C, crystallization of the amorphous PTO films was carried out at 700 �C for

15 min in oxygen atmosphere. By carefully adapting the processing parameters, the

growth of PTO islands could be tuned in such a way that it only took place on the

TiO2 nucleation sites (Fig. 21.5).

It was found, that towards higher TiO2 seed layer thicknesses, an increased

amount of PTO crystals lost their piezoelectric and therefore ferroelectric

properties, possibly due to a lead-deficient, non-stoichiometric and therefore

non-ferroelectric phase emerging as the nucleation sites are incorporated into the

growing perovskite during crystallization. Anyway, also loss of the epitaxial rela-

tionship between the polycrystalline (111)-oriented platinum substrate and a

Fig. 21.2 Schematic of the two-layer resist process based on PMMA polymer resists. (a) A two

layer resist system consisting of a PMMA top layer and a PMMA/MAA bottom layer is spin coated

onto platinized silicon substrates; (b) The resist layers are exposed by electron-beam; (c) After

development, an undercut resist profile is obtained as the lower copolymer resist is higher in

sensitivity. Figure modified after [10]

Fig. 21.3 Schematic of the TiO2 nucleation site patterning. (a) A 12–20 �A thick layer of titanium

is thermally evaporated on top of the structured resist mask with an evaporation rate of 0.8 A�/s;
(b) The resist mask is removed in an organic solvent using N-methyl-2-pyrollidone (NMP) for 24 h

followed by slight ultrasonic agitation for 3 min. The titanium seed patterns on the substrate are

then heat treated at 700 �C in oxygen atmosphere using a RTP unit to ensure full oxidation of the

titanium. (c) CSD processing of a low concentrated PTO precursor solution finally yielded well

registered PTO nanograins. Figure modified after [10]
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postulated rutile TiO2 phase towards thicker TiO2 layers could explain this finding.

Ferroelectric switching of the islands was exemplarily verified on single cells using

piezoelectric force microscopy (PFM) as will be explained in Sect. 21.3.2. Upon

optimization of the seed layer thickness, 90 % of the deposited crystals displayed

piezoelectric activity, coming along with a distinct triangular faceting of the

crystals, which in turn indicate a preferred (111)-orientation (Fig. 21.6).

By carefully adapting the CSD process to the nucleation site dimensions and

densities, highly ordered PTO nanocrystals down to 50 nm in lateral dimensions

were successfully grown onto the TiO2 arrays featuring a 125 nm pitch, which

corresponds to a grain density of 6.4 Gbit/cm2.

21.3.1.2 Ferroelectric Nanotubes by Soft-Template Infiltration

Recently a further combination of EBL with CSD processing to generate arbitrary

arranged ferroelectric nanostructures was presented [23]. In this bottom-up

approach a sol–gel type PbZr0.52Ti0.48O3 (PZT52/48) precursor solution, was

infiltrated into a polymeric template under reduced pressure, yielding ferroelectric

Fig. 21.4 SEM images of TiO2 dot structures appearing as round shadows on the bright platinum

substrate. (a) The dots are 50 nm in diameter and have a distance of 125 nm. (b) The smallest TiO2

dot structures that were patterned were 30 nm in diameter with a 75 nm pitch. The nucleation site

arrangement is marked by dashed lines on the top right of both images. Figure modified after [10]

Fig. 21.5 SEM images of separated PTO nanoislands deposited with a 0.032 M precursor solution

on 100 nm wide TiO2 seed structures. The nucleation of the PTO crystals exclusively took place on

the TiO2 seed pattern, whereas there is no crystallization at the grain boundaries of the platinized

substrate. To point out the alignment of the deposited PTO crystals, grid lines are plotted in (a).

Figure adapted from [10]
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PZT nanotubes after two step thermal processing (pyrolysis at 300 �C and crystal-

lization in a ramp from 600 to 800 �C). During the high temperature annealing PZT

crystallization and decomposition of the organic resist simultaneously took place.

The required soft-template was manufactured by EBL of a spin coated negative

e-beam resist with subsequent thin Al2O3-layer coating by atomic layer deposition.

This less than 10 nm thick alumina layer leads to mechanical consolidation and

prevents chemical reactions between the PZT precursor solution and the polymeric

template. After the high temperature annealing, the thin Al2O3 layer connects the

build adjacent PZT nanotubes. The aspect ratio of the generated PZT nanostructures

is determined by the height and the width of the pattern in the e-beam resist, which

can be independently controlled. By varying the rotation speed during the spin on

process of the e-beam resist the polymer template thickness and hence the height of

the PZT nanotubes could be altered. Aspect ratios from 1.2:1 up to 5:1 have been

demonstrated so far. Micro-Raman spectroscopy and PFM methods were applied in

order to proof crystallinity and the ferroelectric nature of the fabricated

nanostructures [23]. The authors conclude that their approach can be tailored for

a variety of ceramic materials by appropriate choice of CSD conditions (precursors

and annealing temperatures) and may be easily scaled for larger patterned areas, by

the use of nanoimprint lithography (NIL) instead of EBL for creation the required

soft templates.

Fig. 21.6 Topographic AFM scan (left) of PTO crystals grown onto 50 nm wide seeds on a

125 nm separation distance. Piezoelectric in-plane (top) and out-of plane (bottom) response of the
island array are displayed on the right, showing the amplitude times phase in arbitrary units. PFM

scans were carried out with an excitation signal of 1 V at 7 kHz applied to the probe tip. Note that

the effective lateral grain dimensions are displayed enlarged due to the tip radius. The high

registration of grains is clearly visible in topography and dashed lines mark the arrangement of

PTO grains in the in-plane PFM scan. Up to 90 % of the depicted islands show piezoelectric

activity. As indicated by the topographic line-scan on the left, grain heights are uniform and reach

a maximum level of about 20 nm. Figure adapted from [54]
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21.3.1.3 Copolymer Micelle Lithography Derived Gold Nanoparticle

Hard Masks

Although the e-beam lithography mediated nucleation site concept described above

yields excellent results there are still drawbacks such as the serial working principle

i.e. time consumption, relatively high cost, and the typically covering of only small

surface areas. Self assembly approaches on the other hand allow for efficient

parallel generation of nanopatterns. The aim is here at first to implement a suitable

process that allows a high degree of structural ordering which is then transferred in

suitable templates with dimensions of a few nanometers. Möller et al. [24–26] made

considerable progress in the fabrication of such highly ordered nanostructures by

using “copolymer micelle lithography”. The used copolymers consists of two

chemically different macromolecular chain segments which do not mix, but form

microdomains. The size and mesomorphic order of these so called A-B diblock

copolymers largely depend on the length of the blocks and their molecular weight

distribution [27–29]. For a review on the use of such polymers for nanomaterial

fabrication the reader is referred to the literature [30]. Typical periodicities are in

the range of 10 � 200 nm. In thin films, the domain structure is affected by the

interfacial energies and the geometrical constraints introduced by the flat interfaces

[31–34].

In order to explore the potential of this method for bottom up-fabrication of

sub-100 nm structures and functional oxide particles, Kronholz et al. used gold

loaded diblock-copolymer micelles, which arrange in a hexagonal pattern

according to the balance of different forces (e.g. capillary forces, long range van

der Waals interactions and adhesion forces), for the generation of such defined

oxidic nanostructures [21]. The first steps of the preparation process involved the

formation of micelles from poly(vinylpiridine)-b-poly(styrene) (PVP-b-PS) diblock

copolymers and the loading of the micellar core with the gold salt. Dip coating of an

ultrathin titania layer coated platinized silicon substrate (TiO2[2nm]/Pt/Si) yielded

a monolayer micellar film. In the subsequent process step the organic compounds

are removed by reactive ion beam etching (RIBE) with an oxygen-plasma. The

plasma treatment leads to a reduction of the Au salt and finally to one Au

nanocluster per micelle by thermal annealing. The resulting Au nanoparticles are

suitable as hard mask for the patterning of the ultrathin TiO2-film on top of the Pt

electrode with reactive ion etching (RIE) using a CF4-plasma. Subsequently the

residual Au nanoparticles are removed by a RIBE Ar-plasma treatment step

(Fig. 21.7).

As the result, TiO2 seeds are produced for the controlled growth of PbTiO3

nanograins by the basically same chemical solution deposition technique which has

already been applied for e-beam patterned TiO2 described in Sect. 21.3.1.1.

Figure 21.8 shows the atomic force microscope (AFM) photographs and inter-

particle distances obtained from line scans taken for samples at different steps of

the preparation process.
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Fig. 21.7 Process flow for the template-based preparation of PbTiO3 nanograins (a) self-

assembled gold-loaded PVP-b-PS micelles; (b) gold nanoparticles after reduction and temperature

treatment (RIBE: reactive-ion-beam etching); (c) gold-covered TiO2 seeds after reactive-ion

etching (RIE); (d) elimination of the Au template by RIE; and (e) PbTiO3 grains grown on TiO2

seeds. Figure adapted from [21]

Fig. 21.8 AFM photographs and results of line scans yielding the inter-particle distances taken at

process steps (a), (b), (c) and (e) (see Fig. 21.7) during the preparation of PbTiO3 nanograins on a

TiO2 surface. For the monolayer film preparation a withdrawal speed of v ¼ 5 mm/min was used.

Figure adapted from [21]
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It is self evident that the quality of the template is essential for the success of the

patterning process. The great interest of using diblock-copolymer micelles as

templates was partly based on the idea that the spacing can be easily varied by

increasing the length of the block which builds the shell. By a combined approach

of scattering experiments on the solution properties of the Au loaded micelles and

surface characterizations of the dried monolayer films it has been possible to

determine which impact the diblock-copolymer architecture and the monolayer

film preparation conditions have on the characteristics of the present template

[21]. By dynamic light scattering and also small-angle neutron scattering

experiments information about the full form factor has been obtained, which

allowed to determine the overall shape of the micelles in solution and the distribu-

tion of the gold load in the micelles. No hints for agglomeration have been found.

The micelle dimensions and average inter-micelle spacing in solutions have

been compared with those obtained from dried monolayer films. The inter-micelle

spacing in the dried film is much smaller than the micelle dimension in solution and

approaches the dimension of a fully collapsed micelle in case the dipping process is

performed slowly enough. The micelles collapse, but they still have a certain

mobility to rearrange on the surface during the drying process resulting in a higher

degree of order of the pattern. It turned out that inter-micelle distances and the

degree of order of the dried monofilm is mainly determined by the preparation

condition such as the pulling velocity of the dipping process and the strength of the

surface-micelle interaction and not necessarily by the architectural properties

(block length and ratio) of the diblock copolymers building the micelles. In

conclusion this additive growth technique results in registered nanocrystals with

natural growth facets. As an example TiO2 seeds and PbTiO3 grains with a diameter

of 12 and 30 nm, respectively, have been prepared without any e-beam

lithographic step.

21.3.2 Ferroelectric Characterization by SPM Techniques

In order to characterize the piezo-, and ferroelectric properties of crystalline thin

films, usually patterned top electrodes are deposited and afterwards ferroelectric

characterization is performed by contacting top and bottom electrode and measur-

ing the ferroelectric (and dielectric) displacement currents while cycling an external

electric field. Integration of the current response yields a characteristic ferroelectric

hysteresis loop as the ferroelectric polarization Pi is the dominant contribution to

the dielectric displacement charge Di [35].

However, in case of sub-100 nm lead titanate islands the deposition of well

defined individual top electrodes is quite complex. Therefore characterization of

such nanoscopic structures is ideally performed by scanning force microscopy

(SFM) which builds a subcategory of the scanning probe microscopy family. The

principle of SPM is as elegant as simple: a sharp tip raster scans a sample surface

and the interactions between probe tip and sample are spatially recorded. These
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interactions can be of various nature (e.g. electrical, magnetic, mechanical etc.).

The first SPM based method, scanning tunneling microscopy (STM), was devel-

oped by Binnig and Rohrer at IBM Rüschlikon [36]. It was Nobel Price awarded

because they achieved atomic resolution on Si(111) 7 � 7 surfaces [37]. Anyway,

the necessity of a tunneling current between probe tip and sample restricts the

method to conducting or at least semi-conducting sample surfaces.

In SFM, a force interaction between tip and sample surface is recorded by

mounting the probe tip underneath a flexible cantilever and measuring its

deflections (Fig. 21.9). As this method is not restricted to conducting samples, it

is the most widely used scanning probe based method today. Depending on the

force that is detected, SFM is subdivided into special applications, atomic force

microscopy (AFM) and PFM for example.

PFM is the most widely used tool for nanoscale studies on ferroelectrics as it

features a high spatial resolution and allows for effective ferroelectric domain

imaging and manipulation [38]. Basically, it is an AFM working in contact mode.

Here, the sharp cantilever tip is in permanent contact with the sample surface—it

scratches the sample. The PFM setup is in contrast to an AFM setup extended to

detect deflections on the sample surface due to the converse piezoelectric effect

according to Eq. (21.1), which describes the strain Sij that is generated in a

piezoelectric material due to an applied electric field E [V/m]:

Sij ¼ dtijkEk (21.1)

Here, dijk
t [m/V] is the transposed tensor of piezoelectric coefficients [35].

The cantilever fulfills two functions: it is used as temporary top electrode for

applying the excitation voltage to the sample while simultaneously recording the

voltage induced piezoelectric deformation. Due to the setup of the cantilever, two

types of mechanical response can be distinguished: out-of-plane and in-plane

deformations. In case of ferroelectric perovskite crystals, both in and out-of-plane

response are directly related to the polarization vector of the crystal. Here, for

crystal symmetry reasons the initially third rank tensor of piezoelectric constants

dijk [C/N] is reduced to merely three independent, non-zero piezoelectric

Fig. 21.9 Schematic of a SFM that utilizes an optical lever arm for detection of the cantilever

bending. The laser beam is reflected from the backside of the cantilever. Any movement of the

cantilever is optically detected as the laser beam changes its position on the photosensitive diode.

Figure adapted from [39]
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coefficients: d33, d31 and d15 [35]. The possible piezoelectric deflections of such a

crystal under an applied electric field are depicted in Fig. 21.10.

When the vector of spontaneous polarization of the crystal is in parallel to the

applied electric field in z-direction, the crystal will elongate or contract in out-of

plane direction according to the piezoelectric coefficient d33. Is the spontaneous

polarization perpendicular to the electric field, d15 will force the crystal to shear in

x-direction (in-plane), resulting in a lateral torsion of the cantilever. Both lateral

and vertical movements of the cantilever can be resolved by using a photodiode

resolving the laser movement in four quadrants as illustrated in Fig. 21.10.

The first harmonic of the deflection signal on the photosensitive diode is

extracted using lock-in amplifiers. This part of the signal equals the piezoelectric

response of the sample. The output signal of the lock-in amplifiers Vout can be

represented either by complex amplitudes X (real part) and Y (imaginary part) or

alternatively by an amplitude R and a phase shift φ between the excitation voltage

and the detected signal.

PFM is of particular interest as it can be used to monitor ferroelectric switching

with highest lateral resolution. In contrast to piezoelectric materials, the direction of

polarization P in ferroelectrics determines the phase between excitation voltage and

deformation of the crystal as illustrated in Fig. 21.11.

Here, switching the polarization vector by 180� results in a 180� phase shift of
the corresponding out-of-plane signal. The same effect is obtained for the in-plane

signal when switching the polarization vector in in-plane direction.

In order to verify the ferroelectric properties of the template grown PTO islands

as described in Sect. 21.3.1.1 PFM measurements upon switching were carried out

as displayed in Fig. 21.12 [10]. Here, the switching of a 50 nm wide PTO grain on a

125 nm pitch is monitored. The polarization vector and thus the piezoelectric tensor

of the highlighted grain was switched bi-directionally by applying an external DC

voltage in between the single PFM scans. The two stable polarization states of the

structure demonstrate ferroelectricity.

Fig. 21.10 Converse piezoelectric effect in ferroelectric perovskites. (a) When the electric field E

between cantilever and bottom electrode is in parallel to the polarization direction P, the cantilever

is deflected in out-of-plane direction and the laser spot on the photosensitive diode moves in the

vertical direction. An additional lateral deformation of the ferroelectric structure due to d31 cannot

be detected for symmetry reasons. (b) In case of a polarization direction perpendicular to the

applied electric field, the grain is sheared due to d15. This causes a lateral torsional deformation of

the cantilever and the laser spot moves in lateral direction on the four quadrant photodiode. (c) A

ferroelectric crystal with a polarization vector in the x-z plane will contribute to both the out-of-

plane and in-plane signal. Figure adapted from [40]

530 S. Clemens and T. Schneller



Fig. 21.11 Schematic of the detectable phase shift in ferroelectric crystals due to a change in

polarization direction. In the upper case [parts (a, b)], the electric field is applied antiparallel to the
polarization. This leads to a contraction of the ferroelectric crystal. When switching the polariza-

tion in the opposite direction [as depicted in (d, e)], the crystal is stretched as the electric field and

polarization point into the same direction. This results in a phase shift of 180� between electric

field and crystal deformation analog to (c) and (f). Here, a contraction in z is defined as positive

deformation. Figure adapted from [39]

Fig. 21.12 Top: AFM image of PTO grains that nucleated on 50 nm wide TiO2 seeds having a

pitch distance of 125 nm. Bottom line: In-plane piezoresponse signals of the depicted grains. The

polarization state of the accentuated grain was switched bi-directionally in between single PFM

scans by applying a DC voltage of �5 V and 5 V respectively to the grain. The PFM scans were

carried out using an excitation signal of 1 V at 7 kHz. The out-of plane polarization of the

highlighted grain switched as well (not shown). Figure modified after [10]
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Note, that PFM is not or at least not yet an appropriate tool for any quantitative

evaluation of ferroelectric characteristics. The evaluation of the coercive field Ec is

hampered as the electrical field underneath the tip is often insufficiently quantified

[41]. Besides, the piezoelectric coefficient d33 gives yields no quantitative informa-

tion on the spontaneous polarization Ps of the crystal [43]. For a quantitative

analysis, direct electrical characterization by applying an alternating external elec-

tric field and measuring the current response remains mandatory.

21.3.2.1 Heated AFM Cantilever Tips

It has to be mentioned that the AFM setup can not only be used for characterization

but also for generating nanostructures after technical adaption. One interesting

approach which became popular is the use of resistively heated AFM cantilever

tips [44]. This technique allows controlled local deposition of materials, which are

normally immobile at room temperature, and local chemical reactions such as

conversion to other functional groups [45, 46] or local reduction of e.g. graphene

oxide [47]. This so-called thermochemical nanolithography was recently also

employed to locally crystallize a ferroelectric CSD derived amorphous precursor

film [48]. The amorphous PZT films have been prepared by spin coating and a

subsequent short drying/pyrolysis step at moderate temperatures of 250–300 �C.
Thus beyond the standards silicon based substrates a large variety of typically too

temperature sensitive substrates such as plastics (e.g. Kapton) or soda-lime glass

can be used. In summary this maskless method enabled the direct creation of

ferroelectric lines with widths >30 nm and spheres with a diameter >10nm and

densities up to ~33 Gbit/cm2 (~213 Gbit/in.) [48]. The authors conclude that the

method can potentially parallelized in order to have high registry and alignment

quality for fabrication of real devices.

21.3.3 Embedding Concepts

In order to enable direct electrical characterization of single ferroelectric

nanoislands, integration has to be pushed to a level where the bottom-up prepared

ferroelectric cells can be provided with top-electrodes, i.e. nanocapacitors can be

fabricated. For this, a dedicated process based on flowable oxides in combination

with chemical mechanical polishing (CMP) [49] will be presented in the following

[53–55]. As we will see, the process yields ferroelectric nanocells which are

electrically insulated within a dielectric matrix layer but at the same time feature

electrically accessible tops—a configuration that allows for the deposition of top

electrodes and hence, quantitative direct electrical hysteresis measurements.

Flowable spin-on glass (SOG) dielectrics were used as dielectric matrix layers for

embedding the ferroelectric nanocells as they feature excellent gap-fill and

planarization properties. The processing route is likewise a CSD route where the
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SOG materials are dispensed in a liquid state, i.e. they are spin-coated onto the

substrate. After curing, a layer of low permittivity glass (εr � 4) with

characteristics similar to those of SiO2 is formed. For this, low-k SOG dielectrics

are widely used as inter-layer dielectric (ILD) or overcoat passivation in the

manufacture of IC’s in semiconductor industry [50].

For embedding and integration of the ferroelectric nanoislands, different low-k

dielectric SOG materials like hydrogen silsesquioxane (HSQ) or methyl

silsesquioxane (MSQ) were applied—polymers with the empirical formula

(R-SiO3/2)n [51, 52]. The name silsesquioxane is derived from the one and a half

(sesqui) stoichiometry of oxygen bound to silicon. HSQ is an inorganic polymer

that contains hydrogen bonded to the silicon atoms in the Si-O backbone (R¼H).

MSQ includes an organic substitution of 10 wt% CH3 groups to silicon (R¼CH3).

The low dielectric constant of the materials is due to the low polarizability of the

Si-R bond in comparison to the Si-O bond in SiO2 [52]. Moreover, the presence of

cage structures increases the larger free volume of the films compared to films of

amorphous SiO2 networks. In order to obtain mechanically stable films, cross-

linking of the silsesquioxane polymer structures was achieved by thermal curing

of the films after deposition at temperatures around 400 �C in inert (nitrogen)

atmosphere in order to prevent oxidation of the films.

The dielectric layers were spin coated to thicknesses that just covered the highest

PTO grain tops as depicted in Fig. 21.13.

The excessive dielectric material on top of the grains was subsequently removed

by CMP [53]. Due to the planarizing properties of the matrix layers and the

marginal surface corrugation after embedding, the polishing process could be

carried out on a commercial tabletop polisher (which in contrast to a dedicated

CMP tool barely features any global planarization impact). Gaining a high local and

global uniformity in polishing abrasion, piezoresponse force microscopy scans (see

Sect. 21.3.2 for the working principle) were carried out for identifying the percent-

age of electrically addressable ferroelectric grain tops after polishing. Figure 21.14

illustrates the gain in piezoelectric activity with respect to the polishing time

compared to a sample with an embedding HSQ layer on top of the PTO grains.

Here, the piezoelectric signal proves the electrical contact between the conducting

probe tip of the microscope and the PTO islands after polishing.

Fig. 21.13 Cross-sectional

SEM image of PTO islands

on a platinized silicon

substrate. The low-k

dielectric HSQ layer on top

was spin coated to a

thickness of about 70 nm,

just surmounting the

maximum grain heights
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Figure 21.15 displays a ferroelectric nanostructure array of highly arranged

about 100 nm wide and 15 nm high PTO cells on a 250 nm pitch that were

embedded in MSQ and made electrically accessible by polishing [54]. Although

the embedding process is obviously not restricted to smallest structural dimensions,

direct electrical characterization of such structures is hampered as the electric

charge to detect scales with lateral cell dimension. As this charge readily drops

below any background noise, parasitic capacitances and leakage during measure-

ment, the method of choice for proving ferroelectricity on nanoscaled ferroelectrics

still is piezoresponse force microscopy.

Anyway, direct electrical characterization of sub-100 nm ferroelectric islands

becomes feasible when measuring several structures in parallel. For this, collective

Au and Pt top electrodes with diameters in the range of 100 μmwere deposited onto

embedded and electrically accessible PTO nanoislands of typically below 100 nm

in lateral dimensions that were grown by self-assembly routes [55].

I-V plots as shown in Fig. 21.16 were recorded that show displacement current

peaks close to those measured on continuous PTO thin films with related

characteristics regarding frequency and applied voltage.

Fig. 21.14 In-plane PFM images demonstrating the gain in piezoelectric active surface fraction

with increasing polishing time. No piezoelectric activity is recorded on the unpolished samples as

displayed on the top left. After 90 s of CMP small piezoelectric spots emerge in the PFM scans and

after 3 min large parts of the embedded islands are visible. The graph inset on the bottom left
displays the expected surface fraction of polished PTO grains against the remaining layer thickness

(derived from statistical topographic information of the PTO islands deposited with a 0.17 M

precursor and a single coating). As the platinum bottom electrode is not entirely flat, the remaining

layer strength of the HSQ matrix is about 10 nm less compared to the total layer thickness.

Reprinted with permission from [53]. Copyright 2005 American Institute of Physics
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While values for the coercive field Ec can directly be extracted from the I-V

plots, a first evaluation of the remanent polarization Pr of the nanosized PTO islands

was derived by integration of the displacement current peaks. In this context it was

found, that the actual switching charge closely corresponded to the piezoelectric

active surface fraction of the embedded grains as verified by PFM and illustrated in

Fig. 21.17. The excellent agreement with literature values when the surface fraction

of ferroelectric nanoislands approaches unity is a strong hint on the eligibility of the

applied integration route.

21.4 Concluding Remarks

The continuing trend of miniaturization of functional oxide materials down to a few

tens of nanometers or even less is a necessity to increase the density of devices. In

order to figure out the limits of the corresponding device concept, the detailed

knowledge of the size effects, i.e. the physical behavior of the material which has

been scaled down to these dimensions, is required. Suitable manufacturing methods

as well as characterization methods have to be sought out. On an industrial scale

highly expensive XUV-lithography tools are used to fabricate such small structures

by typical top-down approaches, which are consequently not available in normal

research institutions. By means of the registered growth of ferroelectric

nanostructures, a number of template based bottom-up approaches have been

Fig. 21.15 PFM scan of a in MSQ embedded PTO grain array after 40 s of CMP. The islands were

grown onto 100 nm nucleation sites. The topographic image on the left displays an almost perfectly

plain surface, only disrupted by minuscule holes (around 2 nm in depth as indicated by the line-

scan) on the grain sites. Piezoresponse scans taken with 1 V at 7 kHz applied to the probe tip show

distinct piezoelectric activity of the embedded islands and hence, prove the electrical accessibility

after polishing. Note the height registration of piezoelectric active regions while the surface

topography is almost entirely flat. Figure adapted from [54]
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Fig. 21.16 I-V curves of HSQ embedded PTO grains (red) of about 40 nm in height and of an

approximately 80 nm thick continuous PTO thin film (black). Both curves were measured at

100 Hz using Pt top-electrodes of 200 μm (grains) and 80 μm (layer) in diameter. The PFM inset on

the top left displays the percentage of piezoelectric activity that could be recorded on the

embedded PTO grain surface. Reprinted with permission from [55]. Copyright 2008 American

Institute of Physics

Fig. 21.17 Frequency dependent I-V curves measured on MSQ embedded PTO grains that were

deposited by a single (left) respectively three (right) coatings of a 0.29 M precursor solution. The

layer thicknesses after polishing are in the range of 50 nm for the single coating and about 80 nm

for the multiple coating approach. With an increased surface fraction of uncovered islands, as

displayed by the PFM insets on top of the particular I-V curves, the displacement current peaks

become more pronounced. In case of the single coating about 12 μC/cm2 switch and this charge

rises to 35 μC/cm2 in case of the multiple coating approachy
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reviewed in the present chapter. They enable in an academic environment the

fabrication of nanometer structures from the bottom up by creating e.g. arbitrary

seed pattern of TiO2, which can be subsequently CSD processed to the

corresponding PTO nanograins, or by infiltrating an EBL patterned soft template

with a PZT precursor solution and subsequent crystallization of only the predefined

amorphous PZT nanomaterial. In both cases a deteriorating influence of the pat-

terning method itself on the physical properties could be excluded. AFM techniques

in various modes have been shown to be the methods of choice to characterize and

even produce individual nanograins. Embedding approaches showed that the ferro-

electric nanograins remain functional. Overall the presented template based growth

concepts and characterization techniques may inspire researchers to transfer and

modify them to other nanoscaled functional oxide materials.
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Part V

Functions and Applications

The last part will summarize the different application areas of CSD derived

functional oxide thin films. Because this area is huge, the focus is laid on those

applications which are suitable for wet chemical processing. In general CSD is

applicable, where no extremely small lateral dimensions, and 3-D folding have to

be conformally coated. Thus for memory application gas phase based methods such

as sputter deposition, metal organic chemical vapor deposition (MOCVD), atomic

layer deposition (ALD), molecular beam epitaxy (MBE) are methods of choice. For

small substrates, pulsed laser deposition (PLD) represents a very versatile tech-

nique. Another obstacle may be the requirement of ultrathin coatings. Although not

impossible, there may occur difficulties in case of ultrathin coatings, i.e. thicknesses

below ~20–30 nm. On the other hand this means that in almost all other cases CSD

offers the potential to fabricate device quality films at moderate investment and

precursor cost. Due to the high flexibility with regard to the coating method and

stoichiometry, as well as the economic advantage, CSD offers moreover excellent

possibilities in research labs for exploring new thin film materials or modifying

compositions by addition of dopants for example. CSD methods can also enable the

miniaturization of classical bulk devices such as multilayer ceramic capacitors

(MLCCs—see Chap. 22) or solid oxide fuel cells (SOFCs—see Chap. 25) by

replacement or supplementation of the standard oxide ceramic powder based

technologies.

Ferroelectric capacitors consisting of PZT or strontium bismuth tantalates (SBT)

are utilized as binary polarization state storage element in non-volatile ferroelectric

random access memories (FeRAM). In low memory density FeRAM products, as

well as in the early period of prototype production for high-density 4- or 32-Mbit

FeRAMs, CSD was used by the industry to fabricate the functional ferroelectric

oxide thin films [1–3]. Micro-electro-mechanical systems (MEMS) enable a direct

and efficient transformation of mechanical to electric energy and vice versa. Using

the piezoelectric and pyroelectric properties of PZT and related thin film materials

for integration into MEMS provides in contrast to FERAMs an almost ideal field for

CSD. The processing and features of MEMS are detailed in Chap. 24. Meanwhile it

is possible to automatize the deposition and crystallization process of PZT films on

http://dx.doi.org/10.1007/978-3-211-99311-8_22
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wafer sizes up to 8 in. [4], which basically facilitates industrial fabrication. In

general, MEMS devices are useful for various motion and force sensors, linear

actuators, micromotors, acoustic and ultrasound devices, electromechanical micro-

wave resonators, microcavity pumps, energy harvesting etc.

The pyroelectric effect of materials is exploited to detect temperature changes

with an extremely high sensitivity. The most common devices are uncooled infrared

(IR) detectors. Pyrolectric thin films based on perovskite-type complex oxides have

been deposited by CSD, to be integrated into 1-D and 2-D arrays for intruder

alarms, gas sensors, and IR cameras.

Although never applied in capacitors for DRAM applications, the success in

fabrication of excellent high-permittivity films on noble metal (e.g. Au or Pt) coated

semiconductor substrates enabled the integration of ferroelectric capacitors in

GaAs MMICs (microwave monolithic integrated circuits) [5, 6] and decoupling

capacitors [7, 8]. More recently it has been demonstrated BST and even PZT can be

deposited in excellent quality on base metal substrates such as nickel and copper

foils using carefully controlled crystallization conditions (temperature and

corresponding atmosphere) [9–12]. The prerequisites and details of this approach

are summarized in Chap. 23. Utilizing these substrates for ferroelectric thin films

provides a viable solution for integrating embedded passive components into

printing wiring boards (PWB). These results are also encouraging for lowering

the individual layer thicknesses in MLCCs, in which the interlayer electrodes

consist of nickel as well.

It is even possible to grow epitaxial superconducting yttrium barium copper

oxide (YBCO) layers on highly textured nickel tapes of great lengths by combining

the knowledge of (1) growing epitaxial films by CSD, (2) the specific requirement

for growing YBCO on nickel, and (3) advanced coating techniques such as inkjet

printing. The commercialization of this technique will significantly increase the

energy efficiency of cables, motors, and generators and could hence contribute to

the reduction of carbon dioxide emissions. All aspects of superconducting layers

and examples for devices are reviewed in Chap. 27.

Other conducting films represent a further important class of functional thin film

oxide materials the fabrication of which can be addressed by CSD. They comprise

ion conducting (oxygen ion and proton conducting), electronically conducting, and

mixed electronic/ionic conducting materials, as well as transparent conducting

oxides (TCOs). Ion conducting oxides are frequently used as electrolytes in solid

oxide fuel cells and sensors, and the mixed electronic/ionic conductors serve as

cathode materials for the catalytic dissociation and reduction of the molecular

oxygen in these devices. CSD methods can be applied to reduce the layer

thicknesses and the annealing temperatures of these functional films. On the one

hand this enables the fabrication of miniaturized SOFCs, “μ-SOFC”. On the other

hand a lowering of the operation temperatures of bulk SOFCs is expected, which in

turn reduces deteriorating influences on the materials of the stack. The aspects of

these materials and devices, as well as electronically conducting oxides,

e.g. LaNiO3, including magnetoresistive films, e.g. La0.67Ca0.33MnO3, are reviewed

in Chap. 25. Due to their simultaneous transparence, TCOs represent an extra class
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of conducting oxides and are thus presented in detail separately in Chap. 26. They

are produced industrially on a large scale by sputtering methods for all kinds of

display applications. Furthermore they are used in photoelectrochemical (PEC)

devices for alternative energy conversion. As will be shown in Chap. 26, there

are a number of innovative fields such as printed electronics and transparent p-n

junctions where CSD processing of TCO thin films may play an important role, if

combined with direct writing approaches such as inkjet printing.

The last two book chapter deal with optical applications of CSD derived thin

films. Chapter 28 gives a survey on general strategies for antireflective

(AR) coatings and how single- and multilayer interference-type films can be

produced by sol-gel coating techniques. Finally, Chap. 29 reviews the possibilities

of wet-chemical synthesis of luminescent thin films for integrated optical and

optoelectronic devices. Examples for the application in devices such as active

waveguides, displays, X-ray imaging systems, and solar cells are given.

The functions and applications presented above represent the most frequently

studied areas in CSD technology. Although they cover the largest part of devices,

which are accessible to CSD processing, there are certainly further fields of

applications which have potential, but are less intensively studied by means of

CSD yet. Besides the classical ferroelectric capacitor and piezo-MEMS

applications it may be concluded that the application of CSD film processing for

alternative energy device is a strong and growing domain for this technique.

In this sense the direct conversion of sun light to electrical power or chemical

fuels has to be mentioned. Photoelectrochemical (PEC) water splitting yielding

hydrogen, which can be stored and used as clean fuel, is of particular interest

[13]. Among the plethora of functional oxide materials, which are reviewed

concerning suitability for PEC water splitting in [14], TiO2 and Fe2O3 are the

most frequently studied wide-band gap semiconductors. Their advantages comprise

abundance, nontoxicity, and electrochemical stability, but issues remain, which still

lead to poor conversion efficiencies. Hematite (α-Fe2O3) possesses a band gap of

~2.2 eV, which is suitable for visible light, but still has low photon conversion

efficiency (IPCE) due to short hole diffusion lengths of 2–4 nm, low absorption

coefficient, and very short excited state lifetime. For a recent review on the progress

of hematite photoanodes the reader is referred to [15]. On the other hand TiO2,

which was the first photoanode material where the PEC water splitting reaction was

demonstrated [16], performs better but uses only a part of the solar spectrum due to

the band gap in the UV range (3.2 eV). In order to improve and optimize these

devices further basic research in various areas from materials and physical aspects

to design criteria is required [17]. Besides new materials, which may be found by

solution based combinatorial approaches [18], nanostructuring and bandgap engi-

neering of hematite and titania are two promising possibilities to optimize the

photanodes. CSD offers a large potential because of cost efficiency, possibility of

micro-/nanostructure control, and flexibility with regard to composition including

the ease of dopant addition for tuning the bandgap. Two examples may serve to

illustrate this potential without claiming to be comprehensive. In case of TiO2,

mesoporous photoanode films prepared from a sol-gel type CSD process (EISA
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process, see Chap. 10) featured a much higher maximum photocurrent density

(jph ¼ 3.5 mA/cm2) than the film which was classically prepared from

pre-formed nanoparticles (jph ¼ 0.35 mA/cm2) [19]. The other example concerns

undoped and titania-doped hematite films, which were prepared by spin coating of

the corresponding precursor solutions onto FTO1-coated glass substrates and

subsequent annealing at 500 �C [20]. The doped film showed the better PEC

response.
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Chapter 22

Thin Film Multilayer Capacitors

Hiroyuki Kambara, Theodor Schneller, and Rainer Waser

22.1 Introduction

Capacitors such as ceramic capacitors, plastic film capacitors, mica capacitors,

electrolytic capacitors, and electric double-layer capacitors (EDLC) in general

play an important role in various kinds of electronic devices used in modern

societies. They are produced in huge quantities, various shapes and either directly

integrated on a suitable substrate like silicon or as discrete capacitors which are

later mounted on the printed wiring boards by soldering (nowadays mainly by

surface mounting—SMD technology). Typical examples for the latter case are

different types of electrolytic capacitors and multilayer ceramic capacitors

(MLCCs, Fig. 22.1). Especially MLCCs are one of the most widely used capacitors

and more than 80 billion MLCC chips are manufactured worldwide each year [1].

Within the present chapter the application of ferroelectric and dielectric

materials for capacitors will be reviewed with a focus on multilayer stacks. These

multilayer stacks consist of alternating layers of electrode and dielectrics or

ferroelectrics, respectively.

The continuing demand for further functionalities of the electronic devices in

less space is a strong driving force for the increase of the capacitance per volume

(volumetric efficiency—VE). This means that the layer thicknesses of the ceramic

as well as the electrode layers need to decrease more and more. Figure 22.2
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schematically summarizes the typical thickness ranges used for the ceramic layer

material and the corresponding manufacturing technologies.

Films are typically differentiated into thin films comprising typical layer

thicknesses below approx. 1 μm and thick films above approx. 1 μm (Fig. 22.2).

This distinction is also related to the technologies which can be reasonably applied

to fabricate the corresponding films. Although these are no absolute limits, it often

makes economically no sense to use for example a classical thin film technique to

prepare relatively thick films in the order of e.g. 5 μm due to possibly expensive

equipment (vapor phase methods) and long deposition times or the tedious number

of sequential coating steps in case of classical chemical solution deposition (CSD)

[2]. On the other hand mature thick film technologies like tape casting of slurries

containing ceramic particles reach limits in the thickness range below ~0.8 μm due

to the mechanical instability of the produced green foil for example and the need of

using smaller and smaller ceramic particles in the diameter range below

150–200 nm to maintain a minimum number of grains per layer of 5–6 [3]. The

transition zone from ~500 nm to ~0.8 μmmight be denoted asmesoscopic thickness
range which corresponds to the frontier zone of future MLCCs.

As said thin film ferroelectrics and dielectrics are generally defined as less than

1 μm (more typically less than ~0.3 μm) thickness. They require thick and sustain-

able substrates such as Si and Al2O3 beneath them because they are too thin to

sustain themselves. Hence thin films need to grow on these thick substrates and the

characteristics of the thin films are strongly influenced by structure, morphology,

and thermal stress of the substrates. Highly oriented or epitaxial thin films can be

Fig. 22.1 Cross-section of a 1,608 size (external dimension of the chip 1.6 mm � 0.8 mm � 0.8

mm) MLCC consisting of 1 μm thick dielectrics with 400 layers and their illustrative pictures

(Murata Manufacturing Co., Ltd.)

548 H. Kambara et al.



formed when the thin film and the substrate have similar lattice constant and

structure. In addition the characteristics of the thin films depend on the thickness

and most of the unique characteristics are attributed to their low thickness. Thin

film capacitors of ~1,000 nm thickness have recently been studied in terms of film

behavior for specific device application such as piezoelectric thin films for

microelectromechanical systems (MEMS, see Chap. 24) [4] and ferroelectric thin

films for nonvolatile memories [5].

In the following at first a short overview on the mature technology for the

fabrication of multilayer ceramic capacitors (MLCC) is given. Then the question

of further miniaturization will be addressed which gives the reasons for the intro-

duction of new concepts by using thin film deposition technologies to prepare

miniaturized multilayer capacitors—thin film multilayer capacitors (TMC).

Hence some background information on the different thin film deposition

technologies will be shortly reviewed. Finally the concepts for TMC’s will be

described in more detail and the corresponding literature will be reviewed.

Fig. 22.2 Typical thickness ranges used for the ceramic layer material and the corresponding

manufacturing technologies. Further miniaturization of MLCCs is required to achieve the “Fron-

tier Zone” by advancing and utilizing film technologies
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22.2 State of the Art MLCC’s

As electronic devices have been downsized and more highly densified, the demand

for MLCCs has been rapidly raised. The MLCC technology continues to be

developed with respect to further miniaturization and higher capacitance. Conven-

tional ceramic capacitors offer low dielectric loss and superior dielectric behavior at

high frequency. However, the capacitances of the ceramic capacitance are below

10 μF, which lead to limited application. In contrast MLCCs have achieved higher

capacitance up to 100 μF and realized wider range of applications substituting for

tantalum capacitors and electrolyte capacitors. Furthermore superior characteristics

such as high reliability, low equivalent series resistance (ESR) and low impedance

can be obtained by MLCCs.

Originally in 1950s MLCCs started with Pt inner electrodes which are stable at

high temperature and under oxidizing atmosphere. In 1970s Ag-Pd electrodes were

newly introduced to MLCCs substituting for expensive Pt electrodes, which

lowered the price of MLCCs drastically. Thereafter the technology for the mass-

production of MLCCs improved rapidly and the price decreased drastically, which

contributed to many electric devices. As MLCCs became more multi-layered,

however, the cost of the inner electrode became more dominant due to the increase

of price for the noble metals through energy crises in that time. Hence the technol-

ogy for using base metal electrodes like Ni instead of the noble metals was required.

The shift from Ag-Pd to Ni electrode was achieved in 1980s by modifying the

composition of dielectrics and the annealing condition to suppress the reduction of

dielectric layers under lower oxygen partial pressure.

MLCCs have met the requirement of high performance devices for mountability,

performance, reliability, and low price substituting for parallel-plate capacitors

since 1980s. The trends of MLCC products are downsizing, high capacitance,

high frequency, high voltage, high electric power, and multi function. As for the

material and processing technology, the introduction of base metal electrodes, fine

grains for both ceramic materials and electrodes, and technology for thinner layer

and multi layer, have improved the mass-production process and lowered the cost.

In order to achieve these goals one may take the following formula into account

which allows one to estimate the capacitance of a MLCC (CMLCC) [6]:

CMLCC ¼ εr � ε0 � n� 1ð Þ � s½ �=t (22.1)

t denotes the thickness of the dielectric layer, s represents the overlapping area of

the internal electrode, n is the number of dielectric layers, ε0 is the permittivity of

the free space, and εr is the relative permittivity of the dielectric film material.

Thus the key to increase the capacitance per volume (F/mm3) of MLCCs is to

stack as thin film as possible with as many layers as possible. In 1970s the thickness

of the MLCC was 30–40 μm [7]. Thereafter the advance in thin film sheet

technology and the improvement in dielectric materials and multi-layer technology

brought about the thinner and more layered films in 1990s. Much thinner films such
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as 3 μm thick films in the late 1990s and 1 μm in the early 2000s, of which

capacitance per volume 20 μF/mm3 are comparable to those of tantalum capacitor

and aluminum electrolytic capacitor, were realized [8].

22.2.1 Trend to Miniaturization

As high-tech electronic devices such as portable video cameras, lap top PCs and cell

phones have been downsized in recent years, electric parts mounted in them have

also been required to be smaller. The miniaturization of electronic devices and

electric parts makes it possible to design the electronic circuits more flexible and

manufacture new products of high value and new functions as well as to scale down

the devices.

The surface area of chip capacitors has gotten smaller year by year from 1005

(external dimension of chip 1.0 mm � 0.5 mm) to 0402 (0.4 mm � 0.2 mm). The

latest ceramic coating technology has realized micron-order thick green sheets.

However, it would be difficult to produce even thinner ceramic green sheet due to

the difficulty in dispersing ceramic particles homogeneously and suppressing defect

formation in such a thinner sheet. Furthermore it has generally been recognized that

the properties of bulk dielectric material are often poor in thin films due to the

intrinsic dead layers, defects, film stress, etc. Therefore the development of new

methods to produce submicron dielectric layer have already been undertaken in

order to achieve even higher capacitance densities. Hence classical thin film

technologies were investigated due to their following typical advantages:

Classical thin film technologies can. . .

• control the orientation of the film by epitaxial nucleation (cp. Chap. 16) e.g. [9]

• lower the processing temperature.

• apply lower voltages to films.

• form microstructure and thin films like LSI (Large Scale Integration) and

increase the element density.

• take advantage of the unique characteristics of thin films: for example, films

consisting of a few atoms show unique characteristics called “size effect”.

• modify the film property maintaining the workability and the property of the

substrates.

• make the most of the smooth surface, for example SAW device.

• deposit amorphous and crystalline films depending on the process condition.

Thin film dielectrics and ferroelectrics can be formed via the state of atom, and

ion, respectively, or molecules by depositing raw materials on the substrate.

Depending on the deposition method, they either directly nucleate and grow or

form at first an amorphous layer which afterwards nucleates and grows into a

crystalline thin film. Thin film methods basically allow one to form oriented

materials on larger areas of the substrates.
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Typically thin films can be prepared by a variety of methods such as metal-

organic chemical vapor deposition (MOCVD) [10], aerosol chemical vapor depo-

sition (ASCVD) [11], pulsed laser deposition (PLD) [12], sputtering, electropho-

retic deposition (EPD) [13], hydrothermal-electrochemical method or chemical

solution deposition (CSD) consisting of sol–gel and metallo-organic decomposition

routes [2].

By gas phase techniques the raw materials are heated and then evaporated onto

the substrates. Advantages of the MOCVD method are conformal coverage, high

rate of film formation, and relatively precise control of composition. However, this

method cost much with expensive devices and the productive efficiency is low,

although the high cost can be lowered to some extent by mass-production. There-

fore this method will be first introduced to products of high value such as ultra-

small high capacitance capacitor on Si substrates or LCR circuit (electric circuit

consisting of inductor L, capacitor C, and resistor R) multifunction device.

Electrophoresis is a coating method where electrically-charged ceramic particles

or metal particles in a solvent are deposited as a thin film on a substrate by electric

field. This method employs nonconductive substrate such as glass or carrier tape of

which surface is given electrical conductivity by e.g. sputtering. Electrophoresis

can control the thickness of the film easily by applied voltage and duration. More

uniform and denser films without defects and higher rate of film formation com-

pared to the conventional screen printing and doctor blade method can be realized

[13]. This method will possibly lead to high productivity, for instance for inner

electrodes of MLCCs.

The CSD method overcomes some of the limitations of thin film fabrication and

offers advantages such as low cost, precise control of composition, relatively

simple and flexible synthesizing route and conformal, continuous, large-area depo-

sition via aerosol or dip coating. In CSD several dielectric layers are deposited

subsequently, and therefore the dielectric properties such as dielectric constant and

temperature coefficient of the capacitance can also be controlled by a deposition of

graded compositions, which will be capable for the preparation of functional

ceramic thin films.

Table 22.1 gives an overview on the pros and cons of the different main thin film

deposition methods:

22.3 Design of TMC’s

The requirement for multilayer structures of the ceramic capacitors with smaller

size and larger capacitance has been raised for the application of integrated devices.

The purpose of this miniaturization is to achieve a maximum capacitance per unit

volume of MLCCs, i.e. volumetric efficiency (VE) with a larger dielectric constant,

smaller dielectric and internal electrode thickness, and a larger number of layers.
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The minimum layer thickness of MLCCs obtained by traditional powder-based

fabrication techniques such as tape casting or printing processes has decreased to

the micron order (Fig. 22.3).

Core-shell structures (Fig. 22.4), where grains consist of a ferroelectric “core”

inside and a non-ferroelectric “shell” on the surface have been introduced to modify

the dielectric properties without increasing the thickness of the layers. The

so-called X7R materials (X7R: specification of EIA, Electronic Industry associa-

tion) may serve as one practical example. High values of the dielectric constant εr
(e.g. εr (25 �C) � 3,000) result for these materials from the presence of ferroelectric

cores inside the grains (“Core”) with a temperature coefficient (Δεmax/εr (25 �C)) of
εr of�15 % to +15 % in the temperature range of�55 �C to 125 �C. Such structures
can be obtained for example from Dy-doped BaTiO3, which shows a

non-ferroelectric Dy-doped BaTiO3 shell and a ferroelectric BaTiO3 core in one

grain. This exhibits smaller temperature dependence of the dielectric constant

compared to those of pure BaTiO3 and Dy-doped BaTiO3 grains [17].

However, it is doubtful that the hitherto applied conventional ceramic methods

using powders will be further applicable for the fabrication of submicron films,

because the dielectric layer needs to have several grains (5–6) throughout the

thickness of each dielectric layer in order to be suitably reliable [18]. If the number

of dielectric grains per layer is too small, the resistivity of the film is lowered due to

the generation of oxygen vacancies in the grains and therefore the leakage current

increases when electric field concentrates on the vacancies especially at higher

temperatures. Hence grains should be small enough in terms of reliability to

compose the dielectric layer with as many grains as possible.

Therefore alternative techniques for the formation of thin film multilayer

capacitors are required to decrease the film thickness down to the submicron

order and the mesoscopic thickness range, respectively. Moreover simultaneously

the temperature characteristics have to be controlled in order to fulfill the

specifications of the capacitors. A design is applied with alternately arranged

dielectric and electrode layers, which leads to an equivalent circuit of several

capacitors in parallel. This principle is already well established for the standard

ceramic multilayer capacitors used as surface mount devices. Additionally, the

integrated capacitor is deposited on a SiO2/Si substrate, which is compatible to

Table 22.1 Comparison of characteristics of thin film deposition methods [9]

Initial

investment

Reproducibility of source

compositions

Coating

area Epitaxy

Solution methods Excellent Excellent Excellent Not gooda

MOCVD Good Not good Good Good

Sputtering Good Good Excellent Excellent

Laser ablation Not good Excellent Not good Excellent
aIn the early days of CSD processing ultrathin films and epitaxial films were hardly possible to

process. In the meantime the knowledge of the technology has improved considerably so that

epitaxial [14, 15] and highly textured films, respectively, even on base metal substrates are

possible [16]
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the substrates used in the semiconductor industry [20–22] and allows basically for

an integration of these capacitors into semiconductor devices.

22.3.1 Electrode Materials

Oxidation resistant electrodes such as Pt, Pd, and Ag/Pd have been mainly used for

thin film dielectrics. These electrodes are expensive and therefore the requirement

for low cost electrode materials is raised. However low cost base materials such as

Ni, Cu, and Al have a lower oxidation resistance and a sensitivity of dielectric loss

to low partial oxygen pressure [23]. The motivation for the use of base metal

electrodes originates from MLCCs where noble metals have been replaced with

Ni electrodes in BaTiO3 based capacitors. Integration of such base-metal electrodes

into multilayer capacitors and other bulk ceramic dielectric applications is nowa-

days well established [24], but development of thin-film integration on base metals

has been more limited. Although complicated, the growth of thin dielectric layers

on base-metal substrates in reducing atmospheres has often been successfully

demonstrated and for details the reader is referred to Chap. 23 of this book. Beside

the temperature/atmosphere profiles the selection of appropriate substrate materials

is crucial; the metal should possess a high melting point, exhibit a close match of

the linear coefficient of thermal expansion to the dielectric film, show low reactivity

with the film, and permit good adhesion to the film [25]. BaTiO3 and BST films with

Fig. 22.3 Chart showing evolution and projection of major design parameters for MLCCs.

Dielectric and electrode thicknesses decreased over the years as the capacitance has increased.

This trend in decreasing thickness will slow down later than 2010 due to technical difficulties.

Downsizing of external dimension of chips, however, still continues. Modified after [18]
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sputtered-Ni bottom electrodes, for example, show that there is an increased grain

growth and globulization of Ni electrodes with increase of annealing temperature at

700–900 �C under 3 % forming gas. The Ni layer annealed at 900 �C disintegrates

already after 5-min duration; therefore Ni bottom electrodes should be annealed at

800 �C or less [26]. Furthermore the precise control of the oxygen partial pressure

within the processing window is necessary to avoid the formation of base metal

oxidation, oxygen vacancy-related increases in dielectric loss, and suppression of

film dielectric constants [23] and to form simultaneously oxide ceramic thin film

capacitors on the base metal. In a reducing atmosphere, the electron concentration

increases with dissociation of oxygen atoms from e.g. BaTiO3, which is expressed

Fig. 22.4 Example of a

core shell structure of Nb-

and Mg-doped BaTiO3

[19]. The core shell

structure of the grain is

clearly observed from the

TEM image (a) and Nb and

Mg high concentrations at

the shell region are

indicated by STEM/EDS

results below (b).

Reproduced with

permission from

[19]. Copyright © 2004,

John Wiley and Sons
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by the following reduction reaction [Eq. (22.2)] of the Kröger-Vink defect

notation [27].

Oo ¼ 1

2
O2 þ Vo

00 þ 2e� (22.2)

(Oo: neutral oxygen atom, Vo00: oxygen vacancy, e�: electron).
The generated electron enhances the conductivity of BaTiO3 by electron hop-

ping between Ti4+/Ti3+ [Eq. (22.3)].

Ti4þ þ e� ¼ Ti3þ (22.3)

The defect chemistry of BaTiO3 was studied focusing on the development of

Ni-MLCCs. Conduction electrons generated under reducing conditions are trapped

by acceptors [e.g., Mn2+, Ca2+, and Cr3+] on the B site of the perovskite improving

the insulating resistance of the material. Bretos et al. proved that this principle also

applies to CSD-derived BST thin films on Ni-foils by doping Mn2+as acceptor

according to the theory mentioned above and Nb5+ as B-site donor into already

acceptor-doped BST, which reduced both the number of oxygen vacancies and their

respective migration [28]. The leakage current density measured in the Mn,

Nb-BST film reveals a decrease of almost one order of magnitude with respect to

the undoped composition while maintaining low loss tangent of 0.02 and acceptable

values of permittivity.

Even the formation of sol–gel derived PZT thin films directly on Cu foils has

been demonstrated by a careful control of the oxygen partial pressure within a

narrow processing window [29] and a specific optimization of the solution chemis-

try by e.g. chelating agent strength in order to avoid interfacial reactions [30].

Alternatively, conductive oxide electrodes such as LaNiO3 and SrRuO3 can be

used instead of metal electrodes. Using chemical solutions for both the dielectric

and electrode layers is an economical means of preparing thin films for TMCs.

Multilayer capacitors of 100 nm-thick BaTiO3 dielectrics and 20–30 nm-thick

LaNiO3 electrodes (Fig. 22.5) were successfully prepared by CSD without the

need of using reducing atmospheres (Sect. 22.3.3) [31].

22.3.2 Dielectric Film Processing Issues

As already shortly pointed out in the introduction, there is a series of deposition

techniques available for the fabrication of functional ceramic layers for the TMC.

Although gas phase based deposition methods might sometimes yield slightly better

performance of the ceramic thin films, these techniques are most probably too

expensive for the later mass production of TMC’s. Therefore in this section some

aspects which are important for the wet chemical processing of the dielectric layer

for TMC’s are briefly summarized. For more details the reader is referred to the

corresponding chapters of the present book.
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Basically in CSD processing films are fabricated by repeated coating/thermal

annealing steps of a suitable precursor solution onto the substrate under various

atmospheres (oxygen for noble metal substrates or in pO2-controlled atmosphere

for base metal substrates).Thereby the film micro structure is influenced by coating

process, precursor chemistry, structure of the substrate and thermal processing such

as crystallization temperature, heating ramp, and annealing atmosphere [2]. Usual

thicknesses per individual coating step are in the range of 10–50 nm, which means

that for a mesoscopic film thickness up to 50 coating cycles could be necessary,

which of course is not practicable.

Different ways have been proposed to circumvent this. One possibility is to

modify the chemistry of the precursor solutions (educts and viscosity-enhancing

solvents). Thus, thicker layers of about 1 μm per coating step can be principally

made by substitution of the usually used primary alcohols by multifunctional

alcohols like e.g. 1,2-ethylenediol [32] or 1,3-propanediol [33]. Owing to the higher

content of organics in these layers which has to be burned out, however, relatively

high porosity is often found which leads to the limitation of the functionality of the

resulting ceramic films. Furthermore the formation of cracks must be minded.

It should be noted that in case of PZT based films the control of microstructure

and orientation is easier to obtain relatively independent on the layer thickness, due

to the tendency to heterogeneous nucleation (see Chap. 17). Unlike in case of

alkaline earth titanate based materials, the grain size and microstructure

(columnar-grainy) is strongly dependent on the precursor chemistry, solution con-

centration, and the heating schedule [34, 35]. If one considers barium titanate,

which is a preferred material due to its high dielectric constant, its low dielectric

loss, and its low leakage current at simultaneous long-term stability, often carbox-

ylate based precursors are used for CSD processing (see Chaps. 2 and 3). They all

decompose via carbonate-like intermediates; however the decomposition pathway

Fig. 22.5 Cross-section of multilayer capacitor consisting of BaTiO3 and LaNiO3 layers. Each

layer is successively formed from 0.1 M BaTiO3 and 0.3 M LaNiO3 solution, respectively, by spin-

coating, drying at 180 �C for 3 min, pyrolyzing at 260 �C for 3 min, and crystallization in RTA in

O2 at 650
�C for 1 min for the electrode layers and at 750 �C for 1 min for the BaTiO3 layers.

Reproduced with permission from [31]. Copyright © 2006, John Wiley and Sons
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and therefore their crystallization behaviours are dependent on the chain length of

the hydrocarbon chain. “Long-chain” carboxylates like 2-ethylhexanoates decom-

pose at lower temperatures (~450–550 �C) than “short-chain” carboxylates such as

acetate and propionate, which means that the carbonates of the former are

completely decomposed at ~550 �C and already at least partly crystalline while

the latter decompose and crystallize only above ~650 �C [34].

This has also consequences on the microstructure. As already mentioned above

higher porosity may result if more hydrocarbons have to be removed as gaseous

CO2 and H2O. Moreover a high crystallization temperature leads to an increased

densification and to larger grains. This is obviously due to the temperature activated

mobility of the ions. Due to the tendency to nucleate in a homogeneous nucleation

manner, the layer thickness of each coating is another factor influencing the

microstructure of BTO films (see Chap. 17). If the individual layer thickness

exceeds a critical value of approx. 10 nm/per coating a fine grained morphology

is obtained with lower permittivity values compared to a columnar morphology

[34]. SrBi4TiO15 may serve as further example where the strategy of ultrathin

individual layer deposition is crucial. Thus highly c-axis oriented columnar

SrBi4Ti4O15 films on (111)Pt bottom electrodes could be obtained in spite of the

quite different texture and lattice constants of the electroceramic thin film material

and the electrode material (Pt ¼ 3.9 Å, SrBi4Ti4O15 ¼ 5.4 Å) [36]. These c-axis

oriented SrBi4Ti4O15 films show a unique property of stable dielectric constant at

200 in the range of �500 to 500 kV/cm, at a temperature of 25–200 �C, and in the

thickness range of 55–160 nm [36].

In the P(L)ZT system a careful control of the Pb stoichiometry is essential to

achieve phase purity and optimum dielectric properties [37]. Films with too little

Pb-content form a low-K Pb-deficient pyrochlore phase which degrades the dielec-

tric constant. The interaction between Pb and Pt bottom electrode and PbO volatili-

zation from the surface of the film during thermal processing cannot be solved by

simply increasing the amount of excess Pb in solution especially for Zr-rich

compositions. The large amount of excess Pb results in the formation of a Pb rich

intergranular phase. Therefore a combination of excess Pb in solution and post-

pyrolysis deposition of a PbO cover coat improves film stoichiometry and dielectric

properties.

These are only some examples of how the processing of precursor chemistry,

coating method, and heating schedule affect the film morphology and orientation.

In general CSD processes employ lower crystallization temperatures at 600–800 �C
compared to that of the conventional MLCCs at 1,000–1,300 �C or more. This has a

great advantage when putting them into mass-production because this process can

reduce the production cost considerably and moreover decrease the damage of the

film and film/electrode interfaces, respectively, while annealing.

Besides the classical CSD processes, thin ceramic or mesoscopic BTO layers can

basically be also made by means of colloidal solutions of correspondingly com-

posed nanoparticles with dispersed primary particle size of less than 100 nm

[38, 39]. Such dispersions or colloidal solutions, respectively, can in principle be

made by various methods. A very energy and cost consuming method is the
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down-milling of coarse-grained (>1 μm) oxide ceramic powders, which are

e.g. obtained by the so-called mixed oxide process with high-power mills by use

of organic dispersing agents [40]. The redispersion of nanopowder aggregates made

by hydrothermal or oxalate method with high-power stirrers or mills also by

addition of organic stabilizers is known, too. For both methods normally

suspensions with a polydisperse particle size distribution and primary particles

scarcely smaller than 50 nm are obtained. Typically with such solutions, usable

functional ceramic films can only be made with layer thickness around 1 μm. Thus

for the manufacturing of mesoscopic ceramic films, colloidal solutions with narrow

particle size distribution and average particle size of ca. 5–10 nm may be more

favoured. Microemulsion mediated synthesis of BTO nanoparticles is one excellent

possibility to prepare such particles in the desired grain size range [38, 39, 41]. In

this approach the type of surfactant and co-surfactant as well as their concentration

generally play an important role in the maximum amount of stable dispersed solid

content. The 658 nm thick BTO film, displayed in Fig. 22.6, was prepared by only

five subsequent spin-coating/annealing steps of a 5 weight percent BTO containing

coating solution.

In this case a cationic surfactant, namely cetyltrimethyl ammonium bromide

(CTAB) enabled a significantly higher solid content [42, 43] compared to the

non-ionic surfactant used in [39]. Therefore less number of coatings is necessary

to reach the desired thickness. The film shows a permittivity of around 400 which is

comparable to other BTO-films with the same morphology prepared by classical

CSD on the same type of substrate [34].

22.3.3 Patterning Aspects

At present, most MLCCs are prepared by tape casting layers of dielectric using

dispersions of submicrometer ceramic powders. Metal electrodes are then screen

printed in the desired patterns, and the devices are laminated, fired, and terminated

[31]. For the case of thin film processes, it is more important that the deposition

technique exhibit high precision of deposition to achieve the targeted capacitance

value with great accuracy and repeatability [18], and the dielectric and electrode

layers must be repetitively stacked without delamination or cracking [31].

High resolution patterning using photolithography or the like enables the pro-

duction of structures with very fine spatial detail [18]. The photolithography which

is a typical method for top down patterning requires a great deal of photoresist,

developer, etching liquid, and remover, and has to use a photo mask for each layer.

Figure 22.7 shows processing of TMC’s by using photolithography, where a SrTiO3

precursor solution is deposited onto a platinized Si/SiO2 wafer by spin coating and

then the first intermediate Pt electrode layer is sputter-deposited.

After the deposition of the second dielectric layer a contact hole is

wet-chemically etched to connect the bottom electrode to the intermediate elec-

trode, which is deposited in the following step. These steps are subsequently
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repeated until the TMC consists of at least three dielectric and four electrode layers

[21] as shown in Fig. 22.8. While this process has excellent alignment capabilities,

it is expected to cost much when producing thin, light, and high density multilay-

ered devices and to extend times for stack buildup.

Consequently, it is important to consider inexpensive, manufacturable

approaches to making multilayer samples on a basis that will enable continued

down-scaling of MLCC dielectric thicknesses [31].

Examples of thin film techniques realizing a uniform coating of large areas with

relative ease, and with low cost are anodization, electrophoretic deposition and dip

Fig. 22.6 Cross section SEM image of a 658 nm thick BTO film which was deposited by only five

coating and annealing steps. After each coating step the film was annealed at 750 �C in a diffusion

furnace. The film shows a polycrystalline microstructure with a relatively narrow grain-size

distribution in the range of ~40 to 60 nm

Fig. 22.7 Processing of the TMC: (a) sputter deposition of the Pt bottom electrode on a Ti/TiN

adhesion layer and subsequently the dielectric SrTiO3 deposition; (b) Pt electrode deposition;

(c) deposition of the second SrTiO3 layer; (d) wet-chemically etching of the contact hole; (e) Pt

electrode deposition; (f) deposition of the third SrTiO3 layer; (g) see (d); (h) see (e). Modified after [21]

560 H. Kambara et al.



coating, or micropad stamping of sol–gel materials, ink jet deposition and the

like [18].

Inkjet technology is becoming an increasingly attractive material deposition

method which is capable of generating and placing droplets of polymers, solder,

metallorganics, and metal nanoparticle solutions (see Chap. 13). This additive

method employs less amount of raw materials compared to the conventional

photolithography process, since it describes fine patterns only for necessary places

and does not use photo masks, as a result this method leads to a cost effective,

flexible, and data driven way to manufacture a wide variety of products in small

quantities. Moreover direct patterning is also introduced for via holes between

layers, therefore it is easy and environmentally friendly to stack multi-layers

without using chemical solutions for etching [44].

BST films can be obtained by inkjet printing of metallo-organic precursors. By

printing multiple stacks of the inkjet-printed layers, increasing thicknesses are

achieved, which results in larger dielectric constants up to 1,000. Spray-printed

silver contacts are also employed and demonstrated good adhesion and good

electrical contact to the inkjet-printed BST films as a useful direct-write printing

method [45].

Microcontact printing (μCP) was first reported by Kumar and Whitesides

using self-assembled monolayer (SAM) [46]. An inked patterned stamp

[e.g. polydimethylsiloxane (PDMS)] is used to transfer self-assembled moieties

[e.g. thiol] to flat or curved material surfaces to fabricate selective nano-structures.

Then μCP of electroceramc thin films such as PZT, LiNbO3, and Ta2O5 was

introduced by using sol–gel deposition of ceramic oxides, followed by lift-off

from the monolayer [47]. This process does not require complicated post-deposition

ion beam or chemical etching. Further modification of μCP has been done by

Nagata et al. [31] for the fabrication of MLCCs without photolithography as

shown schematically in Fig. 22.9.

Fig. 22.8 (a) Schematic cross section (not to scale) of a TMC with three dielectric and four

electrode layers (e1. . .e4) and introduction of the effective and total capacitor area; (b) the

corresponding SEM micrograph. Modified after [21]
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μCP of chemical solutions of both the dielectric [e.g. BaTiO3] and electrode

[e.g. LaNiO3] layers was explored as an economical means for directly preparing

patterned thin films for MLCCs. This process can produce features of sufficient

flatness, homogeneity, and edge definition for dielectric and electrode layers in

ultra-thin MLCCs with layer thickness in the range of <0.2 μm [31]. However, in

any printing method, it is difficult to develop thin film systems with very high layer

counts, because thin film deposition rates are typically slower in the order of

minutes per micron than that of the traditional MLCCs and thin film ceramic

systems typically must be thermally processed every few layers to prevent the

venting or shrinkage cracks during co-fire of the entire monolith.

Therefore, thin film printing methods will start with several layers for example

for high frequency applications in order to address future demand of the very high

VE application portion of the capacitor industry or the manufacture of embedded or

integrated MLCC [18].

Fig. 22.9 Schematic

diagram of the alignment

system (a) alignment,

(b) stamping, and

(c) release. Reproduced

with permission from

[31]. Copyright © 2006,

John Wiley and Sons
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22.3.4 Electrical Properties

As the thickness of dielectric thin films such as BaTiO3-based and PZT-based

perovskite materials decrease, the dielectric constant decreases significantly. This

belongs to the so-called size effects. The magnitude of degradation and thickness

ranges of the size effects often varies widely, depending on processing method,

processing condition, and interaction between the film and substrate or electrode.

For example, (Pbx,La1-x)(Zry,Ti1-y)O3(PLZT) films prepared by a CSD route on

Pt/Ti/SiO2/Si substrates show a decrease in capacitance [capacitance is directly

proportional to dielectric constant, cp. Eq. (22.1)] at a thickness below 40–100 nm

(Fig. 22.10) [48].

Another example shows decreasing dielectric constants of well known

(Ba0.5Sr0.5)TiO3 (BST) films with a decrease of film thickness. Films prepared by

RF magnetron sputtering on Pt/TiO2/SiO2/Si substrates show εr-values of 110 at

24 nm, 180 at 48 nm, 300 at 96 nm, 350 at 204 nm, and dielectric constant saturates

for film thickness greater than 200 nm [49]. On the other hand some exceptions

have also been reported concerning degradation-free material. Stable dielectric

characteristics can be achieved with c-axis oriented bismuth layer-structured

dielectric materials such as SrBi4Ti4O15 thin films mentioned in Sect. 22.3.2,

where the dielectric constant shows a constant value of 200 in the thickness range

of 55–160 nm [36].

Fig. 22.10 Capacitance density and resistivity as a function of PLZT film thickness. The numbers
indicated in the inset boxes show the La content and Zr/Ti ratio. Both decreases below 40–100 nm

in ultrathin films. Post-annealing PbO treatment increases the value of the capacitance density

( full black circles and grey squares), but has not yet been shown to reduce the observed threshold
thickness. The capacitance is maximized near 100 nm because the decrease in dielectric constant is

more rapid than the increase by reducing the layer thickness. Modified after [48]
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In general the decrease in dielectric constant is more rapid than the increase in

capacitance gained by reducing the dielectric layer thickness, and therefore the

areal capacitance density also maximizes near the threshold thickness [48]. This

disadvantage of monolayered-thin film in dielectric property is overcome by a TMC

structure. One example of such a thin film multilayer capacitor comprises BST thin

layers deposited on MgO substrates by MOCVD and Pt electrodes patterned in a

line shape [20]. Pt line patterns are successively RF magnetron sputtered on the Pt

pattern lines below at a right angle. The capacitance of the multilayer capacitor

increases with increase of the number of BST layers reaching 20 nF with five BST

layers.

Another example for the TMC concept with three CSD-derived SrTiO3 dielec-

tric and four Pt electrode layers is shown in Fig. 22.9 [21]. One advantage of this

design is the good ratio between the effective capacitance area and the total area

(>40 % for a total area of 0.725 mm2). Dielectric properties of each dielectric layer

show no significant difference. With this TMC design a further reduction of the

capacitor size seems feasible, and possible applications would be decoupling or

bypass capacitors in integrated circuits (ICs).

Watt compared these two different TMC approaches to his group’s research

based on top-down patterning methods (Table 22.2, columns 1–3) [50, 51]. The

top-down mesa (table-like structure with a flat top) patterning approach is favorable

with respect to the control of materials and interface properties since all deposition

steps are completed on a flat substrate and without interference of patterning steps.

Particulate contamination hazards are inherently reduced. The bottom-up

approaches offer patterning simplicity but introduce complex material flow and

more contamination hazards. As for process technology, CSD-based methods

generally require less expensive equipment compared to chemical vapor deposition

approaches.

Besides the predominantly for TMC investigated alkaline earth titanate based

thin film materials, PLZT as alternative material was investigated in detail by

Brennecka et al. [22, 37, 48]. The capacitance of such CSD-derived multilayer

stacks of PLZT connected in parallel also increases essentially linearly with the

number of layers, e.g. from 130 nF with one layer to 210 nF with two layers, and

290 nF with three layers of 120 nm thickness per layer as shown by Brennecka

et al. [22] (full black circles in Fig. 22.11a).

By optimizing this approach multilayer stacks with up to ten layers and individ-

ual layers down to 20 nm have been prepared. Dissipation factors of the films

measured at 1 kHz ranges from 0.02 to 0.03 and are independent of both film

thickness and the number of dielectric layers [22].

However, it should be noted that the surface morphology of the top layer is in

many cases rougher than that of single-layered films. The roughness of the films

increased with increase of layer numbers, resulting in enhancement of leakage

current from 10�7 A/cm2 at 3 V with a single-layered BST thin film to 10�5

A/cm2 with a five-layered film [20].

A thin film MLCC with 11 layers of amorphous STO dielectric layers prepared

by aerosol chemical vapor deposition (ASCVD, cp. Chap. 12) overcomes this
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degradation showing slightly changed surface roughness with increasing number of

layers [11]. Moreover leakage currents of both, ten layers and the single layer show

an excellent low value of less than 10�7 A/cm2 at 5 VDC. The capacitance density,

however, indicates a little bit low value of 900 nF/cm2 at 1–100 kHz with ten layers

and abrupt degradation of capacitance and dielectric loss at>100 kHz, which could

be related to the effect of larger electrode resistance due to the larger effective

electrode area (2 � 2 mm2).

Difficulties with property degradation and/or reliability shown above have to be

improved by devising the design of the TMC and limiting the thickness of the

structure in order to take advantage of the increased capacitance that should

accompany thinner layers. Hence one idea could be proposed by utilizing the

“transferring method” which was originally developed for 3-dimensional packag-

ing [52]. To meet the demand for miniaturization of printed circuit boards, thin film

capacitors should be packaged 3-dimensionally rather than surface-mounted on the

board. However, ceramic capacitors typically need high-temperature annealing to

be crystallized, which leads to degradation of the substrates with low melting point.

Thus, ceramic capacitors have to be annealed in advance on a substrate with high

melting point such as Pt/SiO2/Si. Then dielectric layers (PZT) are formed by CSD

with sputtered Pt top electrodes. This set of “Pt/PZT/Pt” can be removed from the

SiO2/Si substrate due to the week adhesion strength between Pt bottom electrode

and SiO2 that is inversely proportional to the thickness of the Pt bottom electrode.

Lastly the set of Pt/PZT/Pt is transferred into a package as a thin film capacitor

which does not need thermal treatment any more.

Fig. 22.11 (a) Capacitance measurements of various multilayer stacks with different individual

layer thicknesses and number of multilayers connected in a parallel electrode configuration. They

show a linear increase with the number of dielectric layers, regardless of the film thickness.

(b) Exemplary SEM image of a corresponding Pt/PLZT/Pt multilayer stack with three 120 nm

thick PLZT layers as indicated in the image. Reproduced with permission from [22]. Copyright

Cambridge University Press
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By taking advantage of this method, it might be possible to form TMC structures

by stacking the preformed set of electrode/dielectric/electrode layers instead of the

conventional layer by layer deposition/annealing process. Furthermore, this method

could increase the chance of introducing base metal electrodes for TMCs. For the

example of the PZT/Pt bottom electrode, a base metal top electrode such as Cu can

be evaporated onto PZT to form Cu/PZT/Pt layer and then these sets are stacked to

form the TMC structure.

Table 22.2 shows a summary of the results obtained in the field of TMC’s so far.

22.4 Summary and Outlook

As electronic devices have been downsized and more highly densified, the demand

for MLCCs has been rapidly raised. The MLCC technology continues to be

developed with respect to further miniaturization and higher capacitance. However

mature thick film technologies like tape casting of slurries containing ceramic

particles reach limits in the thickness range below ~0.8 μm. Therefore the develop-

ment of new methods to produce submicron dielectric layer have already been

undertaken in order to achieve even higher capacitance densities.

The CSD method overcomes some of the limitations of thin film fabrication and

offers advantages such as low cost, precise control of composition, relatively

simple and flexible synthesizing route, and continuous, large-area deposition.

Thin film techniques realizing uniform coating with relative ease and low cost are

anodization, electrophoretic deposition and dip-coating, or micropad stamping of

sol–gel materials, inkjet deposition and the like.

A TMC design is applied with alternately arranged dielectric and electrode

layers, which leads to an equivalent circuit of several capacitors in parallel. In

general the decrease in dielectric constant is more rapid than the increase in

capacitance gained by reducing the dielectric layer thickness. This disadvantage

concerning dielectric properties of monolayered-thin films may be surmounted by

the TMC approach. The capacitance of BST, STO, and PLZT multilayer stacks

increases with the number of layers. Difficulties with reliability have to be

improved by devising the design of the TMCs and limiting the thickness of the

structure in order to take advantage of increased capacitance that should accompany

thinner layers.
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Chapter 23

Base Metal Bottom Electrodes

Jon F. Ihlefeld, Mark D. Losego, and Jon-Paul Maria

23.1 Introduction: Integrating Electroceramic Thin Films

with Base Metals

For a number of applications, rigid substrates and the expense associated with noble

metal electrodes are not consistent with preferred manufacturing methods or cost

considerations. It would be desirable in these cases to be able to transfer the

established deposition processes to flexible and inexpensive substrates. Several groups

have investigated the integration of chemical solution deposited electroceramic thin

films with base metal substrates. Initial efforts focused on depositing low crystalliza-

tion temperature ferroelectric films based upon Pb(Zr,Ti)O3 onto non-noble metallic

substrates, such as titanium, aluminum, nickel alloys, brass, and stainless steel

[1–6]. With few exceptions these efforts focused on limiting processing temperatures

in an attempt to prevent substrate oxidation and subsequent reactions. Later studies

focused on utilizing buffer layers to minimize reactions with underlying base metal

substrate. Two general groups of buffer layers were investigated: insulating or poorly

conducting buffers [7, 8] and conductive buffer layers [9–14]. Both have been used

with varying degrees of success. Insulating buffers allow for oxide film integration

while preventing degradation of the metallic substrate, but at the expense of other

properties such as capacitance density. Conductive buffer layers allow for films to be
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processed while maintaining the desired dielectric characteristics, but add complexity

to processing that may limit mass production.

In this chapter we describe two methods for integrating electroceramic thin films

with base metal substrates with a resulting embodiment devoid of deleterious

interfacial phases. The two methods can be divided into an approach based on

utilizing the thermodynamics of oxidation of conventional thin film elements and

base metals (Sect. 23.2) and a kinetic approach to preventing interfacial reactions

for systems where the thermodynamic equilibrium is less favorable (Sect. 23.3).

23.2 Equilibrium Approaches to Oxide-Base Metal

Integration

The methods for equilibrium processing of oxide ceramics with base metals were

established in the 1960s for integrating barium titanate with nickel and iron

electrodes [15, 16]. By co-firing manganese-doped barium titanate with these

electrodes using a hydrogen-rich atmosphere, insulating ceramic monoliths with

base-metal electrodes were realized. The success of this approach owes itself to the

thermodynamic equilibrium established between the oxides of barium, titanium,

and manganese and the base metals under the reductive processing conditions. This

method is the basis on which the multilayer capacitor industry manufactures

multilayer ceramic capacitors on inexpensive nickel-based electrodes [17] and

these same approaches have recently been implemented in thin film technology

by several groups [18–21].

23.2.1 Thermodynamics of Oxidation

The equilibrium method to processing oxide films integrated with base metals can

be understood by examining oxidation thermodynamics. Generically, the thermo-

dynamic equations for metal oxidation can be expressed by considering the reaction

of a metal, M, with oxygen to form a metal oxide, MxOy as in Eq. (23.1):

2x

y
M þ O2 ��

��! 2

y
MxOy (23.1)

As with any chemical reaction, this will proceed according to an equilibrium

constant, K, that is dependent upon the activities of all system components as shown

in Eq. (23.2).
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K ¼
a
2=y
MxOy

a
2x=y
M pO2

� 1

pO2

(23.2)

The activities of solids can be assumed to be unity, which reduces the equilib-

rium constant to an inverse relationship with the oxygen partial pressure. This

oxygen partial pressure is the oxide dissociation pressure and is the pressure at

which the metal, oxygen, and the metal oxide are all in equilibrium. This pressure

can be evaluated for any oxide given the Gibb’s free energy of formation, ΔGf as

shown in Eqs. (23.3) and (23.4):

ΔGf ¼ �RT � ln K � �RT � ln 1

pO2

(23.3)

pO2 � e
ΔGf
RT (23.4)

where R is the ideal gas constant and T is the absolute temperature. Plotting the

temperature dependent dissociation pressures for a given metal, oxygen, and metal

oxide results in a Richardson-Ellingham diagram whereby the necessary oxygen

pressures to allow/disallow metal oxidation can be easily determined. Figure 23.1

shows a Richardson-Ellingham plot for a number of technologically pertinent

metals and oxides, including the constituents of (Ba,Sr)TiO3, Pb(Zr,Ti)O3,

Bi4Ti3O12, and the base metals copper and nickel. For oxygen partial pressures

exceeding the dissociation pressures the oxides are thermodynamically stable with

oxygen gas. For oxygen partial pressures less than the dissociation pressure the

metals are in thermodynamic equilibrium with oxygen. For example, inspection of

this diagram reveals temperature-oxygen partial pressure phase space in which all

constituents of (Ba,Sr)TiO3 can be stable as oxides while the base metals remain

metallic. The large oxygen partial pressure-temperature window separating MxOy

and copper/nickel indicates a large processing space where (Ba,Sr)TiO3 is in

thermodynamic equilibrium with the base metals. Alternatively for materials

containing more noble components there exists a very narrow equilibrium window.

This includes the processing of PbO and Bi2O3-containing compounds. This narrow

processing space suggests that lead- and bismuth-containing compounds are ther-

modynamically stable with copper, however the processing space is exceedingly

small and requires substantial process controls, and that these compounds cannot be

in thermodynamic equilibrium with nickel metal. Owing to the narrow thermody-

namic window for PbO-copper equilibrium, a kinetic method to integration will be

discussed in Sect. 23.3.

It would be impractical and difficult to achieve the oxygen partial pressures

(<~10�11 atm) necessary for processing films on base metals using standard

semiconductor approaches including vacuum processing equipment. A thermody-

namic reaction approach is a more practical solution. The most widely used method

is the reaction of oxygen with hydrogen to form water as shown in Eq. (23.5)
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H2 þ 1=2O2! H2O (23.5)

This is accomplished by flowing hydrogen containing forming gas (~1–5 % H2

balanced by N2 or another inert gas) through a sealed furnace during film

processing. The reaction of H2 with residual O2 to form H2O reduces the oxygen

partial pressures to levels sufficient for base metal reduction. The oxygen partial

pressure can be tailored by bubbling the source gas through water to drive the

reaction toward the reactants and increase the oxygen partial pressure. An alterna-

tive approach is the use of CO and CO2 to establish oxygen partial pressures

[22]. The inherent safety and environmental issues associated with handling CO

and CO2 gas may limit the use of this technique.

23.2.2 Solution Chemistry and Processing

Several solution chemistries have been successfully implemented to deposit refrac-

tory oxides on base metal electrodes. The most commonly employed chemistry is

loosely based upon the inverted-mixing order chemistry originally developed for

lead zirconate titanate (PZT) films [23]. This chelate-based chemistry was devel-

oped for (Ba,Sr)TiO3 by Schwartz et al. [24] and Hoffmann et al. [25] for use on

Fig. 23.1 Richardson-

Ellingham diagram showing

the phase space for metal/

metal oxide systems

important in the integration

of functional oxides with

base metals. Temperature

and oxygen partial pressure

(pO2) are the

thermodynamic state

variables. Lines represent
thermodynamic conditions

for equilibrium between the

metal, oxygen, and metal

oxide. When processing

conditions are below these

equilibrium lines, the

element is in the reduced

metallic state; when

processing conditions are

above these equilibrium

lines, the element is in the

oxidized state

574 J.F. Ihlefeld et al.



platinized-silicon substrates. In general, for barium strontium titanate, the solutions

are prepared by dissolving alkaline-earth acetates in acetic acid and separately

chelating titanium-carboxylates (titanium isopropoxide or titanium butoxide) with

acetic acid or 2,4-pentanedione (also referred to as acetylacetonate or acac).
Solutions chelated with acac tend to have longer shelf lives by slowing hydrolysis,

however acac may remain in the film due to relatively high temperatures delaying

the onset of crystallization [26]. The two precursors are combined and then the

solutions are diluted with a suitable solvent including acetone, methanol, ethanol,

isopropanol, butanol, or acetic acid to a molarity ranging from 0.05 to 0.4.

Additions of high boiling point organic chemicals, including diethanolamine, can

allow for strain relief as films are heat treated to drive off solvents [19, 27]. These

additions can aid in densification and prevent cracking during gel formation and

consolidation.

An alternative solution chemistry that was first used to develop oriented buffer

layers for coated-conductors (see for example Chap. 27) involves the use of

fluorinated solutions. Two solution preparation methods for fluorinated chemistries

have been discussed in the literature. The first is similar to that for the chelate

method outlined above, but uses trifluoroacetic acid (TFA) in place of acetic acid to

dissolve the carboxylates [18, 28]. The second involves the preparation of a barium

trifluoroaceate, Ba(CF3COO)2, powder via reaction of barium acetate with

trifluoroacetic acid in an aqueous solution followed by dissolution of the barium

trifluoroacetate in alcohol [29]. During heating to crystallization temperatures the

fluorine reacts with barium to form BaF2. It is suspected that BaF2 prevents the

formation of BaCO3 or barium titanium oxycarbonates, which delay the onset of

perovskite crystallization. This, combined with a suspected transient liquid phase,

allows for epitaxial growth and is typically used on oriented nickel tapes [28].

The processing steps involved in gel formation are nearly the same as used for

oxide films on refractory or noble substrates. This includes spin casting using a

standard photoresist spin coater or dip coating and drying on a hotplate. Rapid

drying on a hotplate is the most effective method to quickly volatilize solvents and

consolidate precursors before metal-oxygen-metal network formation. Drying in

ambient atmospheres is desirable because sufficient water concentrations exist to

drive hydrolysis reactions. Some processing restrictions exist on the hotplate

solvent extraction and gel consolidation steps. Whereas it is common to use

temperatures in excess of 300 �C for films on refractory or noble metal substrates,

these conditions can cause oxidation of base metal substrates.

Figure 23.2 shows X-ray diffraction patterns for PZT films on copper substrates

dried for 5 min at temperatures ranging from 200 to 325 �C. Cu2O peaks are present

at temperatures in excess of 250 �C, suggesting that this is the upper limit for

hotplate gel consolidation before copper oxidation. Although efforts to control

drying atmospheres to minimize oxygen concentrations that drive copper oxidation

have been investigated, difficulties arise in striking a balance between solvent vapor

removal and water content to drive hydrolysis. Thus, a 250 �C hotplate treatment in

atmospheric ambient conditions is the practical limit for the drying of CSD films on

base metal copper substrates. To increase film thickness, multiple coating and
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drying steps may be conducted, however crystallization anneals following every

coating step enable a higher density microstructure, particularly for refractory

oxides such as BaTiO3 [25, 30]. Crystallization anneals are performed in

atmospheres described previously. In general, the furnace is evacuated and

backfilled or is flushed with the reducing atmosphere gases prior to initiating the

temperature ramp. The crystallization pathway of BaTiO3 and (Ba,Sr)TiO3 from

the gel state is dependent upon the solution chemistry used. Conventional chelate

and sol–gel chemistries are known to possess an intermediate barium carbonate

(BaCO3) or barium titanium oxycarbonate (Ba2Ti2O5CO3) phase prior to the

formation of the perovskite BaTiO3 [25, 31–34].

Figures 23.3 and 23.4 show the phase evolution in BaTiO3 films ramped to

temperature, held for 30 min, and slowly cooled in the furnace and samples ramped

to temperature and quickly removed without a dwell, respectively [35, 36]. A

Ba2Ti2O5CO3 signature is evident in both sample sets. In the first set the

oxycarbonate is present at 600 �C and has transformed to BaTiO3 by 650 �C and

in the second set it forms at 650 �C and is gone by 800 �C. This disparity

demonstrates the kinetic nature of phase formation in this system. Regardless,

perovskite crystallization is not observed until a minimum temperature of 650 �C
using traditional chemistries. X-ray diffraction patterns showing phase evolution in

fluorine-containing chemistries are shown in Fig. 23.5 [28]. Here no transient

oxycarbonate or carbonate phases are observed and perovskite crystallization is

evident by 500 �C. It should be noted that the data represented in Fig. 23.5 was not

Fig. 23.2 X-ray diffraction patterns collected from six different PZT xerogels prepared on copper

foils dried on a hotplate in ambient conditions at different temperatures for 5 min. Copper oxide is

detected in structures heated above 250 �C. Reprinted with permission from Mark D. Losego,

Leslie H. Jimison, Jon F. Ihlefeld, and Jon-Paul Maria, “Ferroelectric response from lead zirconate

titanate thin films prepared directly on low-resistivity copper substrates,” Applied Physics Letters,

Vol. 86 (17) 172906 (2005). Copyright 2005, American Institute of Physics
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collected at sufficiently low angles to reveal the presence of a BaF2 phase that was

observed by researchers utilizing a fluorinated chemistry on platinized silicon

substrates and air atmospheres [29]. It is possible that the wet atmosphere used in

preparing the fluorinated films on nickel substrates aids in BaF2 decomposition,

however this was not confirmed.

23.2.3 Microstructural and Electronic Properties

Typical film morphologies range from polycrystalline equiaxed grains for most

metallo-organic based solution deposited films on polycrystalline base metal

substrates to columnar crystallographically textured films for seeded metal-organic

based solution deposited and fluorinated films. Figure 23.6 shows a plan-view

atomic force microscopy (AFM) image of a chelate-chemistry deposited BaTiO3

thin film processed on a copper foil at 900 �C [19]. Equiaxed grains with average

sizes in excess of 100 nm are observed. These grain sizes are larger than those

typically observed for similar composition films processed on platinized silicon

substrates, which can be attributed to the greater thermal budget allowed by the

base metal electrodes. Films processed on copper substrates generally possess

larger grain diameters than films processed on nickel. The mechanism for this is

unclear, however may be related to the slightly higher oxygen partial pressures used

in processing on copper [37].

Clean interfaces are expected from processing films on base metals under

conditions where the films are thermodynamically stable as oxides and the metals

remain metallic. For films deposited on copper electrodes, there is no evidence to

suggest any interfacial phases, with apparent abrupt interfaces suggested from

transmission electron microscopy (TEM) studies of both CSD and sputter deposited

Fig. 23.3 X-ray diffraction

patterns for BaTiO3 films

prepared on copper foils

using an acetic-acid

chelation chemistry and

crystallized in a controlled

pO2 furnace at varying

temperatures from 550 �C to

900 �C for 30 min. Samples

are allowed to cool slowly

in the furnace after

crystallization. Phase

evolution from the

carbonate phase (denoted

with asterisks,
Ba2Ti2O5CO3) to BaTiO3 is

observed
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Fig. 23.4 X-ray diffraction patterns for BaTiO3 films prepared on copper foils using an acetic-

acid chelation chemistry and crystallized in a controlled pO2 furnace at varying temperatures from

550 �C to 900 �C for 30 min. After crystallization, samples are quenched to room temperature by

immediately removing from furnace. Phase evolution from the carbonate phase (denoted with

asterisks, Ba2Ti2O5CO3) to BaTiO3 is observed

Fig. 23.5 X-ray diffraction patterns for BaTiO3 films prepared on nickel tapes using a

trifluoroacetic acid chemistry and crystallized in a controlled pO2 furnace at varying temperatures

from 300 �C to 900 �C for 30 min. Phase evolution from the gel phase directly to BaTiO3 is

observed. Reprinted from R.J. Ong, J.T. Dawley, and P.G. Clem, “Chemical solution deposition of

biaxially oriented (Ba,Sr)TiO3 thin films on <100 > Ni,” Journal of Materials Research,

Vol. 18 (10) pages 2310–2317 (2003), with permission Copyright 2003, Materials Research

Society
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films [19, 38]. For nickel-based electrodes, however, barium-nickel alloys have

been identified in films processed from the conventional chelate method [37]. It has

been proposed that the existence of carbon in the gel network locally reduces the

interfacial oxygen pressure and results in barium reduction and subsequent reaction

with the underlying substrate. The nickel-barium alloy has no apparent detrimental

effect on film electrical performance and has been identified previously in bulk

multilayer ceramic capacitors [39].

Processing of oxide thin films at low partial pressures of oxygen often results in a

finite concentration of oxygen point defects. These defects manifest in higher

dielectric loss and electrical leakage. To minimize oxygen vacancy concentrations,

reoxidation anneals at lower temperatures and higher oxygen partial pressures can

be employed, as have been demonstrated for bulk multilayer ceramic capacitors

[40]. The conditions used for reoxidation anneals are in a processing regime where

base-metal oxidation may be expected. However, the presence of a dense film

coating the substrate kinetically limits the amount of oxygen reaching the oxide/

metal interface and conditions may be empirically selected that decrease oxygen

defect concentrations while maintaining a clean interface. Typical reoxidation

annealing conditions for a 600 nm thick BaTiO3 film on copper are 550 �C at

10�7 atm of oxygen for 30 min.

Figure 23.7 shows X-ray diffraction patterns for an as-fired and reoxidized

BaTiO3 film. No change in film peak intensity or copper oxide phase development

is observed. Figure 23.8 shows permittivity and loss tangent versus field

measurements for these same films [41]. The high field dielectric loss exceeds

40 % in the as-fired film, while the reoxidized film possesses a high field loss

tangent of less than 0.3 %. Additionally, the low-field permittivity is increased in

the reoxidized film, likely owing to fewer barriers to domain wall motion and

increased extrinsic contributions to permittivity.

As an alternative to the additional processing step required by reoxidation,

acceptor and amphoteric doping of solution deposited complex oxide films on

base-metal bottom electrodes has been demonstrated to compensate for oxygen

Fig. 23.6 5 μm � 5 μm
topographical atomic force

microscopy image of a

BaTiO3 film prepared on a

copper foil substrate at

900 �C. Average grain sizes

greater than 100 nm are

observed
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Fig. 23.7 X-ray diffraction patterns for BaTiO3 films processed at 900 �C in an oxygen partial

pressure (pO2) of 10
–13 atm (top) and subsequently annealed at 550 �C and 10–7 atm O2 (bottom).

The dense BaTiO3 film kinetically limits the amount of oxygen reaching the film/copper interface

and prevents copper oxidation

Fig. 23.8 Field dependence of permittivity (solid markers) and loss tangent (open markers) for
BaTiO3 films processed at 900 �C in an oxygen partial pressure ( pO2) of 10

–13 atm (inset) and
subsequently annealed at 550 �C and 10–7 atm O2 (main figure). Reprinted from Journal of

Materials Science, Vol. 43, pages 38–42, “Defect chemistry of nano-grained barium titanate

films,” Jon F. Ihlefeld, Mark D. Losego, Ramòn Collazo, William J. Borland, and Jon-Paul

Maria, Fig. 1, Copyright 2008. With kind permission of Springer Science and Business Media
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vacancies [41, 42]. For example, 100 ppm of magnesium batched to be forced onto

the B-site of BaTiO3 was sufficient to eliminate space charge signatures resulting

from oxygen vacancies for films processed on copper foil substrates. The resulting

films possessed room temperature relative permittivities in excess of 1,400 with low

loss tangent values [41]. Likewise, reduced leakage currents and loss tangents have

been observed in (Ba,Sr)TiO3 compositions prepared on nickel foils with manga-

nese acceptor dopants and manganese-niobium acceptor-donor complexes [42],

similar to the effects observed in commercial capacitor formulations [15, 22, 43,

44]. Amphoteric rare-earth dopants have not been observed to significantly improve

the leakage current or dielectric loss in films processed on base-metal substrates,

however low thermal budgets compared to traditional bulk ceramic preparation

procedures may play a role [42].

Dielectric properties of films processed via the thermodynamic approach on base

metals are generally more closely related to bulk ceramics than thin films processed

on traditional substrates. Thermo-physical instabilities in traditional platinized

silicon substrates (e.g. those that utilize titanium or titanium oxide adhesion layers)

limit processing temperatures effectively to 750 �C. Higher temperatures result in

platinum hillocking or delamination from the underlying silicon substrate. Base-

metal foils are limited only by proximity to the substrate melting temperature. Films

on copper can therefore be processed to greater than 1,000 �C and films on nickel

may be processed to greater than 1,100 �C. These higher thermal budgets for films

on base metals have resulted in materials with larger grain sizes and higher degrees

of crystallinity. This in turn allows for greater extrinsic contributions to ferroelec-

tricity through enhanced domain wall mobility. This is well demonstrated by

comparing the field response of permittivity for a BaTiO3 film processed under

conventional thin film temperatures and one processed at a temperature allowed by

the base metal.

Figure 23.9 shows the field response of permittivity for a 600 nm thick chelate-

chemistry derived BaTiO3 film processed between 700 and 900 �C [45]. Dielectric

tunability increases from ~45 % to ~90 % as peak permittivity increases from 370 to

2,100 while the saturation permittivity is similar for both samples. The increased

low-field permittivity can be correlated with enhanced extrinsic ferroelectric

contributions owing to improved crystallinity and enlarged grain size. A compari-

son of grain size and coherent crystal size as measured by atomic force microscopy

and x-ray line broadening, respectively, shows that as the processing temperature

increases the disparity between grain size and coherent crystal size lessens, as

shown in Fig. 23.10. The convergence of grain size and coherent crystal size as

temperature increases suggests that the enhanced dielectric response of films

processed on base metals is directly related to the ability to process at greater

temperatures. It is prudent to mention in this discussion of thermo-physical barriers

to preparation of oxide films on metal/metalized substrates that there have been

recent adhesion layer advancements for preparing platinum films on SiO2/Si

substrates that enable access to processing temperature in excess of 900 �C.
These adhesion layers, solution deposited Al2O3 and sputtered ZnO, have been

successfully implemented in the solution preparation of (Ba,Sr)TiO3 and BaTiO3
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Fig. 23.9 Field dependence of permittivity (solid markers) and loss tangent (open markers) for
BaTiO3 films processed at 900 �C (circle markers) and 700 �C (square markers) on copper foil

substrates. Reprinted with permission from Jon F. Ihlefeld, Aaron M. Vodnick, Shefford P. Baker,

William J. Borland, and Jon-Paul Maria, “Extrinsic scaling effects on the dielectric response of

ferroelectric thin films,” Journal of Applied Physics, Vol. 103, 074112 (2008). Copyright 2008,

American Institute of Physics

Fig. 23.10 Average grain and coherent crystal sizes determined from plan-view atomic force

microscopy and X-ray line broadening, respectively, for BaTiO3 films processed between 700 �C
and 900 �C on copper foil substrates. Reprinted with permission from Jon F. Ihlefeld, Aaron

M. Vodnick, Shefford P. Baker, William J. Borland, and Jon-Paul Maria, “Extrinsic scaling effects

on the dielectric response of ferroelectric thin films,” Journal of Applied Physics, Vol. 103, 074112

(2008). Copyright 2008, American Institute of Physics
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films with similarly increased relative permittivities, thus further strengthening the

linkage between thermal budget, microstructural refinement, and improved dielec-

tric response [46, 47].

23.3 Kinetic Route to Chemical Solution Deposition

of Functional Oxide Films on Base Metals

Having lead or bismuth at the A-site of a perovskite oxide structure increases its

spontaneous polarization by introducing additional bonding covalency between

lone pair electrons and the oxygen anions. This covalent bonding interaction further

stabilizes the unit cell’s ferroelectric distortion [48–50]. The large polarization in

these materials makes them more attractive for pyroelectric, piezoelectric, and

polarization switching applications than the family of BaTiO3 ferroelectrics. Unfor-

tunately, lead and bismuth have high vapor pressures [51] and are relatively noble.

The Ellingham diagram (Fig. 23.1) shows that the temperature/pO2 process window

for thermodynamic equilibrium between PbO or Bi2O3 and metallic copper is

vanishingly narrow compared to the family of (Ba,Sr)TiO3 perovskites. PbO and

Bi2O3 are never thermodynamically stable with metallic nickel at atmospheric

pressures. Moreover, the temperatures necessary to access thermodynamic equilib-

rium within a reasonable timeframe (>800 �C) will also volatilize these elemental

oxides. High temperature bulk sintering of ceramics containing lead or bismuth

typically involves creating an overpressure by heating the component in a sealed

container containing a PbO or Bi2O3 powder bed. Thus, a thermodynamic equilib-

rium processing environment for lead or bismuth containing oxides would require

controlling both the oxygen vapor pressure and the volatile metal oxide’s vapor

pressure. For oxides containing these volatile constituents it becomes prudent to ask

whether a kinetic approach of avoiding base metal oxidation through a carefully

managed thermal budget and design of solution chemistry is possible. Fortunately,

the low crystallization temperatures necessary for CSD processing of many lead

and bismuth containing oxides facilitate such a kinetic approach to avoiding

substrate oxidation.

23.3.1 Challenges to a Kinetic Route for Processing CSD
Oxide Films on Base Metals

To achieve a kinetic route avoiding substrate oxidation in the CSD processing of

oxide films on base metal surfaces, a careful balance of the thermal budget must be

struck. Sufficient thermal energy must be supplied to drive gel consolidation and

avoid cracking while limiting the amount of time at temperature the substrate has to

oxidize. The data of Fig. 23.11 encapsulates this challenge. Here an alkoxide
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precursor PbZrxTi1-xO3 (with a nominal composition of x ¼ 0.52) solution chelated

with acetic acid [23] is prepared at increasing drying temperatures (5 min on a

hotplate in air). Each film is four spun-coat layers thick (~500 nm) and crystallized

at 650 �C in a nitrogen atmosphere. The combination of x-ray diffraction data and

optical microscopy images demonstrate that at low drying temperatures (<250 �C)
copper oxidation is mitigated, but the films are severely cracked due to insufficient

gel consolidation. Cracking results because gel consolidation and network forma-

tion are predominantly determined during the drying step by the capillary forces of

solvent extraction and thermally activated hydrolysis of metal ligands. At low

Fig. 23.11 (a) θ-2θ x-ray diffraction scans and (b) optical microscopy images of CSD PZT films

prepared on 18 μm-thick copper foils. All films are 4 spun-cast layers thick, each layer was dried at

the temperature indicated, and all films underwent a final crystallization at 650 �C in flowing

nitrogen. The white circles for 250 �C and 275 �C in (b) indicate microcracking
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temperatures, these processes are not as effective in forming a dense, well-

networked gel. Upon crystallization, a large volume shrinkage causes the film to

crack. However, these films show no evidence of copper oxide formation (despite

the large cracks), indicating that a 30 min anneal in a flowing nitrogen atmosphere

at 650 �C is sufficient to protect the base metal.

Typical film processing of this solution chemistry on a noble metal surface

requires drying temperatures in excess of 300 �C to achieve films of highest quality.

Consequently, the optical images show the diminishing severity of cracking for

drying temperatures above 250 �C. However, as discussed in Sect. 23.2.2, such

drying temperatures in air are incompatible with a base metal substrate and result in

severe substrate oxidation as observed in the XRD scans of Fig. 23.11a. Note that

some oxidation is observed even for films dried at 250 �C. This oxidation occurs

during the crystallization anneal due to oxidizing species trapped in the gel net-

work. This problem is addressed further in the forthcoming discussion.

Finally, it is prudent to mention that severe cracking is likely not seen in

(Ba,Sr)TiO3 films dried at 250 �C because these perovskites crystallize at much

higher temperatures. During the final anneal, the gel has additional time to network

and consolidate before crystallization. Thus, managing the gel structure to mini-

mize consolidation stresses during crystallization is more important in PZT films

than (Ba,Sr)TiO3 films.

23.3.2 Methodology for a Kinetic Route to the Processing
of CSD Oxide Films on Base Metal

A two-pronged strategy has been effective in achieving the gel structure necessary

to prevent cracking within the processing constraints that avoid oxidation of a base

metal substrate. The first component to this strategy is the selection of a solution

chemistry that can be processed using a low thermal budget. The second component

is developing a thermal process flow that protects the base metal substrates during

the initial deposition of CSD layers followed by a more aggressive thermal treat-

ment on subsequent layers to achieve a consolidated and networked gel structure.

To kinetically avoid oxidation of a base metal substrate, the solution chemistry

must only contain organic constituents that can be extracted at relatively low

temperatures. Specifically, organic extraction by a thermolysis route (volatilization

without oxidative combustion) is strongly preferred over pyrolysis (oxidative

combustion and volatilization of the products). For a chelation solution chemistry,

this restriction requires the selection of a low molecular weight and low boiling

point chelating ligand. These properties for common chelating ligands are given in

Table 23.1.

The solvent should also have high volatility (likemethanol or ethanol) to allow rapid

solvent extraction and gel consolidation at low drying temperatures. PbZrxTi1-xO3

(with a nominal composition of x ¼ 0.52, denoted as PZT throughout the remainder

of the chapter) solutions using lead acetate and transitionmetal alkoxides chelated with
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diethanolamine, acetylacetone, and acetic acid solvated in methanol and spun cast on

copper surfaces have been investigated. Our investigations [52] reveal that high

volatility of the chelating ligand is necessary for compatibility with a thin film

processing route that kinetically avoids substrate oxidation. Figure 23.12 is a schematic

rendering of the process space afforded to these different solution chemistries based on

our experimental results. In this figure, the shaded regions represent the process space

for phase pure, uncracked PZT films; the hatched region represents the process

conditions to kinetically avoid copper oxidation. The area of overlap characterizes

the process space available for synthesizing device-quality PZT thin films on copper

substrates. Note how ligandswith lower boiling points push the PZT processwindow to

lower thermal budgets, allowing a kinetic route to avoiding base metal oxidation.

Acetylactone, with a boiling point of 140 �C appears to be on the edge of processibility.

Thus a true sol–gel processed film using 2-methoxyethanol (bp ¼ 125 �C) is also

possible, but will likely depend on the solvent chemistry, as typical solvent components

(2-methoxyethanol, water) may lack sufficient volatility during the drying step [53].

Although solution chemistry selection can shift the process window for a single

spun coat layer (~100 nm) to a regime compatible with base metal substrates,

microcracking persists for multilayer films (>200 nm). These thicker layers are

also necessary to kinetically limit substrate oxidation during the high temperature

crystallization step. To eliminate microcracking in multilayer films, a “composite

gel architecture” approach was developed in which the initial two spun-cast layers

are dried at 250 �C in air and thermolyzed (400 �C) in a reducing atmosphere while

subsequent layers (usually three layers) are dried at higher temperatures (300 �C) in
air [52, 54]. Figure 23.13 shows this process flow.

This composite gel architecture aims to protect the substrate during the deposi-

tion of the initial layers while more aggressively consolidating and networking the

gel structure in the final layers. The presence of the initial gel layers also acts to

kinetically impede substrate oxidation during the higher temperature drying of the

final layers. The thermolysis step used for the initial layers is found necessary to

remove gel constituents that can oxidize the substrate during the crystallization

anneal. Figure 23.14 shows an increase in copper oxidation observed between film

drying and film crystallization for films processed at increasing drying temperatures

(same set of films presented in Fig. 23.11; note that films dried at 250 �C showed no

oxidation prior to the crystallization anneal but show copper oxide after crystalli-

zation.). We hypothesize that the increased gel density at higher drying

temperatures more effectively traps gel constituents such as water and adsorbed

Table 23.1 Properties of common chelating ligands to consider when designing a process route to

kinetically avoid oxidation of a base metal substrate

Chelating ligand Molar mass (g/mol) Boiling point (�C)
Diethanolamine 105 217

Acetylacetone 100 140

2-Methoxyethanol 76 125

Acetic acid 60 118
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Fig. 23.12 Schematic representation of the process space (thermal inputs and oxidizing atmo-

sphere) available for synthesizing CSD PZT films directly on copper substrates via kinetic

avoidance of substrate oxidation. Shaded areas represent conditions necessary to form phase-

pure, uncracked PZT films using the indicated chelation chemistry. Hatched area represents the

conditions necessary for avoiding oxidation of the substrate. Reprinted in part with permission

from Mark D. Losego, Jon F. Ihlefeld, and Jon-Paul Maria, “Importance of solution chemistry in

preparing sol–gel PZT thin films directly on copper surfaces,” Chemistry of Materials, Vol. 20 (1),

pages 303–307 (2008). Copyright 2008, American Chemical Society

Fig. 23.13 Description of “composite-gel architecture” process flow strategy used to kinetically

avoid oxidation of base metal substrates while maintaining high-quality perovskite oxide thin

films. Reprinted in part with permission from Mark D. Losego, Jon F. Ihlefeld, and Jon-Paul

Maria, “Importance of solution chemistry in preparing sol–gel PZT thin films directly on copper

surfaces,” Chemistry of Materials, Vol. 20 (1), pages 303–307 (2008). Copyright 2008 American

Chemical Society
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oxygen that can oxidize the substrate upon the final crystallization anneal. All

successful examples of PZT films processed on copper have utilized a thermolysis

step in a reducing atmosphere that removes such oxidizing constituents and protects

the base metal substrate from oxidation during high-temperature crystallization

[52–56].

By properly managing CSD film process conditions, kinetic avoidance of base

metal substrate oxidation is achievable and ferroelectric oxides films can be

fabricated with properties comparable to films processed on noble metal electrodes

using more aggressive thermal treatments [54, 56].

For example, Fig. 23.15 compares the polarization hysteresis loops collected

from a PZT film deposited directly on copper using the above described “composite

gel architecture” strategy to a PZT film deposited on platinized silicon using a

standard 300 �C hotplate dry and 650 �C crystallization anneal. Both films were

processed from the same acetic acid chelated precursor solution and crystallized in

nitrogen to fix both the Zr:Ti ratio and oxygen vacancy concentration. Both

hysteresis loops show comparable saturation, remanent polarization, and coercive

fields, indicating the PZT film deposited on copper has low current leakage, good

microstructure, and is of device-quality.

23.4 Summary

While chemical solution deposition technology is inherently inexpensive and

amenable to commercialization, mass production of functional oxide thin films

continues to be cost prohibitive due to the high cost of the bottom electrode and its

Fig. 23.14 Relative fraction of copper oxide detected by x-ray diffraction for a series of CSD PZT

films dried at increasing temperatures both before and after the final crystallization anneal at

650 �C in flowing nitrogen. Values represent the diffraction intensity of the Cu2O 111 reflection

normalized to the Cu2O 111 diffraction intensity collected for the dried at 325 �C and then

crystallize (100%). No copper oxide (0%) was detected for films dried at 200 �C, 225 �C, or
250 �C before annealing nor for 200 �C and 225 �C after annealing
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rigid nature, which necessitates non-continuous, serial processing. This chapter

introduced emerging methods for integrating chemical solution processed

electroceramic thin films on flexible base metal foils, which enables cost-effective

thin film manufacturing. For the (Ba,Sr)TiO3 family of oxides, a thermodynamic

processing approach is possible in which the CSD film is crystallized under

conditions of temperature and oxygen partial pressure that afford equilibrium

between the oxide and base metal. Such films can be crystallized at temperatures

much higher than traditional bottom electrode technologies, leading to improved

film crystallinity and microstructure and electrical performance far exceeding films

limited to lower temperatures on noble metal substrates. Because of the narrow or

non-existent equilibrium window for functional oxides containing PbO or Bi2O3

(e.g. PZT) a kinetic approach to avoiding base metal oxidation is necessary. This

strategy requires proper chelation chemistry that permits low-temperature removal

of the organic and careful thermal processing strategies that fully consolidate the

gel network before crystallization to avoid cracking. Ultimately, both of these

strategies can achieve oxide thin films integrated on base metals with functional

properties comparable or better than similar films deposited on more traditional and

more expensive noble metal bottom electrodes. Thus, these methods offer a bright

outlook for realizing full-scale commercialization of thin film functional oxide

technology.

Fig. 23.15 Comparison of polarization hysteresis loops collected from a CSD PZT film prepared

via the “composite gel architecture” on a copper foil and a CSD PZT film prepared under more

thermally aggressive/oxidizing conditions (300 �C air dry; 650 �C anneal in nitrogen) on a

platinized silicon substrate. Reprinted with permission from Mark D. Losego, Leslie H. Jimison,

Jon F. Ihlefeld, and Jon-Paul Maria, “Ferroelectric response from lead zirconate titanate thin

films prepared directly on low-resistivity copper substrates,” Applied Physics Letters,

Vol. 86 (17) 172906 (2005). Copyright 2005, American Institute of Physics
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Chapter 24

Polar Oxide Thin Films for MEMS

Applications

Paul Muralt

24.1 Introduction to Piezoelectric and Pyroelectric

Properties and Its Applications in MEMS

If we put the world of sensors and actuators in a more general context, we become

aware that humanity has created—and is continuing to expand and perfection—an

artificial or digital world existing in our computers and computer networks, not so

much as a result of human fantasy, but as a mirror or reflection of the real world.

The link between those worlds is not only made by humans operating a computer,

but more and more also by myriads of sensors, and devices that can react on the real

world. Modern cars with their electronic devices regulating speed, temperature, air

conditioning, etc. are just one example.

The device category contributing to converge the real and digital world is often

called smart, because it brings an intelligent behavior into an otherwise “brainless”
apparatus. In microelectronics the expression “more than Moore” was coined to

give a name to new types of devices combining digital functionalities with sensing

or actuating capabilities. Apart from pure sensor systems, the goal is often to create

an adaptive system. This is a combination of sensors that notice a change, and

actuators that correct or adapt the system to respond to the environment. Such new

smart devices are of course essential ingredients to establish robots. In addition,

they will serve in any field of human activity to organize fabrication flows, to

optimize power distribution, to minimize energy consumption, to detect pollutants

for environmental controls, and so on. Apart from the smart devices themselves,

which are to a great extent the result of the tremendous research and development

activity during the last 20 years in micro-electro-mechanical systems (MEMS), one

has to consider wireless communication as an essential ingredient to handle system
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size and complexity, while even reducing energy consumption. Vast wireless

sensor networks, or more generally wireless smart systems networks are in the

focus of many projects and are being established.

Smart systems need smart materials. Smart materials are materials whose

behavior can be controlled by an electrical output parameter of microelectronics,

and are able to give a signal in return of how the environment reacts. Most simply,

all those signals are directly electrical signals, but can also be governed by

magnetic, optical, and thermal interactions. Piezoelectric materials play an impor-

tant role among these smart materials. They are directly controlled by electrical

signals and work in both ways—an ideal solution for adaptive systems. The various

exploitations of this effect are sketched in Fig. 24.1. The bi-directional coupling

between mechanical and electrical parameters allows the realization of motion and

vibration sensors, actuators, transducers, and resonators.

In miniaturized systems, bulk materials are difficult to deal with. Refined

machining techniques can typically be used to control dimensions of the order of

10 μm at pieces that are not smaller than 100 μm in diameter. Thick film techniques

produce layers of typically 10 to 20 μm thickness, limiting the lateral precision to

about the same value. Higher precisions are possible with the techniques known

from microelectronics, i.e. thin film deposition, photolithography, and dry and wet

etching processes. This brings us to micro-electro-mechanical systems (MEMS).

MEMS technology was born as a new technological discipline during the 1980s (for

an introductory textbook see [1]). The idea of the pioneers was to enlarge

Fig. 24.1 The different conversions and signal generations in piezoelectric materials for sensors,

actuators, resonators and transducers
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capabilities of integrated circuits based on silicon beyond pure electronics by

adding mechanical elements made of silicon and further materials of semiconductor

technology. The addition of mechanics extended the application range of silicon

technology to motion sensors, pressure and force sensors, small actuators, and a

number of acoustic and ultrasonic devices, most importantly resonators for signal

treatment. In order to profit from symbiosis with electronics, those mechanical

elements should, of course, be controlled by electronic signals. Evidently, this new

silicon technology makes only sense for small, miniaturized devices. The technical

advantage comes from the fact that powerful thin film deposition and patterning

techniques as used for semiconductor fabrication allow for unprecedented precision

of mechanics in the nano to micrometer range. As a large number of devices are

produced in parallel on the same wafer (batch processing), the cost level is

acceptable in spite of expensive fabrication tools, at least at high production

volumes. The chemistry of silicon turned out to be very helpful for

micromachining: high etching rates of anisotropic wet etching in a base solution

(as e.g. KOH), and anisotropic deep silicon etching in a plasma reactor are crucial

issues in efficiently tailoring silicon. Over the last 20 years, MEMS technology

became a proven and mature technology with many applications. While “MEMS”

is still taken as a standing brand name for the field, the actual MEMS field has

become much wider than stipulated by the notion of electro-mechanics, including

thermal, optical, magnetic, chemical, biochemical, and further functional

properties. Also the main material of the device is not necessarily silicon, but

may be glass or plastics, especially in case of bio-medical applications. It is

expected that piezoelectric materials with their intrinsic electro-mechanical cou-

pling should and will play an important role in MEMS. Indeed, piezoelectric thin

film devices based on ZnO were among the first ones to be demonstrated [2].

Among the most interesting films that can be produced by chemical solution

deposition are the ferroelectrics. They are mostly oxides and thus very suited to be

synthesized by CSD techniques. There are two properties that are of prime interest

for MEMS: piezoelectricity and pyroelectricity. The first property extends mechan-

ical capabilities of MEMS, the second is useful in uncooled thermal infrared

detection. This chapter deals with the current status and further research issues in

lead zirconate titanate (PZT) thin films for piezoelectric MEMS applications. Focus

is given on issues related to processing, integration and characterization, and is

thought as a complement to earlier reviews [3–5].

24.1.1 Pyroelectricity

Pyroelectricity is a consequence of polar order. In ferroelectrics, it originates from

the temperature dependence of the spontaneous polarization Ps. The pyroelectric

coefficient p is written as p ¼ dP/dT (see Fig. 24.2). Although any polar material is

also pyroelectric, the effect is much stronger in ferroelectrics. The pyroelectric

coefficient even diverges at second order ferroelectric phase transitions. To give an
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example: in the rigid polar wurtzite material AlN, the pyroelectric coefficient

amounts to �1 μ/Cm2/K [6], whereas in ferroelectric films of PZT, PLT (lead

lanthanum titanate), etc. the coefficient is more than 200 times larger (see, e.g. [7]

and refs. therein). The pyroelectric effect is typically used in thermal infrared

detectors. The infrared power is absorbed by suitably designed pyroelectric

elements that include an absorption layer. The absorbed heat leads to a temperature

increase of the pyroelectric element causing the appearance of pyroelectric charges

and/or a voltage (see the reviews [8, 9]). The detectability of the IR detector is

limited by the signal to noise ratio. The noise contributed by the pyroelectric

material is governed by dielectric constant (ε) and loss tangent (tanδ): noise /ffiffiffiffiffiffiffiffiffiffiffiffi
ε tan δ

p
. Hence, an important figure of merit (FM) for the materials is found as:

FM ¼ p=
ffiffiffiffiffiffiffiffiffiffiffiffi
ε tan δ

p
(neglecting the thermal heat capacity which varies only weakly

from material to material). Considering Fig. 24.2, it looks as if the detection close to

the critical temperature would be advantageous. However, in case of a second order

phase transition, the product pε� 1/2 is temperature independent. Considering that

the dielectric loss increases in general as well with the dielectric constant, it is in

fact not advantageous to work too close to the critical temperature. In case of first

order phase transitions, however, there is no divergence of the dielectric constant at

the critical temperature. It was found that when superimposing a DC electric field,

and working slightly above the critical temperature where the polarization is

induced by the DC electric field, very sensitive IR detectors are obtained [10,

11]. More information on micro-machined thin film pyroelectric detectors and

their principles can be found in [7].

Fig. 24.2 Schematic graph showing the bifurcation (second-order phase transition) of the sponta-

neous electrical polarization at the critical temperature from P ¼ 0 (paraelectric phase) to the two

equally probable solutions +/� Ps for the spontaneous polarization in the ferroelectric phase. The

inserted capacitors schemes show the cases of maximal positive and negative total polarization,

and the case where an equal number of both types of 180� domains results in a zero macroscopic

polarization
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In recent years, there is a growing interest in using the pyroelectric effect also for

thermal energy harvesting. The pyroelectric materials are subject to thermal cycles

that vary the ferroelectric polarization, and thus the electrical energy within the

material [12, 13].

24.1.2 Piezoelectricicity

In piezoelectric materials, a deformation occurs upon application of an electric field

(converse effect). The opposite effect works as well: Upon application of a stress,

charges develop on the surfaces of the piezoelectric body (direct effect). Both

effects are linear, at least at not too high values of electric field and stress. Strain

and stress are symmetrical two-dimensional tensors (see textbook [14]). In engi-

neering, these tensors are given as 1 � 6 matrices in order to reduce the number of

indices. Throughout this chapter, we use the symbols Sk (k ¼ 1–6) for the strain

tensor, Tk (k ¼ 1–6) for the stress tensor, Ek (k ¼ 1–3) for the electric field vector,

and Dk (k ¼ 1–3) for the electric displacement field vector. The equations of state

give the relations between electrical and mechanical variables and parameters as

follows (see textbook [15])

Di ¼ ε0ε
S
i Ei þ eikSk, Ti ¼ cEikSk � eikEk (24.1)

Di ¼ ε0ε
T
i Ei þ dikTk, Si ¼ sEikTk þ dikEk (24.2)

Using Ek and Sk as variables [upper Eq. (24.1)] we must use the dielectric

constants at constant strain εi
S, and the stiffness tensor at constant E-field cik

E.

The piezoelectric tensor in this case is named eik. Keeping the strain at zero (fully

clamped body), eik relates the produced piezoelectric stress to the applied electric

field. In the direct effect, keeping the electric field at zero, eik relates the produced
charge density to the applied strain. In the second set of equations [Eq. (24.2)], we

replace the variable strain by the variable stress. We keep the electric field as

variable. In this case, the piezoelectric tensor is named dik and relates the produced
strain to the applied electric field at zero stress, i.e. in case of a free body. In the

direct effect, it relates the charge density to the applied stress. The elastic relations

are defined by the compliance at constant E-field sik
E, and the dielectric relations

with the dielectric constant at constant stress εi
T. In many polar materials the polar

direction follows a 3, 4 or 6 fold symmetry axis. The number of independent

piezoelectric coefficients is then reduced to 3 independent values: d33, d31 ¼ d32,
d15 ¼ d24. In case of a polycrystalline thin film poled perpendicular to the film

plane we deal with a cylindrical symmetry giving the same result.

The most frequently applied piezoelectric bulk material is PZT, a solid solution

with formula Pb(ZrxTi1-x)O3, which exhibits outstanding piezoelectric properties at

the morphotropic phase boundary at x ¼ 0.53, where the polar direction is changing

from [001] to [111] with increasing x, using the notation of the cubic high-symmetry
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phase. Considering applications of bulk materials (including thick films), we identify

many typical features reflecting their unique characteristics, which may be also

unique on the micro or nano scale, and also useful for applications at small

dimensions. The use of piezoelectrics in scanning micro probe microscopy is justified

by the high rigidity prevailing during deformation, and enabling sub-nanometer

precision in all directions. Piezoelectrics are used to generate and sense ultrasonic

waves as needed in ultrasonic imaging at frequencies of 1–50 MHz, and in

non-destructive testing at similar frequencies, by virtue of the large efficiency in

energy conversion between electrical and mechanical energy. In signal filtering,

piezoelectric resonators play a dominant role in the range of 0.1 to 10 GHz thanks

to their high quality factors, outperforming by far LC resonators. In injection valves

for combustion motors, piezoelectric multilayer actuators are applied thanks to large

forces and high operation speeds. Without discussing dimensional details one can

summarize advantages as follows:

• strong forces, or alternatively large excursions in bending structures;

• low voltage because of high dielectric constants,

• high efficiency in energy conversion, and equivalently low noise detection;

• high speed and high frequency operation possible;

• high acoustic quality of many piezoelectrics (not true in multi-domain

ferroelectrics);

• linear behavior in case of not too active ferroelectric domains.

For thin film applications, the same principles remain valid, however, one has to

keep in mind that smaller dimensions lead on the one hand to smaller voltages, on

the other hand to weaker forces, smaller excursions, and higher resonance

frequencies. Piezoelectricity is not the only possible choice. There are also other

electro-mechanical phenomena available in the micro world, and not necessarily

the same as in the macro world. There is first of all electrostatic interaction across

an air or vacuum gap of a capacitor [16, 17] or between comb fingers [18, 19]. Even

with the disadvantage of non-linearity, electrostatic interaction can be well used for

actuators, and with a bias voltage, also for sensors and transducers. Not so practical

in the macro world (very high voltages needed), electrostatics can be a smart

solution in the micro world. In theory, electrostatic devices may even reach an

electro-mechanical coupling coefficient (or conversion efficiency) k2 of 100 % in

the small signal limit [17], a value that hardly exceeds 60 % in piezoelectrics. A

further competing effect is the thermo-mechanical bimorph effect. It can be used for

actuation if a micro heater is embedded in the device. The heat dissipation, and thus

power consumption of such a device is naturally higher, the application frequency

lower, than with a piezoelectric drive. The same holds for shape memory alloy

actuators. Further possibilities are offered by electromagnetic interactions, and

magnetostrictive materials. Disadvantages of these technologies are in general

resistive losses in coils. On the other hand, magnetic interaction can be an advan-

tage if remote power feeding is required [20].

The scientific community was always aware of the importance of piezoelectric

MEMS. Interestingly, PZT thin films and their integration were developed in
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parallel to main stream MEMS processing. Both fields profited from a general

improvement of physical and chemical deposition techniques during the 1980s, and

dry etching techniques during the 1990s. However, the main momentum in ferro-

electric films came from memory applications (ferroelectric random access mem-

ory, FERAM [21, 22]). While PZT FERAM’s have now found their niche markets

and appear to be more and more established in low power/low voltage non-volatile

memories, PZT MEMS have not yet an established place in MEMS. The implied

industry is much smaller, and even if physical criteria speak for PZT MEMS, the

availability of high quality material, and its price play an important role. Whereas

AlN has become well available due to numerous companies and institutes working

on thin film bulk acoustic wave RF filters—the first piezo-MEMS success—the

ferroelectric Pb(ZrTi)O3 thin film is hardly available on a commercial basis. This is

not only due to the very limited number of experienced producers (producing

mostly for themselves only), but also due to the integration scheme that is often

not well mastered and which imposes its rules to the design (see, e.g. [23]). As a

result, PZT MEMS is only considered if there is no other, less demanding solution.

24.2 Integration of Ferroelectric Thin Films

Ferroelectric thin films need to be grown or crystallized at relatively high

temperatures of 550 to 700 �C. The most economic way is to grow such films directly

on the final substrate to be used for MEMS fabrication. Silicon substrates are well

suited for this purpose. Glass could also be used provided its melting point is not too

low (for instance quartz glass). Processes for silicon micromachining are in general

more developed than for any other substrate, meaning that silicon is an ideal choice

for ferroelectric MEMS devices. Nevertheless, alternative approaches were and are

studied, mostly to increase the film quality or the film thickness beyond possibilities

of thin film coatings. The superior quality of PbTiO3 grown on MgO single crystals

was the reason to transfer such PbTiO3 films onto silicon in a kind of flip chip process

at the end of which the MgO single crystal is dissolved [24]. This is of course a very

expensive approach. In this chapter we restrict ourselves to integration of thin films

on silicon, or more precisely, thermally oxidized silicon. An example is shown in

Fig. 24.3. Functional structures as needed in piezo-MEMS are typically cantilevers,

bridges, plates and membranes. They contain a passive, elastic layer formed by

silicon, and an active layer of a piezoelectric material. The thickness ratio between

the two depends on the application, but is typically optimal with respect to the

piezoelectric coupling coefficient when silicon is about twice as thick as silicon

[25, 26]. A convenient way to define the silicon layer thickness is the use of

silicon-on-insulator (SOI) wafers consisting of a several hundred micrometer thick

handle wafer, and a device layer of defined thickness (typically few micrometers or

less) separated by a thermal oxide layer, called the buried layer. Dry etching of silicon

allows for removal of the parts of the handle wafer to liberate the device layer. The

buried silicon serves as etch stop layer.
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There are various integration issues that are important for obtaining an optimal

functionality of the film and the device. A first concern is adhesion and phase
purity. On the one hand, no chemical reaction with the substrate is desired in order

to obtain a phase pure material. On the other hand, the films must adhere on the

substrate. The art is thus to choose and condition the materials as to make chemical

bonds across the interfaces without allowing for interdiffusion. This can be delicate

when using Pt bottom electrodes on SiO2. Adhesion layers of Ti, Zr, or Ta are

needed to make Pt layers adhere. During the oxide deposition on top of Pt, oxygen

will diffuse through the Pt layer and oxidize the adhesion layer. This provokes Ti

diffusion, mechanical stresses and reaction with lead of PZT. It is thus desirable to

obtain a certain passivation of the adhesion layer before the deposition of the

ferroelectric film [28]. Perovskite materials are enough complex to exhibit a

nucleation controlled growth (for details see Chaps. 15 and 17). Nucleation is

most easily obtained when growing on other perovskite materials, for instance on

a conductive perovskite film such as LaNiO3, if it is more easy to grow this one in a

given orientation, which seems to be the case with (100)-textured LaNiO3

[29]. Using Pt(111) as electrode, it is nevertheless possible to grow PbTiO3{100}

as a seed layer for PZT{100}. This issue is more discussed in [30]. More recently,

interdigitated electrode systems attracted attention for increasing the voltage

response [31], or for achieving a negative piezoelectric stress contribution

[32]. In this case, the ferroelectric film needs to be grown on an insulating layer,

most practically the amorphous thermal oxide on silicon. It is attempted to promote

a texture by means of a polycrystalline buffer layer. Besides utility in integration,

the requirements of electrical conduction will also influence the choice of a bottom

electrode material. Pt is by far a better conductor than the electrically conducting

perovskites.

A state of the art version of integrated PZT films on micromachined structures is

illustrated in Fig. 24.3(b). Dense and crack free PZT films of 4 μm thickness can be

deposited by CSD techniques on wafer level. The measured admittance curves

allow for an evaluation of the electro-mechanical coupling factor confirming very

well the e31,f of 12 to 14 C/m2 or even more measured at beams [27, 33, 34].

Fig. 24.3 (a) Principle of flexural heteromorph structure driven by piezoelectric parallel plate

capacitor configuration. (b) SEM cross section of such an element in SOI technology. The elastic

layer of the plate is formed by the device layer (Si) of a SOI wafer (from [27])
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24.3 CSD Processing of Lead Based Ferroelectric Thin

Films for MEMS

Much of PZT processing was learned during FERAM development (see [35, 36]).

PZT and related perovskites can be deposited by the major standard methods

applied in wafer processing, i.e. metal-organic chemical vapor deposition

(MOCVD), sputtering, and CSD. The latter includes the sol–gel techniques. Com-

mon to all methods is the thermodynamics of the given materials system,

influencing nucleation, growth and phase purity (see Chap. 15).

In case of PZT we deal with a solid solution system composed of PbTiO3

(PT) and PbZrO3 (PZ). The free energies of formation for the two corner

components is different: PT is more stable than PZ, as revealed by the PbO vapor

pressure above PT and PZT. In ceramics annealed above 1100 �C, this difference is
not so much a concern. Zr and Ti ions do have enough high diffusivities and a

statistical distribution is obtained (with the exception of the grain boundaries which

might be slightly Zr rich). However, at thin film growth temperatures below 700 �C,
there is no diffusion of such ions after the perovskite is formed, meaning that the

perovskite composition at the growth front (phase boundary between perovskite

and vapor (in-situ techniques), or perovskite and amorphous phase (post-annealing)

is frozen in. This will in general lead to a compositional gradient, as indeed

observed in post-annealed sol–gel films.

The existence of such a gradient was sometimes postulated to explain the

moderate peaking of piezoelectric and dielectric properties of thin films at the

morphotropic phase boundary [37]. It was once observed by Auger depth profiling

[38], and also revealed by etching profiles in PZT MEMS structures [39]. The free

energy of formation is significantly more negative (more exothermal) with Ti rich

compositions. This means that in the growth front between amorphous and perov-

skite phase the Ti ions are more likely captured by the crystalline phase than the Zr

ions. At a growth temperature of 650 �C, the capture probability was estimated to be

56 % for Ti and 44 % for Zr [40]. It turns out that the diffusivity in the amorphous

phase is quite high as compared to the propagation speed of the crystallization front.

As a consequence, a gradient of composition is established in the amorphous phase

leading to a Ti flow to the growth front, and a Zr flow away from the growth front

(see Fig. 24.4). Within the perovskite phase there is no diffusion of cations

anymore. The gradient can be reduced by a factor 5 if in each individually annealed

layer a counter gradient is installed in the amorphous phase, anticipating the

problem [40]. One can use for instance four spins of different solutions per one

crystallization anneal. The first solution must contain more Zr, the last more Ti than

the target composition. Figure 24.4 shows dark field TEM images comparing

gradient, and the gradient free films. The contrast arises from the fact that at the

morphotropic phase boundary composition (53/47) the symmetry changes from

tetragonal (Ti rich) to rhombohedral (Zr-rich). In case of the (standard) gradient

film we deal with a well visible tetragonal / rhombohedral phase mixture. The

compositional fluctuation was quantitatively measured by EDAX. The Zr
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concentration in the gradient film fluctuates between 41 and 65 %, in the gradient-free

film between 51.5 and 55.5%. The removal of the gradient made the dielectric constant

rise from 1300 to 1700, and the piezoelectric constant e31,f from 13 to 17 C/m2. The

peaking at the morphotropic phase boundary became more pronounced.

In many other perovskites, homogeneous densification is more of a problem than

in sol–gel PZT. In relaxor-type materials there are usually much more disturbing

second phases. The related difficulties are well traced in the Pb(Sc0.5Ta0.5)O3 (PST)

system [41–43]. The point there is that the first nucleating phase is a Pb-Ta-O

pyrochlore, and that there is no stable Pb-Sc-O second phase. As a consequence, the

pyrochlore has to be retransformed to form later the PST perovskite, leading to a

higher annealing temperature. In addition, not all the lead finds place in the Ta

pyrochlore and thus evaporates partially as PbO. The final structure becomes PbO

deficient, meaning oxygen vacancies in Sc3+ rich zones, and Pb vacancies in Ta5+-

rich zones. This type of disorder is different from the disorder obtained by

quenching ceramics from 1,200 �C, and not surprisingly, the observed relaxor

behavior does not show the large peak in dielectric constant as expected. However,

one can refill the missing PbO at 900 �C in a saturated PbO/O2 atmosphere, and

obtains much improved properties [42]. Unfortunately this is not a viable approach

for MEMS fabrication. The above described problem of inhomogeneity in thin

Fig. 24.4 Dark field TEM images of 2 μm thick PZT53/47 films deposited by a sol–gel technique

in eight steps. Each step includes 4 spun and pyrolysed layers followed by a crystallization anneal.

The image contrast arises from the (201) diffraction from a film of homogeneous 53/47 solution

(a), and from a film synthesized with four different solutions anticipating preferential Ti capture

for perovskite formation in order to achieve a homogeneous material (b) (from [40]). The

schematic to the right depicts the formation of the concentration gradient during crystallization

anneal per one single annealed layer of 250 nm
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films resembles in part the findings related to fine grained and porous ceramics of

relaxors [44].

The perovskite structure is sufficiently complex to exhibit a so-called nucleation

limited growth—at least if we do not deal with homoepitaxy. Hence, substrate

structure and chemistry as well as chemical composition of the first monolayers

play an essential role (see [45] for details). It is for instance observed that nucleation

on Pt(111) needs some lead excess, while no excess is needed for continuing growth

on an existing PZT film. This is related to the high vapor pressure of PbO that is not

yet incorporated into the perovskite lattice. Another example is the orientation as

obtained on Pt(111), which depends on the chemical composition of the first few

monolayers. Starting a layer of PbTiO3 with TiO2 (or Ti rich) leads rather to (111)

orientation, starting with PbO (or lead rich) leads rather to (100)-orientation [46]

(see Fig. 24.5). Such behavior allows for a texture control with titania seed layer for

achieving (111) growth [47]. On very small TiO2 islands with 2 nm thick titania

(rutile(100)), quasi single crystal platelets were obtained (see Fig. 24.6), allowing

Fig. 24.5 Diagram

summarizing PZT texture

and presence of pyrochlore

as a function of seed layer

composition and thickness

[46]. Seed layer as well as

PZT were obtained by

in-situ sputtering from three

metal targets. The same

trends are also observed in

CSD deposition
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for a site controlled, or registered growth of ferroelectric nano sized structures by

sputtering [48] as well as by sol–gel [49]. Interesting to note that such small islands

of titania attract a lot of PbO flux arriving by surface diffusion over a distance of up

to about 1 μm, leading to {100}-orientation instead of (111) orientation. It must be

inferred that the titania seed layer is transformed to a PT{100} seed layer. On the

bare Pt, a much smaller nucleation density is achieved. In addition, the nucleated

crystallites show a trigonal symmetry indicating (111) orientation. This shows that

lead excess is an important parameter during growth and crystallization anneal. The

higher volatility of PbO requires an excess either during growth, or in as-deposited

films before post-annealing as required in techniques such as sol–gel. The experi-

ment on the nano scale shows also the importance of seed layers in obtaining

orientation and a high density of nucleation sites.

Crystalline phase nucleation is a crucial issue in two respects: First of all it is

important to achieve the right crystalline phase of the material. Secondly, for

property optimization, the crystalline orientation or texture must be a specific one

and needs to be reproducibly controlled. The growth substrate plays of course a

very prominent role. It is essential to start with well-defined substrates, meaning

bottom electrodes in many cases. A standard solution is a passivated Pt film. This

means that the adhesion layer (based on Ti, Ta, Zr, etc.) is oxidized prior to

the deposition of the ferroelectric oxide [28, 50]. Alternatively, oxide conductors

Fig. 24.6 Condensation of

PbTiO3 (nominally 2 nm) on

which 18 nm of PZT40/60 is

grown. The whole structure

was grown on a 100 nm

epitaxial Pt(111) film on a

SrTiO3 single crystal. (a)

The 2 � 2 μm large square
in the center was originally

coated by 2 nm TiO2. The

highlighted area indicates

the depletion zone around

the affinity square [48]. (b)
Nucleation on small affinity
spots. The inserts show the

piezo-AFM response with

amplitude (left) and phase

(right) image (from [48])
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(see Chap. 25) can be used, such as SrRuO3, or LaNiO3 [51]. Of course one has to

check if the resistance of the electrode is compatible with the application. The (111)

orientation on Pt was also obtained by means of specific steps during crystallization

anneal of sol–gel films, provoking Pb-Pt alloying. This alloy was identified as

reason for (111)-orientation of the PZT film [52, 53]. For homogeneous nucleation

of the (100)-orientation, it turned out to be very useful to use a PbTiO3 template

layer that grows in (100)-orientation on Pt (100) if enough lead flux is assured

[54]. PbTiO3 nucleates much more easily than PZT 50/50, and in addition does not

exhibit the competing pyrochlore in the temperature range of interest.

Aside of this concentration issue, sol–gel films of PZT are very well densified

during annealing. This is not only seen on TEM or SEM cross sectional images, it is

also manifested in the very high e31,f [¼ d31/(s11
E + s12

E) see Eq. (24.3)] coefficient

of up to 17 C/m2. The material flow is quasi one-dimensional along the z-direction,

and allows for an unperturbed columnar growth (Fig. 24.7).

The reason is that we deal with the above mentioned nucleation limited growth,

which as a consequence leads to nucleation at interfaces, surfaces, and particles

(hetero nucleation) before nucleation within the amorphous phase can take place

(homo nucleation). For this reason is it so important to promote nucleation by a

suitable substrate, and to work particle free. When PZT films are sputter deposited

at lower temperatures, and post-annealed later as in case of sol–gel films, the

density seems to be never as good. It appears that during sputtering already the

material becomes inhomogeneous by nano-crystallite and roughness formation.

The densification is never as homogeneous, leading finally to pores. Sputtering

leads to good results only if the film is deposited in-situ, meaning at high tempera-

ture (about 600 �C) directly in the perovskite phase [55].

24.4 Piezoelectric Coefficients

Thin film microstructure and the electrode system must fit to the operation mode. In

MEMS technology, most of the piezoelectric thin films are polycrystalline

materials. The piezoelectric effect is averaged over all the grains. At this point

Fig. 24.7 Schematic

drawing showing the

perovskite growth

(crystalline phase) and the

resulting densification by

material diffusion through

the amorphous phase
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one has to distinguish between ferroelectric (such as PZT) and non-ferroelectric

polar materials (such as AlN and ZnO). The latter do not allow reorientation of the

polar axis. In this case, the material growth process has to provide for a textured

structure that includes the alignment of the polar directions. In ferroelectric

materials, the polar axis can be reoriented by an electric field. Although the ideal

ferroelectric can be easily switched at room temperature (a property that is used in

memories), the ferroelectric thin film is usually better poled (i.e. more remnant

polarization) when rising the temperature 100 to 200 �C for moving charged

defects, especially oxygen vacancies, in order to un-pin domain walls and comply

defect positions with the domains of the poled material [56]. To some degree, the

charged defects provoking back switching can also be compensated by electrons

and holes generated by UV illumination during poling [57]. Many of the phenom-

ena during poling are not yet fully understood. For the moment we just state that at

the end of poling, the polarization is aligned as much as possible with the poling

field. Using a parallel plate configuration (bottom and top electrode), the ferroelec-

tric material is poled perpendicular to the film plane. Since for MEMS applications,

flexural structures are exploited, the relevant piezoelectric coefficient is the trans-

verse one. Most conveniently one uses the coefficient e31,f, defining the in-plane

piezoelectric stress T1 (or T2) when an electric field in the 3-direction (perpendicu-

lar to the plane) is applied under the condition that the out-of-plane stress T3 ¼ 0

[25, 58]:

e31, f ¼ d31= sE11 þ sE12
� �

, T1 ¼ e31, f E3 (24.3)

The direct effect follows asD3 ¼ e31,f (S1 + S2) and is convenient to describe the
collected charges upon bending the flexural structure and straining the parallel plate

capacitor by S1 and S2. The evaluation of this coefficient without elaborating

complicated devices is important for the thin film development. It is often measured

in the direct mode through the deformation of wafer thick plates or cantilevers

[59–62]. Such measurements have allowed determination of optimal film texture

and composition (Fig. 24.8(a)). The e31,f is also a very good indicator of the film

density, which is crucial for piezoelectric stress development. Figure 24.8(b) shows

its evolution over the years. It is a nice witness of the progress made during the last

14 years, and reflects the various development stages of improving electrode

substrates, film density and texture by seeding, and finally compositional

improvements within the PZT film.

A more recent variation of electrodes is the use of interdigitated electrodes [77]

for ferroelectric films. As the polarization direction follows always the poling field,

polarization and electric field are everywhere parallel to each other, and one obtains

a kind of “e33” or exx,f effect in the plane of the film. This longitudinal effect is

expected to be larger than the transverse effect. Estimations show indeed that a

coefficient of 27 C/m2 can be expected if poling is fully successful. This mode can

be used as alternative to the parallel plate capacitor structure for bending actuation,
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or bending strain measurement. In actuators, a larger deflection effect was

measured in this configuration [32]. In addition, the compressive piezoelectric

stress may yield larger deflections of membranes (which was indeed observed

[78]), and does not provoke cracking of PZT, as may occur in very thick, dense

PZT thin films. In energy scavenging, the use of interdigitated electrodes in

conjunction with ferroelectrics is practically necessary since the harvested voltage

must be as large as possible [79, 80].

24.5 Basics of Micromachining and Piezoelectric Thin Film

Structures

There is a plethora of applications using piezoelectric laminated structures in the

bending mode based on beam and plate structures, as sketched in Figs. 24.9 and

24.10. Rigidity and deflection amplitude can be engineered in a wide range. At the

upper frequency range (0.1–15 MHz) we find piezoelectric micromachined ultra-

sonic transducers (pMUT), realized with ZnO [81] and PZT [82, 83]. A pMUT is a

device able to transmit and receive ultrasonic waves. Potential applications are

Fig. 24.8 (a) Transverse e31,f coefficient as a function of composition and texture of PZT films.

Film at morphotropic phase boundary improve by increased film thickness and improved homo-

geneity of film composition. Combined results from [39, 40, 63]. (b) The evolution of the

transverse piezoelectric coefficient e31,f as an indicator of the advancement in the field. The

films are in the 0.5–2 μm thickness range. PZT thin films integrated on silicon (data from [39,

40, 60, 61, 64–66]) are compared with several types of lead-based epitaxial films (PZT [67, 68]),

BiScO3-PbTiO3 [69], Pb(MgNb)O3-PbTiO3 [70–72], relaxor type integrated thin films such as Pb

(Yb,Nb)O3-PbTiO3 [73–75]. The values derived from ceramics data refer to early PZT ceramics

[76], standard hard PZT 4 (product of Morgan Electroceramics), and modern optimized PZT

ceramics, the 3203 of Motorola. The small numbers aside of the points are the film thickness in

micro meters
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ultrasonic imaging, non-destructive testing, droplet ejection [84], sensors using

ultrasound, ultrasonic micromotors [85–87], and tonpilz transducers [51]. Plates

similar to pMUT structures with strong PZT films are very much suited for ink jet

printing heads. Resonators of flexural modes have also been proposed for analogue

signal processing, as needed for instance at intermediate frequencies (few MHz) in

mobile communication [88, 89]. At lower frequencies, flexural structures were

demonstrated for applications as microphones in photoacoustic gas sensors [90],

as accelerometers [91], and more recently for energy scavenging [79, 80]. A further

possible application is active damping of motion sensors. The same PZT film is

used in the vibration sensor and the damping actuator [92, 93]. Actuation of optical

mirrors is a further possibility. For details on micromachining processes, the reader

is referred to textbooks, such as [94].

Much less works are made for devices based on using the d33,f perpendicular to

the film plane. Displacements are of course small, but the response can be sufficient

for sensor applications. Accelerometers [95] and the sensor part in active damping

have been proposed [93]. Resonators in the thickness mode exhibit quite high

frequencies in the lower GHz frequency region, where ordinary PZT has too high

losses for applications [96]. This application is better suited for AlN.

Fig. 24.9 Bending structures for sensors and actuators in the form of cantilever beams (a) and

bridges (b) using the transverse piezoelectric coefficient e31,f of with parallel plate electrodes. Silicon
micromachining is sketched for the use of anisotropic wet etching (KOH or similar) (from [90])

Fig. 24.10 PZT thin film elements for micromachined transducers (pMUT’s). In this case the

micromachining process is based on deep silicon dry etching (Bosch process) with a stopping layer

in the form of a buried oxide layer (from [27])
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24.6 Examples of Piezoelectric MEMS Devices

It appears that the typical time to market of a thin film device is about 20 years when

counting the time from the first demonstration of a functional thin film for a given

device principle. The involvement of a new material complicates the development

beyond the known problematic of a new product for a new market. We usually deal

with a new product enabled by a new material. When the idea is born, the material is

often not ready (the opposite is unlikely, without ideas for applications, no material

is optimized). The AlN thin film bulk acoustic wave resonator (TFBAR) for mobile

phone RF filters is a good example. The idea goes back to the 1970s; first

demonstrations of standing BAW waves in AlN films were made around 1980.

However, there was no market yet. At this time RF filters were required for

television at some few 100 MHz. Such frequencies are too low for thin film

resonators, meaning that too thick films would have been required (frequency

goes as inverse film thickness), and specs were much more conveniently achieved

with surface acoustic wave filters. The need for RF filters for the second generation

mobile phones at 2 GHz was the trigger for starting mass production of TFBAR’s in

the year 2000. It was thus the increase in frequency that pushed downscaling of a

known principle to be implemented with thin piezoelectric films. It looks very

likely that similar criteria will lead to the market introduction of ferroelectric PZT

thin film MEMS in the field of ink jet printing. Here it is the decrease in pixel size

that requires a new approach. Again, the time to market of 20 years would be

matched, as the first work of a rudimentary MEMS device with PZT thin film was

published in 1990 [97].

When looking at applications of bulk piezoelectrics, we note that the use of PZT

ceramics in scanning micro probe microscopy is justified by the high rigidity

prevailing during deformation, and enabling sub-nanometer precision in all

directions. The large efficiency in energy conversion between electrical and

mechanical energy are used to generate and sense ultrasonic waves as needed in

ultrasonic imaging at frequencies of 1–50 MHz, and in non-destructive testing at

similar frequencies, or at lower frequencies for piezoelectric transformers. The

ability of PZT multilayer structures to delivery large forces upon short reaction

times and at moderate voltages has allowed for the realization of injection valves

that render Diesel motors much cleaner. For thin film applications, the same

principles virtues remain valid, however, one has to keep in mind that smaller

dimensions lead on the one hand to smaller voltages, on the other hand to weaker

forces, smaller excursions, and higher resonance frequencies. In addition, in the

micro world piezoelectricity is competing with capacitive devices employing

electrostatic interaction across an air or vacuum gap or between comb fingers.

Often, piezoelectric structures have an advantage nevertheless, particularly due to

better linearity, larger excursions, and because piezoelectric structures do not need

a bias voltage to sense motions, or to harvest vibrations energy.
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During recent years, energy harvesting from vibration and motion sources has

attracted much interest, particular as micropower sources. The main applications

are wireless communication and sensors. Supply powers of <100 μW are sufficient

to operate wireless nodes in the silent mode. The duty cycle of such nodes can be

quite small, so that mW supply levels enable some autonomy. Motion and vibration

are the most versatile and ubiquitous ambient energy source available, if light

harvesting is excluded by the application. The mechanical-to-electrical energy

transformation is most efficiently done by piezoelectric materials [98]. In a micro-

scale generator, an elastic structure containing a piezoelectric film is strained by

coupling to the external vibration by means of induced inertial motion at resonance

(see Fig. 24.11). Such sources must match their resonance frequency to the external

vibration spectrum. Vibrations from machinery usually have a frequency of 100 Hz,

i.e. very low for micro systems, as resonant frequencies tend to increase with

shrinking dimensions and masses. A useful soft elastic body is a rather thin

cantilever with a large mass. The energy transformed from mechanical to an

electrical form is proportional to the piezoelectric coupling k2, which in the case

of MEMS structures is not the material constant of the piezoelectric layer, but

includes the rigidities of the other elastic materials involved in the deformation, and

the relative dimensions, including the volume fraction of the piezoelectric material

in the total elastic body [25]. An evaluation for bimorphs was carried out in

[99]. The energy harvesting from the oscillating cantilever is in competition with

mechanical losses of the oscillating system. If the system is operated in air the

corresponding loss factors are in the percentage range. One can conclude that a k2 of
5 % would be about adequate. Such high coupling constant can be achieved with

PZT thin films [100].

PZT exhibits a high dielectric constant, and thus yields low voltages when using

parallel plate electrodes. The rectifying circuit for the harvested AC power needs at

least 500 mV for efficient rectification, even when using charge transfer switches

for voltage multiplication [103]. As a consequence, it is much better to use

interdigitated electrodes for harvesting with high permittivity, ferroelectric

piezoelectrics. One could even expect a larger piezoelectric coefficient [5,

32]. Harvesting with interdigitated electrodes was first demonstrated by Kim and

coworkers [104]. They reported 1.0 μW and 2.4 V output at 14 kHz and 14 nm

amplitude with a beam of roughly 200 � 150 μm. In subsequent work [105] a spiral

beam was proposed exhibiting a much lower resonant frequency of 150 Hz. Theo-

retical calculations for a bimorph yielded 30 μW/cm2 at 150 Hz and 1 g accelera-

tion. The measurements depicted in Fig. 24.12 show and output voltage of 1.6 V at

1.4 μW power (0.6 mm2 beam, at 2 g acceleration, 870 Hz) [80]. Useful power

levels are thus achieved with micro power generators if vibration sources above

about 100 Hz and with acceleration levels of 0.1–1 g can be exploited. It is often

difficult to match piezoelectric MEMS harvesting structure with its eigenfrequency

to the source frequency. To come around this problem, it was proposed to excite the

piezoelectric structure not by acceleration, but by direct mechanical contact to a

force able to pull the elastic harvesting device. The latter will then oscillate,

damped by feeding the piezoelectric current into an external electrical circuit (see
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Fig. 24.13). The number of cycles needed to harvest the total elastic energy stored

in the elastic harvester structure after deflection, which is equal to the work done by

the pulling force, depends directly on the piezoelectric coupling factor k2 (consid-
ering no mechanical losses).

An ingenious example for a linear actuator is an autofocus lens for mobile phone

cameras, with a market potential of one billion pieces per year (poLight Technol-

ogy). The piezoelectric film is deforming a polymer lens to change the focus

distance with an impressive speed (Fig. 24.14). This novel lens is 10 to 20 times

faster than existing ones, and in addition, it consumes 20 to 40 times less power! It

will revolutionize imaging techniques for miniature cameras. Multiple focus

distances can be applied for the same snapshot yielding images that are sharp in

the fore and background, and improve images of moving objects.

If we supply a linear actuator with an ac voltage, one can hit the oscillation

frequency of a mechanical structure, serving for instance as a mirror. The result is

an optical scanner. These are not only good for reading barcodes, but also for

displaying real time images. Such a miniature apparatus could be used for instance

in connection with a mobile phone. The performance depends on how much the

mirrors can be tilted, how fast, and also of the width of the mirror. The product of

deflection angle times the scanning frequency (how many lines per second can be

written) must be large. In a recent work it was shown that piezoelectric thin film

Fig. 24.11 Schematic

drawing of piezoelectric

thin film vibration energy

harvester using ferroelectric

materials with interdigitated

electrodes

Fig. 24.12 Output voltage

and power of 0.6 mm2

device (working as shown

in Fig. 24.11) as a function

of acceleration at 870 Hz

(from [101])
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driven, resonant micro mirrors are the fastest ones, faster than electrostatic or

electromagnetic drives (Fig. 24.15). In addition, they are smaller, and their power

consumption is lower.

Fig. 24.13 Alternative to resonant vibration harvester: Asynchronous coupling of excitation and

harvester eigenvibration in the form of push and release mechanism. The elastic energy stored in a

cantilever by an initial deflection (push) is decreasing with time by electrical harvesting (electrical

current flows through external resistor). The amount of charge harvested per cycle depends on the

piezoelectric coupling factor and is larger in case of a PZT interdigitated electrode (IDE) than in

the case of parallel plate electrodes with AlN (from [102])

Fig. 24.14 Concept of the poLight tunable lens for small autofocus camera systems. Modified

after http://www.polight.no

612 P. Muralt

http://www.polight.no/


A further mass product in preparation are ink-jet devices for high-resolution

professional printers with 1200 dpi resolution. Practically all companies involved

in the fabrication of ink-jet printing heads are currently working on the topic. The

high resolution requires linear arrays of high-density droplet ejectors. Diaphragms

coated with PZT thin films create a pressure wave in a cavity filled with ink, leading

to a droplet ejection at the exit of the cavity (Fig. 24.16). The droplets are timed with

micro-second precision and exhibit speeds of typically 10 m/s, before they impact on

paper moving with 150 m/min. Apart for printing, ink-jets can also be used for

dispensing colors on flat panel displays, or biochemical screening agents on bio-chips

for diagnostics. Huge production volumes are expected for all of these fields.

An example of an adaptive system is active damping. A vibration is cancelled by

means of active elements making a counter motion. A vibration sensor in the center

part of the device, there where the vibration must be kept away, gives the input

signal to the regulation circuitry that drives the active elements. PZT thin films can

be used for the sensor and the active elements, resulting in a very compact design as

shown in Fig. 24.17. It is thought to apply such micro damping stages for vibration

sensitive sensors such as gyros (angular revolution sensors).

The piezoelectric thin film beams can also be used for realizing switches. The

European project (EPAMO), coordinated by EPCOS-TDK, has the objective to

explore the potential of unprecedented ultra-high density MEMS switch arrays to

Fig. 24.15 Optical scanner for imaging (from [106]; see also http://www.microvision.com)
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be integrated in an energy-efficient agile radio frequency transceiver with

reconfigurable antenna. The goal is to increase very much the antenna efficiency,

which will allow for a better reception, and decreasing signal intensities. It is

thought that this technique will reduce the power consumption of mobile phones

by 50 % and those of the base stations by 10 %. The crucial advantage of piezo-

electric films here is again low voltage operation and good scalability to small

dimensions.

Fig. 24.16 Schematic cross

section through one array

element of an ink-jet

printing head (after Fujii

et al. Panasonic [5, 55])

Fig. 24.17 Deformation

modes of PZT thin film

active damping stage to

correct for up-down and tilt

vibrations (from [107])
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24.7 Conclusions and Outlook

The integration of piezoelectric materials in micro and nanosystems has made

considerable progress during the last 10 years. The thin film material quality

approaches, or even surpasses known bulk properties. Piezoelectric MEMS find

increasing interest in applications for which piezoelectric actuation or transduction

offers superior performance. The most relevant application to date is in analogue

signal processing for mobile communication, where bulk acoustic waves in AlN

thin films are employed in RF filters. Ferroelectric piezoelectrics are more suited for

flexural structures operated at lower frequencies. Important applications are in

preparation for liquid delivery and droplet ejectors, as needed in inkjet printing

and biomedical devices. Piezoelectrics offer a good stability over a wide tempera-

ture range, do not need electric fields across the liquid and can be operated at

moderate voltages (PZT). There are many other applications under investigation

like energy scavenging, active damping, mirror arrays and scanners, and further

more. Especially for PZT, there is still some knowledge gap in reliability issues,

such as life time stability in various environments. PZT thin films reached the

properties of undoped ceramics. After having solved electrode stability, texture

control, and homogeneity issues, it is probably time to advance with doping of PZT

thin films, as this is the most obvious difference to superior ceramics. Of particular

interest is also domain engineering. The question is whether certain domain

configurations are more favorable for a high response than others, and how they

can be established by suitable growth conditions, electrode geometries, and electri-

cal treatments.
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Chapter 25

Conducting Oxide Thin Films

Camilla Haavik and Per Martin Rørvik

25.1 Introduction

Electrical conduction occurs by the long range migration of either electrons (elec-

tronic conductors) or ions (ionic conductors). Functional oxide thin films exhibit the

full spectrum of electrical properties spanning the entire range from

superconducting to insulating electronic conductors and from fast ionic to

insulating ionic conductors. This chapter will present examples of oxide thin

films with electronic and ionic conductivities in the upper end of the conductivity

scale. Such oxide films are promising for application in a range of different devices.

Examples of potential (and actual) utilization are:

• Base electrodes for ferroelectrics

• Transparent electrodes for electronics and photovoltaics

• High temperature superconductors

• Magnetoresistive devices and random access memory

• Electrodes and electrolytes for solid oxide fuel cells

• Electrolytes for electro-chemical sensors

In general, conducting oxides are quite complex. They are often solid solutions

of two (or more) oxides and their transport properties are highly dependent on their

composition. Subtle variations in stoichiometry may lead to large variations in

properties. To successfully integrate the conducting oxides in real devices, it is

therefore crucial to develop thin film fabrication methods resulting in a precise and

homogenous oxide composition over a large area. Among the thin film fabrication

techniques, chemical solution deposition (CSD) is well known for both its excellent

stoichiometry control and for the possibility to cover large areas.
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In addition to the composition of the oxide, the thin film microstructure is highly

important for the transport properties. Grain boundaries are crystallographically

and compositionally different from the grain interior, and so is the electron and ion

transport within these regions. For some applications, it is crucial to deposit high

quality epitaxial oxide films, for others highly textured polycrystalline films are the

goal and for some applications polycrystalline films with random orientation are

sufficient end even also desirable. Depending on the oxide system, CSD may results

in high quality oxide films with all of these growth scenarios.

The main focus in this chapter will be on CSD of ionic, electronic and mixed

ionic electronic conductors used as electrodes and electrolytes in solid oxide fuel

cells. CSD of metallic oxide electrodes for other devices than fuel cells as well as

magnetoresistive oxide thin films will also be presented. Other important

conducting oxide thin films are transparent conducting electrodes and high temper-

ature superconductors. These topics will be treated separately in the following

Chaps. 26 and 27 of this book.

25.2 Metallic Oxide Base Electrodes

Lead zirconate titanate (PbZr1-xTixO3, PZT) thin films have excellent ferroelectric

and piezoelectric properties making them highly interesting for miniaturized

sensors and actuators as well as for memory applications. Generally the PZT

films are grown on Pt/Ti/SiO2/Si substrates. Using Pt as a bottom electrode in the

devices has many advantages: Pt has high electrical conductivity, results in low

leakage current and has high stability at the temperatures needed for PZT

processing. On the down side is the high cost, large thermal expansion mismatch

with PZT, poor adhesion to Si, but most importantly: a serious ferroelectric fatigue

has often been observed after 104–107 operating cycles. The origins and

mechanisms of the fatigue are complicated and still under discussion [1, 2]. Several

approaches have been tested to prevent the fatigue: depositing barrier layers

between Pt and PZT [3] and also implanting oxygen in Pt [4]. Another alternative

is to avoid the use of Pt entirely and look for alternative materials as bottom

electrodes. RuO2 that shows electronic conduction has been studied extensively

as metallic oxide base electrode for ferroelectrics [1, 5, 6]. Other promising

candidates are found among metallic oxides with similar crystal structure as PZT.

Like PZT, YBa2Cu3O7-x, La1-xSrxCoO3, LaNiO3 (LNO) and SrRuO3 (SRO) crys-

tallize in the perovskite type structure. All of these compounds exhibit high

electronic conductivities at room temperature and they have been shown to improve

the fatigue properties of PZT when used as base electrodes. LNO and SRO are

particularly interesting as they have a very good lattice match with PZT with

morphotropic phase-boundary composition.

The properties of PZT are highly dependent on the stoichiometry and on the PZT

thin film texture. When using CSD to deposit PZT, it is possible to carefully control

the stoichiometry over large areas [7] and also to grow the desired film texture [8].
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CSD is therefore a viable approach for the deposition of high quality PZT and is

widely implemented today. More details on CSD of PZT are found in other chapters

of this book. Also for the metallic oxide base electrode, it is important with good

control of the texture and stoichiometry. The texture of the base electrode will

influence the texture, and in turn, the ferro- and piezoelectric properties of PZT. The

stoichiometry of the base electrode is important because of its influence on the

electronic properties. Adding to this is the advantage of preparing the base electrode

layer and the ferro-/piezoelectric film in one operation. Indeed, CSD turns out to be

a very promising fabrication route also for metallic oxide electrodes.

Using CSD, LNO can be deposited with random orientation, with preferred

(110) orientation or with highly (100) orientation. Yang and co-workers [9]

prepared a LNO sol from lanthanum nitrate, nickel nitrate, acetic acid and water.

After annealing at 750 �C, the LNO films exhibited the perovskite structure with

preferred (110) orientation. By decreasing the sol concentration from 0.3 M to

0.1 M, the crystallinity of the LNO film improved. On these LNO films, the texture

of PZT also varied with the LNO sol concentration. For an LNO sol concentration

of 0.3 M, PZT grew with random orientation with a slight tendency towards (110)

orientation. When the concentration of the LNO sol was decreased, the PZT (100)

diffraction peak increased in intensity, but the film never became purely (100)

oriented. The best performing PZT films of Yang and co-workers exhibited a

dielectric constant (εr) of 747, and dielectric loss (tan δ) of 0.03 at 103 Hz. The

remnant polarization (Pr) and coercive field (Ec) were 16 μC cm–2 and 55 kV cm–1,

respectively [9].

Chen and co-workers reported that the heating rate between 200 �C and 400 �C
determined if the resulting LNO film was (100) or (110) oriented [10]. A heating

rate above 10 �C s–1 resulted in preferential (100) orientation whereas a heating rate

of 6.67 �C s–1 resulted in preferred (110) orientation. The resistivity of these films

was 2 � 10–3 Ω cm. The sol was in this case made from lanthanum nitrate, nickel

acetate, acetic acid and water, with a final concentration of 0.2 M.

On top of (100)-oriented LNO, PZT seem to grow in the (100) direction which is

desirable for piezoelectric applications [8]. On Si(100) substrates, Meng and

co-workers grew highly (100)-oriented LNO with a resistivity of

7.6 � 10–4 Ω cm [11]. The solution was made from lanthanum nitrate, nickel

acetate, acetic acid and water. On top of these LNO films, they deposited highly

(100)-oriented PZT exhibiting a symmetrical polarization-electric field (P-E) hys-
teresis loop with Pr of 18.2 μC cm–2 and Ec of 40.2 kV cm–1 [11]. In a later study,

Wang and co-workers used a similar fabrication method and tested the fatigue

properties for the PZT/LNO/Si capacitor structures; at an applied maximum field of

300 kV cm–1, no fatigue was observed after 108 cycles [12].

In all the above examples, water was used as solvent. High quality (100)-

oriented LNO has also been deposited using organic solvents. Suzuki and

co-workers dissolved lanthanum nitrate and nickel acetate in a mixture of

2-methoxyethanol and 2-aminoethanol [13]. The resulting LNO films were highly

(100)-oriented with a resistivity of about 2 � 10–3 Ω cm when the films were

annealed in air at 700 �C. If the final annealing of the LNO layers was done in
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pure oxygen instead of in air, the resistivity of LNO dropped to 7.27 � 10–4 Ω cm.

On top of these LNO films, highly (100)-oriented PZT was deposited with Pr of

18 μC cm–2 and Ec of 36 kV cm–1. At 1 kHz, the dielectric constant of PZT was 900.

Suzuki and co-workers compared the fatigue of PZT deposited on LNO with PZT

on Pt; after 108 cycles, no fatigue was observed for PZT on LNO, whereas for

(100)-oriented PZT film on Pt/Si fatigue started at 106 cycles [13].

Thin film PZT fabricated by CSD is normally crystallized between 600 �C and

700 �C. The relatively high processing temperature may lead to inter-diffusion

between the layers, potentially detrimental to the PZT performance. Shturman and

co-workers studied the interface between CSD-deposited LNO and PZT after final

annealing at 700 �C and observed Pb, Zr and Ti from PZT within the entire LNO

electrode thickness [14]. For Ni and La, diffusion lengths of 50 nm into the PZT

film and 20 nm into the Si substrate were reported. For their PZT/LNO/Si capacitor

structures Shturman and co-workers reported a quite high Pr of 50 μC cm–2, with no

fatigue until 7 � 108 cycles, despite a large degree of inter-diffusion between the

badly defined interfaces. They also compared the crystallization process of PZT on

LNO with PZT on Pt and found that PZT crystallizes faster and at a much lower

temperature on LNO than on Pt [14]. This finding indicates the possibility of

realizing a lower PZT processing temperature by the use of LNO base electrodes.

A final note should be made on the stability of LNO at high temperatures and/or

reducing conditions. The high valence state of Ni in LNO, Ni(III), is relatively

unstable and LNO has a strong tendency to lose oxygen [15]. The oxygen

non-stoichiometry decreases the electronic conductivity of LNO [16] and LNO

may eventually form La2NiO4 which is insulating [15]. Qiao and co-workers

propose that oxygen deficiency may lead to charge accumulation at the

PZT-LNO interface inducing interfacial depolarization fields and eventually degra-

dation of the dielectric properties of the thin-film capacitor system [15].

In addition to controlling the stoichiometry, the microstructure and the texture of

the base electrode, the thickness of the electrode has been reported to influence the

electrical properties of the succeeding PZT layer. Ohno and co-workers used CSD

to deposit PZT thin films on top of LNO/Pt/Ti/SiO2/Si stacks [17]. The thickness of

the LNO layer was varied between 40 nm and 160 nm. The PZT films deposited on

top of these structures were all reported to be highly (100)-oriented and to have

almost identical film thickness, microstructure and texture. For these seemingly

equal PZT thin films, the authors measured a large variation in the PZT dielectric

constant. The PZT dielectric constant was reported to decrease with increasing

LNO thickness. This observation was correlated to a measured increase in the

residual stress in the PZT thin film. As the LNO film became thicker, the residual

compressive stress in this layer increased, and upon relaxation of the LNO residual

stress, the residual stress in the PZT layer increased and altered the dielectric

constant [17].

SrRuO3 (SRO) is an alternative to LaNiO3 as base electrode. Suzuki and

co-workers demonstrated the possibility of obtaining (100)-oriented SRO by CSD

using RuCl3 and Sr (or SrCl2) as precursors and 2-methoxyethanol as solvent [18].
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In analogue to PZT/LNO/Si capacitor structures, no polarization fatigue was

observed for CSD-derived PZT/SRO/Si stacks after 108 cycles [19].

25.3 Magnetoresistive Materials

The scattering of electrons within a material is spin-dependent. The result is that all

metals and semiconductors show a change in their electrical resistivity in the

presence of an external magnetic field. This effect is called magnetoresistance

(MR). MR is generally defined by the equation

MR% ¼ Δρ
ρ0

� 100 ¼ ρH � ρ0ð Þ
ρ0

� 100 (25.1)

Here ρ0 and ρH are the resistivities in zero field and in an applied field,

respectively, at a given temperature. Depending on the system and the strength

and orientation of the applied field, MR varies between a few percent and an

exceptionally high value. A giant magnetoresistive (GMR) effect is obtained in

thin film multi-layers of alternating ferromagnetic and non-magnetic layers

[20]. When the magnetic alignment of the magnetic layers is parallel, the overall

resistance is relatively low, while the resistivity becomes relatively high for anti-

parallel alignment. The magnetic coupling between the magnetic layers depends on

the design of the heterostructures. By optimizing the multilayer stacks, IBM has

developed highly efficient GMR heterostructures working at useful magnetic fields

at room temperature [21]. The GMR structures have been exploited extensively in

read heads in modern hard drives and in magnetic sensors.

In addition to the engineered GMR multilayers, there exist another class of

materials that exhibit a large intrinsic MR effect: the p-doped perovskite type

manganites. These manganites take the form RE1-xAExMnO3, where RE is a

trivalent rare earth cation (La, Pr, Nd) and AE is a divalent alkaline earth cation

(Ca, Ba, Sr). For these materials, the resistivity can decrease many orders of

magnitude in the vicinity of the Curie temperature (TC) upon application of

relatively small magnetic fields [22–25]. This intrinsic and large negative MR

effect in the manganites is called colossal magnetoresistance (CMR). In 1994, Jin

and co-workers reported an MR of ~1,400 % at 200 K and above 100,000 % at 77 K

for La0.67Ca0.33MnO3 (LCM) thin films grown by pulsed laser deposition [26],

which inspired further research. LCM is a member of the most studied CMR

material system. The manganite parent compound, LaMnO3, crystallizes in the

perovskite-type structure and is an antiferromagnetically ordered insulator below

its Neel temperature around 140 K. Exchanging La3+ with Ca2+ (p-doping) leads to

formation of a mixed valence state for the Mn cation; Mn3+ and Mn4+. At interme-

diate doping levels (0 < x < 0.5) the orbital ordering in the parent compound

becomes frustrated and the ground state of the intermediately doped phase is

metallic and ferromagnetic. Above TC, LCM is magnetically disordered and an
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insulator (semiconductor). The metal-insulator temperature (TMI) coincides with TC
and also with a maximum in the MR effect. Among the intermediately doped

LCMs, La0.67Ca0.33MnO3 is, together with the Sr-doped equivalent, the most

studied material because of its relatively high TC. A high TC, potentially resulting

in high MR effect close to room temperature, is interesting from an application

point of view. Extreme doping levels lead to formation of antiferromagnetic

ordering and insulating phases and also long-range charge and/or orbitally ordered

phases. Metallic ferromagnetic phases are absent at these doping levels. For

extensive reviews on the CMR manganites and their properties, see for example

[22–25].

As indicated above, the doped perovskite type manganites are complex. Their

phase diagrams are rich, exhibiting a variety of phases, with unusual spin, charge,

lattice and orbital order. In addition, phase competition at the boundaries between

the phases produces new and interesting phenomena. The balance between com-

peting phases is often subtle and small changes in composition can lead to large

changes in material properties. The coexistence and competition between different

kinds of order involving charge, orbital, lattice and spin degrees of freedom, leads

to physical complexity, but it also results in a great opportunity for tuning and

optimizing properties. Clearly, the characteristic properties of the doped

manganites including the CMR effect are all strongly related to the ratio between

the Mn3+ and Mn4+ ions. When fabricating CMR manganites, it is therefore crucial

to carefully control the stoichiometry of the compound. CSD is known for its

excellence in composition control and has therefore been explored as a viable

approach for fabricating CMR thin films. For application in devices, both single-

crystal epitaxial films and polycrystalline films have been considered promising. To

obtain the high intrinsic CMR effect at TC high quality epitaxial films are required.

In addition to the intrinsic CMR effect at TC there has also been reported another

promising MR effect that is caused by grain boundaries and which is extrinsic in its

nature. A very small field is needed to induce this effect which makes it highly

interesting from an application point of view [25]. The extrinsic MR effect in

manganites is called low field magnetoresistance (LFMR). Since the LFMR is

related to grain boundaries, also polycrystalline manganite bulk and film samples

have been studied extensively. In the remains of this subchapter, we will present

some examples of the preparation of epitaxial and polycrystalline manganite thin

films by means of CSD.

In general epitaxial manganite films can be fabricated by CSD if the film is

deposited on single-crystal substrates with a good lattice match, which in most

cases mean LaAlO3 or SrTiO3 substrates. Bae and Wang spin-coated 100 nm thick

La0.67Ca0.33MnO3 films on LaAlO3 (100), MgO (100) and on SiO2/Si [27]. The

precursors were made of metal salts (nitrates and acetates) dissolved in

2-methoxyethanol. On the LaAlO3 substrates, very good epitaxy was obtained

after annealing the films in O2 between 600 �C and 1,000 �C. After annealing, the
films had low surface roughness (6–8 nm) and consisted of uniformly distributed

spherical grains, with diameters ranging from 10 nm to 100 nm, depending on the

annealing temperature. The films deposited on MgO were also epitaxial, although
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there is a 10 % lattice mismatch between MgO and LCM. On SiO2/Si the LCM

films were polycrystalline with randomly oriented grains. The epitaxial films on

LaAlO3 showed the typical behaviour of CMR oxides: a semiconductor–metal

transition accompanied by magnetic transition and a peak in the MR ratio near

the transition temperatures. In presence of a magnetic field of 9,000 gauss the peak

MR ratio for LCM on LaAlO3 varied from 30 % to 90 % depending on the

annealing temperature. Optimized properties (transport, TC and peak MR ratio)

were observed for films deposited at 900 �C. This was explained by an increase of

grain size combined with a better O2 incorporation in the lattice [27].

Later Hasenkox and co-workers [28] deposited La0.7Ca0.3MnO3 and

La0.7Sr0.3MnO3 on LaAlO3 by spin coating using a different set of precursors

than Bae and Wang. Precursor solutions were in this case prepared by dissolving

metal propionates in propionic acid. Hasenkox and co-workers demonstrated the

influence of the concentration of metal ions in the precursor solution on the film

quality; a low concentration (0.1 M with respect to Mn) resulted in high quality

110 nm thick films with low surface roughness, good crystallinity and high degree

of epitaxy after annealing at 850 �C in O2. When more concentrated solutions

(0.3 M) were used, the resulting films showed less adherence to the substrate, they

had a rough surface with large pores, and the crystallinity and the epitaxy were

inferior compared to the films deposited with a less concentrated precursor solution.

For their highest quality LCM films, Hasenkox and co-workers [28] reported a

higher metal-insulator transition temperature (TMI) than Bae and Wang [27].

Hasenkox observed a transition at 275 K, whereas Bae observed a transition around

230 K. In accordance with Bae, Hasenkox reported TC to be close to TMI,

demonstrating the coupling between the ferromagnetism and electrical conductiv-

ity. In the presence of a field of 4 T, Hasenkox observed a peak MR ratio of 80 % at

265 K for LCM. For Sr-doped LaMnO3 (LSM) thin films, the metal-insulator

transition took place at 430 K, a temperature that is remarkably high compared to

LCM. The TC and the peak MR value was found at 360 K, much lower than the TMI,

in contrast to the LCM thin films [28].

Yet another CSD route was reported by Fors and co-workers [29]. Using

all-alkoxide precursors and spin coating, they also deposited epitaxial

La0.67Ca0.33MnO3 on LaAlO3 substrates. Their films were 50 nm thick, highly

porous and had high surface roughness. The growth was columnar but the films

showed high epitaxy. The magnetoresistive properties of these CSD films were

compared to a film deposited by pulsed laser deposition (PLD). The PLD film was

also grown on LaAlO3 and it had similar composition. The PLD film was thicker

(200 nm) than the CSD film and it had a much denser microstructure and lower

surface roughness, but slightly inferior epitaxy. The peak in MR values were close

to identical for the two types of films: 32 % for the CSD film and 35 % for the PLD

film at peak temperatures of 246 K and 249 K, respectively. TMI for the PLD film

was higher than for the CSD film, 274 K versus 258 K.

To avoid organic solvents, Jain and co-workers developed a polymer-assisted

deposition (PAD, see Chap. 6) approach to prepare epitaxial LSM and LCM films

[30, 31]. Spin coating of the precursor solutions on LaAlO3 resulted in
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homogenous, crack-free and epitaxial films. The resistivity and magnetic properties

of the films were reported to be highly affected by the post-annealing conditions.

Jain and co-workers annealed their films in air at 750 �C, 850 �C and 950 �C and it

was the highest annealing temperature that resulted in the highest quality films. For

LCM films annealed at 950 �C, TC coincided with TMI around 250 K. This value is

somewhat higher than the value observed by Bae and Wang [27] but lower than the

TC observed by Hasenkox and co-workers [28]. For LSM, Jain and co-workers

reported TC to be 340 K, also lower than the value reported by Hasenkox. But in

contrast to Hasenkox, Jain observed the TMI and TC of LSM to coincide. The

maximum MR value near the TC of the LCM and LSM films annealed at 950 �C
showed single-crystal-like behaviour with a maximum value of 88 % and 50 %,

respectively (at 5 T).

Also spray pyrolysis has been demonstrated to be a viable CSD approach for

depositing epitaxial LaMnO3-based thin films. Raju and co-workers used spray

pyrolysis to deposit La1-xMnO3 on LaAlO3 and La0.7Pb0.3MnO3 on SrTiO3

[32]. Acetylacetonates were used as precursors and methanol as solvent. The

substrates were kept at 400 �C during deposition and post-annealing was done at

800 �C. Both the La1-xMnO3 and the La0.7Pb0.3MnO3 films were epitaxial after

post-annealing. For the La1-xMnO3 film, the metal-insulator transition was observed

around 210 K in absence of a magnetic field. A peak MR of 95 % was reported at

temperatures close to TMI. For La0.7Pb0.3MnO3 TMI was higher, around 330 K.

The CMR effect discussed above is observed for high quality single-crystals or

epitaxial thin film manganites in the vicinity of TC/TMI in the presence of relatively

large external magnetic fields. In the presence of much weaker magnetic fields

(<0.1 T) significant low field magnetoresistance (LFMR) is reported for polycrys-

talline manganite bulk and thin film samples. LFMR it is interpreted in terms of

spin-polarized tunnelling across the grain boundaries. The nature and the number of

the grain boundaries are therefore very important for this property. In general,

deposition of manganite thin films on polycrystalline substrates or on substrates

with low lattice match results in polycrystalline films. Singh and co-workers [33]

deposited polycrystalline La0.67Ca0.33MnO3 thin films on single-crystalline yttria-

stabilized zirconia substrates using aqueous nitrate precursors and spray pyrolysis.

In accordance with the literature on the behaviour of polycrystalline manganite,

Singh observed that at low temperatures and at low fields, the MR increases

significantly with decreasing temperature. At an applied dc magnetic field of

3 kG, MR was 17.75 % at 77 K and 9 % at 133 K [33].

The studies presented above have all demonstrated successful CSD routes for

depositing both high quality epitaxial and polycrystalline LaMnO3-based thin films.

It is not surprising that the reported properties are differing; for films with the same

RE/AE ratio, the resistivity, the magnetic anisotropy and the TC have been shown to
be highly dependent on the film microstructure, on the oxygen stoichiometry and on

the substrate-induced strain and therefore also the film thickness [25, 27, 31, 34].
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25.4 Conducting Thin Films in Solid Oxide Fuel Cells

Conducting oxide thin films are interesting for solid oxide fuel cells (SOFCs)

mainly for two reasons:

• They help making the high temperature conventional SOFCs operate efficiently

at a lower temperature than they do today [35, 36].

• They are crucial for realising small micro-SOFCs (μ-SOFC) for portable

devices [37].

Both the conventional SOFC and the μ-SOFC rely on relatively high oxygen ion

conductivity to operate. This means that we now leave room temperature operation

and introduce new and severe challenges when it comes to thermo-mechanical and

chemical stability as well as nano-structural stability at high temperatures.

The core of a SOFC consists of a cathode, a solid oxide electrolyte and an anode.

In the fuel cell, oxygen reacts at the cathode and fuel reacts at the anode. The

electrolyte conducts oxygen ions via oxygen vacancies in the oxygen sublattice and

can thereby transport oxygen ions from the cathode side (high pO2) to the anode

side (low pO2). If the electrolyte simultaneously is electronically insulating, an

electrical potential difference is created, which drives an electrical current in the

external circuit. In the most used design of the SOFC; the dual chamber,

the electrolyte constitutes the gas-tight seal between the oxygen-containing and

the fuel-containing chambers, see Fig. 25.1.

For efficient operation of the SOFC, the requirements on the electrolyte layer are

demanding: the electrolyte needs to exhibit high oxygen ion conductivity and

negligible electronic conductivity. It needs to be dense and gas-tight upon operation

which means that it needs to be thermo-mechanically and chemically stable under

operating conditions. Adding to this that todays operating temperature of such cells

are between 800 �C and 1,000 �C, and that the atmosphere on the cathode side is

highly oxidizing while the atmosphere on the anode side is highly reducing, it is

evident that only a few materials can fulfil the demanding requirements.

A set of materials and processing routes are already established for fabricating

efficient SOFCs operating between 800 �C and 1,000 �C [38]. The electrolyte

material of choice today is ZrO2 doped with approximately 8 mol% Y2O3. Adding

Y2O3 to ZrO2 stabilizes ZrO2 in the cubic fluorite structure that exhibits fast oxygen

ion conductivity at high temperatures, see for example [39]. This material is called

yttria-stabilized zirconia (YSZ). The anode used together with YSZ is a mixture of

YSZ and metallic Ni (YSZ-Ni cermet). The cathode for high temperature operation

is the perovskite type lanthanum manganite in which La is partly replaced by

Sr (La1-xSrxMnO3, LSM). The sandwich structure of anode-electrolyte-cathode is

often called the membrane-electrode assembly (MEA). A schematic illustration of a

typical MEA is shown in Fig. 25.2. The materials constituting the MEA are

fabricated by conventional ceramic thick film processing. Examples are solid

state co-sintering, tape casting and screen-printing of slurries, followed by high

temperature annealing. Using these conventional routes, YSZ is typically densified

at 1,400–1,500 �C in air.
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Even though the SOFC based on the MEA described above works well, a wide-

spread use of this technology has not yet been reached. There are two major factors

preventing a wide-spread market uptake: high production cost and problems with

long time degradation. Both the high production cost and the long time degradation is

to a large extent caused by the high fabrication and operating temperatures. If the

operation temperature of the SOFC is lowered, the ionic conductivity of YSZ falls

rapidly. The oxygen ions will spend longer time crossing the electrolyte layer,

resulting in high ohmic loss and lower efficiency of the cell. There are two ways of

solving this. One is finding a material with higher oxygen ion conductivity than YSZ

Fig. 25.1 Schematic illustration of the working principle of the solid oxide fuel cell (SOFC).

Oxygen enters the fuel cell at the cathode side where the O2 molecules dissociate and react with

electrons to form oxygen ions, which are transported through the gas-tight and electronically

insulating electrolyte. The oxygen ions react with hydrogen ions at the anode side, producing

water. The electrons go from the anode to the cathode through an external circuit

Fig. 25.2 Schematic illustration of the membrane-electrode assembly (MEA) in an anode-

supported conventional SOFC with flat plate design
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at lower temperatures, within what the fuel cell community denotes as the intermedi-

ate temperature region (500–750 �C). SOFCs that operate in this intermediate

temperature region are called IT-SOFCs. Many promising materials with higher

oxygen ion conductivity than YSZ in this temperature region have been identified.

The conductivities of a range of these materials are given in Fig. 25.3. So far none of

these materials simultaneously meet the requirements of high oxygen ion conductiv-

ity, low electronic conductivity, high thermo-mechanical and high chemical stability

under operating conditions. The Bi2O3-based electrolytes typically decompose to

metallic Bi under the reducing fuel environment. Gd-doped CeO2 (CGO) is currently

the most promising alternative to YSZ, although the material becomes electronically

conducting in reducing atmosphere and at high temperature. Bilayered structures

combining two electrolyte materials can be a solution to these challenges.

The other option for realizing an IT-SOFC is making the YSZ electrolyte even

thinner than today’s state of the art. When the temperature is lowered and the YSZ

conductivity decreases, minimizing the distance the ions have to travel by

minimizing the thickness of the electrolyte layer could make up for the loss in

conductivity. In order to decrease the YSZ thickness from today’s state of the art,

that is 10–20 μm, to below 5 μm, a new set of fabrication techniques must be

considered. To exchange the conventional high temperature thick film fabrication

routes with more “gentle” low temperature thin film deposition technology, such as

Fig. 25.3 Comparison of the electrical conductivity of various oxygen ion-conducting

electrolytes: (ZrO2)0.92(Y2O3)0.08 and (ZrO2)0.91(Sc2O3)0.09 [40]; Ce0.9Gd0.1O1.95 [41];

La0.8Sr0.2Gd0.8Mg0.2O2.85 and La0.8Sr0.2Gd0.8Mg0.115Co0.085O3-δ [42]; Bi2V0.9Cu0.1O5.35 [43];

and Er0.4Bi1.6O3 and Dy0.08W0.04Bi0.88O1.56 [44]
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sputtering, electron beam evaporation, pulsed laser deposition (PLD), chemical

vapour deposition (CVD) or CSD has been proposed as a promising future path

[35, 36]. Please note that within the SOFC research literature, today’s state of the art

electrolyte with a thickness between 10 μm and 20 μm is most often denoted a thin

film or a thin membrane as the thickness of the first SOFC electrolytes was much

higher; between 100 μm and 200 μm [36]. In the present chapter, a film with

thickness in the 10–20 μm range will be denoted a thick film, while films that are

below 5 μm will be denoted thin films.

In addition to potentially lowering the operation temperature of the SOFC, the thin

film techniques will also reduce the electrolyte processing temperature. A reduced

processing temperature will allow the use of less costly material in the surroundings of

the MEA, in turn lowering the total fabrication cost of the SOFC. A lower processing

temperature will also cause much less damage of interfaces between electrolyte and

electrodes during processing. Good interfaces improve the performance of the MEA

substantially and will also facilitate a lower operating temperature.

Both for YSZ, for the alternative electrolyte materials and for the other constituents

of the MEA, the electrochemical properties are highly dependent on composition and

doping content. For instance, for YSZ, the optimized oxygen ion conductivity is found

around 8 mol% Y2O3 content. For lower or higher doping content, the ionic conduc-

tivity falls drastically. This means that is important to choose fabrication methods that

give good control of the material composition across the total MEA area. Among the

variety of thin film techniques, CSD is the technique that gives the best stoichiometry

control. In addition, CSD is characterized by up-scalability, cost-efficiency and flexi-

bility, which are crucial aspects for mass production of MEA components.

The following sections will present some of the work within CSD of conducting

thin films for SOFC applications. The presentation will treat CSD thin films both for

improvement of MEAs in conventional SOFC and for integration in μ-SOFCs. For
more thorough and extensive reviews on SOFC materials and processing routes see

for example [35–39, 45–49].

25.4.1 CSD of Thin Film Electrolytes

The MEA in a conventional SOFC consists of a dense electrolyte layer sandwiched

between two porous electrodes. This means that a thin dense electrolyte layer must

somehow be deposited on a porous support. To deposit a thin dense film on top of a

structure with relatively large pores is not straightforward. An alternative is to make

the support porous after deposition; for instance, a dense NiO-YSZ anode support

will become porous after reduction of NiO to Ni in reducing atmosphere.

Jasinski and co-workers have developed a two stage spin coating procedure to

deposit thin YSZ films onto a porous substrate (Fig. 25.4) [50]. In the first stage, a

colloidal suspension containing fine YSZ particles is spin coated onto the substrate.

The fine particles are expected to seal the large pores. After drying and heat-treating

this first layer (T < 400 �C), a porous ceramic skeleton is left on the substrate. The

next step(s) involves spin coating this layer with a polymeric precursor until a dense
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layer is formed. After each deposition heat treatment at low temperatures

decomposes the polymer. After the deposition of all layers, a final heat-treatment

is necessary to crystallize and densify the film. Jasinski and co-workers used this

procedure to deposit YSZ layers directly on a porous La0.6Sr0.4FeO3 cathode. The

YSZ layer was fully crystalline and dense, with a grain size below 100 nm after a

final heat-treatment at 900 �C. By using such a low annealing temperature, they

effectively avoided formation of the insulating SrZrO3 phase, which usually forms

between the cathode and the electrolyte at high processing and operation

temperatures [50].

Moving from the slurry-based CSD of Jasinski and co-workers to pure solutions may

lower the processing temperature of dense films further. Perednis and Gauckler

employed two spray pyrolysis methods, electrostatic spray deposition (ESD) and

pressurized spray deposition (PSD), to deposit YSZ and bi/multilayer combinations of

YSZ and yttria-doped CeO2 (CYO) on porous YSZ-NiO anode supports [36]. The mean

pore size in these substrates was 1.5 μm, and the total electrolyte layer was approxi-

mately 1 μm thick. The as-deposited electrolyte films were amorphous. To densify and

crystallize the electrolyte layer(s), the films were annealed at 700 �C. The resulting films

were dense and crack-free. For the bi-layer electrolytes (anode/YSZ/CYO/cathode) the

obtained open circuit voltage (OCV) was close to the theoretical one, with a maximum

power density of ~760mWcm–2 at 770 �C. The films prepared with PSD showed higher

OCV than the ones prepared with ESD. Under optimized conditions they managed to

coat 3 μm large pores with a 500 nm thick electrolyte film [36].

Perednis and Gauckler obtained better performance for MEAs consisting of a

bi-layered YSZ/CYO electrolyte compared to MEA with a single YSZ electrolyte

layer [36]. The advantages of such bi-layered electrolytes are several. Firstly, at

high temperatures, YSZ reacts with the cathode and forms insulating and deleteri-

ous phases, mainly SrZrO3 and La2Zr2O7, at the interface. A thin barrier layer of

Fig. 25.4 (Left) Flow diagram of the two-stage spin coating procedure described by Jasinski and

co-workers [50] for deposition of a thin electrolyte layer on a porous substrate. (Right) Scanning
electron microscopy image of a cross-section of YSZ electrolyte deposited on La0.6Sr0.4FeO3

support by the two-stage procedure. Reprinted with permission from Elsevier
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CGO or CYO between YSZ and the cathode prevents these reactions from taking

place. Additionally a thin barrier layer can improve the gas-tightness of a thick film

electrolyte layer. In sum such a barrier layer has been reported to increase the

performance of the MEA significantly. Stoermer and co workers increased their

power output with more than 20 % by depositing a 200 nm thick CGO barrier layer

between thick film YSZ and LSM [51]. A bi-layered electrolyte is also useful if

CGO is used as the main electrolyte. CGO has higher ionic conductivity than YSZ

in the intermediate temperature region and is therefore a highly promising electro-

lyte candidate for IT-SOFCs. But if CGO alone is used as an electrolyte, short-

circuiting because of the electronic conductivity of CGO at temperatures above

500 �C or under reducing conditions is a challenge. The electronic conductivity of

CGO can be blocked by a thin layer with the electronically insulating YSZ. Mehta

and co-workers deposited thin (1–3 μm) YSZ films on polished sintered disks of

CGO by spin coating alkoxide solutions [52]. After a final heat-treatment at 600 �C
the YSZ films were dense and uniform and improved the OCV from 0.6 V to 0.8 V

at 700 �C.
Oh and co-workers recently demonstrated that a dense and gas-tight YSZ

electrolyte as thin as 100 nm could be produced on a rigid NiO-YSZ substrate by

spin-coating of a chemical solution containing 5 vol% YSZ nanoparticles and

low-temperature sintering [53]. Nanoparticles were employed in the chemical

solution in order to counteract the external constraint and decrease the degree of

differential densification because the nanoparticles are expected to sinter at a

substantially lower rate than the precursor powders derived from the chemical

solution. A similar approach was used to deposit a CGO interdiffusion barrier

layer (second electrolyte layer) and a La0.6Sr0.4Co0.2Fe0.8O3-δ cathode layer. The

OCV was above 1 V for the temperature range studied (500–650 �C) which

indicates gas-tightness of the bilayered electrolyte. The maximum power density

was ~1,300 mW cm–2 at 650 �C [53].

What we have learned from decades of work with conventional SOFC

electrolytes is that the microstructure of the electrolyte has a large influence on

its electrical performance. In the grain boundary region one might find a large

lattice mismatch, impurities or second phase segregation, space charge regions and

microcracks. These factors affect both the mobility and the density of the charge

carriers. As a result, grain boundaries and interfaces can be highly resistive and

blocking, but in some polycrystalline materials grain boundaries may provide a

region with relatively rapid transport compared to the grain interior. With decreas-

ing grain size the importance of the grain boundaries increase and new type of

behaviour can be expected. A lot of work is currently going on in order to

understand the relation between deposition conditions, the microstructure and the

resulting electrical properties of electrolyte thin films. In the majority of this work,

the thin film electrolytes have been deposited on dense and smooth substrates. Thin

films on dense (and patternable) substrates are also interesting for the μ-SOFC that

is presented later in this chapter. Spin, dip and spray coating of solutions, using a

range of different precursors have been applied successfully to deposit high quality

YSZ and CGO thin films on dense substrates. The thickness of these films varies
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from a few nm to a few μm. The films can be polycrystalline, normally with nano-

sized grains, they can be textured with columnar growth or even epitaxial. In

general, CSD of these materials results in polycrystalline films with

non-columnar microstructures [54] as opposed to vacuum deposition techniques

(PLD and CVD), that often result in a columnar texture.

Using polymeric precursors, Kosacki and co-workers spin coated YSZ on

sapphire and polycrystalline Al2O3 substrates [55]. Upon annealing at temperatures

between 300 �C and 1,200 �C, the films crystallized in the cubic fluorite structure.

The films were dense with grain sizes between 1 nm and 220 nm, depending on the

annealing temperature. Kosacki and co-workers measured the in-plane conductivity

of the YSZ film with 20 nm large grains (on polycrystalline Al2O3). Similar

conductivity measurements were done with a microcrystalline bulk sample with

2,400 nm large grains. Both samples had the same doping level and should

therefore exhibit the same concentration of charge carriers. At 600 �C, the measured

electrical conductivity was one order of magnitude higher for the nanocrystalline

thin films compared to the microcrystalline bulk sample. The derived activation

energy for conduction was also considerably lower in the thin film sample.

An activation energy of 0.92 eV was reported for conduction in the thin film and

1.23 eV for the microcrystalline bulk sample. The authors also used the polymer

precursor spin coating method to deposit un-doped CeO2 and CGO thin films

[56]. In the Gd-doped films, the ionic conductivity was reported to increase with

decreasing grain size, in analogue to what they observed for YSZ in [55]. For the

un-doped CeO2 film the situation was different: in this case it was the undesirable

electronic conductivity that increased with decreasing grain size.

These studies [55, 56] and also many other thin film studies clearly demonstrate

the close relation between the thin film microstructure and its electrical properties.

In order to minimize the resistance across the thin films, it is important to under-

stand the role of the grain boundaries, both because the density of grain boundaries

is high in nanocrystalline materials and also because the grain boundary contribu-

tion to the total resistance is more significant at the low temperatures where the thin

films are intended to operate. A few important aspects of the electrical properties of

the grain boundaries are given below. A thorough discussion about the role of the

grain boundaries in acceptor-doped ZrO2 and CeO2 is given by Guo and

Waser [57].

In a simplistic view, a polycrystalline material can be described using a brick

layer model, in which the grain boundaries are either parallel or perpendicular to the

current direction during the electrical characterization (Fig. 25.5). The specific

conductivities in the bulk of the grain are different from the conductivities in the

grain boundary region. In acceptor-doped ZrO2 and CeO2, the ionic grain boundary

conductivity is usually at least two orders of magnitude lower than the bulk value,

such that the grain boundaries in these materials present a blocking effect to the

ionic transport across them; see [57] and references therein. There are two main

contributions to the (total) grain boundary resistance: i) an extrinsic resistance

resulting from current constriction by impurity phases and ii) an intrinsic resistance

caused by space-charge layers at the grain-to-grain contact layer. The extrinsic
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impurity contribution will of course vary with the processing technology.

In acceptor-doped ZrO2 and CeO2, a large contribution to this extrinsic resistance

has been reported for samples with the presence of SiO2-containing insulating

phases [58–60]. In high-purity samples, the intrinsic effect is the main contribution

to the grain boundary resistance [57, 61–63]. The intrinsic blocking effect is caused

by depletion of positively charged oxygen vacancies in a space-charge region

surrounding the grain boundary core.

The understanding we have of the role of the grain boundaries in acceptor-doped

ZrO2 and CeO2 is a result of a range of studies of bulk material. A similar

understanding of grain boundary effects in the thin films is lacking. For bulk-type

materials, the grain boundary conductivity and also the grain interior conductivity

are reported to be grain size dependent [64, 65]. At 550 �C, Guo and Zhang reported
the YSZ grain boundary conductivity to increase and the grain interior conductivity

to decrease with decreasing grain size [64]. Grain size dependent effects were also

reported for nanocrystalline doped and un-doped ceria, see for example [65]. Chiang

and co-workers proposed that in nanocrystalline acceptor-doped CeO2, a size-

dependent grain boundary segregation causes a de-doping of the grain interior

[65]. In the thin films, the grain size (of the polycrystalline films) is also in the

nano-regime and there is, in polycrystalline films with randomly oriented grains, a

high density of interfaces. If these interfaces are blocking and contribute to a

lowering of the total conductivity or if they do the opposite: constitute fast

pathways for transport and therefore increases the total conductivity of the film,

is currently debated. The (total) ionic conductivity for nanocrystalline thin film

YSZ and CGO has been reported to be higher than the bulk value [55, 66–69], it has

Fig. 25.5 Schematic

illustrations of: (top) a real
ceramic microstructure, and

(bottom) the brick layer

model of the microstructure

in ceramic materials

[57]. Reprinted with

permission from Elsevier
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been reported to be equal to bulk and independent of grain size [70] and finally it

has been reported to be lower than the bulk value [71, 72]. As some thin film

deposition techniques result in polycrystalline films with randomly oriented

nanocrystalline grains, some in textured films with columnar grains and some

even in epitaxial films, it is evident that the fraction of parallel and perpendicular

grain boundaries will vary with the deposition technique and the measurement

set-up chosen: is the thin film conductivity measured in film plane or across the

film plane? One explanation for the diverging conclusions about the relation

between the YSZ thin film microstructure and electrical properties may therefore

be found in the different thin film microstructure resulting from the different

deposition techniques coupled with the varying measurement set-ups used for

electrical characterization. Another explanation for the diverging conclusions

might be the YSZ thin film stoichiometry. The ionic conductivity of YSZ varies

strongly with the Y2O3 content. If homogenous doping is not achieved during film

deposition, the resulting conductivity will be affected. Films with nominally equal

compositions might not be equal after all. A final factor that has been proposed to

influence the thin film conductivity is the film strain. The film is clamped to the

substrate and a difference in thermal expansion coefficient (TEC) between

the electrolyte and the substrate will lead to either compressive or tensile strain in

the electrolyte thin film. Chun and Mizutani deposited 4.9 mol% yttria-doped

zirconia (4.9-YSZ) thin films on substrates with different TECs: Al2O3 (102),

MgO (100) and SiO2 glass [73]. The films were deposited by metalorganic chemical

vapour deposition (MOCVD) at 600 �C, they all had the same thickness and similar

average grain size. The conductivity was measured at 600–900 �C (above the

deposition temperature). They found that the MgO substrate gave the highest

conductivity and the lowest activation energy; this can be attributed to tensile stress

in the film at the measuring temperatures since the TEC of MgO (~13 � 10–6 K–1)

is higher than the TEC of 4.9-YSZ (~8 � 10–6 K–1). The tensile stress can "open

up" the YSZ crystal structure, giving the oxygen ions more space to move and thus

increasing the conductivity. For SiO2 glass with a TEC of ~0.5 � 10–6 K–1 the

opposite effect was observed; lower conductivity values and higher activation

energy [73].

An overview of the relation between microstructure and electrical properties of

chemical solution-deposited YSZ and CGO is given in Table 25.1. Electrical

properties of a few films deposited by other techniques and also the properties of

bulk material are given for comparison. Please note that the reported conductivities

are not necessarily directly comparable, as the measurement methodologies are

different, and will thus include different contributions to the measured conductivity.

In general, CSD and maybe in particular spray pyrolysis, results in high quality

YSZ and CGO films.

From Table 25.1 it is not clear whether small grains are beneficial for optimizing

the ion conductivity of YSZ and CGO thin films. One should note that in

nanocrystalline CGO thin films, the electrolytic domain shifts towards higher

oxygen partial pressures with decreasing grain size [78]. It is important to avoid a

deleterious electronic conductivity in the electrolyte. When decreasing the grain
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size and increasing the grain boundary density it is particularly important to

fabricate clean and high quality grain boundaries. Small amount of impurities,

like the insulating siliceous phases, lowers the electrolyte performance. Thorough

removal of all residuals from the synthesis is also important. Finally, proper

crystallization of the electrolyte phase by careful final annealing is crucial when

fabricating electrolytes by means of CSD. In analogue to impurity phases, residual

amorphous phases may also act as resistive and blocking phases in the grain

boundaries. Time-temperature-transformation diagrams as introduced by Rupp

and co-workers for CeO2 and CGO thin films [79] could be useful to predict the

crystallization degree of a thin film for pure isothermal or non-isothermal annealing

and to reduce the annealing temperature.

The discussion above has focused on the conductivities at the operating

temperatures of conventional SOFC or IT-SOFC. Recently it has been shown that

YSZ and CeO2-based ceramics with extremely small grain sizes show significant

proton conduction at low temperatures (<200 �C) in wet atmosphere

[80–82]. Dense ceramics with grain size ~15 nm have been made by spark plasma

sintering, yielding materials dominated by grain boundaries which facilitate proton

conduction. Although the conductivity is relatively low compared to higher

temperatures, such as those reported in Table 25.1, the low temperature operation

is very interesting if thin enough electrolytes can be made. For making such

electrolyte films CSD and low-temperature annealing processes are natural choices.

For instance, Avila-Paredes and co-workers made 1 μm thick polycrystalline films

of YSZ prepared on sapphire substrate using a spin coating process [83]. The YSZ

film had an average grain size of 17 nm. The protonic conductivity of the films was

found to be higher by over an order of magnitude (at 30 �C) than earlier reported

values for nanocrystalline YSZ bulk ceramics with a similar grain size. The

observed conductivity is comparable to the oxygen-ionic conductivity of the

same material at around 400 �C. The exact mechanism for the low-temperature

proton conduction is not fully understood and is being studied.

The high chemical and thermo-mechanical stability of YSZ has made thin films

of this material attractive for a range of other applications than fuel cells. Thin film

YSZ may for instance be used to protect metallic surfaces towards high-

temperature oxidation or wet corrosion or as thermal barrier coatings on alloy

surfaces. Both YSZ and CeO2 have been used as buffer layers for high temperature

superconductors. For all of these applications, CSD has been considered as a

promising fabrication technique and various CSD approaches have been tested to

optimize the properties for a given application. High quality, dense, textured and

even epitaxial ZrO2- and CeO2-based films have been obtained on a wide range of

dense and smooth substrates [84–96].

From Fig. 25.3, it is evident that for intermediate temperature operation of the

SOFC, there exist other promising alternatives to YSZ than the ceria-based

materials. One promising candidate is scandia-stabilized zirconia (ScSZ). In the

intermediate temperature region, ScSZ shows the highest ionic conductivity among

the ZrO2-based electrolytes, but a phase transition from the high temperature cubic

phase to a rhombohedral phase takes place at 600 �C giving rise to an change in the

25 Conducting Oxide Thin Films 639



thermal expansion and also in the conductivity of this material [40]. It has been

proposed that in thin film form, ScSZ behave differently, and that the structural

transition might be prevented. Joo and Choi compared a 10 mol% ScSZ bulk

sample with a thin film deposited by PLD (thickness 400 nm) [97]. With decreasing

temperature the conductivity of the bulk sample suddenly dropped almost three

orders of magnitude at approximately 550 �C, while the conductivity of the thin

film gradually decreased [97]. Kosacki and co-workers prepared ScSZ thin films on

polycrystalline Al2O3 by a polymer precursor spin coat technique [98]. They

observed similar conductivities for bulk and thin film both above and below the

phase transition; conductivity activation energies of 0.78 eV and 1.13 eV were

obtained for high- and low-temperature region, respectively. However, the elec-

tronic conductivity was enhanced in the ScSZ thin film compared to bulk. This was

related to the nanocrystalline structure of the thin film [98].

The oxygen ion-conducting perovskite La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) has

been considered as another promising electrolyte candidate for IT-SOFC [42, 45,

99, 100]. LSGM has higher oxygen ion conductivity than YSZ and ScSZ

(Fig. 25.3), negligible electronic conduction and high chemical stability in a wide

pO2 range (10–20 atm to 1 atm) [42]. The challenge with implementing LSGM in

SOFC is that LSGM reacts with Ni in the anode during processing at high

temperatures. A buffer layer of Ce0.8Sm0.2O2-δ (CSO) was used by Yan and

co-workers to avoid reaction between LSGM thin film grown by PLD and

NiO-Fe2O3-CSO anode substrate [101]. The anode support was dense during

deposition, but since NiO and Fe3O4 were reduced to Ni and Fe by H2 treatment,

the dense substrate was changed to a porous one and could be used as a porous

anode substrate for SOFC. The LSGM film thickness was 5 μm and the peak power

density reached 1,951 mW cm–2 at 600 �C [101]. LSGM thin films have also been

deposited by magnetron sputtering [102], but there are few reports on CSD routes.

Taniguchi and co-workers deposited LSGM by electrostatic spray deposition, but

the resulting films were porous and unsuited as a gas-tight electrolyte layer [103].

Finally, other examples of promising electrolytes for IT-SOFCs are found

among the proton-conducting solid oxides [104–108]. In an SOFC where the

solid electrolyte conducts protons instead of oxygen ions, the protons from the

fuel travel from the anode side, through the electrolyte and reacts with oxygen to

form water on the cathode side. These cells are sometimes denoted protonic

ceramic fuel cells (PCFC). High proton conductivities are characteristic of the

doped barium cerates, BaCe1-xMxO3-δ (M ¼ Y3+, Gd3+), but the use of barium

cerates as SOFC electrolytes is unfortunately hampered by their low stability in

CO2-containing atmospheres. Agarwal and Liu prepared dense and crack-free

BaCe0.8Gd0.2O3 thin films on glass and porous alumina substrates by a modified

Pechini process using a aqueous solution of nitrates, ethylene glycol and ethylene

diamine tetraacetic acid (EDTA) [109]. A related class of material that shows

relatively good proton conductivity and that also shows much better stability in

CO2-containing atmospheres is the doped barium zirconates, BaZr1-xMxO3-δ

(M ¼ Y3+, Gd3+). Somroop and co-workers used ESD to deposit dense BZY

films on SiO2/Si and polycrystalline YSZ substrates from a solution of zirconium
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acetylacetonate, barium chloride dihydrate and yttrium chloride hexahydrate

dissolved in a water/butyl carbitol solvent mixture [110]. Using propionate-based

precursors, Schneller and Schober developed a hybrid-type CSD spin coating

process for fabrication of dense proton-conducting BaZr0.80Y0.20O3-δ (BZY) thin

films [111]. The films were deposited on platinised Si substrates. After a final

annealing at 980 �C, the films were 630 nm thick, they showed single phase

randomly oriented BZY and had a dense microstructure. The grain size was

reported to be ~500 nm although the shown images indicate much smaller grain

size. The measured conductivity of these films was much lower than the

corresponding values for bulk samples [111]. While the grain interior conductivity

of BZY is high, the grain boundaries contain a positively charged core which

strongly reduces the grain boundary proton conduction [112]. Pergolesi and

co-workers demonstrated that grain-boundary-free BZY thin films show a very

high proton conductivity of 0.11 S cm–1 at 500 �C [113]; these BZY films were

deposited onto (100)-oriented MgO substrates by PLD and were highly textured

and epitaxially oriented. The lattice match between BZY and MgO is very good,

ensuring the epitaxial film growth. Films were also grown on R-cut (1102) Al2O3

with a larger lattice mismatch and those films showed a significantly lower proton

conductivity [113]. Recently, Lenrick and co-workers [114] deposited BZY films

on MgO substrates using a CSD method similar to the one used by Schneller and

Schober [111]. The films were studied in detail by electron microscopy and were

found to be epitaxial with a cube on cube type interface between BZY and MgO.

For the film annealed at 1,000 �C a layered pattern of lower intensity was observed

and attributed to partially repeating voids [114].

25.4.2 CSD of Thin Film Cathodes

To facilitate gas transport to the cathode-electrolyte interface the cathode should be

porous. It must be catalytically active towards oxygen reduction and show consid-

erably electronic conductivity under operating conditions. Presence of ionic con-

ductivity also enhances the cathode efficiency.

La1-xSrxMnO3 (LSM) has been the SOFC cathode material of choice the last

30 years. It has excellent electro-catalytic properties for oxygen reduction, high

electronic conductivity and thermal and mechanical stability when used in combi-

nation with the YSZ electrolyte at high temperatures. Unfortunately, LSM has a

relatively low ionic conductivity, and when the temperature is decreased into the

IT-SOFC temperature region, the electrochemical reactions are restricted to the

areas where electrolyte, cathode and gas are in contact, the triple-phase boundaries.

A lot of work has been done to increase the TPB so that LSM can be useful at a

lower temperature [47, 115]. To increase the triple phase boundary, it is necessary

to decrease the cathode grain size and porosity close to the electrolyte layer, while

keeping the cathode porous enough for efficient gas transport. Following this idea,

Hamedani and co-workers reported a multi-step spray pyrolysis route to produce

graded-porosity LSM cathodes on YSZ [116]. By varying the flow rate and
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temperature during the deposition process, they fabricated 30 μm thick cathodes

consisting of fine first layers at the electrolyte surface (crystallite size below

100 nm), followed by layers with a gradual increase in crystallite and pore size.

This type of graded porosity results in a large number of triple phase boundaries

close to the electrolyte, while the coarser outer layers facilitate easy gas transport

into the cathode. The authors investigated the effect of type of precursor and

solvents and reported that cathodes deposited using organo-metallic precursors

and organic solvents had a homogenous and crack-free microstructure as opposed

to films deposited using aqueous solutions [116]. The cathodes were deposited at

540 �C < T < 580 �C and no post-annealing procedure was claimed necessary.

Only small changes in microstructure were found upon annealing the cathodes at

the target operation temperature, which means that the graded cathodes with a

“nano-layer” at the electrolyte interface are promising for IT-SOFC. The electro-

chemical performance of the cathodes was however not reported in this study.

To develop materials that are better suited for low temperature operation than

LSM is not an easy task. Ideally the material should have high ionic and electronic

conductivity at the target operating temperature, while the demands of high electro-

catalytic activity towards oxygen activity, good thermomechanical and chemical

compatibility with the electrolyte are fulfilled. Good examples of such materials are

found in the La1-xSrxCoyFe1-yO3-δ (LSC/LSCF) material family. These are called

mixed ionic-electronic materials (MIECs). In good MIECs, the combination of high

electronic and ionic conductivity has the potential to extend the active oxygen

reduction sites to the entire exposed cathode surface.

In order to make high performance cathodes for IT-SOFC, it would be highly

beneficial to develop low temperature processing routes. At high processing

temperatures, solid state diffusion can lead to formation of undesirable insulating

phases in the interface between the electrolyte and the cathode. One example is

SrZrO3 and La2Zr2O7 that forms between YSZ and LSCF at high temperatures

[117–119]. By implementing thin film fabrication routes, and in particular chemical

solution deposition, the cathode processing temperature could be lowered. Thin film

fabrication routes are therefore considered as promising fabrication alternatives to the

high temperature thick film routes for realizing efficient IT-SOFC cathodes. Com-

pared to the high temperature thick film routes, CSD also results in a much finer grain

size and porosity (<100 nm), increasing the inner surface volume and thereby the

number of reaction sites substantially. Finally, thin film cathodes are investigated in

order to realize the small fuel cells, the μ-SOFC.
The cathode performance is typically measured by impedance spectroscopy of

symmetric cells (cathode | electrolyte | cathode). The area specific resistance (ASR)

is then given by Eq. (25.2):

ASR ¼ Rp

2
� Acathode (25.2)

The polarization resistance Rp is the sum of the real parts of the impedance in the

middle and low frequency ranges and Acathode the surface area of one cathode.
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Several CSD routes, including various forms of spray pyrolysis, sol–gel and

metalorganic deposition, have been demonstrated as viable approaches for

fabricating thin film cathodes with enhanced performance in the intermediate

temperature range. Using pressurized spray pyrolysis deposition (PSD) Beckel

and co-workers deposited LSCF thin film cathodes on Ce0.8Gd0.2O1.9 dense pellets

[120]. The solution consisted of nitrates and/or chlorides dissolved in ethanol/

diethylene glycol monobutyl ether. After the deposition, the sprayed films were

amorphous and two post-annealing temperatures were tested for crystallization.

Four hours at 650 �C resulted in a porous film with 65 nm grains. Increasing the

annealing temperature to 800 �C (4 h), resulted in a doubling in the grain size. The

microstructure of the film was reported to have a significant influence on

the cathode performance as the large-grained film had twice as high ASR as the

small-grained one. This was explained by the decrease in the triple-phase boundary

on the electrolyte surface of the large grained film. Beckel and co-workers also

compared the spray pyrolysis-deposited LSCF to porous LSCF cathodes made by

PLD and found that the sprayed cathodes had four times lower ASR. This was

explained by a high in-plane resistivity of the PLD films caused by the columnar

texture in these films. For reducing the ASR it was found beneficial to introduce

carbon black as pore former or to deposit a thin dense LSCF layer (~50 nm) by PLD

prior to spray pyrolysis deposition [120]. A similar PSD process has also been used

to deposit LSCF cathodes onto proton-conducting BaCe0.2Zr0.7Y0.1O3-δ electrolyte

[121]. The ASR values were 0.61 Ω cm2 and 0.89 Ω cm2 at 600 �C in dry and

humidified air, respectively; these resistances are the lowest reported for LSCF

cathodes on Ba(Ce,Zr)O3-based electrolytes. A novel approach to produce thin film

composite cathodes containing both LSCF and CGO was recently reported by

Angoua and Slamovich [122]. They used PSD of a single solution containing

LSCF and CGO precursors. During annealing the LSCF and CGO phases

segregated and crystallized from the amorphous deposited film. The composite

cathodes exhibited lower ASR than the pure LSCF cathode [122]. Beckel and

co-workers also made LSCF-CGO composite cathodes, but by sequential deposi-

tion of LSCF and CGO solutions [120].

Also another type of spray pyrolysis, electrostatic spray deposition (ESD), has

been used to fabricate LSCF cathodes. Taniguchi [123], Fu [124], Marinha [125] and

their co-workers all studied systematically the relation between the ESD deposition

conditions and the resulting microstructure. By optimizing the cathode structure

Marinha and co-workers obtained an ASR of 0.13 Ω cm2 at 600 �C [126]. The

studied cathode consisted of a first layer deposited by ESD (~7 μm) with a screen-

printed layer (~45 μm) on top acting as current collector layer. Addition of the screen-

printed layer resulted in a decrease of the ASR values of roughly one order of

magnitude. The enhancement was attributed to a better distribution of the current

along the cathode functional layer (ESD layer), thus activating a larger volume of the

cathode and avoiding any current constriction issues [126].

Another promising CSD route was reported by Peters and co-workers [127].

They fabricated 200–300 nm thick La0.5Sr0.5CoO3-δ (LSC) on YSZ by metalorganic

decomposition. Post-annealing was done by rapid thermal annealing for 5 min at
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170 �C, 700 �C and 900 �C. Under optimized conditions, this route resulted in

chemically homogenous, crack-free, large area (25 cm2), well-crystallized LSC thin

films. Grain and pore sizes were in the 50 nm range. Although LSC has a high

thermal expansion coefficient (23.7 � 10–6 K–1), when the film is as thin as

200–300 nm the mismatch with the electrolyte becomes much less problematic

and the excellent chemical diffusion and oxygen exchange properties can be

utilized. A ~30 μm thick current collection layer of LSCF was applied on top of

the LSC thin film. High electrochemical performance was reported for these

cathodes: at 600 �C, the ASR was 0.146 Ω cm2 for LSC directly on YSZ and

0.130 Ω cm2 for LSC on YSZ with a CGO buffer layer in between to prevent

interfacial reactions. Later, Hayd and co-workers improved the processing of the

films and improved the ASR values further [128]. Solid precursors of La, Sr, and Co

propionates were derived from La2(CO3)3, Sr metal and Co(OH)2 by the reaction of

with an excess of propionic acid in the presence of propionic acid anhydride. The

solid propionates were dissolved in propionic acid with aimed stoichiometry

La0.6Sr0.4CoO3. The thin film cathodes were dip-coated onto CGO pellets. Slow

heating of the thin films (3 K min-1) during annealing led to a homogeneous

microstructure in contrast to rapid thermal annealed films, which were inhomoge-

neous with cracks and bulges. A screen-printed layer of LSC was used as current

collector layer. The lowest ASR value (0.023 Ω cm2 at 600 �C) was obtained by

slow heating to 700 �C and immediate cooling without any holding time. This ASR

value is the best reported for an SOFC cathode at 600 �C so far. A comparison of the

performances of different thin film cathodes is presented in Fig. 25.6.

Fig. 25.6 Area specific resistance (ASR) of various thin film cathodes deposited on CGO by

Beckel et al. [120], Marinha et al. [126], Chang et al. [129], Darbandi and Hahn [130], Hayd

et al. [128], and Baqué et al. [131]. Several of the cathodes had a double-layer structure to improve

the current distribution. The spin-coated layers were made from dispersions

644 C. Haavik and P.M. Rørvik



In addition to the CSD routes described above, a range of sol–gel routes have

been used for depositing LSC thin films [132–136], but the electrochemical

properties were not studied.

Chang and co-workers recently reported ESD of Sm0.5Sr0.5CoO3-δ (SSC) cath-

ode films on CGO substrates [129]. The precursor solution was prepared by

dissolving nitrates in a solvent mixture of de-ionized water (0.6 vol%), ethanol

(1.5 vol%) and 2-(2-butoxyethoxy)-ethanol (butyl carbitol, 97.9 vol%). The best

performing film was deposited at 350 �C, was ~7 μm thick and had a highly porous

reticular structure, resulting in an ASR at 600 �C of 0.057 Ω cm2 (Fig. 25.6). The

obtained ASR values were one-half to one order of magnitude smaller than that of

screen-printed or slurry-painted electrodes [129].

CSD of thin film cathodes is useful to prepare cathodes with nanoscale grains at

relatively low temperatures, resulting in large surface area and high porosity. But if

the films are very thin the current distribution becomes challenging since the

electrons will have to travel long distances laterally in the film. Several studies

have shown that a screen-printed layer on top the CSD thin film significantly

improves the performance [126–128]. In Fig. 25.6 such cathodes are compared to

a few studies with ~7 μm thick SSC made by ESD [129] and ~10 μm thick LSCF

made by spin coating a nanoparticle dispersion [131]; it can be seen that the

performances are comparable. Thus, a combination of CSD routes and powder

processing routes seems to be a good solution for obtaining high-performance

cathodes for IT-SOFC.

25.4.3 Micro-solid Oxide Fuel Cells

Current battery technology is not expected to satisfy the growing power needs of

portable electronic devices. The idea of exchanging the battery with a miniaturized

fuel cell that is so powerful it could run a cell phone for a week without recharging

is attractive and has generated a lot of research effort the last decade [37, 54,

137–142]. Small prototypes of the low temperature fuel cell technologies have been

made: the proton exchange membrane fuel cell (PEMFC) and the direct methanol

fuel cells (DMFC). Both of these technologies suffer from quite serious drawbacks.

The PEMFC require pure hydrogen as a fuel, involving expensive fuel reforming

and critical transport and storage problems. The DMFC requires concentrated toxic

methanol to achieve beneficial energy densities and it also has a problem of

methanol cross-over. Additionally, methanol is a weak energy source and the

DMFC has a hard time producing enough electricity to compete with the batteries.

Finally, both the PEMFC and the DMFC operate at such low temperatures that

expensive Pt catalyst is needed for efficient operation. The operating temperature of

the SOFC has been considered far too high for this type of fuel cell to be useful in its

miniaturized version. Using micro-fabrication technology it has been shown that it
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is possible to confine the high temperature associated with the SOFCs to a small

space so that neighbouring parts with not be affected [141]. The growing compe-

tence in complex oxide thin film fabrication has also demonstrated that it is possible

to produce SOFCs operating efficiently at much lower temperatures that would be

easier to handle. Today, miniaturized SOFC, the so-called μ-SOFCs, operate

successfully on a laboratory scale [37].

The μ-SOFC has several advantages compared to PEMFC and DMFC. The most

important one is that the μ-SOFC can run on high-energy density hydrocarbon fuels

such as propane or butane, resulting in a drastic increase in both the volumetric and

the gravimetric energy density compared to the low-temperature fuel cells. With the

potential of being made much lighter and much smaller than the PEMFC and

DMFC, stacked μ-SOFCs s are considered promising power sources for portable

electronic devices with power requirements between 1 W and 20 W, such as cell-

phones, personal digital assistants, laptops, video camcorders and battery chargers,

as well as small medical and industrial devices [142].

In the conventional stationary SOFC, a thick film electrolyte and a cathode are

deposited on top of a thick porous cermet anode constituting the mechanical support

of the MEA. In most μ-SOFCs, all the layers constituting the MEA (anode,

electrolyte and cathode) are deposited as thin films on top of a thicker dense

mechanically supporting substrate (Fig. 25.7). The reported MEA thickness in

μ-SOFCs ranges from 0.2 μm to 20 μm [37]. After the thin films are deposited,

the MEA is released (for gas access) by micro-patterning the substrate. Most often

the substrate is a Si wafer, but a patternable glass-ceramic substrate (Foturan) has

also been used [141, 143, 144]. The free standing membranes have been made both

square and circular with active areas between 0.0004 mm2 and 20 mm2 [37].

Chemical solution deposition is considered a good approach for depositing thin

films for μ-SOFCs. Electrolytes [78, 143, 145, 146], cathodes [120, 143] and also

cermet anodes [147, 148] have been deposited by CSD for the purpose of

Fig. 25.7 Schematic illustration of a typical μ-SOFC structure made by combining thin film

deposition techniques with micro-fabrication technology [54]. The dense substrate is typically Si

wafer or Foturan glass-ceramic. Reprinted with permission from Elsevier
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integration into μ-SOFCs. Most of the materials and CSD methods for SOFC

presented previously in this chapter are highly relevant also for μ-SOFC. See also
references in [54]. So far no complete cell has been made entirely from CSD.

Muecke and co-workers reported a μ-SOFC in which one of the two YSZ layers in a

bi-layered electrolyte was spray-deposited [143]. They first deposited a 550 nm

thick YSZ electrolyte by means of PLD and measured OCVs within the range of

400–900 mV in the temperature range of 400–600 �C, regardless of the cathode

material used. OCV below the theoretical value indicates gas leakage and it was

proposed that the leakage occurred via pinholes in the columnar microstructure

resulting from the PLD process. On top of the PLD layer they therefore deposited a

second YSZ layer using spray pyrolysis that results in a polycrystalline

non-columnar growth. The OCV then increased from 0.8 V to 1.1 V, which is

close to the theoretical value. The maximum power output obtained for a μ-SOFC
using the bi-layer electrolyte and Pt as electrodes was 152 mW cm–2 at 550 �C. This
maximum power output was quite low, and it was the cathode reaction, in particu-

lar, that was found to limit the overall cell performance. A slight improvement was

observed when the Pt cathode was exchanged with spray pyrolysis-deposited

LSCF [143].

Higher maximum power densities for μ-SOFCs have been obtained by atomic

layer deposition (ALD) and by vacuum-based methods. Promising performance has

been reached; at the very low temperature of 350 �C and OCV of 1.1 V and a power

density of 270 mW cm–2 was reported by Shim and co-workers [149]. Their YSZ

electrolyte was deposited by ALD and was only 60 nm thick. Increasing the

temperature to 400 �C, Su and co-workers reached a maximum power density of

677 mW cm–2 with a cell based on 220 nm YSZ combined with porous Pt

electrodes, all deposited by magnetron sputtering [150]. Su and co-workers depos-

ited their layers on a corrugated membrane and obtained therefore a larger exposed

electrolyte area per projected area. No long time durability tests have been reported

for μ-SOFCs so far. The performance of these cells under long-time operation and

also their stability towards complete shut-down and restarts are not known.

A new approach to μ-SOFC fabrication was described by Evans and co-workers

[151], using graphite foils as sacrificial substrate for deposition of 3 mol% yttria-

stabilised tetragonal ZrO2 polycrystal (Y-TZP) thin films. A toluene powder

suspension of Y-TZP stabilized with sorbitan monooleate was spin-coated onto a

flat-pressed graphite foil (5 � 5 cm2). The green film was sintered in air up to

1,350 �C for 2 h during which the graphite foil burned off, forming free-standing

Y-TZP foil with 1–10 μm thickness. The foils were semi-transparent, very flexible,

slightly wrinkled and had an increased mechanical stability compared to the thin

film electrolytes typically used in μ-SOFC. A μ-SOFC was fabricated by sputtering

Pt electrodes onto the Y-TZP foil and placing it between two Foturan pieces with

0.5 cm and 1 cm holes. A measured OCV of 0.98 V and a maximum power density

of 12 mW cm–2 at 500 �C proved the feasibility of this new approach for future

μ-SOFC development [151].
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Chapter 26

Transparent Conducting Oxides

Peer Löbmann

26.1 Introduction and Physical Background

The excellent electric conductivity of metals is based on the presence of electrons

with a considerable mobility in the metallic crystal lattice. Under these conditions

they allow for good interaction of electromagnetic radiation in a broad spectral

range: Therefore metals are non-transparent and reflect light. On the first view it

would be plausible to assume that reasonable electric conductivity is not compatible

with optical transparency. This certainly is true for metals with a partially filled

conduction band: Since there is no minimum “threshold-level” the electrons will

absorb light in a broad wavelength region.

The situation is quite different in large-bandgap semiconductors: The fully

occupied valance band is energetically well separated from the empty conduction

band. No visual adsorption is observed if this gap equals or exceeds 3.1 eV.

Although above 0 K at least some electrons do populate the conduction band, the

overall concentration of the resulting electron–hole pairs is very low. The material

basically remains insulating.

In oxidic semiconductors oxygen lattice sites remain unoccupied. Some of them

may not be compensated by cation deficiencies (Schottky defects). In these cases

charge neutrality requires two “additional” electrons in the material which partially

fill the conduction band. In terms of solid state physics, the oxygen vacancies create

donor levels in the bandgap close to the conduction band. These electrons together

with thermally promoted electrons become (negative) majority charge carriers

(n-type conductivity). This mechanism of conductivity is referred to as intrinsical

doping.

Cations with d-shells completely occupied form transparent conducting oxides

(TCOs) because otherwise d ! d transitions would cause absorption of
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electromagnetic radiation and thus coloration. Therefore, only oxides of Zn, In and

Sn are promising candidates since their bandgap additionally exceeds 3.1 eV.

Nevertheless, in 1907 CdO (bandgap 2.28 eV) was the first at least partially

transparent conducting oxide found [1]. It was prepared by thermal oxidation of

sputtered metallic cadmium films. First technical applications were the de-icing of

airplane windshields by resistive heating of respective TCO coatings [2]. Cadmium

oxide subsequently was replaced by oxides of Zinc, Tin and Indium. In addition to

intrinsical doping by oxygen deficiencies, extrinsical doping can be achieved by

introducing cations by the substitution of elements of higher valence into the crystal

lattice. For example Al3+ replacing Zn2+ sites induce donor levels close to the

valence band. The electric conductivity of so-called Al-doped zinc oxide (AZO)

therefore is increased in comparison to undoped ZnO. Similarly Indium oxide

(In2O3) is regularly doped by Tin (ITO) and antimony is doped into the lattice of

tin oxide (ATO). In the case of SnO2, alternatively, oxygen sites may be occupied

by fluorine. In the resulting FTO the “additional” electrons also contribute to the

partial occupation of the valence band.

While resistive heating of windows was the first application of TCO films,

display technology and the transparent contacts of solar cells have successively

gained higher importance. The role of TCOs for radiative energy management has

recently been reviewed [3]. Other applications range from antistatic coatings,

electrodes for light emitting diodes to gas sensors. In all of these cases the function

of the material relies on electrons as charge carriers (n-type conductivity).

For the preparation of TCO thin films many different technologies have been

developed. In each case, a trade-off between material performance and practical

considerations has to be balanced: Excellent films may be prepared by e.g. pulsed

laser deposition (PLD), but only small substrates may be coated. This prevents a

commercial scale-up. Magnetron sputtering has developed into a mature technol-

ogy for the production of ITO and AZO films. The related investment costs for

commercial production sites are considerable. During the floating process, hot glass

surfaces are coated by chemical vapor deposition (CVD) with FTO on large areas

[4]. This processing is economically highly effective; nevertheless, some haze may

impair the visual appearance due to film roughness [5]. In Table 26.1 electrical and

optical performances of some selected TCO thin films prepared by different

methods are compiled.

Wet chemical processing routes for ITO, AZO and ATO have extensively been

investigated. The film performances reported mostly fall behind results achieved by

vacuum-based technologies (Table 26.1). This is mainly due to the polycrystalline

film structures of sol–gel films and resulting grain boundary scattering. Any

residual porosity additionally will increase film resistivity. In Sect. 26.2 general

approaches for sol–gel processing of different TCOs will be reviewed, Sect. 26.3

will deal with specific strategies to overcome the difficulties outlined for sol–gel

films. Finally cases where the wet-chemical processing provides striking

advantages over alternative routes will be highlighted in Sect. 26.4.
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26.2 Sol–gel Processing of TCO Thin Films: General

Approach

Two different strategies are commonly adopted for the deposition of transparent

conducting oxides from solutions: In the first case, molecular precursors are

dissolved. Amorphous nanoparticles are formed by hydrolysis- and condensation

reactions in the liquid state. In this state typical particle sizes range from 2 nm to

10 nm. Further growth and agglomeration continue during the coating procedure as

a consequence of solvent evaporation. Non-volatile organic residues such as che-

lating agents or high-boiling solvent constituents have to be removed by thermal

treatment in oxidizing atmosphere. Final densification and crystallization of the

respective TCO film takes place at increased temperatures.

For the alternative approach, dispersed crystalline particles of TCOs are

employed, their typical grain size exceeding 15 nm. As these building blocks are

already conductive, the corresponding films do not necessarily require a thermal

crystallization procedure. Dispersions of nanocrystals may be obtained by the

hydrothermal treatment of molecular precursor solutions described above. Alterna-

tively, nanoscaled oxide powders from e.g. flame pyrolysis can be

Table 26.1 Electrical and optical properties of some TCO thin films prepared by different

deposition techniques

Comp.

Hall mobility

[cm2 V–1 s–1]

Carrier

concentr.

[*1020 cm–3]

Resistivity

[Ω cm]

Av.

transm.

[%]

Spectral

range

[μm]

Deposition

technique Refs.

ITO 45.0 12.0 1.1 � 10–04 – – DC mag. sputt. [6]

40.0 18.0 9.5 � 10–05 >80 0.4–0.9 Spray

pyrolysis

[7]

53.5 13.8 8.5 � 10–05 >84 0.4-0.7 PLD [8]

9.5 4.8 2.8 � 10–03 85 0.55 Sol–gel [9]

2.0 4.2 7.6 � 10–03 – – Sol–gel [10]

AZO 25.0 9.0 2.7 � 10–04 – – DC mag. sputt. [11]

47.7 15.0 8.5 � 10–05 83 0.4 PLD [12]

42.0 0.3 5.0 � 10–03 88 0.55 Sol–gel [13]

16.0 0.4 8.0 � 10–03 81 0.55 Sol–gel [14]

17.0 0.2 1.4 � 10–02 ~80 0.55 Sol–gel [15]

23.0 0.7 1.6 � 10–03 – – Sol–gel [16]

ATO 10 4.2 1.5 � 10–03 >80 0.5-1.5 AC mag. sputt. [17]

13 5.0 8.6 � 10–03 86 0.4-0.8 RF mag. sputt. [18]

12 4.2 1.2 � 10–03 92 0.55 Sol–gel [19]

– – 2.6 � 10–03 >80 0.4-0.8 Sol–gel [20]

FTO 20 7.0 5.0 � 10–04 >90 0.4-0.8 APCVD [21]

27 3.9 5.9 � 10–04 >86 0.55 APCVD [22]

18 7.2 6.2 � 10–04 77 0.45 Spray

pyrolysis

[23]

The data refer to the optimum values reported respectively and do not necessarily correspond to

identical samples

26 Transparent Conducting Oxides 657



de-agglomerated. The resulting dispersions must be stabilized against sedimenta-

tion by chemical surface modification of the particles.

The two general approaches are visualized in Fig. 26.1. Solutions containing

(small) amorphous particles will be referred to as “sols” in this chapter. In contrast,
precursors with stabilized (larger) crystalline grains will be named “dispersions”.

Coating processes with sols containing amorphous particles are comparably

simple and may yield dense films. On the other hand, the film thickness for single

coatings seldomly exceeds 200 nm due to tensile stresses during densification. As a

thermal pyrolysis and crystallization step is required, thermally labile substrates

such as organic polymers cannot be used. Nevertheless the dopant concentrations

(e.g. Al or Sn) can easily be varied by adjusting the chemical composition of the

precursor mixture. This generally allows a facile optimization of film performance.

In contrast, polymer foils may be coated by dispersions of particles that are

already crystalline. The simple arrangement of these inert building blocks during

film drying is less likely to build up tensile stresses; thick films are feasible without

the formation of cracks. The small contact points between the grains, though,

represent a bottle-neck for charge transport in these systems. The electrical current

can be enhanced by the formation of sintering necks between particles. Addition-

ally, mechanical stability may be improved by partial reduction of porosity. Unfor-

tunately, these measures are only possible for films on substrates that can withstand

the required thermal treatment conditions.

In the following paragraphs some approaches for the preparation of ITO, AZO

and ATO thin films by wet chemical processing will be highlighted. It has to be

noted, though, that the comparison between performances of films emerging from

different studies seems arbitrary or even impossible for several reasons: Even

though contamination by Na+ ions is known to adversely affect film conductivity

[24], often the substrate type (“glass” being soda-lime, borosilicate of fused silica

Fig. 26.1 Schematic

representation of film

preparation from solutions

of amorphous precursor

particles and dispersions of

nanocrystals. The

respective thermal

crystallization step is

highlighted in grey
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glass?) is not fully disclosed. It is not often clear whether the mass percentage of the

dopant refers to the ratio of e.g. In:Sn, InCl3:SnCl4 or In2O3:SnO2 in the precursor

formulation or in the final product. Even when molar ratios are given, it sometimes

remains unclear if the metal ratio In:Sn or the final ratio between the nominal oxides

In2O3:SnO2 is addressed. Additionally minute variations in processing parameters

(air moisture, heating rates etc.) may severely affect the microstructure and subse-

quently the film performance. Therefore, it is extremely difficult to estimate the

origin of surprisingly good/bad results, especially if no thorough characterization of

the film morphology is provided. Thus, the discussion has to be limited to some

more general aspects; no specific guidelines can be given.

26.2.1 Indium Tin Oxide (ITO)

Even though there are single reports about sol–gel processing of pure indium oxide

(IO) [25], commonly ITO with a molar ratio Sn/(Sn + In) up to 10 % is synthesized.

InCl3 [10, 26] and In(NO3)3 [27] are the most common indium sources; in the latter

case metallic Indium ingots are sometimes dissolved in nitric acid to synthesize the

salt as In(NO3)3*5 H2O [28]. Tin is mostly introduced as chloride SnCl2*2H2O

[26], SnCl4 or SnCl4*5H2O [28], in some cases tin acetate Sn(OOCCH3)4 is used

[29]. Since a variety of solvents (ethanol, 2,4-pentanedione, diethylenetriamine,

acetic acid) and mixtures thereof are employed in different mixing and heating

sequences, the role of the single components as solvent and/or complexing agent is

hard to judge in the respective case.

The compositional flexibility of sol–gel processing can be used to systematically

investigate the influence of molar In:Sn ratios up to 30:70 [30]. Any reduction in

content of the expensive Indium is highly promising from the commercial point of

view if the films do not suffer significant losses in conductivity and transmittance.

Precursor solutions with a molar ratio of 50:50 can be prepared using indium tin

tert-butoxide (InSn(OiBu)3, ITBO) as single source precursor; the resulting films

exhibit a resistivity of 4.1 � 10–03 Ω cm [31].

Some ITO films prepared by sol–gel processing show resistivities as low as

8.0 � 10–04 Ω cm [32, 33] and 3.3 � 10–04 Ω cm [24], which compete with results

obtained by physical vacuum-based technologies. Nevertheless, neither their

respective precursor synthesis nor the film preparation techniques seem to be

significantly dissimilar to the common state of the art represented in the literature.

This fact underlines how important the favorable combination of processing

parameters (precursors, synthesis, substrate, conditions during film-preparation

and thermal treatment) are. This delicate balance of prerequisites may up to now

impede the industrial production of TCO films by sol–gel techniques on a large

scale. Therefore future developments should address the stable and cost-efficient

processing of these materials as had already been done in the cases of antireflective

coatings (see Chap. 28) and TiO2 thin films for optical applications [34].
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Whereas the above routes require thermal treatment of the films above 300 �C
for ITO crystallization, alternatively dispersions of crystalline particles may be

used (Fig. 26.1). Such dispersions can be synthesized by milling commercially

available aggregated powders in the presence of a solvent and different dispersants

[35]. The dispersants may either be complexing agents such as β-diketones or

functionalized titanium alkoxides as hydrolytically active coupling agents. The

size of the resulting secondary particle aggregates ranges from 85 nm to 750 nm

depending on the respective additive.

Re-dispersible crystalline ITO powders can be synthesized from aqueous

solutions of InCl3/SnCl4 in the presence of NH3 and β-alanine at 80 �C. After
drying, the powders may be treated with ethylene glycol and a carbonic acid and

then diluted in alcohols or water. Hydrodynamic particle size determination and

TEM imaging indicate that agglomerates are broken down to their primary particle

sizes between 8 nm and 20 nm [36]. Dispersions with a nominal primary ITO

particle size of 16 nm were commercialized by Nanogate GmbH (Germany).

Coatings manufactured from such dispersions will contain crystalline TCO

material even without additional thermal treatment. This generally enables

processing of organic polymer substrates and fabrics that would decompose at

elevated temperatures [37].

Spin- or dip-coating experiments using such dispersions yield film thicknesses

between 400 nm and 1.1 μm in a single coating step without cracking [36, 38]. The

resulting films show porosities exceeding 50 %, though [29, 39]. Due to the high

thicknesses the sheet resistance of the films may be sufficient for some applications,

for samples treated at 500 �C the specific resistivity of 6.3 Ω cm is very high,

however. As these films consist of crystalline particles with low sintering activity,

even treatment at 800 �C does neither reduce the porosity nor improve conductivity

significantly. Interestingly it can be shown by optical spectroscopy that within

secondary clusters of well-connected nanoparticles “local” resistivities below

7.0 � 10–04 Ω cm are measured. It was concluded that fluctuation-induced

tunneling between micrometer-size clusters does account for the overall electric

performance [39].

26.2.2 Aluminium-Doped Zinc Oxide (AZO)

In contrast to indium oxide there are many reports about the sol–gel processing of

undoped zinc oxide [40–43], but more often Al is used as extrinsic dopant to

enhance n-type conductivity. When unconventional elements such as e.g. yttrium

[44] are employed, losses in transparency mostly compensate the minor

improvements of electrical properties.

Zinc acetate dihydrate Zn(OAc)2*2 H2O is the common Zn source for most sol

synthesis, Al(NO3)3*9 H2O is mostly applied for doping. There are only a few

reports using other compounds such as AlCl3*6 H2O [15]. This choice seems

justified since it is much more likely to suspect that chloride ions may remain in
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the films after thermal treatment whereas nitrate anions will decompose to form

volatile products.

Methanol, ethanol, and isopropanol are commonly used as solvents. Addition-

ally, 2-methoxy ethanol, 2-amino ethanol, mono- and di-ethanol amine are

employed often. Again their specific functions as solvent and complexing agents

is difficult to estimate as there are no systematic comparative studies dealing with

their part in AZO thin film formation.

The role of multiple coatings and the influence of single layer thickness for the

final film performance was recognized early [36], the resulting “structural zone

model” [45] and its implications for sol–gel film optimization are discussed in

Sect. 26.3.1.

Most AZO films are subjected to multiple thermal treatment steps after wet

chemical deposition. Often multiple coating-firing cycles are performed. Some-

times the final treatment is done in vacuum, inert atmosphere, or even forming gas

in order to induce oxygen deficiencies and thus promote intrinsic doping. In

Table 26.2 some reported parameters are compiled:

It is difficult to estimate, though, whether the respective experimental

parameters in every case result from thoughtful considerations based on pre-test

or are sometimes simply due to the equipment available. However, when a temper-

ature range is systematically investigated valuable information is retrieved regard-

ing this particular processing step. A minimum in film resistivity for example is

observed at 500 �C for sintering in air [32, 48] atmosphere.

Grain size generally increases with sintering temperature, but for Al-doped

samples generally smaller crystallites are observed than for pure ZnO films

[46, 48, 49]. Best conductivities are reported for Al-concentrations in the range of

0.8–1.5 mol%, Al-substitution in Zn-sites creates donor levels in the band gap and

thus additional electrons in the conduction band. Higher aluminium concentrations

may form Al interstitials resulting in greater electron scattering. Aluminium segre-

gation on grain boundaries can additionally increase the resistivity between the

individual nanocrystals [32, 46, 47].

Reports of remarkably high conductivities in AZO films prepared by sol–gel

processing (e.g. 1.4 � 10–04 Ω cm in [32] even without post treatment in H2/N2)

seem highly encouraging. As already mentioned for ITO films these reports under-

line the importance of minute control of processing parameters.

26.2.3 Antimony-Doped Tin Oxide (ATO)

Sheet glass is commercially produced by simultaneously cooling and drawing

vitreous melts from the flat surface of molten tin baths. When the upper surface

of the glass is exposed to organotin compounds such as nBu-SnCl3 at temperatures

between 650 �C and 680 �C, their thermal decomposition yields transparent

conducting SnO2 films [4]. This process of so-called atmospheric pressure chemi-
cal vapor deposition (AP-CVD) is a cost-efficient technique to deposit films with
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sheet resistances of typically 25 Ω sq on glass surfaces moving between 0.8 to

8 m/min. Doping is easily achieved by adding volatile fluorine-containing

compounds to the carrier gas stream yielding fluorine-doped tin oxide (FTO).

SbCl3 may correspondingly be used to prepare antimony doped tin oxide (ATO).

Some visual scattering is commonly observed due to sodium chloride crystals

formed as by-product on the surface of the hot glass [5]. Regardless of this

drawback the market for low-emissive architectural glazing is dominated by this

straightforward and low-cost technology. As sol–gel processing is unlikely to

provide striking advantages, apparently less focus was put on the coating of glass

with tin oxides from solutions.

SnCl2 and SnCl4 are mostly used as precursors. Their dissolution in ethanol is

likely to produce equilibria of SnCl2-x(OR)x and SnCl4-x(OR)x. If these solutions

are heated or the solvent is even completely removed [50], any removal of volatile

HCl will favor the formation of the alkoxides. In the presence of water introduced

by the use of precursor hydrates, initial condensation reactions will lead to amor-

phous sol particles. The formation of dispersions may further be enforced by the

addition of NH3 and the resulting rise of the pH [51]. Antimony doping is com-

monly introduced by the addition of SbCl3, sometimes SbF3 is used. 4-hydroxy

4-methyl-2-pentanone is applied by some authors as stabilizing agent [52, 53].

Heating the solution of tin- and antimony chloride at 150 �C at 10 bar for three

hours in the presence of NH3 and β-alanine yields dispersions of crystalline ATO

particles similar to those reported for ITO [36]. Films prepared from these

dispersions retain a granular structure as governed by the primary precursor

particles throughout heating at 550 �C.
Even though sol–gel processing turns out to be a very versatile route for ITO,

AZO and ATO preparation, the resulting films generally exhibit a small-grained

polycrystalline structure mostly including significant shares of porosity. Therefore,

the technology seldomly can compete with AP-CVD or physical vapor deposition

techniques that often yield dense films sometimes with well-defined columnar

microstructures. The following paragraph will outline some strategies to at least

partially compensate these shortcomings.

Table 26.2 Thermal treatment procedures applied to some selected AZO film systems

Drying/pre-bake [�C] Sintering [�C] Post-treatment [�C] Atmosphere Refs.

30 600 400 N2/H2 [13]

260 300–700 – [32]

350 450–850 – [46]

70 500–700 500–700 Vacuum [14]

350 H2/N2 400 + vacuum 700 450 N2/H2 [47]

250 550 350–550 Vacuum [15]

250 400–600 – [48]

275 Ramp to 550 500–550 N2/H2 [49]
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26.3 Optimization Strategies for TCO Thin Films

Prepared by Sol–Gel Processing

26.3.1 Dense Films by Multiple Coating Techniques

The assumption that thick films generally will better contribute to the overall

conductivity is only true if the film structure is not altered by the single layer

thickness of a coating procedure. It was soon recognized for AZO films that both the

refractive index and electrical properties improve for multiple coatings compared to

thick single layers [13]. Upon closer inspection it turns out that large single layer

thicknesses, i.e. thick films prepared by a single sol–gel coating procedure, gener-

ally reveal a granular polycrystalline microstructure with significant porosity. If the

same overall final thickness is achieved by numerous coating-firing cycles with

small single layer thickness, dense and columnar film structures are observed

[45, 54]. At intermediate single layer thicknesses a layered structure is observed

revealing the number of coating-firing cycles. The respective microstructures are

illustrated in Fig. 26.2.

The origin of these different morphologies can be straightforwardly explained by

the analysis of film formation on the microscopic scale: Upon thermal treatment of

the as-deposited material heterogeneous nucleation and grain growth of crystallites

will preferably occur at the substrate surface rather than in the bulk volume of the

film (for details see Chap. 17). If the film thickness is high, the increased density of

nucleation sites at the substrate will not become apparent in relation to the homo-

geneous nucleation in the film volume. The microstructure of a fractured edge will

appear granular.

When the single layer thickness is reduced, the heterogeneous nucleation on the

preceeding film surface becomes increasingly dominant. A layered microstructure

of the multilayer assembly is observed in cross sectional view.

If the single layer thickness is reduced even further, the film development is

mainly governed by epitaxial layer-by-layer growth on the underlying crystalline

material. The resulting films exhibit a dense and columnar microstructure compa-

rable to features frequently observed for films deposited by physical vapor deposi-

tion. In analogy to classifications used in vacuum-based technologies, a structural

zone model has been proposed for the morphology of sol–gel coatings [54].

When sol–gel films are prepared by multiple sol–gel coating procedures, an

orientation of the preferred growth direction of crystallites perpendicular to the

substrate is often observed [55]. When amorphous substrates are used, this result at

first sight seems astonishing since e.g. glass is not expected to favor any specific

orientation of nuclei. If one assumes statistical orientation of grains in the layer

after first annealing, these crystallites will nevertheless induce homoepitaxial

nucleation of the subsequently deposited film material according to their respective

alignment (cf. Chap. 16). In the course of subsequent coating-firing cycles,

crystallites with their preferential growth direction perpendicular to the substrate

26 Transparent Conducting Oxides 663

http://dx.doi.org/10.1007/978-3-211-99311-8_17
http://dx.doi.org/10.1007/978-3-211-99311-8_16


will discriminate other grains with alternative orientations. This process is

visualized in Fig. 26.3. It should be noted, though, that in contrast to the schematic

drawing, in reality, the growth of flat uniform films will take place; in Fig. 26.3 only

the processes at the single initial crystallites is shown over time.

The outlined mechanism is indeed supported by experimental results. Nb-doped

TiO2 thin films were prepared by a multiple sol–gel coating process [56] since this

system is a promising candidate for novel low-cost TCO films [57, 58].

When films with a final thickness of 100 nm are prepared by a single coating

procedure, the typical microstructure of polycrystalline sol–gel films is found. As

the single layer thickness is reduced to 20 nm, the region close to the glass substrate

appears unaltered. In the upper part of these fivefold coatings, though, columnar

grains which obviously emerge from the lower granular part become visible

(Fig. 26.4, left).

A further decrease of single layer thickness below 4 nm (30-fold coating) yields

fully dense columnar coatings (Fig. 26.4, right). The columnar grains range from

substrate to film surface and are single crystals. The vertical features within the

grains, though, do not correspond to lattice fringes but to minute fluctuations in film

density as a consequence of the multiple coating procedures [56].

Even though fully dense films could be prepared, their specific conductivity falls

far behind material deposited by vacuum-based technologies. This fact may be

explained by reduced charge-carrier mobility due to a higher lateral density of grain

boundaries in the sol–gel derived system. When films with a comparable thickness

are prepared by pulsed laser deposition, flat grains with lateral dimensions of

several micrometers can be obtained [59].

26.3.2 Infiltration of Porous Films

As already outlined above (Fig. 26.1), coating solutions can also be based on the

dispersion of crystalline TCO particles obtained by flame pyrolysis or hydrothermal

processing. Films prepared from such dispersions may exhibit considerable

porosities due to inter-particle voids and the poor sintering activity of the crystalline

Fig. 26.2 Schematic microstructure of sol–gel derived films with identical final thickness

prepared by different numbers of single coatings. The dotted lines correspond to the boundaries

of the individual layers. The respective nucleation sites for grain growth are marked as black dots
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grains. Since the current pathway is limited by the contact points, the film resistivity

may be very high even though the conductivity within the individual grains is

excellent [38].

To overcome this drawback, porous films prepared from the dispersion of

crystalline material can be infiltrated by coating solutions that contain smaller

amorphous particles in a second coating step. For as-annealed films the specific

resistivity drops from 0.18 Ω cm to 0.04 Ω cm by a single infiltration. SEM images

Fig. 26.3 Schematic representation of oriented growth of sol–gel films from randomly oriented

initial crystallites during multiple coating experiments

Fig. 26.4 TEM micrographs of Nb-doped TiO2 thin films prepared by fivefold (left) and 30-fold

(right) sol–gel coating/firing cycles
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indicate that the porous granular film microstructure coarsens due to material

deposition in inter-particle necks. The SEM image indicates that the first infiltration

process is homogeneous throughout the film profile. Obviously, the capillary

attraction is sufficient to distribute the smaller particles from the solution into the

depth of the film [60].

Further infiltration steps only increase the conductivity by another factor of

4. Electron microscopy reveals that “true” infiltration does only play a decreasingly

important role because the accessibility of the film is reduced by the filling of

surface voids. For these films an increase of overall film thickness is observed as the

dip-infiltration more and more turns into a dip-coating procedure [60]. When such

films are post-treated in 5 %H2 at 400
�C, oxygen vacancies are created and specific

resistivities down to 1.77 E-03 Ω cm are achieved (Fig. 26.5).

The above examples demonstrate that TCO films with good or at least satisfac-

tory properties can be prepared by the sol–gel route. Up to now their final perfor-

mance does not justify the elaborate processing technology from the commercial

point of view when compared with products from PVD or AP-CVD. However,

there are cases where the specific features of wet chemical processing may provide

striking advantages. Two such examples will be addressed in the next paragraph.

26.4 Highlights of Sol–Gel Processing of TCO Thin Films

26.4.1 Printing of TCO Films

Innovative lighting technology (e.g. OLEDs) and the emerging field of “Transpar-

ent Electronics” [61] frequently require patterned TCO films such as distinct

conduction pathways (“transparent wiring”). Unfortunately, neither PVD nor

CVD can provide straightforward masking technology suitable for these purposes.

Fig. 26.5 Specific resistivity of films prepared from dispersions of crystalline ITO particles after

different numbers of infiltration steps with ITO solutions (middle). Data was measured for

as-annealed films (black) and after treatment in reducing atmosphere (grey). Additionally, SEM
cross sectional views of a film without (left) and after one infiltration step (right) are given
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Therefore, laterally structured TCOs have to be prepared by laborious “subtractive”

technologies: Large-area films are covered by a photoresist that is microstructured

by photolithography, developed, and the exposed TCO surface is subsequently

wet-chemically etched. When only low resolutions are required, etching-agents

may be selectively distributed by screen-printing.

Direct printing of wet-chemical TCO precursors may provide a superior alterna-

tive: No etching procedure is required when the films are deposited on the substrate

in the selected pattern. In the case of costly ITO material such a procedure will be

specifically attractive from the commercial point of view.

In printing functional materials many parameters concerning the respective

printing technology, substrate properties, and required film performance have to

be balanced. Concerning sol–gel synthesis especially the solution properties can be

tuned with respect to concentration and viscosity: Whereas screen printing may

require more pasty compositions, gravure printing and ink-jetting will depend on a

higher fluidity of the material.

In Fig. 26.6 patterned ITO films prepared by pad-printing are shown [60]. Both, sols

of amorphous particles and dispersions of crystalline particles can be applied [16], but

the latter may account for an undesired surface roughness if applications such as OLED

lighting are addressed. These pad-printed films have to undergo thermal treatment in

order to exhibit a specific conductivity of 16 � 10–03 Ω cm. Functionalized ITO

nanoparticles were used in gravure-printing experiments on polyethylene naphthalate

(PEN). Optimum resistivities of 24 � 10–03 Ω cm (400 Ω sq, 600 nm) were reported

after treatment at 180 �C under reducing atmosphere [62].

26.4.2 p-Type Conducting Films

All TCO materials described in Sect. 26.1 rely on n-type conductivity meaning that

electrons from donor levels below the conduction are the (negative) majority charge

carriers. In 1997 CuAlO2 was reported to be the first known p-type conducting TCO

Fig. 26.6 Patterned ITO

films on glass substrate

deposited by pad-printing.

Photo: Fraunhofer ISC
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[63]. Subsequently, some other oxides with the same crystal structure such as

CuCrO2 were investigated. In these so-called delafossites planar arrangement of

Al-O (or Cr-O) octahedra are sandwiched by O-Cu-O units in linear coordination.

The electrical performance of these materials will never be able to compete with the

well-established n-type TCOs due to their intrinsic low carrier mobility [64]. Nev-

ertheless the combination of p-conductivity with transparent n-conductivity may

enable the fabrication of transparent electronic and optoelectronic devices [61, 65].

Most early reports on delafossite-type p-TCOs have their focus on film deposi-

tion by PLD. Since this method does not provide a perspective on large-area

deposition, successively sputtering technologies were applied [16, 66, 67]. As it

turns out, up to now the as-deposited films have not shown the delafossite crystal

structure [16]. Therefore an ex-situ post-annealing step is necessary similar to the

thermal treatment that is required for the pyrolysis and densification of sol–gel

films.

CuAlO2 and CuCrO2 thin films prepared by sol–gel processing have to undergo a

2-step thermal treatment [68]: At temperatures between 400 �C and 600 �C residual

organics are removed in air and first cuprous oxides and spinel phases are detected

by XRD measurements. Further annealing in inert gas atmosphere is necessary to

obtain CuAlO2 and CuCrO2 in the delafossite phase at 920 �C and 700 �C respec-

tively. It turns out that the pyrolysis temperature has a significant influence on the

final electric performance of the films [69]: Once an intermediate spinel phase is

formed it will obstruct the subsequent transformation into the delafossite phase.

As flexibility of chemical composition is an advantage of sol–gel processing,

CuAlxCr1-xO2 thin films were prepared in order to optimize electrical performance,

optical properties and (low) processing temperature for the formation of the

delafossite phase [70]. Pure CuAl0.5Cr0.5O2 exhibits a higher transmittance and

lower resistivity than CuCrO2, but doping with magnesium has a more marked

effect on the latter composition (Fig. 26.7): By addition of 15 % Mg the conductiv-

ity of CuCrO2 can be improved by two orders of magnitude.

Fig. 26.7 Electrical and optical properties of CuCrO2 and CuAl0.5Cr0.5O2 as a function of Mg

dopant concentration (left) and image of CuAl0.5Cr0.5O2 thin film on borosilicate glass (right).
Photo: Fraunhofer ISC
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Even though the phase development of the delafossite systems is rather complex,

this example clearly demonstrates that coatings containing 3–4 metal cations can be

handled by an appropriate sol–gel synthesis procedure. Thus it is easy to systemati-

cally investigate the influence of compositional changes and the introduction of

dopants.

26.5 Concluding Remarks

Compared with vacuum-based technologies TCO thin films may suffer from some

shortcomings regarding their polycrystalline structure and residual porosity. It was

shown that these weaknesses to a certain extent can be compensated by sophisti-

cated processing. However, it does not seem fruitful to develop elaborate

wet-chemical routes just to end up with “me too films” if the related manufacturing

technologies cannot compete from the commercial point of view. However, bearing

in mind the inherent limitations for certain applications work may be specifically

focused on topics as reproducibility and scalability that are widely neglected by

academic groups.

Despite the above considerations there are many innovative fields such as

printed electronics and transparent p–n junctions where the unique features of

sol–gel processing can provide distinct advantages over alternative processing

technologies.
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Chapter 27

Superconducting Films

Michael Bäcker, Martina Falter, Oliver Brunkahl, and Bernhard Holzapfel

27.1 High Temperature Superconductivity

About 100 years after the discovery of superconductivity by Heike Kamerlingh

Onnes [1] the promises of superconductivity for revolutionizing energy

applications start to become true. A new generation of superconducting materials

and production processes enables new applications such as cables, motors,

generators, magnets and fault current limiters. In this chapter the status of high

temperature superconducting (HTS) materials and technologies for thin film coat-

ing on long length wires will be presented. The main focus will be on basic

superconducting properties and critical parameters, chemical solution deposition

of thin films and a selection on evolving applications.

Two outstanding properties of high temperature superconductors when cooled

under their critical temperature break paradigms in electro technology:

• No ohmic resistance

• Highest energy density (Fig. 27.1)

Highlights

• The absence of ohmic resistance allows the construction of HTS-systems with

superior energy efficiency e.g. magnetic billet heater saving about 40 % electri-

cal energy compared to conventional systems.

• The high energy density enables the construction of lighter and smaller devices.

As an example the diameter of a 6MW off-shore wind power generator therefore

can be reduced from 9 to 2.5 m
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High temperature superconducting materials were discovered in 1986 by

Bednorz and Müller [2, 3]. For all energy applications only HTS are applicable

due to their superior operating temperature compared to low temperature

superconductors. High temperature superconductivity is defined by a critical tem-

perature above 77 K, the boiling point of liquid nitrogen. In order to be usable in

electric devices the ceramic oxide-based HTS materials have to be processed to

windable wires or tapes. In contrast to first generation (1G) HTS tapes, where the

processing to thin filaments was preferred, second generation (2G) of HTS tapes are

based on thin film technology. Thus, these HTS tapes are also called Coated

Conductors.

Since the discovery of HTS materials physical vapour deposition techniques

were applied for the deposition of HTS films on small areas. Chemical solution

deposition was strongly developed starting in 1998 when fist promising results were

obtained and major drawbacks of the process were overcome by new metal-organic

precursors.

In the last years the successful manufacturing of complete layer architectures of

Coated Conductors by CSD methods was demonstrated by several groups world-

wide. Nevertheless it is common sense that this technology is the most promising

one in terms of economy but also the most challenging one in terms of materials

science.

27.1.1 Critical Parameters

27.1.1.1 Critical Temperature

The characteristics of superconducting materials are described by three critical

parameters [4]. If these parameters are exceeded, superconductivity will collapse.

In particular those characteristics are critical temperature (Tc), critical current

density (Jc) and critical magnetic induction (Bc2) or the upper critical magnetic

field (Hc2). The relationship between these parameters is depicted in Fig. 27.2. The

foundations of the HTS-wires and tapes are explained using the critical parameters

as follows.

Fig. 27.1 Comparison of

current density in copper

(left) and HTS wire (right).
Both conductors represent a

current carrying capacity of

200 A
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High-Temperature-Superconductivity is generally defined by a transition tem-

perature (critical temperature) above 77 K, the boiling point of liquid nitrogen. So

far, two materials have acquired technical relevance for HTS-wires:

Bismuth (Lead-)Strontium-Calcium-Copper-Oxide

(Bi,Pb)2Sr2Ca2Cu3Ox

Tc ¼ 110 K

Yttrium-Barium-Copper-Oxide

YBa2Cu3Ox

Tc ¼ 92 K

The critical temperature is a material constant and is not influenced by

processing. In spite of intensive research and occasional press releases about new

superconducting compounds, the materials known so far are the only materials with

a commercial potential.

27.1.1.2 Critical Current

In electrical engineering applications, the current carrying capacity of the

HTS-wires is the decisive criterion for the technical applicability. All HTSs are

ceramic, oxidic materials with copper-oxide layers as a common basis. Their

special crystalline structure (Fig. 27.3) causes a strong anisotropy of the critical

current density. Thus, the critical current density, parallel to the copper-oxide-

layers, is several times higher than vertical to the layers. In the same way, the

current carrying capacity through high-angle grain boundaries is strongly restricted.

As it is not possible to produce a kilometre-long monocrystal, the industrial

manufacturer of HTS-tapes is confronted with the challenge to arrange every

superconductor crystal equally within the HTS-wire. This crystalline alignment is

called texture. The critical current of a HTS-tape therefore depends on the grade of

texture and thus on the manufacturing of the wire.

Fig. 27.2 Critical

temperature (Tc), critical

current density (Jc) and

critical induction (Bc2)
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In this respect, texturing may be carried out either mechanically, like for

HTS-tapes of the first generation (1G) on the base of Bismuth-(Lead-)Strontium-

Calcium-Copper-Oxide, or by aligned crystal growth, as is used for the HTS-wires

of the second generation (2G) on the base of Yttrium-Barium-Copper-Oxide.

Apart from the critical current Ic, the critical current density Jc (Ic related to the

cross-section of the superconductor) as well as Je (Ic related to the total cross-

section of the HTS-wire) are parameters that are often used.

27.1.1.3 Critical Magnetic Field and Irreversibility Field

Assuming a certain magnetic field strength (lower critical field, Hc1), the magnetic

field penetrates by so called vortices all HTS-materials. Above the upper critical

magnetic field Hc2, superconductivity completely fails. This flux penetration occurs

for all so-called type II superconductors under nearly every technically relevant

application conditions for HTS-wires. If these HTS-conductors now carry current,

the Lorentz force will have an effect on the flux lines moving them perpendicular to

the current direction and causing electrical dissipation (Fig. 27.4). This undesired

movement may be prevented by flux line pinning of nanoscale regions with normal

conductivity. These nano-scale regions may either be crystalline defects,

contaminations, precipitates or nano-particles in the HTS-material.

Fig. 27.3 Crystalline

structure of YBa2Cu3Ox

with copper oxide layers
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Therefore, if required, the aim is to create these pinning centres during

manufacturing process, depending on the external magnetic field under specific

application conditions of the HTS-wires.

The magnetic field limiting loss-free current transport at a certain temperature by

beginning flux line movement is called irreversibility field Hirr, representing the

decisive parameter for the applicability of the HTS-material in power engineering.

Depending on temperature and HTS-crystalline structure, Hirr may be below Hc2

and thus is strongly dependent on material and microstructure.

The main goal of HTS-wire process development therefore is to optimise the

critical current and the irreversibility field.

27.2 Coated Conductors: Second Generation (2G) HTS

Tapes

27.2.1 First and Second Generation HTS Tapes

The basic challenge faced during the production of flexible and long conductors of

ceramic HTS-materials is their brittleness. The manufacture of thin filaments or

thin layers is considered as the solution to this problem. When sufficiently small

dimensions are used, the materials are flexible, as for example, is known for glass

fibres.

HTS-wires of the first generation (1G) are based on the material Bismuth-

(Lead-)Strontium-Calcium-Copper-Oxide (BSCCO) and the filament principle;

HTS-wires of the second generation (2G) are based on the material Yttrium-

Barium-Copper-Oxide (YBCO) and the layer principle (Fig. 27.5).

HTS-wires of the first generation are manufactured according to the Powder-in-

Tube (PiT) procedure. During this process, a malleable metallic cladding tube is

filled with fine powder of the oxidic precursor materials, which is shaped afterwards

Fig. 27.4 Magnetic flux lines, electrical current (I) and Lorentz-force (F)
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by drawing to form a thin wire. These first generation HTS tapes are actually used

for prototype HTS systems as described in section ”applications”. Within the next

years, second generation HTS tapes will replace these tapes due to economic

reasons – the metal cladding material for first generation tapes is silver, which is

prohibitive for reaching price targets for most energy applications.

The basic design of second generation HTS-wires is a multilayer system based

on a metal substrate tape coated with ceramic buffer layers deposited first, followed

by the actual superconductor layer. The metal substrate contributes stability and

flexibility to the HTS tape. The ceramic buffer is required as a barrier in order to

prevent the outdiffusion of metal ions from the substrate, particularly of ferromag-

netic metals, into the superconducting layer and, vice versa, the indiffusion of

oxygen, which would lead to delamination of the layer architecture by forming

metal oxides at the interface. The final superconducting layer is responsible for the

core properties and may be further covered by mechanical and electrical protective

layers.

An impression of the real relation of the individual thicknesses is given in

Fig. 27.6.

The metallic substrate has a typical thickness of 80 μm, whereas the complete

layer architecture of the superconductor requires a thickness of about 1–2 μm thus

being less than 2–3 % of the whole tape thickness.

27.2.2 Challenges and Processes for 2G HTS Tapes

Film deposition is attainable either by physical or by chemical processes. Physical

deposition processes, such as sputtering, Pulsed Laser Deposition (PLD) or electron

beam evaporation require a high-vacuum, while chemical processes, in particular

Chemical Solution Deposition (CSD), may be operated under normal pressure.

Metal Organic Chemical Vapour Deposition (MOCVD) occupies an intermediate

position, requiring only a moderate vacuum. In general, a much better performance

of the superconducting layers is achieved using physical vapour deposition because

of the high-vacuum and the low deposition rate minimizing crystalline defects. For

high performance HTS-wires for special applications like NMR and MRI magnets

Fig. 27.5 Layer

architecture of 2G HTS

tapes with metallic substrate

(grey), buffer layers (blue)
and HTS layer (red)
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the physical deposition methods clearly have their justification and are described

elsewhere [5].

From an economic point of view only the chemical solution deposition process

will allow reaching the ambitious price targets for HTS tape in the near future. In

order to be competitive to copper in energy technology only CSD processes will

allow the economic large volume manufacturing due to their general advantages

already described before, such as high deposition rate, low investment and low

energy and raw material costs. The Holy Grail of HTS wire processing therefore is

an HTS-wire only processed via CSD coating technology called an “all-solution

Coated Conductor”. Contrary to its economic advantages, chemical solution depo-

sition is considered to be the most challenging process for manufacturing 2G HTS

tapes. This is due to the fact described above that all HTS crystals in a tape have to

be aligned in order to enable highest current flows.

The crystallization of dried and pyrolysed films deposited by CSD processes

normally is not directed and yields untextured polycrystalline films. Therefore this

special method requires dedicated strategies to enforce a directed crystallisation

towards an orientation of all single superconducting crystals over the whole tape

length. This orientated growth in the case of CSD coated HTS tape is enforced by

the orientation of the substrate base and the buffer layer. The nucleation energy of

the material during the crystallization process is minimized at the interface in the

predetermined orientation of the so called template. Following this, the basis of all

orientated layers in an HTS tape necessarily must be an orientated substrate.

This substrate consists of special metal alloys, which can be orientated by strong

cold deformation and subsequent annealing, notably Nickel-alloys due to their

Fig. 27.6 SEM micrograph of a complete layer system of a 2G HTS tape (courtesy of Deutsche

Nanoschicht)
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ability for texturing and their good match of lattice parameters to the subsequently

deposited ceramic layers. This given orientation then has to be transferred via the

buffer layer into the final HTS layer.

The materials, processes and properties of substrates, buffer layers and HTS

layers are described in detail in the following sections.

27.3 CSD HTS Tapes: “All-Solution” Coated Conductor

27.3.1 Metallic Substrate

As mentioned before the critical current carrying capacity of polycrystalline HTS

materials is strongly dependent on the relative crystalline orientation of neighboring

grains. Even a small misalignment of about 10� typically reduces the critical current
density by a factor of 10.

As a consequence, the metal substrate tape of a high Jc second generation HTS

tape crucially needs such a strong texture over long length. As the grain-to-grain

misorientation of the metal substrate is transferred via buffer layers to the

superconducting layer, the texture quality of the substrate determines the maximal

obtainable critical current density of the whole HTS tape. Besides the high crystal-

line order the metal substrates for 2G HTS tapes require an extremely smooth

surface, they should be mechanically strong and preferable non-magnetic. The low

substrate roughness is required for the crystalline orientation transfer to the

superconducting layer by epitaxial film growth. Mechanically strong substrates

allow the use of thin metal substrates and therefore increase the engineering critical

current density, whereas non (ferro)magnetic metal substrates reduce AC losses in

applications like cables.

The development of a sharp cube texture in heavily cold rolled face centered

cubic metals is a well-known phenomenon and already was studied intensively in

the first half of the last century [6, 7]. Most of the work was done based on Cu and

Cu alloys. The development of a similar texture, the so called goss-texture, in base

centered cubic materials like FeSi is another example and heavily used for low loss

electric transformers. In 1996, researchers from Oak Ridge National Laboratory

used cube textured pure Ni for the first time as a substrate for epitaxial growth of

oxide buffer and superconducting films [8, 9] and achieved high critical current

density YBCO films on top of these substrates. With this development the so-called

Rolling-Assisted-Biaxially-Textured-Substrates (RABiTS) approach was

demonstrated for the first time. In face centered cubic (fcc) metals a sharp cube

texture only forms, if heavy cold rolling with deformation degrees larger than 99 %

is followed by a recrystallization heat treatment (see Fig. 27.7).

The quality and sharpness of the obtainable texture depends on the type of fcc

metal, the cold deformation degree before recrystallization, alloying degree and

even the presence of impurities. For pure Ni a sharp cube texture is easily
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obtainable as illustrated by EBSD (Electron BackScattering Diffraction) analysis in

Fig. 27.8. EBSD enables the locally resolved, quantitative measurement of the

metal-to-tape surface texture, which is the relevant information for epitaxial film

growth of the following buffer and superconducting layers. The EBSD texture maps

also contain information about the relative grain-to-grain orientation of neighboring

grains, which even allows the quantitative calculation of the superconductor critical

current density based on the hypothesis that the superconducting layer copies the

metal texture [10]. Pure Ni however is very soft and magnetic and therefore not the

ideal substrate material. Alloying Ni by other elements leads to reduced magnetism

and solution hardening of the tape, but is in general not favorable for the formation

of cube texture. Detailed investigation of possible alloying systems [11, 12] lead to

Ni-W as a preferable system, which is now used as a standard coated conductor

substrate [13]. Recent research and development even made it possible to realize

cube textured non-magnetic Ni-W applicable for high Jc coated conductors

[14]. Upscaling of high quality cube-textured substrates for coated conductors is

well advanced, kilometers of tape are commercially available (evico GmbH) and

Outokumpu VDM GmbH is preparing for supplying tons of cube-textured Ni-W

substrates for industrial coated conductor production lines. To further increase the

yield strength of cube textured substrates composites were developed where a high

strength core is combined with a Ni-W surface layer. A very interesting develop-

ment is the direct engineering of the geometrical grain boundary network in cube-

textured substrates by incorporation of Ag-impurities into Ni. The recrystallization

dynamics is changed in a way that elongated grains with a high aspect ratio form.

This geometrical arrangement is favorable for high critical currents, if the current

flow is parallel to the elongated grain boundaries [15, 16] and multiple times higher

critical currents will be achievable.

For perfect epitaxial growth of the following layers not just a substrate roughness

of only a few nm is required which has to be realized by the application of highly

polished rolls in a clean room rolling environment, but also the substrate surface has

to be chemically clean without misoriented Nickel oxide layer. During recrystalli-

zation or during an additional annealing step sulphur diffuses to the surface to form

Fig. 27.7 Schematic illustration of the basic texturing process: a fcc metal like Ni is strongly cold

deformed by rolling and subsequently recrystallized. This leads to a strong cube texture in this

material (courtesy of Evico)
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a cubic (1 � 1) surface superstructure, which passivating the Nickel surface, thus

being essential for a perfect epitaxial buffer layer growth.

27.3.2 Buffer Layers

Ceramic buffer layers in HTS tapes mainly act as a diffusion barrier preventing the

diffusion of Nickel into the superconducting layer and avoiding the formation of

nickel oxide on the metal substrate surface by diffusion of oxygen resulting in a

delamination of the layer architecture. The quality of the diffusion barrier may be

determined by different analytical methods such as TOF-SIMS (time-of-flight

secondary ion mass spectrometry) for Ni-Diffusion and XRD or 18O-Analysis for

O-Diffusion. Dedicated measurements will be discussed for the different buffer

layer systems. Based on their major function the buffer layer layers are expected to

be dense and chemically inert to the metal substrate and the subsequently deposited

HTS layer.

As described above the major issue for high superconducting performance is the

orientated growth of the superconducting layer. Therefore the buffer layer has to act

as a template for the superconductor. This leads to the second function of the buffer

layer, the texture transfer from the metallic substrate surface to the surface of the

buffer layer in order to force the crystal growth in the HTS layer in the

predetermined direction. Even more the buffer layer acts as a bridge, equalizing

the lattice mismatch between the metallic substrate and the HTS material. The

analytical methods necessary to determine crystallinity, texture and density of the

buffer layers are XRD, EBSD, TEM and RHEED, whereas REM and TEM are

useful for the investigation of density.

Beyond diffusion barrier and texture transfer other parameters are essential for

an undistorted and homogeneous growth of the subsequent layers. One of these

attributes is the roughness or planarity of the surfaces. As nucleation in the

Fig. 27.8 Electron

backscattering Diffraction

Pattern of a cube textured

Ni-alloy sample. The colour
coding of the sample grains

and grain boundaries

indicates the deviation from

the ideal cube texture and

the relative misorientation

of neighboring grains

(courtesy of Evico)
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nm-range is wanted to proceed, a medium surface roughness below 10 nm is

required for high performance HTS layers.

In general, buffer layers only act as supporting or enabling layers for the HTS

films to carry the desired performance of the HTS tape. Therefore research and

development focus on buffer layer systems fulfilling the requirements with an

architecture as simple as possible. From the economic point of view this means

“as thick as necessary and as thin as possible”.

Many oxide materials fulfill the general requirements described above and were

applied successfully as buffer layers for HTS tapes. Nevertheless the suitability of

the materials strongly depends on the deposition technique. Whereas physical

deposition methods tolerate relatively large lattice mismatches and basic changes

in the crystal structure for epitaxial growth, chemical solution deposition is much

more sensitive and challenging in the selection of suitable materials. For PVD

processes typical buffer layers are MgO, Y2O3, YSZ, Al2O3 or GZO [17–19].

Much less materials and structure types were successfully deposited by CSD

techniques as shown in Table 27.1 [20].

For the all-solution approach for buffer layers architectures, so far only

two-layer-systems have been demonstrated successfully. The first layer system is

based on zirconates the second layer consists of titanates. Both buffer layer

architectures have different advantages and challenges which will be described in

the following.

One obvious difference is the crystal orientation of the buffer layer system

relative to the metal substrate already indicated by the lattice parameters listed in

Table 27.1. Whereas zirconates grow with an in-plane rotation of 45�, titanates like
strontium titanate grow unrotated as illustrated in Fig. 27.9.

27.3.2.1 Lanthanum Zirconate (LZO) and Cerium Oxide (CeO)

The best characterized CSD buffer layer system so far is the combination of

lanthanum zirconate and cerium oxide. This system offers various advantages

like good lattice mismatch close to both, the parameters of the metallic substrate

as well as YBCO (see Table 27.1). In addition both materials are stable and are

easily accessible in a wide temperature and atmosphere range. Furthermore in

particular cerium oxide is dopable with various elements, enhancing its properties

and making it easier to handle. The major drawback of this system is the formation

Table 27.1 Possible CSD buffer layer materials

Material Structure type a0 [Å] Lma [Å] Misfit Ni [%] Misfit YBCO [%]

La2Zr2O7 (LZO) Pyrochlore 10.8 3.81 7.12 –1.05

CeO2 Fluorite 5.41 3.83 8.09 –0.52

SrTiO3 (STO) Perovskite 3.91 3.91 9.97 1.53

Manganate Perovskite 5.54 3.91 9.97 1.53
aLm: Module length or unit length, i.e. length for comparison—e.g. half of the face diagonal in

LZO
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of barium cerate as a secondary phase at the interface of cerium oxide/YBCO

resulting in barium deficit in the HTS layer and subsequently crystalline misorien-

tation and formation of secondary phases. As the cerium oxide layer is

indispensible for the epitaxial growth of CSD YBCO layer this reaction has to be

suppressed by accurate control of the optimized process parameters.

First approaches for the preparation of lanthanum zirconate coating solutions

were carried out by dissolving lanthanum isopropoxide and zirconium n-propoxide

in a mixture of n-propanol and 2-methoxyethanol [21]. After partial hydrolysis the

solutions then were spin coated on lab-scale samples. Similar approaches were

made with tetrabutoxides as organometallic compounds and acetylacetone as one

solvent component [22]. Further development lead to the substitution of toxic 2-

methoxyethanol by alternative solvents. A major breakthrough here was the appli-

cation of propionic acid as a solvent for LZO-coating solutions [23], which allows

higher metal concentration, stable solutions and an inherent interface cleaning by

slightly etching the substrate surface. Up to now this solvent system is the basis for

further developments in this field.

An alternative approach towards LZO coating solutions is the avoiding of all

organic solvents using water based solution systems. Remarkable results were

obtained with coating solutions based on lanthanum- and zirconium acetates

dissolved in a water/acetic acid/triethonalamine solvent system [24].

Fig. 27.9 Relative orientation of the layer systems (a) NiW-LZO-CeO2-YBCO and

(b) NiW-STO-YBCO
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A parallel development regarding metallo-organic salts, solvents and chelating

agents was made for cerium oxide coating solutions. From early stage solutions

systems based on metal pentanedionates in acetylacetone and methanol [25] more

advanced coatings were obtained by using organic acids like glacial acid or

propionic acid as solvents [26]. Doping elements like zirconium or other rare-

earth elements may be added to the coating solutions. Several approaches are

made in qualifying water based solvents systems for cerium oxide coating

solutions. Most authors report on nitrates as the initial metal salt [27] dissolved in

water with chelating agents such as citric acid [28].

For small sample investigations the coating solutions are applied by conventional

spin coating or dip coating on the substrates. Obviously spin coating is not suitable for

continuous coating technology and also the simple dip coating is limited for this

application due to evaporation of solvents and contamination by the atmosphere due

to open coating baths and long term operation. Therefore coating technologies with

closed stock reservoirs are preferred like slot die casting or ink-jet printing. Whereas

slot die casting is the more robust technology, ink-jet printing offers the opportunity

to much more accurate process control [29]. The deposited solution is dried on the

substrate at temperatures up to 150 �C within a few minutes. Pyrolysis and crystalli-

zation normally is performed in one step between 900 �C and 1,100 �C. If metallic

substrates are used as a basis the annealing has to take place in a reducing atmosphere

in order to inhibit oxide formation at the metal surface. The addition of humidity in

the annealing atmosphere is reported to positively influence the crystal growth and

surface roughness of the buffer layers [30].

On textured nickel alloy substrates perfect epitaxial growth of the LZO layers is

observed. The texture of the substrate is being adopted by nearly 100 % of the

ceramic layer. Among other evidence, this is determined by x-ray pole figure

measurements, detecting FWHM values of 5.4� for Ni(111) and 5.5� for LZO

(222) (see Fig. 27.10) [31].

Even more impressive than the integral XRDmeasurements are local analysis by

TEM cross section imaging. HRTEM investigations as illustrated in Fig. 27.11

reveal the perfect epitaxial growth of lanthanum zirconate on Ni/W-substrate on an

atomic scale.

Nevertheless it has to be pointed out that perfect growth only takes place on single

grain surfaces of the substrate. Along grain boundaries, distortions of the epitaxial

growth are observable. They have to be minimized in particular by appropriate

pretreatment of the substrate. Small-angle grain boundaries and avoiding of grain

boundary grooving will be described in section “metallic substrate”.

For the subsequent deposited layers it is essential that the crystalline orientation

initiated by the substrate is transferred to the new surface in order to function as an

orientation template for the following film. As described above, the perfect orien-

tation of the first atomic layers at the surface are crucial for this transfer. An

appropriate analysis method for these atomic layers is RHEED (reflective high

energy electron diffraction). Figure 27.12 shows RHEED patterns of a complete

buffer layer stack ready to be coated with the HTS layer. The buffer layers were

deposited and crystallized one after another. The figure demonstrates the perfect
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texture transfer up to the surface of each layer. Even the reflections of the

pyrochlore-superstructure of LZO are distinctly observable.

As described above the texture of the buffer layer template is an essential but not

a sufficient condition for the growth of high quality HTS layers. The surface

roughness of the buffer layer also strongly influences the nucleation of HTS crystals

and therefore requires special attention. An analytical approach to conceive this

phenomenon is the definition of a surface planarity in percent derived from AFM

measurements [32]. Experiments revealed a strong correlation between buffer layer

planarity and HTS layer performance defined by the critical current density.

The planarity of buffer layers in particular of cerium oxide layers may be

enhanced by doping the layer with other rare-earth elements like gadolinium.

According to the favorable trivalent character of rare-earth-ions, doping enables

Fig. 27.10 X-ray pole figure (CuKα) of (a) Ni (111) and (b) LZO (111) reflections of an LZO

buffer layer annealed at T ¼ 1,000 �C (analysis by IFW Dresden)

Fig. 27.11 Epitaxial growth of LZO on NiW; green: La, blue: Zr, red: O, grey: Ni (HRTEM by

University of Bonn, courtesy of Deutsche Nanoschicht)
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the recovery of lattice imperfections by the implant of voids in the tetravalent

cerium oxide. Other groups report on positive effects of other metal dopants like

zirconium, copper, silver and manganese. Further, the doping of ceramics with

sintering additives is a well known strategy for the enhancement of material

properties like avoiding of cracks and internal stress or increasing the density

[33]. The field of doping of buffer layers is still a fruitful and evolving research

area worldwide.

The effective blocking of nickel-diffusion by the buffer layers may be analyzed

by TOF-SIMS. Measurements of a buffer layer stack of LZO and CeO2 with a total

thickness of 250 nm reveal a step of about five orders of magnitude for the nickel-

concentration at the interface between buffer layer and metal substrate; whereas

there is hardly any Ni detectable in the area of the buffer ceramics (see Fig. 27.13).

27.3.2.2 Titanates

Titanate based layer systems represent an alternative group of buffers applicable for

all-solution CSD architectures. The major advantages of these systems are that only

one base material is involved and their passivity both, against metal substrates as

well as HTS layer. The major drawback of these systems is their relatively large

lattice mismatch between buffer material and the substrate of nearly 10 %. This

strong mismatch inhibits a crack-free growth of a complete titanate buffer layer on

the substrate due to too strong internal stress. The well known work-around for this

limitation is the growth of a seed layer not covering the whole surface and the

subsequent deposition of thin continuous layers on top of this seed layer. As the

seed layer only consists of isolated crystal islands, it is extremely sensitive to

processing parameters. Further approaches for “bridging” the lattice mismatch

may be the use of doped strontium titanate (STO) or alternatively single ore

Fig. 27.12 Surface texture of buffer layer stack (RHEED by University of Tübingen, Germany,

courtesy of Deutsche Nanoschicht)
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mixed alkaline-earth-titanates barium calcium titanate (BCT), or calcium titanate

(CTO), respectively.

Coating solutions for titanate layers are well known in the literature [34]. The

most commonly used metallo-organic salt for titanium is the isopropoxide [35].

Alkaline-earth metals are usually dissolved as water-free acetates or butyrates,

respectively, and combined afterwards with the titanium isopropoxide solution

under water-free conditions [36]. Typical solvents are water-free alcohols like

methanol or ethanol as well as more complex solvents like 1-methoxy-2-ethanol

or preferably as non-toxic 1-methoxy-2-propanol. The stability of the coating

solutions mainly depends on the absence of water due to their high sensitivity to

hydrolysis for the titanium alcoholates. Other dopants like niobium may easily be

added to the stock solutions as water-free metal-organic compound such as

butoxides [37].

Due to their sensitivity towards ambient and humid atmosphere the deposition of

these coating solutions requires more advanced technologies like slot die casting or

ink-jet printing with preferably encapsulated coating solutions. The subsequent

drying at temperatures up to 150 �C is followed by a crystallization step at

900–1,050 �C under reducing atmosphere. As the thicknesses of the single titanate

layers due to their higher internal stress are far lower than the thicknesses of

zirconate based layers, the annealing time may be significantly shortened down to

the range of a few minutes.

As mentioned above the seed layer is the key for the epitaxial growth of the

complete buffer layer stack. Dependent on the chosen seed layer material, isolated

islands are formed.

Figure 27.14 illustrates the various surface structures of the seed layers for STO

and CTO, which is also comparable with BCT. The strong texture of the seed is

directly visible in the SEM micrograph [38].

After the application of the seed layer it is possible to deposit additional thin

layers with reduced internal stress. Nevertheless the lattice mismatch limits the

layer thickness to be deposited. Typically several CTO, STO or niobium-doped

Fig. 27.13 TOF-SIMS

analysis of buffer layer

stack CeO2 and LZO on

nickel-alloy substrate

(Analysis by ifos Institute

Kaiserslautern, Germany,

courtesy of Deutsche

Nanoschicht)
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STO layers with single thicknesses of 50 nm are deposited on the seed layers

(see Fig. 27.15). A total titanate buffer layer stack consists of 4 to 10 layers with

a total stack thickness of about 300 nm.

The internal stress and the dislocations lead to a slight broadening of the FWHM

in XRD pole figures (see Fig. 27.16). Typically the FWHM is increased by about 1�

compared to the metal substrate, but is still sufficient for an epitaxial growth of high

quality HTS layers.

As observable in Fig. 27.16 the STO layer orientation is not rotated relative to

the substrate orientation in contrast to LZO as shown in Fig. 27.10. Due to their

equal orientation, the uniform material and the lower reactivity with the HTS

material titanates should be the favorable buffer layer system, but from the

processing point of view the multiply repeated production of the extremely thin

200 nm EHT = 5.00 kV Signal A = InLens Date :15 Jun 2010 200 nm EHT = 10.00 kV Signal A = SE2 Date :20 May 2010

Mag = 51.72 KXFile Name = T234499 01.tifWD = 7.3 mm
deutsche

nanoschicht
deutsche

nanoschichtMag = 100.00 KXFile Name = T234559 08.tifWD = 2.2 mm

Fig. 27.14 SEM micrograph of titanate seed layers: STO (left) and CTO (right). The orientation
of the ceramics may be deduced by their surface structure (courtesy of Deutsche Nanoschicht)

Fig. 27.15 SEM micrograph of a three-layer system indicating the overgrowth of the seed layer

islands to a dens ceramic layer is well observable (courtesy of Deutsche Nanoschicht)
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seed layers and the large internal stress, up to now zirconates are still the standard

material. Nevertheless worldwide effort is made to improve the processing and in

particular process stability for titanate buffer layer systems.

27.3.3 High Temperature Superconducting (HTS) Layer

This layer consists generally of rare earth barium copper oxide (ReBCO) and

yttrium barium copper oxide (YBa2Cu3O7-x, YBCO) is the most prominent and

most produced representative. For the metallo-organic decomposition (MOD)

methods liquid precursors are synthesized starting from trifluoroacetates [39],

acetyl acetonates [40] or nitrates [41] of Y (or other rare earth elements), Ba and

Cu. The three cations are often used in their stoichiometric ratio for YBCO

syntheses. Typical YBCO grain sizes in the final coated conductor are

30–100 μm which is much bigger than the individual grain size of a buffer crystal

sized about a few 10 nm. The chemical preparation method makes it easy to

substitute partially or completely one rare earth metal ion by another, to add doping

elements one or to shift the stoichiometric composition of the whole precursor.

Superconducting currents are predominately transported within the copper planes

of the ReBCO (see Fig. 27.3) which requires a strong biaxial texture with low grain

angles and preferably no precipitations of secondary phases within the grain

boundaries [42]. As all the precursors consist of organic molecules, ligands or

additives it is a further challenge to remove all the carbon. The formation of

strongly temperature-stable barium oxide must be either suppressed or a reaction

channel to disband this oxide below 800 �C reaction temperature must be found

[43], as this remnant can lower the critical current densities by one or two orders of

a magnitude.

The well-studied trifluoracetate (TFA) route [44–46] avoids any barium oxide

formation by the intermediate formation of barium fluoride. The corresponding

heating schedule consists of three different stages. In the pyrolysis all organic

Fig. 27.16 XRD pole figure of (a) Ni (220) and (b) STO (220) (analysis by IFW Dresden)

690 M. Bäcker et al.



components of the film are combusted and oxides or oxifluorides of the metal ions

remain. This causes enormous film shrinkage and release of aggressive fluorine

containing gases that have to be transported away from the film surface.

In the second stage of the heat treatment called annealing or firing barium

fluoride decomposes at temperatures around 550–650 �C in ambient pressure at

100 ppm oxygen partial pressure and the formation of the desired YBCO phase

starts. During this stage the film shrinks again roughly by the factor of two. The final

oxygen load shifts the initially tetragonal grown high temperature phase of

YBa2Cu3O7-x with 1 > x > ~0.5 to the orthorhombic modification of

YBa2Cu3O7-δ with δ � 1. This is the modification that can carry current densities

exceeding several MA/cm2 underneath the critical temperature of 90 K.

Figure 27.16 shows the temperature schedule in a lab furnace process dealing

with sample dimensions up to a few centimeters. In real industrial production

facilities, pyrolyses, annealing, and oxygenation are split into three different inde-

pendent processes. All-CSD produced coated conductors on 1 cm wide tapes

reached critical currents exceeding 100A (resistively measured) for 100 m long

pieces measured at 77 K in self field [47]. On single crystals substrates current

densities exceeding several MA/cm2 have been reported [48] (Fig. 27.17).

The best so far reported all-solution coated conductors continuously processed

on lengths exceeding 10 m is shown in Fig. 27.18. The coated conductor exhibits up

to 2 MA/cm2 in the HTS layer.

Fluorine-free or fluorine-reduced routes by substituting some of trifluoroacetate

precursor salts by other kinds of salts can shorten the pyrolysis time enormously and

avoid or at least reduce the release of aggressive fluorine containing gases which

makes this approaches more favorable for industrial long length coated conductor

production. Polymer assisted deposition approaches (cp. Chapter 6), using polyeth-

ylene glycol [49, 50] or polymetacrylic acid [51] resulted in high transport current

densities with no or minimal fluorine input.

While the classical TFA-method needs alcoholic or ketone solvents more recent

and environment friendly developments start with aqueous solutions of the metal

salts stabilized with complexing agents leading e.g. to the formation of metal

chelate complexes in the water-based precursor [52]. All types of precursors have

in common to be compatible with the addition of suitable polymers, organic

macromolecules or ethanolamines which allows the adjustment of the precursor

acidity and the viscosity to the coating equipment and the desired final film

thickness. Typical thicknesses are around 0.35–1 μm.

High currents in technical superconductors cause undesired energy dissipation by

their Lorentz force to the vortices, especially for external magnetic fields parallel to the

current flow direction. Figure 27.19 shows the dependence of the normalized critical

current on the two-axis orientation for a YBCO sample. The currents are normalized

for the magnetic field direction tilted perpendicular (90�) to the superconductor

surface and a rotation of the tilted coated of 0� around the magnetic field direction.

This dissipation can be minimized by pinning the vortices inside the lattice.

Generally, lattice defects or precipitations in the YBCO grains or at the grain

boundaries can act as pinning centers. MOD derived samples already comprise

27 Superconducting Films 691



Fig. 27.17 Typical heating

schedule in the TFA-YBCO

formation process in a lab

scale furnace

Fig. 27.18 Resistive

measurement of the I-U

characteristics in a 10 mm

wide all-solution coated

conductor; self-field at 77 K

(courtesy of Deutsche

Nanoschicht)

Fig. 27.19 The

dependence of the

normalized critical current

on the two-axis orientation

of an inkjet-printed MOD

derived conductor sample

relative to the external field

(0.592 T, liquid nitrogen)
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meandering grain boundaries exhibiting a stronger three dimensional pinning [53]

compared to pulsed laser deposited superconductor films. The loss of performance

in strong magnetic field (0.5–2 T) can even be further suppressed by integrating

nanoparticles into the film. This can be done by adding stabilized nanoparticle

suspensions (cerium oxide [54]) to the initial YBCO precursor solution resulting in

non-superconducting pinning centers in the final film.

For example Zr–Ba-Oxide nanoparticles [55] or Zr acetylacetonate derived

nanoparticle suspensions combined with Ba-ion excess concentration in the

ReBCO precursor form BaZrO3 precipitations during the heat treatment of the

coated film Based on this technology strong improvements of critical perpendicular

magnetic field in HTS layers up to a factor of 5 compared to un-pinned layers were

achieved [56]. Addition of chemical Dy-precursors added to TFA-based YBCO

precursors are reported [57] to be converted into Y(Dyx)Ba2Cu3Oy with nanoparti-

cle precipitations in the size range 10–50 nm improving the possible current

densities for magnetic fields parallel to the superconducting current direction nearly

by the factor of two.

27.4 Applications

Two outstanding properties of high temperature superconductors when cooled

under their critical temperature break paradigms in electro technology as already

described in the introduction:

• No ohmic restistance

• Higest energy density

For a safe, reliable and sustainable energy supply, the efficient generation,

transmission, distribution and use of electrical energy are crucial. High-Tempera-

ture-Superconductors promise a highly effective and environmental friendly exten-

sion of tomorrow’s use of energy. Conventional equipment, such as cables,

transformers and generators can be designed much more efficiently, compactly

and light-weight because High-Temperature-Superconductors offer an unbeatable

power density compared to aluminum or copper. Whereas conventional copper-

based equipment operates at a current density of 1 to 5 A/mm2 high-temperature-

superconductors allow current densities of 10,000 to 50,000 A/mm2 at operating

conditions. Even with support structure and cooling a ten-fold higher power density

in a HTS system is possible compared to conventional conductors such as copper

and aluminium. Besides highest energy and materials efficiency HTS also enables

completely new types of equipment, such as superconducting fault current limiters

for effectively and safely limiting short-circuit currents and superconducting mag-

netic energy storage (SMES) for fast and highly efficient storing of electrical energy

[58, 59].

Compared to conventional equipment, the application of HTS components can

considerably reduce losses. Some examples have been listed in the following table
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(Table 27.2). Although conventional equipment is already highly efficient, this can

be even further improved by HTS. Thus, especially at high power and over long

lifetime there are huge energy saving potentials.

Actually most prototypes and early stage commercial HTS systems are realized

with 1G HTS conductors. This first generation HTS tape technology has rapidly

enabled the production of larger volumes of 1G HTS-tape conductors. Thus, a

number of cable and motor demonstration projects were successfully realised in

recent years. However, the use of 1G HTS-tape conductors for commercial products

has already been greatly restricted (already) by the high conductor price. 2G

conductors, however, offer the perspective of a more economical mass production.

Due to the more complex manufacturing technology, however, the production

volume of 2G conductors is currently still limited. As the geometric dimensions

of 1G and 2G conductors are comparable, 1G conductors can be relatively easily

replaced by 2G-conductors in the foreseeable future.

27.4.1 Power Transmission

It is of great importance to generate, transmit and distribute energy efficiently and

safely in order to supply our society and economy reliably with energy. In this

respect, some of the great challenges are safe integration of increasing regenerative

energies, sustainable supply of the increasing energy demand, further reduction of

the grid losses and economic modernization of power systems. While doing so,

superconducting power equipment, such as generators, cables, transformers, current

limiters and magnetic energy storage will play a significant role because they offer a

large number of technical and economic advantages compared to conventional

solutions [60].

Superconductivity offers a significantly higher current density with lower volt-

age drops as well as an active short-circuit current limitation. Based on these

fundamental characteristics, some clearly defined advantages for network planning

and building up of power systems arises as summarized in Table 27.3 [61].

Efficient and safe transmission and distribution of electric energy is the most

important task of electrical infrastructure. In the face of the ever growing current

Table 27.2 Energy savings

by superconductivity
Examples Loss reduction

Generators – Some MVA 30–40 %

– Over100 MVA 40–50 %

Transformers – Stationary 50 %

– Mobile 80–90 %

Magnets – High-field magnets >95 %

– HTS-fusion magnets 20 %

HTS-current leads 20–30 %

Induction heating Up to 50 %

Magnetic separator >80 %
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consumption and the increasing power supply of regenerative energies, the

demands on energy distribution are changing. Both developments place previously

unknown demands on power cables. In this context, superconducting cables repre-

sent a very interesting alternative to the conventional technology. Superconducting

AC cables have already been tested for quite a long time in pilot projects. As for

example a 600-m-long 138 kV cable system with a rated power of 574 MVA, which

was put into operation in the grid of the Long Island Power Authority (LIPA), USA,

in 2008 [62]. Up to now, the cable in the LIPA-grid (Fig. 27.20) has been the

longest superconductor cable and the cable with the highest rating operated in a

transmission grid. Worldwide there are about 20 HTS cable projects in different

voltage levels and lengths in Japan, China, Korea, United States, Netherlands,

Denmark and Germany. In 2007 a first project was finalized in Albany, USA

(34.5 kV, 800 A, 30 m, 3-ph.) already with a 2G HTS wire section [63].

Furthermore also for power cables the reduction in size (here cross section) is a

unique selling proposition in particular in dense urban areas. Figure 27.21

illustrates the dramatic reduction in cross section compared to conventional

solutions. The so called retro-fitting, the replacement of a conventional cable in

an existing duct in urban areas enabling the transport of up to five times more

energy without increasing the cross section, is considered to be one of the most

promising value proposition of HTS energy technology.

Apart from load flow and stability of the power system, safe operation of the

grids plays a significant role in planning and operating electrical power systems.

Ideal fault current limiters are characterized by low impedance in normal operation,

fast and effective current limitation in case of the faults and automatic recovery.

Conventional measures for short-circuit current limitation either cause a constant

impedance increase also in normal operation (for example adaptation of the trans-

former impedance, short circuit-current limitation choke), or they have to be

replaced after each incidence (for example fuses, Is-limiters). Superconducting

fault current limiters, however, meet all the demands on an ideal current limiter.

The application of this new type of operational equipment in electrical power

systems promises numerous technical and economic advantages as they allow the

Table 27.3 Consequences of the use of superconductivity for dimensioning and design of power

systems

Main HTS

characteristic

Consequence for power

system dimensioning Consequence for power systems

Low impedance and

low voltage drops

– Longer line lengths at HTS

voltage level

– Longer line lengths at sub-

ordinate voltage levels

– Lower total line length

– Less switchgear

– Fewer substations

High current carrying

capacity

– Higher power rating per

feeder

– Reduced number of voltage

levels

– Lower total line length

– Less switchgear

– Omission of one voltage level at gen-

eration and transmission level

Short-circuit limitation – Dimensioning to lower

shortcircuit currents

– Short-circuit free power systems
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save reduction of the occurring fault already in the first half wave thus efficiently

saving the downstream poser equipment (Fig. 27.22).

Presently, superconducting fault current limiters (FCL) are becoming commer-

cially available at least for the medium voltage level from 5 to 50 kV. High voltage

FCL are under development and are expected to be available within the next

Fig. 27.20 LIPA HTS cable project (Courtesy of AMSC)

Fig. 27.21 Medium voltage cable cross section and duct size for conventional (left) and HTS

(right) cable systems (courtesy of Nexans)
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5 years. The technical feasibility and reliability of this new type of equipment was

shown on the medium-voltage level in several demonstrator and field tests [64]. In

2008 and 2009, further prototypes were put in operation on the medium-voltage

level. For the first time in HTS systems for electrical grids several projects have

been realized without any public funding since 2009 [65]. This underlines the great

interest of the utilities in this technology. Up to now more than 20 FCL projects in

the medium voltage level worldwide are already finalized or will be finished within

the next 2 years. It becomes apparent that the resistive superconducting fault current

limiter, which is outstanding due to its simple function and compact design, is

developed most frequently. In this type of FCL the HTS material is quenched by

exceeding the critical current in the fault state. The complete energy is dissipated in

the HTS material thus requiring homogeneous and stable HTS material, high

re-cooling power and in the case of high voltage FCL advanced bushings delivering

high voltage power into the cryostat.

27.4.2 Industrial Heat Treatment

With a new type of device with superconductive magnets for industrial metal

heating, a new dimension of performance in the manufacturing of profiles and

pipes from nonferrous metals, such as aluminium, copper and brass, is possible

[66]. The system improves the preconditions for extrusion of profiles and pipes. In

this process, metal is forced with high pressure through a forming tool so that a

metal bar of a clearly defined cross-section is formed. Before reshaping, the raw

material, the so-called billet, has to be heated up. The superconductive magnet

heater works according to the principle of a normal eddy current brake. In the

device there is a superconductive magnetic coil operated with direct current, with

Fig. 27.22 Principle of

superconducting fault

current limiter, red:
unlimited fault, blue: fault
limitation in first half wave
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the pressing billet being rotated in the generated field by two electro-motors,

whereby the braking effect of the magnetic field has to be overcome. This results

in the rotating material becoming heated. A magnet heater consumes approx. 40 %

less energy than an induction furnace operated with alternating current (Fig. 27.23)

and around 60 % less energy than a gas furnace of comparable power. A first

commercial HTS system has been (is) operating since 2007 in an industrial produc-

tion line in Minden, Germany, without any failure.

The figure also shows the small losses generated by the required cooling power.

For a heating output power of more than 1 MW only a few KW, less than 5 %,

cooling power are required.

27.4.3 Rotating Machines

In rotating machines such as motors or generators high-temperature-superconductivity

offers the chance of overcoming technical restrictions arising from conventional

technology and thus opening up new potential. Consideration is given to machines

with an output of more than approx. 2 MW in a large speed range of low-speed drivers

for the generation of high torques up to high-speed drivers with outstanding

performances.

Less weight, same output—The high current density in the superconducting

wires and tapes allow a compacter winding and thus a smaller and lighter design

of the machines with, on average, 35 % to 50 % the weight of conventional

synchronous motors of equal torque. Figure 27.24 illustrates that the introduction

of HTS technology allows an increase of efficiency which is comparable to the

increase in motor efficiency within the past 50 years.

Fig. 27.23 Energy flows for superconductive magnet heaters and conventional induction heaters
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Numerous development programs have been started world-wide in order to test

the technical feasibility. Of particular interest in order to realize most advantages

offered by HTS technology are island applications such as (like) ship propulsion.

New cruise liners today are planned as fully electrical ships in major parts opening

up possibilities for ship-builders to significantly increase efficiency and use of the

ship by integrating HTS technology. Slow-speed motors for this application were

successfully built and tested in Europe (4 MW, 120 rpm, 320 kNm) [67] and in the

United States. The ship propulsion motor completed in 2008 had an output power of

36.5 MW at 120 rpm. The weight of less than 75 t for the HTS system has to be

compared to a conventional copper motor (21 MH, 150 rpm) [68] of about 183 t

showing the enormous potential for weight and size reduction.

Besides motors HTS generators for special applications are considered to even

more attractive in terms of reduced size and costs of the whole power generating

system. About 95 % of electrical interconnected power systems are supplied by

large synchronous generators. In synchronous generators, the rotor or armature,

which generates a permanent magnetic field, rotates in the stator. This stator

consists of several windings which have been inserted into a magnetic iron yoke.

The width of the air gap between rotor and stator is significant to the magnetic

design of the generator. The electrical power is taken off the copper windings of the

stator. The constant field magnet of the rotor can be advantageously realised with a

superconducting field winding. With this design weight and size reductions by one

to two thirds compared to a conventional machine of the same capacity are possible.

Consequently, either a weight and size reduction or a higher nominal capacity under

the given framework conditions (higher power density) can be achieved using a

superconducting design.

One example for HTS generators is the equipment of a run-of-river power station

in Bavaria, Germany, with a superconducting hydro power generator (Fig. 27.25)

[69]. In the course of the modernization of the power station a conventional solution

would not have been economical with a turbine renewal and the associated increase

of the generator output power under the prevailing constructional restrictions

(protection of historic monuments of the building). The higher power density of

the superconducting generator makes 1.7 MVA in the size of 1.25 MVA possible. A

Fig. 27.24 Increase in

efficiency by introduction

of HTS technology for

motors (Courtesy of

Siemens)
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total increase of 36 % of the generator output power could be reached by the

implemented modernization measures.

Other fields of application for power generation with HTS system are under

evaluation worldwide. Wind power generators in particular off-shore installations

were identified as one of the most promising applications in the last years resulting

in several prototype and demonstrator projects worldwide [70]. Besides the reduc-

tion in weight of the nacelle allowing the off-shore mounting of generators for

turbines exceeding 5 MW, HTS technology delivers an essential contribution for

overcoming rare-earth element shortage in the near future.

This shortage overcome is due to the fact that today direct drive permanent

magnet generators appeared to be economically and technically the best solution for

power generation in offshore wind parks—demonstrated by many manufacturers

introducing this technology. Today the production of permanent magnets consumes

the largest proportion of rare earth elements with 40 % of the rare earth-based

magnets used for generators and other electrical machines. In 2010 the production

of permanent magnets consumed 26,000 tons of rare earth elements (neodymium/

praseodymium, dysprosium, terbium) while in 2015 the estimated demand is

48,000 tons; creating a deficit of 15–30 % compared to the expected annual

worldwide production [71–72].

Actually China has substantially cut the export of these commodities in 2010,

throwing into uncertainty the supply chain logistics of the wind industry—

especially concerning offshore wind parks. China controls today 97 % of the rare

Fig. 27.25 HTS rotor for

hydro power generator

(Courtesy of Converteam)
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earth element production needed for the assembly of direct drive permanent magnet

generators. Superconductor wind turbine generators are the technical alternative to

reduce the requirement of rare earth elements for wind power to a mere fraction of

today’s level.

Although rare earth elements are required for the production of superconductors,

they require only 2 kg of rare earth elements per MW installed generator capacity

compared to 250 kg for permanent magnet generators with the same capacity.

Moreover the elements needed for superconductors are not as rare as those needed

for permanent magnets (Fig. 27.26).
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Chapter 28

Antireflective Coatings and Optical Filters

Peer Löbmann

28.1 Basic Strategies for AR Coatings

When electromagnetic waves pass the border between different optical media, the

radiation is at least partially reflected. When the incident medium is air with a

refractive index n0 ¼ 1 the reflectivity R is calculated as

R ¼ 1� nsubstrateð Þ
1þ nsubstrateð Þ

� �2
(28.1)

for any given substrate according to the Fresnel Equations. For glass (n ¼ 1.5) a

reflectivity of 4 % is obtained assuming vertical irradiation. For double glazed

windows this value adds up to ~16 % since four transitions have to be accounted for.

In order to increase light transmission a film with intermediate index of refrac-

tion can be applied (Fig. 28.1): Now the light waves are reflected at both interfaces

air-film and film-substrate. If the optical film thickness (d � nfilm) is ¼ of the

incident radiation’s wavelength the phase difference becomes π and the two

reflected waves may cancel out (“phase criterion”). For complete annihilation the

amplitude of the interfering radiation also has to be identical. This “amplitude

criterion” is fulfilled when the refractive index of the film material is equal to the

square root of the refractive index of the substrate. The complete transmission of

light with a wavelength of 550 nm thus theoretically requires film material with a

refractive index of 1.22 and a layer thickness of 112.7 nm. For radiation with any

other frequency a higher reflection will be observed; the so-called bandwidth of the

AR coating is limited.

Basic guidelines for antireflective coatings may be derived from the above

argumentations. It should be noted, however, that wave angle dependencies, optical
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dispersion in the different media and adsorption phenomena have to be considered

for an exhaustive description of reflection phenomena and more sophisticated

product design.

Dense materials with an index of refraction as low as 1.22 are not available in the

visible range, some residual reflectance will be observed for such single λ/4-layers.
Nevertheless if they are applied on top of another λ/4-film with a medium refractive

index (M-layer), the reflectivity of such double stacks can be reduced to 0 % for a

given wavelength. Such assemblies are named V-type coatings according to the

shape of their optical spectra.

An additional improvement with respect to the bandwidth is obtained by combi-

nation of a low-index with a high-index film onto an M-layer (Fig. 28.2). With such

a design zero-reflection is approached for two wavelengths. Due to the

corresponding spectral response they are often classified as W-type coatings.
The spectrum of the reflected radiation from such surfaces is enriched in

frequencies set off the respective minimum of reflectance. As a consequence a

characteristic color is perceived due to the limited bandwidth of interference-type

AR coatings.

Gains in visual neutrality are attainable by increasing the number of films and

more complex layouts. The resulting benefits, though, always have to be related to

increasing costs of production. Additionally in multilayer assemblies optical losses

can arise due to scattering at imperfections at the interfaces between the films.

Besides using interference phenomena, films with a continuous gradient of

refractivity may provide antireflective properties: A gradual decrease of nfilm
from nsubstrate to unity would optically match the substrate to the ambient atmo-

sphere resulting in optical neutrality. Unfortunately this range cannot be covered by

any solid material. The steady increase of porosity of a glass-like film from 0 %

(substrate) to 100 % (air) would be ideal, but the mechanical stability of such a

system is out of the question. Alternatively e.g. pyramidal surface structures

represent a gradual lateral increase in space filling from their top (air with some

solid) to the basement (substrate). If such structures are too large, though, scattering

will occur. Antireflective properties thus are only expected for sizes well below the

incident wavelength which optically are not resolved. Biological examples of such

Fig. 28.1 Schematic

representation of the

transition of

electromagnetic radiation

through a coated substrate

and conditions for

destructive interference
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antireflective surfaces are known from the compound eyes of insects (“moth’s eyes

structures”) [1].

All strategies for anti-reflection coatings described above can be realized by sol

gel processing. In the following paragraphs the respective techniques will be

described. Additionally some practical aspects will be covered and references to

commercial products will be given.

28.2 λ/4 Single AR Layers

Sol-gel processing is particularly suitable for the purposeful preparation of films

with low refractive indices, because colloidal solutions may well result in porous

thin films of e.g. SiO2. For a long time the lack of suitable precursors has obstructed

the wet-chemical processing of dense MgF2 films as an alternative. Some recent

developments described in this paragraph, however, may facilitate this approach.

28.2.1 Porous AR Films

Introducing porosity into a film will decrease its index of refraction nfilm compared

to the dense material nsolid according to the Lorentz-Lorentz equation:

nfilm
2 � 1

� �

nfilm2 þ 2
� � ¼ 1� Pð Þ � nsolid

2 � 1ð Þ
nsolid2 þ 2ð Þ (28.2)

where P is the porosity i.e. the volume fraction of the pores. For materials such as

SiO2 (n ¼ 1.5), Al2O3 (n ¼ 1.7) and TiO2 (anatase, n ¼ 2.5) commonly used in

sol-gel processing porous λ/4 films for a large variety of substrates are conceivable.

Considering common glasses (n ~ 1.46–1.65) in most of the cases SiO2 turns out to

Fig. 28.2 Design of several

interference-type

antireflective coatings and

related general shape of

optical spectra
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be most suitable because the required porosities around 50 % may provide an at

least satisfactory mechanical stability. Additionally good chemical bonding

between films and the silica-rich substrate may be anticipated.

The idea of porous SiO2 antireflective coatings based on colloidal solution

deposition dates back to 1949 [2]. Attempts to prepare porous SiO2 by deposition

of dense films from alkali-silicate solutions and subsequent leaching of soluble

constituents yielded refractive indices around 1.3, the coatings turned out to

mechanically sensitive, though [3]. The creation of a pore network by assembly

of colloidal structures pre-formed in solution has proven to be a far more successful

approach.

Monodisperse spherical particles that arrange to a closed packing during film

formation would only result in a porosity of 24 %. Broader size distributions, the

presence of only partially hydrolyzed precursor in the sol, ripening phenomena and

film sintering allow the preparation of dense coatings. On the other side the

formation of bulky secondary particle aggregates and incomplete densification

generally can lead to significantly higher porosities. In other words sol chemistry,

conditions during film formation and annealing are complicated interacting

parameters; film porosities therefore definitely cannot be predicted with any cer-

tainty. During process development systematic experimental series thus cannot be

avoided.

Nevertheless some general guidelines may be applied [4, 5]: The acid-catalyzed

hydrolysis of silicon alkoxides favors the formation of linear chain networks of

small primary particles. They easily rearrange and consolidate upon drying and

thermal treatment. On the contrary larger particles are formed at higher pH levels,

the densification of the resulting coarser aggregates is obstructed leading to a

generally higher porosity. In practice commercially available products that contain

pre-formed colloidal particles (e.g. Ludox®, Levasil®, Köstrosol®) may be used for

the synthesis of coating solutions.

In Fig. 28.3 the optical spectrum of a porous SiO2 film is given. For a wavelength

of 580 nm a residual reflectivity of 0.1 % is achieved corresponding to a film

thickness of 145 nm. SiO2 is the solid backbone of the film (nsolid ¼ 1.5); in order to

establish an averaged index of refraction of nsolid ¼ 1.22 for the whole film, a

porosity of 50 % has to be assumed according to the Lorentz-Lorentz equation

[Eq. (28.2)]. In order to demonstrate the technical advance the optical data initially

reported by Yoldas for porous Al2O3 films in 1981 are additionally given in

Fig. 28.3 [6, 7].

The calculation porosities based on optical measurements relies on the assess-

ment of the refractive index of the solid phase of the film. Such assessments may be

faulty, especially when films are only partially crystalline and contain some amor-

phous volume fractions. Film porosities can complementarily be determined by

Ellipsometric Porosimetry (EP) [8]: When films are measured at varying air

moisture, changes of the refractive index can be attributed to the capillary conden-

sation of water. At 100 % relative humidity the complete filling of the pores can be

assumed, the refractive index results from the porous solid and water as the second

phase with known optical properties. Taking into consideration the measurements
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with empty pores (0 % humidity) the total absolute film porosity can be calculated.

The adsorption isotherms thus show the porosity filled with water at the

corresponding relative humidity. Additionally the analysis of the respective adsorp-

tion and desorption branches allows the characterization of pore structures as

known from the N2-sorption analysis of powders and bulk samples.

The H2O sorption isotherms of the porous AR film in Fig. 28.3 reveal a porosity

of ~58 % as anticipated from the reflectance spectrum under the assumption of

nsolid ¼ 1.5. Additionally pore radius distributions with maxima between 1.5 and

2.0 nm can be calculated (data not shown) [9].

Ellipsometric Porosimetry is a powerful tool for the characterization of thin

films; nevertheless faulty results for sol-gel films are possible: The pore system of

some TiO2 coatings has proven to be sealed by an impermeable “sintering skin” that

was generated at the air-film interface during thermal curing. In this case the

porosity is not accessible to water vapor, EP falsely indicates a dense film. If the

top layer is broken up by cracking, the “true” microstructure is exposed [10].

As AR coatings are applied under ambient conditions it has to be considered that

their performance to some extent depends on the respective atmosphere: As mois-

ture or other volatile pollutants can readily be adsorbed in the pores, the resulting

change in refractive index may decrease the optical transmittance. Film properties

such as porosity, pore size distribution and wettability of the inner surface thus may

be optimized considering the expected operating conditions.

Another disadvantage caused by the porosity of SiO2 λ/4 layers is their limited

mechanical stability. Even though such coatings may well resist “normal” handling

and weathering, mechanical cleaning that often goes along with the unintentional

reaming of abrasive particles (soil, dust) will damage the films. Therefore

applications such as displays, architectural or automotive glazings are difficult to

address with porous systems.

Fig. 28.3 Reflectivity of porous SiO2 and Al2O3 AR-films (left) and water adsorption isotherm of

SiO2 coating measured by ellipsometric porosimetry (right) (data: SiO2: Fraunhofer-Institut für

Silicatforschung, Würzburg, Germany, Al2O3 [6] according to [7])

28 Antireflective Coatings and Optical Filters 711



Solar panels, though, are mostly positioned somewhat remotely and seldom

undergo mechanical cleaning. Porous λ/4 layers therefore are suitable to enhance

the degree of efficiency of solar modules that contain front glazing. In 2008

Centrosolar Glass (Fürth, GERMANY) produced 2,000,000 m2 of porous AR

films on glass by dip-coating, the thermal hardening can be combined with the

tempering required to prepare toughened safety glass. In Fig. 28.4 the photograph of

a solar panel equipped with an AR coating is displayed. Respective films exhibit

excellent transmittances with a refractive index of 1.22 even after 8 years outdoor

exposure.

There are several factors that specifically qualify sol-gel techniques for the

industrial processing of AR coatings: When dip-coating is applied both sides of

the substrate are equally finished which is essential for best light transmission.

Variations of only ~1 % with respect to film thickness and index of refraction were

reported on 3.75 � 3.21 m2 substrates [11], the related investment costs are signifi-

cantly lower than for comparable vacuum-based technologies.

It is noteworthy to mention that it took over 50 years from the first patent

describing the concept of porous antireflective coatings [2] to the development of

coating procedures that meet the requirements of a practical application [12] and

successful commercialization [13].

28.2.2 MgF2-Films

With n ¼ 1.38 magnesium fluoride has a significant lower index of refraction than

SiO2 (n ¼ 1.5), a dense λ/4 layer does reduce the reflectivity of a glass surface from
4 % to 1.4 %. Compared to SiO2 generally MgF2 films with lower porosity and thus

higher mechanical stability would allow higher transmissions.

The preparation of dense MgF2 is possible by vacuum-based evaporation, the

maximum substrate size for homogeneous optical coatings, though, is rather lim-

ited. Sputtering techniques, which generally allow film preparation on larger areas,

Fig. 28.4 Solar panel

equipped with porous λ/4
glazing. Image: ©
Centrosolar Glas GmbH &

Co. KG, Germany
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in the case of MgF2 suffer from fluorine deficiencies in the as-deposited material

and consequently deteriorating optical properties.

Up to now inorganic sol-gel science almost exclusively has been engaged in the

preparation of oxide materials based on the hydrolysis and polycondensation of

metal alkoxides or metal carboxylates. Pure colloidal metal fluorides hardly ever

have been addressed; the use of trifluoracetic acid in the precursor solution gener-

ally yields some of the respective oxides or oxofluorides as impurities in the final

product after thermal treatment [14].

Colloidal MgF2 solutions of high purity, though, can be prepared by treatment of

Mg alkoxides with anhydrous HF dissolved in e.g. methanol according to

Mg ORð Þ2 þ 2 HF ! MgF2 colloidalð Þ þ 2 ROH (28.3)

Initially the synthesis route was used for the preparation of metal fluoride

powders for catalytic applications [15]. The resulting solutions, however, turned

out to be suitable as precursors for the wet chemical deposition of thin films

[16]. Since no organic groups are covalently bonded to the MgF2 particles, in

principle thermal annealing is not required to remove such residues as for most

oxide systems. Even though systematic investigations on the film formation,

resulting microstructures and final film performances are in their early stages,

such precursors may be a promising tool for the wet chemical processing of

MgF2 antireflective coatings. In Fig. 28.5 the properties of an initial MgF2 λ/4
layer is compared with a state-of-the-art porous SiO2 film.

28.3 Multilayer AR-Stacks and Optical Filters

Since there are excellent textbooks covering the design and physics of optical

multilayer assemblies [17] this paragraph will solely focus on the sol-gel processing

of such AR film systems and on related commercial products. Subsequently some

topics related to the fabrication of more sophisticated architectures for other optical

filters will be highlighted.

28.3.1 Interference-Type Multiple Layer Stacks for AR
Applications

High-index films which are required for the assembly of interference-type multi-

layer assemblies were initially used by oneself as reflective coatings for thermal

management on architectural glass. To further decrease undesirable transmission of

thermal radiation, colloidal noble metal particles can be incorporated. Such

modified TiO2 coatings have been commercialized under the brand name

CALOREX by Schott.
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In contrast to SiO2, that generally remains amorphous throughout sol-gel

processing, TiO2 has to be crystallized by thermal annealing in order to attain the

desired high index of refraction. It has early been recognized that the substrate type

may have a crucial impact on the phase development of the films [3]: On fused

silica or borosilicate glass anatase always is the polymorph of TiO2 initially formed

which in some cases may partially be transformed to rutile at higher temperatures.

Sodium ions from substrates like soda-lime glass, however, interfere with the

crystallization process by either inducing the nucleation of brookite or

incorporation of significant amounts of Na into the film. In any case the refractive

index of the resulting material is decreased. Especially in multilayer assemblies,

where a first TiO2 film is in contact with the substrate and therefore undergoes

multiple firing cycles of the subsequent layers, this unpleasant phenomenon gains

importance. Fortunately even thin (<30 nm) SiO2 barrier layers sufficiently reduce

sodium diffusion in cases where the use of expensive substrates is not possible for

practical or economic reasons.

There are numerous synthetic pathways for the preparation of TiO2 coating

solutions. Some “historic” precursors were based on the simple alkoholysis of

TiCl4. The resulting coating solutions exhibit low pH-values, often corrosion

problems during industrial processing originate from residual HCl. Other routes

are mostly based on complexation of titanium alkoxides and subsequent hydrolysis.

In order to facilitate reproducible results, “aging phenomena” that change sol

properties with time have to be avoided. Particle growth and aggregation for

example will affect the film morphology throughout drying and sintering, related

variations in sol viscosity require permanent readjustments of processing

parameters.

Fig. 28.5 Reflectivity of porous MgF2 AR-film (left) and corresponding water adsorption iso-

therm measured by ellipsometric porosimetry (right). For comparison the data from Fig. 28.3 for

porous SiO2 films are displayed in grey. Data: Fraunhofer-Institut für Silicatforschung, Würzburg,

Germany)
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Recently stable TiO2 precursor powders have been developed based on com-

plexation of Ti-alkoxides, hydrolysis and subsequent complete removal of volatile

components [18]. The powders can be stored under ambient conditions and readily

re-dissolve in alcohols, mixtures of alcohols and even water. The resulting coating

solutions are non-corrosive and highly stable in an industrial environment [19].

SiO2 is commonly used as low-index material in interference filter assemblies. In

contrast to the preparation of porous λ/layers dense microstructures are desirable for

the mechanical stability of the multilayer stacks. Therefore acid-catalyzed hydro-

lysis and condensation reactions have to be employed in order to ensure optimum

densification of the material. Such films easily exhibit optical properties of silica

glass. Small amounts (~0.1 %) of carbon may persist even treatment temperatures

of 800 �C, the optical absorption below 205 nm, though, is irrelevant for most

practical applications [3].

3-layer AR coatings require the deposition of a film with intermediate refractive

index (M-layer) on the substrate below the successive T- and S-layers. Such

materials may straightforwardly be obtained by the synthesis of coating solutions

aiming at a mixed composition of SiO2 (n ¼ 1.5) and TiO2 (anatase, n ¼ 2.5) or

ZrO2 (n ¼ 2.15) because the molar proportions add up linearly to the resulting

index of refraction.

Figure 28.6 summarizes the optical spectra of some commercially available

3-layer antireflective coatings along with their geometrical layouts as provided by

the suppliers. Conturan® and AR4 are specifically designed for cover glasses of

instrumentations whereas Amiran® and AR2 are mostly applied in architectural

glazing. Due to their spectral characteristics white light reflected from these

surfaces appears tinted slightly bluish and greenish respectively. This coloration

could be further reduced by the application of 5- or 7-fold coatings, the higher costs

of production, however, are not compatible with most applications addressed.

The higher costs for multilayer assemblies are not only added up by the cumula-

tive expenses of coating/firing cycles. Single defects propagate all the way through

every subsequent film. The yield for a projected format may therefore be drastically

reduced with increasing film number.

Fig. 28.6 Reflectivity of commercially available triple layer AR coatings (left) and associated

stack architectures (right). Data: Schott AG (Amiran® and Conturan®) and Berliner Glass Surface

Technology (ProView green and blue), Germany
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Multilayer interference antireflective films exhibit a higher stability than porous

λ/4-systems which allows their application on display panels, showcases or archi-

tectural glass. Their tolerance to damage, though, is significantly lower: When the

outermost S-layer is damaged by e.g. an abrasive particle, the underlying T-layer

with is exposed to the ambience. Due to the large difference of refractive index of

the adjacent media, more than 20 % of the irradiated light is reflected and the

scratch becomes perspicuously visible. If a porous λ/4-layer is damaged the reflec-

tance is only increased by 4 % which is far less eye-catching.

28.3.2 Optical Filters

Interference assemblies not only can be designed to optimize the transmission of

visible light, a large variety of other products such as UV- and IR-filters, cold light

mirrors, beam splitters and color conversion filters can be prepared as well. Filters

with a lateral gradient of spectral response may be facilitated by a continuous

increase of film thicknesses within a stack. Such microstructural features are

difficult or even impossible to obtain by other techniques than sol-gel processing:

However, raising the withdrawal rate during a dip-coating experiment leads to a

continuous increase of film thickness; the resulting multilayers consist of stacked

wedge-shaped single films.

If the thickness of 12 alternating T- and S-layers is increased from 50 nm to

80 nm respectively, the transmittance and reflectance of the resulting filter is

gradually varied over a broad sector of the visible spectrum from blue to yellow.

Such filters are used in lighting industry and for artistic purposes to achieve color

effects. They are commercialized by Berliner Glas Surface Technology, Germany,

under the brand name VARIOTRANS® (Fig. 28.7).

It has to be noted that despite the aforementioned potential accumulation of

defects during multilayer deposition it is possible to prepare such elaborate multi-

layer assemblies on an industrial scale by sol-gel processing. Besides state-of-the-

art production facilities and conscious adherence to the established sequence of

work steps the role of practical experience cannot be overestimated.

28.4 Index Gradient Layers

Other than that mentioned use of constructive and destructive interference of

single- and multilayers optical transmission may be optimized by establishing a

gradual increase of refractive index from the incident environment to the substrate.

Such a “smooth transition” between the adjacent media at least theoretically

features maximum bandwidth (“optical neutrality”) and a low angular dependence

of reflectivity. The index profile of the interface is only of minor importance to its

overall performance [7]. The subsequent paragraphs focus on the implementation of

two different related concepts by sol-gel processing of thin films.
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28.4.1 Films with Graded Porosity

For any dense film material a steady increase of porosity from 0 % to 100 % at the

outer film surface could establish a smooth change of its optical properties and thus

yield antireflective characteristics. One has to keep in mind, though, that such a

perfect gradient has to go along with a dramatic loss of mechanical stability. The

use of films with graded porosity therefore will always have to rely on a compro-

mise between optical performance and durability.

As already has been shown for the λ/4-layers it is possible to accurately adjust

the porosity of sol-gel derived films, therefore the idea to establish graded porosity

by subsequent multiple coatings is straightforward.

Coating solutions may undergo aging phenomena which normally is undesirable

in terms of stable processing conditions. Debsikdar [20] proposed the use of SiO2

sols that actually show particle growth for subsequent coating cycles; multilayers

with increasing porosities were prepared (Fig. 28.8). Even though this specific

synthetic approach yields intriguing results on the laboratory scale, the industrial

application of a continuously changing coating precursor seems disadvantageous

from the economic point of view. Additionally it has to be noted in general that

packing density and thus porosity can not be correlated to the respective particle

size of coating solutions.

Fig. 28.7 Photograph of color gradient filter VARIOTRANS® and reflectivity measured at three

different spots of the sample (top); schematic drawing of filter layout and cross-sectional SEM

image (bottom). Sample: Berliner Glas Surface Technology, Germany. Data and images:

Fraunhofer-Institut für Silicatforschung, Würzburg, Germany

28 Antireflective Coatings and Optical Filters 717



Etching of phase-separable glass can result in Si-rich surface regions with

graded porosity that exhibit broadband antireflective properties [21]. This approach,

however, remains limited to specific glass compositions. Etched surfaces of com-

mon glasses are commercialized by Sunarc Technology A/S (Denmark) for solar

applications and greenhouses.

Alternatively arbitrary substrates may be coated with dense films that are either

leachable or undergo a separation into a persistent and a soluble phase [22]

(Fig. 28.9). Glassy coatings with SiO2-B2O3-Na2O composition that are corroded

by NH4F/HNO3 solutions after thermal treatment show residual reflectivity as low

as 0.15 % at certain wavelengths [23]. Unintentional excessive leaching, though,

should result in films with constant porosity throughout the material or at least a

graded film underneath a region with constant porosity. Therefore accurate control

of processing parameters is inevitable.

For some laser applications small pore sizes are specifically important for the

antireflective materials otherwise scattering may become significant at short

wavelengths. The porosity of pure SiO2 coatings was reduced from 40 % to

approximately 23 % by sintering; the resulting pore size was estimated to be

Fig. 28.8 Schematic representation of index-gradient porous multilayer assembly (top) prepared
by scheduled deposition from coating solution that undergoes particle growth due to aging

(bottom)

Fig. 28.9 Schematic representation of index-gradient layer prepared by leaching of a phase

separated film
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lower than 1 nm. Etching with dilute hydrofluoric acid creates graded porosity

within the upper 100 nm of films with an overall thickness of 425 nm. For such films

transmissions exceed 99 % for wavelengths between 300 nm and 850 nm [24]. Opti-

cal performance and mechanical surface stability have to be balanced by variation

of etching time with respect to the intended application, the latter requirements are

less critical for laser systems than for e.g. architectural glazing (Fig. 28.10).

28.4.2 Surface Patterning: “Moth Eye” Structures

Periodic surface patterns on the first view seem completely different from the

materials with graded porosity described above. Nevertheless antireflective

properties can be provided by such structures based on the same physical principles.

In 1967 it was observed that the reflection from the compound eyes of some

nocturnal moths is significantly reduced by microscopic surface structures which

provide them with reduced visibility to predators [25].

Even though the accurate description of the underlying optical diffraction

phenomena requires rigorous coupled wave analysis (RCWA) or at least effective
medium theory (EMT). Figure 28.11 provides a qualitative impression of the related

working principle. Any surface structure can be divided into horizontal slices that

optically are an average mixture of solid and the enclosed atmosphere. A mean

index of refraction may be assigned to each of these segments. If the pattern is a

rectangular grating, the effective refractive index is constant in the vertical direc-

tion as illustrated in the upper part of Fig. 28.11. If the distance between the

neighboring peaks is well below the wavelength of the incident light, no scattering

will occur. The respective surface patterns thus may be regarded to work similar to

a porous λ/4-layer as described in Sect. 28.2.1. In the case of a pyramidal shape the

upper slices mainly consist of air with some minor contribution of the solid to its

median optical properties, whereas the lower parts approach the refractive index of

the substrate (Fig. 28.11 bottom). Again under the precondition of periodicity

below the incident wavelength an index gradient analogous to films with graded

porosity is established.

Fig. 28.10 Schematic representation of index-gradient layer prepared by etching of a densified

particulate sol-gel film
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Linear gratings can be considered as the simplest cases of periodic surface

patterns. Different peak shapes and aspect ratios (depth vs. distance) may be

combined with two-dimensional variations such as cross- or hexagonal gratings

and even stochastic patterns. Therefore a plethora of surface geometries are feasi-

ble. Especially the spectral and angular dependency of transmission and reflection

thus can be adapted in a wide range. The related discussion, though, goes far

beyond the scope of this chapter. Instead the general sol-gel preparation of surface

patterns suitable for AR applications will be addressed. Even though specific

sol-gel films may be directly nanostructured by lithography such processes are

costly, time consuming and therefore primarily not aimed at antireflective surfaces

[26]. Alternatively the embossing of xerogel films prior to thermal curing offers

promising perspectives. In this context the origin of indenters and the limitations

related to their fabrication becomes important.

Linear structures can be inscribed to photoresists by the interference of the

separated parts of a split laser beam, cross- and hexagonal gratings are feasible

by repeated exposure of the substrate after rotation of 90� or 60� respectively.

Whereas small areas are easy to handle the upscaling becomes increasingly difficult

due to the larger experimental setup required, prolonged exposure times and the

strict requirement of geometric stability during the experiment. The latter point is

especially critical for the processing of gratings in the length scale of some hundred

nanometers as necessary for moth-eye structures. Since even after development

photoresists are only temporarily stable, a replica of the surface structure is

prepared by electrodeposition of Ni. The resulting “master shim” is the basis for

secondary reproductions either by repeated galvanic metal deposition or embossing

Fig. 28.11 Schematic representation of refractive index from squared (top) and pyramidal

(bottom) surface pattern
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into polymer surfaces or lacquered surfaces. The sequence of processing steps is

summarized in Fig. 28.12.

To obtain sol-gel films suitable for the embossing of surface patterns, their

refractive index has to be matched to the glass substrate as close as possible. This

is practicable by e.g. the addition of some % Ti precursor to a SiO2-based solution.

As the transfer of the relief from the indenter to the film requires sufficient ductility

of the material, the xerogel film has to be embossed before thermal curing directly

after coating. Additionally organic “fluxing agents” of medium or high molecular

weight that decompose upon the final thermal treatment may provide additional

elastic properties. Master shims and metallic replica are not suitable for this

procedure for inorganic sol-gel materials because they generally show a good

adhesion to the surface of metals. Therefore reproductions of the initial metal

master into polymer-based materials are employed [27].

The embossing process, especially for large areas, requires a considerable level

of experience and technical effort. Nevertheless the preparation of greater

dimensions without visible junctions is limited by the availability of indenters

with the respective sizes as described above.

Another difficulty is the realization of sufficient depths of imprints: Even if the

indenter relief was ideally imprinted into the xerogel surface, during the subsequent

thermal curing the films undergo shrinkage (Fig. 28.13, top). This effect may

escalate due to the presence of sizeable amounts of organic fluxing agents. A

straightforward approach to this problem would be the use of indenters with deeper

minima between the peaks of the gratings (¼ higher aspect ratio). Unfortunately

such photoresist structures do not exhibit sufficient mechanical stability to sustain

the further conversion into master shims.

Fig. 28.12 Schematic illustration of processing steps for the fabrication of embossing tools for

microstructured surfaces
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Certain improvements can be achieved by somewhat inventive sample handling

(Fig. 28.13, bottom): Polymer indenter foils can be dip-coated alike glass substrates

with a sol-gel film that does not require plasticizers. The film is densified structur-

ally conform within its surface patterns during drying. It subsequently may be

transferred to a glass freshly coated with the same material and laminated under

pressure at temperatures below 120 �C. Needless to say that the related processing

requires accurate adjustments between sol synthesis, indenter surface properties,

experimental time schedule and transfer parameters. Nevertheless the inherent

flexibility of sol-gel processing for the preparation of advanced novel antireflective

coatings is clearly demonstrated.

In Fig. 28.14 some examples of surface structures prepared by embossing of sol

gel films are given. Even though reflectivities below 1 % are achieved for

wavelengths within the maximum sensitivity of the human eye, the optical perfor-

mance remains below the values of e.g. porous antireflective coatings. This is

partially due to still insufficient depths of the structure. This shortcoming may at

least be compensated by an improved mechanical stability compared to porous λ/4
layers. Yet limited bandwidths of such nanostructured coatings are associated with

suboptimal patterns shape according to Fig. 28.11.

Besides techniques employing direct lithography of sol-gel films [26], there are

additional intriguing approaches: Shear-aligning of colloidal suspensions yields

self-assembled antireflection structures in spin-coating experiments [28], leaching

of alumina-based sol gel films leads to “flower-like” surface morphologies with

graded refractive index [29]. Further research and development in these novel fields

will have to demonstrate their scientific and economic sustainability in the future.

28.5 Concluding Remarks

The full width of tactics for the preparation of antireflective coatings reaching from

porous λ/4 films, dense multilayer interference stacks, index gradient systems to

nanostructured surface patterns can be accomplished by sol-gel processing. It is

Fig. 28.13 Schematic representation of the embossing of xerogel films (top) and the transfer of

partially densified material from an indenter to a film surface (bottom) prior to thermal annealing
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remarkable, though, that in the case of e.g. porous AR coatings a time span of half a

century lies between first patents and final commercialization. “Boring” and aca-

demically ungrateful work regarding solution stability, upscaling of synthesis and

coating technology, adhesion, mechanical stability and weathering resistance may

not be the only reason for such a tardy economic impact. Since industrial processing

of materials and surfaces is often dominated by physical techniques, process

engineers sometimes probably are more likely to deprecatingly judge wet chemical

processing steps that by mistake are considered excessively unforeseeable and

unstable. Therefore successful commercial implementations should serve as good

examples and encourage a broader confidence into this promising multidisciplinary

technology.
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16. Krüger H, Kemnitz E, Hertwig A, Beck U (2008) Transparent MgF2-films by sol-gel coating:

synthesis and optical properties. Thin Solid Films 516:4175–4177

17. Macleod H (2001) Thin-film optical filters, 3rd edn. Institute of Physica Publishing, London
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Chapter 29

Luminescent Thin Films: Fundamental

Aspects and Practical Applications

Shinobu Fujihara

29.1 Introduction

Electrons that are excited by any energy sources can possibly emit light when they

return to the ground state in many of inorganic and organic materials. This phe-

nomenon is known as luminescence and inorganic materials showing visible lumi-

nescence are usually called phosphors. Luminescence as a result of excitation by

light (photon), cathode ray, electrical field, heat, and chemical reaction is

designated photoluminescence (PL), cathodoluminescence (CL), electrolumines-

cence (EL), thermoluminescence, and chemiluminescence, respectively. Lumines-

cence is particularly sensitive to characteristics of materials such as purity,

composition, defects, and phonon frequencies. Luminescence is a radiative process

and always competes with non-radiative processes including multi-phonon relaxa-

tion and concentration quenching. Basic concepts and applications of phosphors are

summarized in the book, “Luminescent Materials,” which is renowned as a com-

prehensive reference [1].

Luminescent metal oxide materials are classified into two basic groups: metal

oxide semiconductors that have large band gaps, absorb ultra-violet (UV) light, and

emit visible light, and metal oxide insulators (host materials) doped with lumines-

cent transition metal ions (activators).

Figure 29.1 shows a schematic illustration of representative excitation processes

in phosphors. Semiconductors are excited exclusively by inter-band electronic

transitions, while activators doped in metal oxides can be excited by inter-band

transitions in hosts and subsequent energy transfers or direct charge transfers from

oxide ions. Emissions from semiconductors usually correspond to band gap

energies, but defects or dopants can once trap excited electrons and give lower

energy emissions in the visible wavelength region. A well-known example of this
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type is zinc oxide (ZnO), which emits green light due to the existence of oxygen

vacancies generating defect levels within the band gap [2].

Luminescence of rare-earth (RE) ions doped into metal oxide materials is of

prime importance and has found numerous practical applications such as fluores-

cent lamps and cathode-ray tubes so far [3]. RE ions are characterized by their

incompletely filled 4f electronic orbital, which is a treasure house of electric,

magnetic, optical, and optoelectronic functions. Doped RE ions can be excited by

any energy sources through intraconfigurational f–f transitions of inner 4f electrons,
interconfigurational f–d transitions, charge transfers between RE ions and oxide

ions, or host lattice absorptions. Luminescence behavior of excited RE ions is

subject primary to crystal fields of host lattices as well as lattice imperfection

[4]. Lattice phonon also affects quantum efficiencies of emissions from excited

RE ions.

The morphology or the shape of phosphors is generally fine powders composed

of micrometer-sized, well-developed particles synthesized by conventional solid-

state reaction under high-temperature heat treatments. For device applications,

phosphor powders are shaped as films (or screens) up to a few hundred micrometer

in thickness. Printing techniques are required to obtain films with high uniformity

and good adhesion to substrates because they influence greatly optical and lumi-

nescent properties of phosphors as an assembly of particles. In fluorescent lamps,

phosphor films are coated inside a glass tube, which is filled with mercury gas. By

discharge between electrodes at both ends, mercury gas is excited and emit UV

lines, which are subsequently utilized for exciting phosphor films. One kind of

phosphors emits monochromatic light and therefore phosphor films are composed

of two or three kinds of phosphors to emit mixed white light. Fluorescent lamps

look white when they are turned off because phosphor films scatter light coming

from outside.

Since phosphors are materials of large band gaps, they do not absorb visible

light. Therefore, if we could avoid light scattering, phosphors were transparent to

the naked eye. “Thin” films of luminescent materials are really transparent and have

received considerable attention these days. They are coated on transparent glasses

or polymers to give multi-functional optical properties based on high transparency

and luminescence. One should know, however, phosphor thin films are usually less

bright than powder screens due to the occurrence of multiple internal reflections and

light trapping [5], as descried later. It is a challenging undertaking to design,

synthesize, and utilize luminescent thin films having improved or enhanced emis-

sion properties because they can offer new fields of applications as energy-saving

Fig. 29.1 A schematic

illustration of excitation

processes in two different

types of phosphors
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lighting, transparent imaging and displays, and solar energy conversion. This

chapter describes preparation of luminescent thin films by various kinds of chemi-

cal solution deposition (CSD) methods and their applications. Emphasis is placed

on characteristic optical properties of thin films such as transmission, surface

Fresnel reflection, total internal reflection, and interference. Applications of lumi-

nescent thin films to active waveguides, flat panel displays, X-ray imaging devices,

and solar cells are also presented.

29.2 Precursor Chemistry

The sol–gel method is well known as a technology for synthesizing metal oxide thin

films [6–8]. In a typical synthesis, raw materials are first dissolved in a certain kind

of solvents. Then the resultant solutions are reacted or aged at moderate

temperatures and finally coated on a certain kind of substrates by dip-coating or

spin-coating. The coated substrates are heat-treated at higher temperatures for

removing organic components from films, making good adhesion of films, and/or

crystallizing films well. The film thickness is controlled by adjusting the solution

viscosity, changing the coating conditions, and/or repeating the coating procedures.

During a sol–gel processing using metal alkoxides, chemical reactions such as

hydrolysis and condensation proceed to form viscous sols. Silica (SiO2) films are

one of the most successful examples of sol–gel-derived materials and many kinds of

luminescent ions, semiconductor quantum dots, and metal fluoride nanocrystals

have been incorporated into silica matrix. For example, Slooff et al. [9] fabricated

Er3+-doped sol–gel films and investigated infrared (1.53 μm) luminescence

properties. Precursor solutions were prepared by mixing tetraethylorthosilicate

(TEOS), ethanol, water, and HCl. The solutions were stirred while heated to a

temperature of 70 �C where they changed from opaque to transparent. Separately,

an erbium solution was prepared by dissolving Er(NO3)3·5H2O into ethanol. After

mixing and reacting the TEOS and the erbium solution, the resultant precursor

solutions were spin-coated onto pre-cleaned Si substrates covered by a 2-nm-thick

native oxide. Heat treatments were performed at high temperatures up to 900 �C in

air or in vacuum. Bullen et al. [10] prepared ZrO2–SiO2 hybrid sol–gel glass films

incorporated with a highly luminescent semiconductor quantum dots. Monodis-

perse core (CdSe) or core-shell (CdSe@CdS or CdSe@ZnS) nanoparticles were

prepared by the reaction of organometallic reagents such as dimethylcadmium and

diethylzinc in organic surfactants (trioctylphosphine). The nanoparticles were

capped with aminoethylaminopropyltrimethoxysilane allowing their dissolution

in polar solvents such as propanol or ethanol. A matrix sol–gel solution was

synthesized by reacting 3-(trimethoxysilyl)propylmethacrylate, methacrylic acid,

and zirconium n-propoxide [11]. The capped particles were mixed with the sol–gel

solution leading to a final sol that can be used for depositing thin films on substrates

by spin- or dip-coating. After deposition the films were dried at low temperatures up

to 150 �C. Fujihara et al. [12] reported transparent, luminescent sol–gel silica films
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on the basis of a SiO2–(Gd,Eu)F3 nanocomposite structure, in which (Gd,Eu)F3
nanocrystals were dispersed in a silica matrix. RE acetates were dissolved in

a mixed solvent of water and trifluoroacetic acid (TFA). TEOS and

N,N-dimethylformamide were added to ethanol. The former solution was added

dropwise to the latter, and the resultant solution was stirred for 1 day at room

temperature. The solution was then spin-coated on silica glass substrates and heated

at temperatures between 300 and 500 �C for 10 min in a flowing nitrogen atmo-

sphere, followed by quenching. The above examples indicate that the high-

temperature treatment is necessary for doping the RE ions directly to the silica

matrix, while the incorporation of the luminescent solid particles can be done at the

relatively low temperatures.

The formation of metal complexes is also an important step when metal salts

such as chlorides, nitrates, sulfates, and acetates are used as starting materials for

depositing various kinds of metal oxide thin films. Instead of the formation of sols,

chemically stable metal complexes are formed in solutions. The sol–gel processing

of ZnO is a good example [13]. Zinc acetate dihydrate was dissolved in

2-methoxyethanol, to which monoethanolamine was added. Aminoethanols act as

bidentate ligands to Zn2+, making the solution stable against any precipitates. Both

oxygen and nitrogen in NR2CH2CH2OH (R ¼ H or CH2CH2OH) can make bonds

with Zn2+. When the precursor was heated at around 300 �C, the decomposition

began by having ”(�N,–O) –Zn” and ”(�COO)–Zn” bonds in the complex broken.

Sol–gel-derived Mg-, Cd-, and (Al,Li)-doped ZnO thin films were found to exhibit

visible PL which was tunable in a wide range from blue to green and orange

[14–16]. For (Zn,Mg)O films, zinc acetylacetonate monohydrate was added to

methanol. Magnesium acetate tetrahydrate was added to a mixture of isopropanol

and water. A precursor solution was then prepared by mixing the Zn and Mg

precursors and deposited on quartz glass substrates by spin-coating. The coated

substrates were then heated at 600 or 700 �C for 10 min in air, O2, N2, or H2/N2

atmospheres, followed by quenching. In preparing (Al,Li)-doped ZnO films,

AlCl3·H2O and LiCl were simultaneously added to the zinc acetylacetonate precur-

sor. The coated substrates were dried at 250 �C before annealing to suppress lithium

volatilization.

In the preparation of crystalline RE-doped metal oxides, careful attention should

be paid to the homogeneity of precursor solutions. This is because a concentration

of RE dopants is usually very low (a few atomic percent) and their aggregation

would result in degradation of luminescent properties. Y2O3:Eu
3+ is one of the most

popular red-emitting phosphor materials. Many researchers attempted to fabricate

Y2O3:Eu
3+ thin films by a variety of CSD methods. Typical examples are

introduced below. In the sol–gel process, the main component is an yttrium

precursor, which may be yttrium alkoxides or yttrium salts. Rao [5] employed

stable yttrium and europium hydroxide gels through the ion exchange process

starting from nitrates and chlorides. The gels were mixed and oxalic acid and

acetylacetone were added. The film deposition was carried out using the mixtures

in a semi-gel state with dip- or spin-coating technique. The films were finally heated

at temperatures between 500 and 1,000 �C for 2 h in air. The film thickness was
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increased up to 3.7 μm by repeating the coating for 30 layers. Guo et al. [17]

prepared Eu3+- or Er3+-doped Y2O3 films starting from metal acetates dissolved in

methoxyethanol with the addition of diethylenetriamine. After stirring the mixture

for 2 h, proper amount of water was added to the solution. The resultant solution

was dip-coated on glass substrates and annealed typically at 600 �C. Cho et al. [18]
utilized yttrium nitrate, europium nitrate, and citric acid as precursors in the sol–gel

reactions. The nitrates were dissolved in 2-methoxyethanol, to which citric acid

were added. A small amount of formaldehyde was also added as a drying control

chemical additive. The solution was then spin-coated on (0001) plane-sapphire

substrate. The films were finally annealed at temperatures between 700 and 1,400 �C
for 2 h in air. Figure 29.2 shows cross-sectional SEM images of the films, after

coating ten times, for various heating temperatures. The film thickness decreases

slightly with increases in the heating temperature. The increased crystallinity of the

films at higher temperatures leads to denser films. The CL and PL properties were

found to be superior in these Y2O3:Eu
3+ thin films. Scintillating Eu3+ and Tb3+

co-doped Gd2O3 and Y2O3 films were prepared by the sol–gel method by

Ramı́rez et al. [19]. Precursor solutions were prepared using gadolinium

acetylacetonate (Gd(acac)3) and yttrium acetylacetonate (Y(acac)3). The gadolin-

ium precursor was dissolved in anhydrous ethanol under vigorous stirring at 40 �C.
The yttrium precursor was dissolved in anhydrous isopropanol at 60 �C. In both

cases, the gadolinium and yttrium solutions were stirred for 2 h, and acetylacetone

was added as a chelating agent. Eu(NO3)3 and Tb(NO3)3 was dissolved in ethanol

(for the Gd system) or isopropanol (for the Y system). A definite volume of each

dopant was added to both gadolinium and yttrium acetylacetonate solutions. Thin

films were prepared on silica glass substrates by the dip-coating technique, which

was followed by drying at 100 �C to remove possible water content and the most

volatile solvents. The films were then heat-treated at 300 �C to facilitate complete

removal of the remaining organic residues and to promote the densification process,

and finally at 700 �C for 4 h under a dry oxygen flux.

Fig. 29.2 Cross-sectional

SEM images of the Y2O3:

Eu3+ thin-film phosphors

after heating at various

temperatures: (a) 800;

(b) 1,000; (c) 1,200; and

(d) 1,400 �C. Reproduced
from [18] by permission of

Elsevier
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Luminescent properties are sensitive to impurities such as hydroxyl groups and

carbonates which can receive energies from excited electrons as phonons or

vibration energies. Therefore, special attention should be paid to heat treatments

to remove them from any of the luminescent films when using the CSD technique.

29.3 Materials for Luminescent Thin Films

Metal oxide materials containing lanthanum and gadolinium can be good hosts for

luminescent RE activators. The 4f orbital of La3+ is empty, and that of Gd3+ is just

half-filled. These ions therefore do not impede the RE luminescence due to

transitions of 4f electrons. Similarly to Y2O3, Gd2O3 is a good host material and

RE-doped Gd2O3 thin films have been prepared by CSD [20–24]. In contrast, La2O3

is not suitable for RE-doping because La2O3 is highly sensitive to moisture and

carbon dioxide under atmospheric environment. Actually, La2O3 undergoes hydro-

lysis to form La(OH)3 easily, and therefore the surface of La2O3 should be coated

by other stable materials to be used as the host [25]. CeO2 is chemically and

thermally stable and has also 4f-empty Ce4+ ions, which can be replaced by

luminescent RE ions. However, the substitution of RE3+ for Ce4+ needs charge

compensation by the generation of oxygen defects, which would influence the

luminescent properties. Moreover, the crystal structure of CeO2 is highly symmet-

ric, which lowers probability of electronic transitions in doped Eu3+ ions. The

CeO2-based phosphors are therefore limited to CeO2:Sm
3+ showing a bright orange

luminescence [26].

Table 29.1 summarizes various kinds of phosphor materials, developed as thin

films by CSD, together with their precursors, substrates, coating methods, and final

heat-treatment temperatures. Amorphous as well as crystalline CaO–SiO2:Eu
3+ thin

films were prepared by Meng et al. [28] because little attention had been paid to the

preparation of luminescent silicate (such as Zn2SiO4, CaSiO3, and MgSiO3) films at

that time. They showed that the films became thinner and their constituent particles

became smaller with increasing the heat-treatment temperature. The crystalline

phase was kilchoanite (Ca3Si2O7) between 800–900
�C and changed to wollastonite

(Ca3Si3O9) at 1,100
�C due to reaction with the silica glass substrate. The elimina-

tion of OH groups in the films was nearly complete at 700 �C. Figure 29.3 shows PL
excitation and emission spectra of the film heated at 800 �C. The broad excitation

band centered around 250 nm is attributed to the charge transfer between the Eu3+

ions and the surrounding O2– ions, while the narrow lines are due to the f–f
transitions in Eu3+. The emissions are originated from the 5D0 ! 7FJ (J ¼ 0,

1, 2, 3, 4) transitions of Eu3+. The concentration quenching occurred when the

Eu3+ doping level was above 6 mol% of Ca2+. Partially substituted oxyapatite

silicates, La8M2(SiO4)6O3:Eu
3+ (M ¼ Na, K, Mg, Ca, Sr, Y, and Gd), were also

prepared as thin films by the sol–gel method [32]. All the oxyapatite films showed

red luminescence upon excitation with UV light. Careful examinations of the

structure and optical properties revealed that the excitation of Eu3+ could be

modulated by changing the substituting M ions in the oxyapatites. Because of
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Table 29.1 Typical synthetic conditions of various-types of luminescent thin films by CSD,

summarized with materials, precursors, substrates, coating methods, and final heat-treatment

temperatures

Material Precursor Substrate Coating

Temp.

(�C) Refs.

BaTiO3:Eu
3+ Ba(CH3COO)2, Ti(OC4H9),

EuCl3, acetylacetone,

acetic acid, water,

i-propanol,

polyvinylpyrrolidone

Quartz glass Dip 700 [27]

CaO–SiO2:Eu
3+ Ca(NO3)2·4H2O, Eu(NO3)3,

TEOS, ethanol, water,

HCl

Quartz glass Dip 500–1,100 [28]

CaBi3.75Nd0.25Ti4O15:

Eu3+
Bi(NO3)3·5H2O, Eu

(NO3)3·5H2O, Ca

(NO3)2·4H2O, Nd

(NO3)3·6H2O, Ti

(OC4H9)4, acetic acid,

acetylacetone

(111)Pt/Ti/

SiO2/Si

Spin 550–750 [29]

GdTaO4:Eu
3+ Gd2O3, Eu2O3,

2-methoxyethanol,

HNO3, TaCl5, HCl,

polyvinylpyrrolidone

Quartz glass Spin 1,200 [30]

HfO2:RE
3+ (RE: Sm,

Eu, Tb)

Hf(OC4H9)4, RECl3,

Hexane

Quartz glass Dip 800 [31]

La10(SiO4)6O3:Eu
3+ La(CH3COO)3·1.5H2O, Eu

(CH3COO)3·4H2O, TFA,

water, TEOS, ethanol

Quartz glass Spin 1,000 [32]

LaPO4:Ce
3+,Tb3+ La2O3, Tb4O7, Ce

(NO3)3·6H2O, HNO3,

water, ethanol, citric

acid, (NH4)2HPO4

Quartz glass Dip 700–1,100 [33]

LiNbO3:Eu
3+ LiOC2H5, Nb(OC2H5)5, Eu

(ClO4)3, polyvinyl alco-

hol, ethanol, acetic acid,

water

z-Cut congru-

ent

LiNbO3

Dip 700 [34]

Y2Sn2O7:Eu
3+ Y(CH3COO)3·4H2O, Eu

(CH3COO)3·4H2O,

SnCl4·5H2O, ethanol,

HNO3, citric acid, poly-

ethylene glycol

Quartz glass Dip 500–1,000 [35]

YVxP1–xO4:Eu
3+ Y2O3, Eu2O3, NH4VO3,

(NH4)2HPO4, HNO3,

water, ethanol, citric

acid, polyethylene glycol

Quartz glass,

Si wafer

Dip 700–800 [36]

ZrO2:RE
3+ (RE: Sm,

Eu, Tb)

Zr(OC3H7)4, n-propanol,

acetic acid, water, RE

(NO3)3,

2-methoxyethanol

Quartz glass Dip 500 [37]
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their high chemical stability and high transparency, the oxyapatite films are poten-

tially used as luminescent thin-film components in optical devices.

A well-known ferroelectric BaTiO3 was doped with Eu3+ and prepared as thin

films [27]. The BaTiO3:Eu
3+ films exhibited a crystalline perovskite phase by

heating at 700 �C within 2 h and presented good surface morphology. PL was

observed due to the electronic transition of the Eu3+ ions with the predominant band

at 615 nm. The obtained film thickness (approximately 500 nm) should be further

optimized to be promising for luminescent applications because the emission

intensity was not so strong. Ferroelectric Eu3+-doped CaBi3.75Nd0.25Ti4O15 thin

films were prepared by Wang et al. [29]. Polycrystalline CaBi3.75–xEuxNd0.25Ti4O15

films with an Aurivillius phase were obtained up to x ¼ 0.5. The films were dense

and smooth with uniformly distributed grains at x < 0.2. Improved PL and ferro-

electric properties were attained for the Eu3+-doped films compared with an

undoped film prepared under the same experimental conditions. The PL intensity

increased with the heating temperature due to the improved crystallinity of the

films. The ferroelectric properties of the films also showed that the 2Pr (remnant

polarization) reached a maximum value of 30.7 μC cm–2 when x was 0.2.
Materials for optical coatings or planar waveguides were also doped with RE

ions. ZrO2 having chemical and photochemical stability, high refractive index, and

low phonon energy was prepared as thin films and doped with Eu3+, Tb3+, and Sm3+

by Reisfeld et al. [37]. PL spectra showed an inhomogeneous broadening unlike the

sharp lines in ZrO2:Eu
3+ crystals, indicating that the films were of amorphous

nature. For Eu3+ and Tb3+, higher luminescent intensities were observed in the

ZrO2 films, compared with SiO2 films at comparative concentration of the RE ions

per optical path. This is due to the higher refractive index and higher dielectric

constant of the ZrO2 matrix. The ZrO2:RE
3+ films thus obtained are suitable for

active waveguides. The high density of ZrO2 and HfO2 makes them also attractive

as scintillating materials. RE-doped HfO2 films were prepared by Lange

Fig. 29.3 PL excitation

(λem ¼ 616 nm) and

emission (λex ¼ 256 nm)

spectra of the

CaO–SiO2:0.01Eu
3+

luminescent film heated at

800 �C. Reproduced from

[28] by permission of the

Royal Society of Chemistry
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et al. [31]. PL of the RE3+ ions in HfO2 could be efficiently excited via the band-to-

band excitation of the host. A significant increase in PL efficiency was observed as

a result of the heat treatment. The evidence of multiphoton relaxation in the

excitation spectra of the RE3+ luminescence above 14 eV suggested the possibility

of using HfO2 as a scintillator for the ionizing radiation.

RE orthovanadates (REVO4) and orthophosphates (REPO4) are known as impor-

tant luminescent materials. Actually, YVO4:Eu
3+ is commercially used as a red

phosphor in cathode-ray tubes and high-pressure mercury lamps, and LaPO4:Ce
3+,

Tb3+ is used as a green phosphor in tricolor fluorescent lamps. The crystal structure

of these compounds depends on the size of the RE ion either with the tetragonal

zircon structure (xenotime type) or the monoclinic monazite structure [38]. Yu

et al. [36] reported the sol–gel preparation of YVxP1–xO4:Eu
3+ and RVO4:Eu

3+

(0 � x � 1; R ¼ Y, La, Gd) nanocrystalline thin films. The films began to crystal-

lize at 400 �C and the crystallinity increased with increasing the heating tempera-

ture. Complete solid solutions were formed between YVO4 and YPO4 (0 � x � 1)

when heated at 800 �C. It was shown that the x values in the YVxP1–xO4:Eu
3+ films

had a great influence on the luminescence properties of Eu3+, such as excitation

mechanisms, emission intensity, color, and decay behavior. At x ¼ 0, the main

excitation band of Eu3+ was observed between 200 and 250 nm, which

corresponded to the O2––Eu3+ charge transfer. At x ¼ 0.1, a new broad excitation

band from 250 to 330 nm appeared and it became higher and wider with increasing

the x values. This band is ascribed to a charge transfer occurring inside the VO4
3–

ion from the oxygen ligands to the central vanadium atom. The energy of the

excited state is then transferred to the Eu3+ ion, resulting in the stronger red

emission. The enhancement of the excitation is also known in LaPO4 codoped

with Ce3+ and Tb3+. That is, the energy absorbed by the Ce3+ ion can be transferred

to the Tb3+ ion which subsequently shows green emissions. Yu et al. [33] also

prepared LaPO4:Ce
3+,Tb3+ nanocrystalline thin films by the sol–gel method. The

films heated below 700 �C were amorphous, while those heated at 700 �C or higher

were crystallized and the crystallinity increased with the temperature. The excita-

tion spectrum of the film for the Tb3+ emission (543 nm) showed two strong peaks

at 256 and 276 nm due to the Ce3+ excitation. It was suggested that the energy

transfer efficiency from Ce3+ to Tb3+ depended strongly on their doping

concentrations in LaPO4.

Eu3+-activated GdTaO4 is also one of the promising candidates for X-ray

imaging and flat panel display due to its high density, high luminescence efficiency,

stable chemical properties, strong irradiation hardness, and good X-ray absorption.

Liu et al. [30] reported the preparation of GdTaO4:Eu
3+ films by the sol–gel

method. Transparent, relatively thick GdTaO4:Eu
3+ films were obtained from

solutions containing polyvinylpyrrolidone (PVP). The critical thickness of the

film (the maximum thickness achievable without crack formation via

non-repetitive deposition) was found to be 0.8 μm. The thick GdTaO4:Eu
3+ films

exhibited excellent X-ray excited luminescence performances, which would find a

potential application in high-resolution X-ray imaging systems.
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In preparing luminescent films of complex metal oxides having two or more

kinds of cations, a sol–gel technique called a Pechini method is often employed to

facilitate homogeneous distribution of cations and viscosity suitable for coating.

This method is based on the preparation of solutions from inorganic salts as cation

sources, citric acid as a chelating agent, and polyethylene glycol as a cross-linking

agent. The above-mentioned YVxP1–xO4:Eu
3+ films were prepared by the Pechini

method. Another example is found in Y2Sn2O7:Eu
3+ thin films [35]. RE acetates

and SnCl4 were added to ethanol containing nitric acid. Citric acid and polyethylene

glycol were mixed with the solutions for coating. The resultant films showed the

occurrence of the multiband orange-red luminescence at a single-wavelength exci-

tation. These spectral features provided the chromaticity of a region between pink

and yellowish pink in the Commission Internationale d’Eclairage (CIE) diagram,

which would be adequate to use as a new reddish component in reproducing natural

light in optical devices.

Polymer additives such as PVP [27, 30] and polyvinyl alcohol (PVA) are useful

in preparing thin or thick films. Takahashi et al. [34] prepared LiNbO3:Eu
3+ thick

films on z-cut congruent LiNbO3 wafers by the sol–gel method using PVA. (006)-

oriented LiNbO3:Eu
3+ epitaxial layers with parallel epitaxial relationships could be

grown on the z-cut LiNbO3 wafer. It was found that the refractive index of the

LiNbO3:Eu
3+ films decreased and the luminescence intensities increased with

increases in the Eu3+ concentration. The incorporation of the RE ions into

LiNbO3 is challenging because of greater difference in the valence states and the

ionic radii between Li+, Nb5+, and RE3+. Analysis of the LiNbO3:Eu
3+ films with

Raman spectroscopy indicated that Eu3+ might occupy the Nb5+ site in the LiNbO3

lattice.

29.4 Optics of Luminescent Thin Films

Transparency is the most important optical property of the luminescent thin films.

As shown in Table 29.1, the substrate used in the film fabrication is mostly the

quartz (SiO2) glass. This is because the quartz glass itself is highly transparent in a

wide range of wavelengths. In addition, the quartz glass is thermally stable and

inert, which is necessary for the high-temperature treatment to crystallize the

luminescent thin films sufficiently. Generally, the crystallinity is improved and

the luminescent intensity is increased with increasing the heat-treatment tempera-

ture. Even when only low-temperature treatments are necessary, the use of other

cheaper glasses such as borosilicate or soda-lime glasses is to be avoided because

they show weak PL upon irradiation with UV.

Taking account of the interaction between light and solid materials, nothing is

completely transparent in air. The speed of light is decreased when travelling inside

materials. The ratio of the speed in vacuum (c0) and that in materials (c) is defined
as the refractive index (n ¼ c0/c), when the materials do not absorb light. At the

air/glass interface with a step change of the refractive index, a small portion of the
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incident light is reflected back, causing a decrease in optical transmittance. This is

called Fresnel reflection and reflectance (R) is given by Eq. (29.1),

R ¼ na � ng
� �2

= na þ ng
� �2

(29.1)

for the near-normal incidence of light, where na and ng are the refractive index of air
and the glass, respectively. If we take ng ¼ 1.47 for the quartz glass in the visible

region, reflectance in air (na ¼ 1) is 0.0362 for one side of the glass surface. When

thin films are coated on glass substrates as depicted in Fig. 29.4, reflectance is

changed depending on the refractive index of films (nf). For nf < ng with single-

component films, reflectance is reduced and complete anti-reflection (AR) is

attained under following conditions [Eqs. (29.2) and (29.3)],

n2f ¼ nang (29.2)

nf d ¼ λ=4 (29.3)

where d is the film thickness and λ is the wavelength of incident light [39]. For

nf > ng commonly with luminescent thin films (for example, nf ¼ 1.9 with Y2O3

[17]), reflectance is increased and hence transparency is degraded against the

environmental light.

When materials absorb light, their refractive index should be expressed as

[Eq. (29.4)],

N ¼ nþ iκ (29.4)

where N is the complex index of refraction and κ is the extinction coefficient. The

reflectance is then influenced by κ with formula [Eq. (29.5)],

R ¼ na � nð Þ2 þ κ2
n o

= na þ nð Þ2 þ κ2
n o

(29.5)

The situation is rather complicated in absorption of luminescent materials. In

RE-doped phosphors, for example, absorption related to the RE ions is located at

Fig. 29.4 Incidence of light

from air into a film coated

on a glass substrate
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longer wavelength regions and is relatively small. Large absorption of host lattices

occurs at shorter UV wavelength regions. Reflectance of luminescent thin films

therefore depends greatly on wavelengths of the incident light.

Two other optical effects are also greatly concerned in luminescent thin films.

One is the appearance of interference fringes in thicker films, which can be

observed as waving optical transmission spectra. Although increase of the film

thickness is often attempted to enhance luminescence, it also results in the interfer-

ence and sometimes the colorization. The other is the occurrence of total internal

reflection of emissions inside luminescent thin films. Total internal reflection takes

place when the light is traveling within a more optically dense medium towards a

less optically dense medium. In the Y2O3:Eu
3+ film on the quartz glass, for instance,

total internal reflection of Eu3+ red emissions occurs both at the air/film interface

and the film/glass interface. Consequently, the extraction efficiency of emissions in

the near-normal direction is not so high in luminescent thin films, which is always

the major concern. The requirement of transparency or reflection is subject to how

luminescent thin films are practically used in optical or optoelectronic devices, as

described next.

29.5 Applications

29.5.1 Active Waveguides

RE-doped planar waveguides have been explored as optical amplifiers and new

laser sources for integrated optic devices. In waveguides, light is launched from the

edge and travels through films along the direction parallel to the substrate surface

based on internal total reflection. High-quality films having high refractive indices

are required for efficient luminescence as well as sufficient waveguiding perfor-

mance in such applications. The sol–gel method has been adopted to prepare TiO2:

Er3+ films [40], BaTiO3:Er
3+ films [41], Al2O3:Er

3+ films [42], SiO2–HfO2:Er
3+,

Yb3+ films [43], Y2O3:Tb
3+ films [44], Y3Al5O12:Tb

3+ films [45], Y3BO6:Eu
3+

films [46], ZrO2:Eu
3+ films [47], and Lu2O3:Eu

3+ films [48]. Generally, crystalline

films are superior to glass or amorphous films in terms of the dispersion of doped

RE ions. The Er3+-doping aims at optical amplification at 1.53 μm, following the

practically used Er3+-doped fiber amplifier.

The sol–gel method offers advantages for the fabrication of planar waveguides

as follow. Amorphous or nanocrystalline thin films can be obtained to suppress light

scattering loss. The refractive index can be tuned by changing solution and film

compositions. Pattering of films at the gel state is possible for fabricating channel

waveguides. The success of the sol–gel-derived films as active waveguides depends

on exact control of the thickness up to a micrometer scale without the crack

formation [43].
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29.5.2 Displays

For display application, luminescent thin films have been believed to exhibit higher

contrast and resolution, superior thermal conductivity as well as a high degree of

uniformity and better adhesion, since cathodoluminescent Y2SiO5:Tb
3+ films were

prepared on fused silica and sapphire substrates using the sol–gel method by

Rabinovich et al. [49]. The current state-of-the-art technology for display devices

includes plasma display panels (PDP), liquid crystal display (LCD), field emission

display (FED), inorganic EL display, and organic EL display (also called organic

light-emitting diode; OLED). PDP employs fine powder phosphors which is excited

by VUV light from discharged Ne/Xe gas. LCD utilizes light originating from

phosphors mounted in fluorescent lamps or white LEDs. Accordingly, luminescent

thin films described in this section are intended as those applied in FED and

inorganic EL display.

FED is constructed by a planar substrate with an array of field emitters, a

conductive extraction grid (gate), and an anode screen mounted parallel to the

cathode array [50, 51]. The anode screen is composed of a glass plate coated with a

transparent conductive material and a cathodoluminescent phosphor layer. As used

in cathode-ray tubes, efficient cathodoluminescent phosphors have been metal

sulfides or selenides so far. However, FED phosphors should be stable against the

electron beam and hence sulfides are not appropriate because they decompose to

generate sulfur which degrade field emitters. In this sense, oxide-based phosphors

having excellent chemical and thermal stabilities are quite promising. Pang

et al. [20, 52] prepared nanocrystalline Gd2O3:RE
3+ (RE ¼ Eu, Dy, Sm, Er) and

Y2O3:Eu
3+ phosphor films by the Pechini sol–gel process. These phosphor films

could be patterned into homogeneous and defect-free film stripes with different

widths (5–50 μm) by a soft lithography technique (micro-molding in capillaries). In

a laboratory scale, thin-film phosphors are not always evaluated with cathodolu-

minescent properties because of particularity in measurement methods and appara-

tus. Zhang et al. [53] reported red–green–blue (RGB) full-color displaying Y2SiO5:

RE3+ (RE ¼ Eu, Tb, Ce) thin films prepared from TEOS, Y(NO3)3, and RECl3 by

the sol–gel method. PL of the films were evaluated and discussed with the CIE color

coordinate. Recently, Li-doping in phosphors has attracted attention because it can

enhance luminescent properties [54]. Cho et al. [55] investigated the cathodolu-

minescent brightness of sol–gel derived, Li-doped Y2O3:RE
3+ (RE ¼ Eu, Tb, Tm)

RGB thin-film phosphors to assess their usefulness in oxide RGB triads for FED.

A conventional inorganic thin-film EL (TFEL) display was constructed with

metal sulfide phosphors such as blue-emitting SrS:Ce3+, green-emitting ZnS:Tb3+,

yellow-emitting ZnS:Mn2+, red-emitting CaS:Eu2+, and so on [56]. The problem is

that such sulfide phosphors suffer from the lack of primary color emissions and

chemical instability, especially against moisture. In recent years, chemically stable

metal oxide phosphors have been developed for TFEL devices [57]. Ga2O3:Mn2+

thin films were prepared by the sol–gel process using gallium acetylacetonate and

MnCl2 [58, 59]. The films had to be post-annealed in an Ar gas atmosphere at
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approximately 1,020 �C to improve the luminescent properties. Higher luminance

was always obtained in TFEL devices using the sol–gel-derived Ga2O3:Mn2+ thin

films rather than films deposited by magnetron sputtering for comparison. The

difference in obtained luminance was explained with the crystallinity and Mn2+

content of the thin-film emitting layers. Figure 29.5 shows one of the structures of

TFEL devices on glass substrates which require thin-film dielectric layers [60]. The

dielectric should have high breakdown strength and high dielectric constant to

achieve a high charge transfer through the EL phosphor with low voltage operation.

Commercialization of TFEL with oxide phosphors for flat panel displays and lamps

on glass substrates depends on the development of phosphors that may be deposited

at temperatures of 700 �C or lower.

29.5.3 X-ray Imaging

X-ray phosphors, sometimes referred to as scintillators, are inorganic materials

used in medical X-ray imaging applications. X-ray phosphors must be a good

absorber of X-rays and actually are high-density compounds containing elements

with high atomic numbers such as CaWO4, YTaO4, Gd2O2S, and LaOBr

[61]. High-resolution X-ray imaging requires thin films of dense materials with

high emission yield under X-ray excitation. Murillo et al. [62] prepared polycrys-

talline Gd2O3:Eu
3+ and Lu2O3:Eu

3+ thin films by the sol–gel method. Scintillation

performances of the films revealed a high emission yield with well adapted absorp-

tion coefficients for specific X-ray energy ranges. Gd2O3:Eu
3+ was preferable to

Lu2O3:Eu
3+ between 53 and 63 keV and for other energies Lu2O3 was a better host

lattice. A new general scheme based on the use of alkoxide chemistry was proposed

for the preparation of various scintillating materials including Ce3+-doped LuBO3,

GdBO3, LuPO4, and Lu2SiO5 [63].

Fig. 29.5 Structure of

the TFEL device using

three layer dielectrics.

Reproduced from [60]

by permission of Elsevier
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29.5.4 Solar Energy Applications

Applications of luminescent thin films to solar energy conversion technology have

been explored for many years. One way of enhancing the performance of solar cells

is to concentrate solar irradiance, particularly that part corresponding to high

spectral sensitivity of cells. The luminescent solar concentrator (LSC) allows

sunlight to be concentrated by way of wavelength conversion. The typical structure

of LSC is a transparent glass or plastic plate containing luminescent species such as

phosphors and organic dyes [64, 65]. Sunlight enters the upper face of the plate and

is partially absorbed by luminescent species. A fraction of emission light is trapped

by total internal reflection. Successive reflections transport the emission light to

edge-mounted solar cells. Approximately 75–80 % of the emission is trapped by

total internal reflection in the plate having the refractive index of nearly 1.5. The

concentration factor is proportional to the surface/edge ratio and the optical effi-

ciency of the plate. The advantages of LSC are summarized as follows [66]. LSC

can collect both direct and diffuse light. A good heat dissipation of non-utilized

energy is attained by the large area of the LSC plate in contact with air. Tracking the

sun is unnecessary. The luminescent species can be chosen to allow matching of the

concentrated light to the maximum sensitivity of solar cells.

Luminescent thin films deposited on transparent glass plates can also be used as

LSC. The advantage of luminescent thin films having optical contact with the

transparent plate is that the emission from the thin film is trapped in the plate

while parasitic losses due to self-absorption and scattering from impurities can be

greatly reduced as compared to luminescent bulk plates [67]. The thin-film LSC has

been mostly composed of organic materials or organic–inorganic composites. The

former and the latter correspond to polymer films [68] and organically modified

sol–gel films [67], respectively, doped with dyes. Machida et al. [69] prepared thin

films of organically modified-silicates (ormosil) incorporated with [Eu(phen)2]
3+

complex ions. LSC panels made by the films (n � 1.40) on quartz plates showed

10–15 % increases in the photovoltaic current of crystalline Si solar cells by the

luminescence of Eu3+, as shown in Fig. 29.6.

Another approach for improving the sunlight harvesting efficiency is the effec-

tive use of layered thin-film structures found in solar cells. That is, transparent

phosphor films are to be inserted in the layered structure. The performance is

expected to be enhanced by down-conversion of high energy UV photons to less

energetic visible photons which are absorbed by Si solar cells. Chung et al. [70]

prepared phosphor coatings consisting of Y2O3:Eu
3+, Y2O2S:Eu

3+, 3,9–perylene-

dicarboxylic acid bis(2–methylpropyl) ester, and tetraphenylporphyrin dispersed in

either polyvinyl alcohol or polymethylmethacrylate. Cells coated with Y2O3:Eu
3+

or Y2O2S:Eu
3+ showed an increased conversion efficiency by up to a factor of

14 under the UV illumination. Fukuda et al. [71] reported polymer coatings

containing sol–gel glass encapsulated Eu(TTA)3phen. The structure of the cell

was cover glass/ethylene vinyl acetate (EVA)/wavelength conversion film
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(WCF)/Si cell/EVA/back-film, as shown in Fig. 29.7. The short circuit current was

increased by the coatings due to a successful wavelength conversion.

Incorporation of transparent, RE-doped inorganic luminescent thin films, which

appear frequently in this chapter, is currently limited by their high crystallization

temperatures, lower absorption coefficient against the solar irradiance, and higher

refractive indices causing surface reflection. Serious challenges therefore need to be

addressed before inorganic phosphor thin films will be applied to solar cells. In this

sense, highly transparent metal fluorides with lower refractive indices would be

promising. CaF2, SrF2, BaF2, and KMgF3 were doped with RE ions and their

effectiveness were investigated by putting on top of c- and a-Si and CdS/CdTe

solar cells by Kawano et al. [72–74]. Increases of conversion efficiencies could be

observed by doping Eu2+ and Sm2+ into the fluoride crystals. NaYF4:Er
3+

up-conversion phosphors were attached to the rear of a bifacial Si solar cell to

enhance its sensitivity in the near-infrared [75]. A close match between spectral

features of the external irradiance and the phosphor absorption was consistent with

the energy transfer up-conversion process. Detailed discussion on spectral

convertors based on RE luminescence of both down-conversion and

up-conversion has been made recently by Ende et al. [76].

As to metal oxide thin films, PL in Y2O3:Yb
3+ thin films grown on sapphire

substrates were investigated by Lu and Chen [77]. Luminescence was enhanced

using arrays of gold nanoparticles in the wavelength range from 970 to 1,070 nm.

This enhancement was attributed to the resonance of localized surface plasmon

resonance modes of the Au nanoparticles with multiple optical transition lines of

Fig. 29.6 Current–voltage

curves of (a) the bare c-Si

cell, the LSC-connected

c-Si cell; (b) before; and

(c) after coating with the

ormosil: [Eu(phen)2]
3+

(3 mol%) film. Reproduced

from [69] by permission of

Elsevier
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the doped Yb3+ ions. Solar cell photon harvesting through efficient frequency

shifting was then discussed considering the demonstrated benefits of broad spectral

response.

Attempts to suppress surface reflection were made by designing multi-layered

anti-reflective (AR) coatings including a Y2O3:Eu
3+, Bi3+ luminescent layer

[78]. Transparent coatings consisting of a Y2O3:Eu
3+, Bi3+ layer (bottom) and a

porous SiO2 layer (top) with the high and the low refractive index, respectively,

were fabricated on quartz glass substrates by a sol–gel dip-coating method. Bi-layer

structured coatings could reduce Fresnel reflection considerably, showing an excel-

lent AR effect. Moreover, PL intensity from the Y2O3:Eu
3+, Bi3+ layer was

increased by stacking the porous SiO2 layer. This phenomenon was explained

with increased absorption of excitation light by decreasing Fresnel reflection at

the surface and reduced total internal reflection of emission light by easing the

difference in the refractive index at the interface.

Another approach is fabricating phosphor thin films with surface nanostructures

like the moth-eye structure. Recently, alumina (Al2O3) films with pseudo moth-eye

structures have been reported by using a sol–gel process and a subsequent hot water

treatment [79]. The hot water treatment is very simple and a low cost process with

immersing films in hot water. The resultant alumina films had a flower-like struc-

ture which worked as AR coatings since the structure exhibited a density gradient

from the surface to the substrate. AR phosphor coatings having disordered surface

nanostructures have also been fabricated by the sol–gel dip coating method and a

subsequent hot water treatment [80]. Thin films of a Bi3+,Eu3+-codoped YVO4 red

phosphor were prepared from precursor solutions containing basic aluminum ace-

tate. The hot water treatment of the films resulted in a considerable increase of

transmittance and its smaller angular dependence, which could generate the AR

effect. The hot water treatment also brought a remarkable change in the surface as

well as the cross-section structure in the aluminum-added YVO4:Bi
3+,Eu3+ films.

The film density and hence the refractive index were gradually changed like a

pseudo moth-eye structure, which explained the occurrence of the AR effect.

Photoluminescence of the YVO4:Bi
3+,Eu3+ films could be enhanced by the AR

Fig. 29.7 A schematic

configuration of the solar

cell in combination with the

wavelength conversion film

(WCF). The sol–gel glass

encapsulated Eu

(TTA)3phen was mixed

with the WCF. Reproduced

from [71] by permission of

Elsevier
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effect due to the suppression of surface Fresnel reflection of incident light and total

internal reflection of emitted light.

29.6 Concluding Remarks

This chapter gave detailed instructions on how to design and synthesize lumines-

cent thin films by the CSD techniques. Recent advances in applications to active

waveguides, displays, X-ray imaging systems, and solar cells were also described to

emphasize the importance of luminescent thin films for integrated optical and

optoelectronic devices. Particular attention was paid to optical properties charac-

teristic of transparent thin films. We should be concerned about surface Fresnel

reflection, total internal reflection, and interference occurring in thin films, in

addition to absorption (excitation) and emission related to luminescence. Mostly

the substrate used for depositing luminescent thin films is quartz glass because of

requirements for high transparency and high chemical and thermal stability. In

specific applications, however, the substrates should be other materials such as Si

wafers, oxide single crystals, low-cost glass plates, and even plastics. The success

of luminescent thin films is therefore dependent on the development of CSD that

can realize true “low-temperature” processes (cp. Chap. 18).
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3+

up-converting phosphors for enhanced near-infrared silicon solar cell response. Appl Phys Lett

86:013505

76. van der Ende BM, Aarts L, Meijerink A (2009) Lanthanide ions as spectral converters for solar

cells. Phys Chem Chem Phys 11:11081

77. Lu YL, Chen XB (2009) Plasmon-enhanced luminescence in Yb3+:Y2O3 thin film and the

potential for solar cell photon harvesting. Appl Phys Lett 94:193110

78. Tanaka S, Fujihara S (2011) Design and fabrication of luminescent anti-reflective sol–gel

coatings with bi-layer structure. Int J Appl Ceram Technol 8:1001

79. Tadanaga K, Yamaguchi N, Uraoka Y, Matsuda A, Minami T, Tatsumisago M (2008) Anti-

reflective properties of nano-structured alumina thin films on poly(methyl methacrylate)

substrates by the sol–gel process with hot water treatment. Thin Solid Films 516:4526

80. Tanaka S, Fujihara S (2011) Luminescent antireflective coatings with disordered surface

nanostructures fabricated by liquid processes. Langmuir 27:2929

29 Luminescent Thin Films: Fundamental Aspects and Practical Applications 745



Appendix A: Syntheses

René Thelen and Theodor Schneller

Abstract. In this additional chapter detailed “cooking recipes” for a number of

standard material systems such as (Pb(Zrx,Ti1-x)O3, (Bax,Sr1-x)TiO3, LaNiO3,

(La0.5,Sr0.5)CoO3 etc.) are presented in ways, which enable thorough working

students to prepare their own coating solutions in a state of the art chemistry

laboratory. It may be noted that for some sol-gel type precursor solutions, syntheses

under inert atmosphere are required. Moreover well-established procedures to

prepare functional crystalline films out of these solutions on platinized silicon

wafers by spin coating and subsequent heating processes are depicted. Finally,

the preparation of measurable thin film metal-insulator-metal structures from the

CSD prepared films is exemplarily described.

A.1 Introduction

The preceding main chapters covered the theoretical principles of solution synthesis

and the influences of the different processing steps on the properties of the

CSD-derived functional oxide thin films in the style of a research review or

textbook. In this appendix, the syntheses of selected well-known CSD material

systems are described as instructions to practical work in such detail that they can

be easily reproduced by students working carefully.

Certainly the collection of systems presented makes no claim to be complete.

The aim is to introduce typical synthesis principles with the example of selected

preparation routes which have been optimized at the Institut für Werkstoffe der

Elektrotechnik II (IWE II) and reproduced hundreds of times. The material systems

are divided into groups according to the components of which they consist. Addi-

tionally, some necessary reaction steps such as drying or preparation of educts are

explained in more detail.

T. Schneller et al. (eds.), Chemical Solution Deposition of Functional Oxide Thin Films,
DOI 10.1007/978-3-211-99311-8, © Springer-Verlag Wien 2013
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Basic principles of experimental organic chemistry may be found in [1, 2]. Since

moisture-sensitive alkoxides are often used as educts in the described syntheses,

some knowledge of working under inert-gas atmosphere is essential. Information

about the different techniques (Schlenk technique or glove box) used in the

manipulation of air-sensitive compounds can be found in [3, 4].

In the final part (Sect. A.6) of this chapter, standard processing steps for thin film

preparation are presented and described in detail.

A.2 Lead-Titanate-Based Material Systems

A large number of routes have been described for the preparation of lead-titanate-

based material systems. Depending on the desired characteristics of the deposited

thin film, the stoichiometry may be modified by substitution and doping. A large

variety of compositions are available, among which Zr-substituted lead titanate

(Pb(Zrx,Ti1-x)O3, PZT) plays a prominent role and will be the subject of this

section. Other compositions with dopants such as calcium or lanthanum are also

easy to create in the same way.

Probably most of the described routes rely on the use of ether-alcohols, such as

2-methoxyethanol (EGMME). In this section, two routes for the synthesis of PZT

will be introduced in detail.

The first route is the EGMBE route [5], which is in principle a modified variant

of the very well-known route of Budd et al. [6] (cp. Chap. 3) and is based on 2-

butoxyethanol (EGMBE) [7, 8], which is regarded as less toxic compared to

EGMME. It was modified with a view to simplifying and reducing the synthesis

time resulting in a one-pot reaction.

The other route was developed at IWE II and represents a very simple and time-

saving synthesis, which avoids ether-alcohols completely. In the following, this

route is termed the “IWE route”.

Common to both routes is the use of dried lead (II) acetate, zirconium (IV) -

n-propoxide and titanium (IV) isopropoxide. The commercially available lead

(II) acetate contains 3 moles of water of crystallization which must be removed

to avoid hydrolysis and condensation reactions during the synthesis. Hence, one

suitable way of removing the water of crystallization is also described in this

section.

To avoid premature hydrolysis and condensation reactions of the alkoxides, all

reaction steps must be carried out under a dry argon atmosphere using a glove box

and applying the Schlenk technique. The solvents are dried with sodium, then

distilled and stored under a dry argon atmosphere.

The molar masses stated below are used for the synthesis of stock solutions with

a volume of 25 ml and a final concentration of 1 mol/l. 30 % of zirconia and 70 % of

titania corresponding to tetragonal PZT (PbZr0.3Ti0.7O3, PZT30/70), which is

chosen as the stoichiometric ratio. To compensate the loss of lead oxide during
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the crystallization of the thin film (volatility of lead (II) oxide at temperatures above

~600 �C) a 15 % excess of lead is applied to the initial weight of lead (II) acetate in

both solutions.

A.2.1 Drying of Lead (II) Acetate Trihydrate

The background of this reaction is the chemical removal of the water of crystalli-

zation by reacting lead (II) acetate trihydrate with acetic acid anhydride. 379.33 g

(1 mol) lead(II) acetate-trihydrate is weighed into a 3-l rotary evaporator with a

round-bottom flask and 1–1.5 l glacial acetic acid is added. The mixture is heated to

60 �C in the water bath of the rotary evaporator (Fig. A.1) until the acetate is

completely dissolved.

3 moles of acetic acid anhydride are theoretically necessary to remove the water

of crystallization, but in order to be sure it is recommended to use a slight excess of

anhydride (e.g. ~ 3% excess; 3.1 mol). After installing the round-bottom flask, the

mixture is heated at 70 �C for 1.5 h and then cooled down to room temperature.

Most of the solvent is removed by distillation at 40–50 �C under reduced pressure in

Fig. A.1 This figure shows

an example of a rotary

evaporator with installed

round-bottom flask. The

dissolution of the lead

(II) acetate trihydrate is

performed at 60 �C and

takes just a few minutes.

320 ml (3.1 moles) of acetic

acid anhydride is added to

remove the water of

constitution and then the

mixture is heated again to

70 �C for 2 h. After cooling

down, most of the solvent is

distilled off under reduced

pressure
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the rotary evaporator, until approx. 200 ml of a gel-like, clear, and colorless liquid

remains (Fig. A.2).

This residue is digested in 1.5 l acetone and stored in a fridge to crystallize

overnight. To separate the re-crystallized lead (II) acetate the mixture is filled into a

glass frit. This special type of Schlenk tube is equipped with a frit and a side-arm

through which the glass frit can be evacuated or purged with inert gas (Fig. A.3).

Depending on the resulting precipitate, frits with different pore sizes are available.

In this case, a frit with a pore size of 16–40 μm is sufficient for medium-fine

precipitations.

The filtration can be speeded up by closing the glass frit with blind plugs and

applying a slight overpressure with inert gas. Another effect of this overpressure is

the simultaneous drying of the filter cake when most of the solvent is filtrated.

In the first step, an argon tube is installed on the hose connection of the glass frit.

The mixture is completely filled into the glass frit, filtrated and dried by using the

argon pressure. To remove residues of acetic acid and acetic acid anhydride, 200 ml

acetone is added twice and filtrated as described above. Finally, the filter cake is

washed with 200 ml diethyl ether.

The filter cake is then dried under reduced pressure for some days. It is useful to

store the closed frit in a drying oven at 60 �C overnight.

A.2.2 PZT30/70 According to the EGMBE Route

9.349 g (28.75 mmol) dried lead (II) acetate, 2.454 g (7.50 mmol) zirconium

(IV) n-propoxide and 4.968 g (17.50 mmol) titanium (IV) isopropoxide are weighed

into a two-necked round-bottom flask in a glove box. In this route, 5 ml of ethylene

glycol monobutyl ether (2-butoxyethanol; EGMBE) are added using a volumetric

pipette. The neck with the small ground joint is closed by an adapter with a hose

connection and a one-way tape stopcock whereas the large ground joint is closed

with a plug. After weighing, the flask is installed in a fume-hood equipped with

Schlenk apparatus, where in the first step the argon tube is connected to the adapter

on the small ground joint (Fig. A.4).

Fig. A.2 Photograph

showing a clear, colorless

and gel-like liquid as the

result of the distillation
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After opening the stopcock it is possible to open the flask. The reflux condenser

is either directly installed on the large ground joint or connected by means of an

additional adapter between the two components. To avoid impurities of the precur-

sor solution it is recommended to use PTFE bushings instead of grease for the

ground joint connections.

To control the argon flow during the process it is necessary to install an adapter

with a hose connection and a PVC hose on the cooler, which is connected to a

T-piece and a bubble counter. The bubble counter is filled with silicone oil and

serves as an argon flow monitor. It also helps to prevent the back diffusion of

Fig. A.3 Picture showing

the re-crystallized lead

(II) acetate in the glass frit

after filtering and drying

under argon pressure. The

filter cake is subsequently

washed with acetone and

diethyl ether and dried for

few days under reduced

pressure
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ambient air. After assembling the flask in the hood, the solution is refluxed at

130 �C for 2 h. When the final reaction temperature is reached, it is possible to close

the side stopcock and connect the argon tube with the T-piece. It is necessary to

monitor the argon flow during the whole synthesis, especially during the steps in

which the flask is opened, for example to add solvents. If equilibrated temperature

is maintained in the flask during refluxing, the inert gas flow can be kept to a

minimum. After 1.5–2 h, the initial suspension is converted to a clear, yellow

Fig. A.4 The complete

set-up for the synthesis of a

PZT solution. A two-necked

round-bottom flask is

installed above a magnetic

stirrer with hot plate and oil

bath. The small ground joint

is closed by an adapter with

a hose connection. On the

large ground joint, the

reflux condenser is

installed; the ground joint of

the condenser is closed by

an adapter with a hose

connection. The adapter is

connected to a T-piece and

bubble counter by a

PVC hose
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solution, which indicates successful conversion. To continue processing the pre-

cursor is cooled down to room temperature, at which it has to be ascertained that the

argon flow is sufficient (Fig. A.5). Otherwise ambient air will be sucked into the

flask possibly leading to undesirable sol-gel reactions.

The next step is the removal of the reaction by-products by distillation under

reduced pressure at max. 40 �C. After 20 min of distillation a brown-viscous gel is

obtained, which must be re-dissolved in 5 ml 2-butoxyethanol. This step takes some

time because of the gel viscosity. However, by continuously actuating the stirring

bar it is possible to mix both phases thus obtaining a homogeneous solution.

The re-dissolution step is followed by partial hydrolysis [8] and condensation

initiated by adding small amounts of nitric acid in 2-butoxyethanol and deionized

(DI) water in 2-butoxyethanol:

• Hydrolysis solution 1 (2.3 ml): 2 ml 70 % HNO3 in 50 ml 2-butoxyethanol

(anhydr.);

• Hydrolysis solution 2 (3.1 ml): 1 ml DI water in 50 ml 2-butoxyethanol

(anhydr.);

Both solutions are added through a dropping funnel while stirring the precursor

solution for 1 h after the solutions have been added.

To complete the synthesis, the solution must be decanted quantitatively into a

25 ml volumetric flask and the final concentration is adjusted by adding

2-butoxyethanol.

Fig. A.5 A PZT solution

directly after refluxing and

cooling down. Typically

these solutions are clear

and are of a yellow color
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A.2.3 PZT30/70 According to the IWE Route

9.349 g (28.75 mmol) dried lead(II) acetate, 2.454 g (7.50 mmol) zirconium(IV) -

n-propoxide and 4.968 g (17.50 mmol) titanium(IV) isopropoxide are weighed into

a two-necked round-bottom flask without any additional solvent. The next step

includes refluxing of the suspension at 130 �C for 2 h under argon. After conversion

to a clear yellow solution, the precursor is cooled down to room temperature.

The reaction by-products are removed by distillation under reduced pressure at

max. 40 �C. After the distillation step, a yellow, foamy viscous gel is obtained,

which is re-dissolved in 5 ml n-butanol. It is recommended that the gel should be

dissolved at a slightly raised temperature of max. 50 �C to accelerate the process.

1.8 ml (27.8 mmol) acetyl acetone (Hacac) as a stabilization agent is added by

means of a dropping funnel while stirring the precursor solution for 1 h. The amount

of acetyl acetone depends on the titanium compound. For each mol of titanium

1 mol of acetyl acetone is added to the solution.

The last step includes adjusting the final concentration by decanting the precur-

sor solution quantitatively into a 25 ml volumetric flask and adding n-butanol up to

the mark.

A.3 Material Systems Based on Alkaline Earth Titanates

In this section, the synthesis of precursor solutions for systems based on alkaline

earth titanates is described. The most frequently used systems are (Bax,Sr1-x)TiO3

(BST), SrTiO3 (STO) and BaTiO3 (BTO). It should be noted that the synthesis

routes described here may also be used in an analogous manner for related material

systems such as Ba(Zrx,Ti1-x)O3. Moreover, dopants such as manganese, niobium

etc. can easily be added if necessary.

Most synthesis schemes for suitable precursor solutions are typical hybrid

routes, what means that they consist of alkaline earth carboxylates and a metal

alkoxide of the transition metal. Often alkaline earth acetates and propionates are

used as educts for the synthesis and the corresponding carboxylic acid is used as one

part of the solvent mixture. Accordingly, these routes may be called the “acetate”

and “propionate” routes.

In particular, in the case of the propionate route two pathways for the preparation

of the necessary metal propionates have been established at IWE II, depending on

the requirements of the thin films to be derived later from them [9].

The first route is based on the conversion of the corresponding alkaline earth

compounds such as hydroxides or carbonates into the metal propionate which can

be isolated, stored and used for the synthesis. The reaction is quick and large

amounts of the metal propionate can easily be prepared. Syntheses based on the

use of these metal propionates are presented in Sect. A.3.2. The second way to
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prepare the metal propionates is by reacting the educts (alkaline earth metal

carbonates) in situ with the carboxylic acid during the synthesis of the stock

solution. An example of such a synthesis is presented in Sect. A.3.3.

However, for all these pathways it is very important that the educts are of high

purity, because excessive amounts of secondary metals such as sodium will deteri-

orate the leakage current properties of the final thin film. In this context, it has to be

noted that typically the purity of commercially available alkaline earth metal

hydroxides is not as high as that of the carbonates.

All reactions pathways for the synthesis of alkaline earth titanate solutions have

in common the need for stabilization of the alkoxide compound with acetyl acetone.

Calculations for the initial weight of the stabilization agent are presented in the

following Sect. A.3.1.

Typical concentrations of those solutions are 0.1 mol/l or 0.3 mol/l, depending

on the desired thickness and microstructure (see Chap. 17). The calculations given

in these instructions are based on the synthesis of 25 ml stock solutions with a

concentration of 0.3 mol/l. As an example of the different material systems, in this

section the synthesis of a (Ba0.7Sr0.3)TiO3 (BST70/30) precursor solution is

described in detail. The syntheses of BTO and STO precursor solutions can be

performed accordingly.

A.3.1 Calculations for the Initial Weight of the Stabilization
Agent

As the titanium component is an alkoxide (e.g. titanium (IV) n-butoxide; Ti(OnBu)4)

and is sensitive to water/moisture, it is necessary to stabilize it with acetyl acetone.

Two moles of Hacac are added per mole of titanium. The following equations

describe the calculation of the amount of Hacac [Eq. (A.1)] and the corresponding

volume of solvent [Eq. (A.2)], with the implicit understanding that no mixing effects

occur, i.e. ideal behavior:

VHacac ¼ M � c� Vtotal

δ

� �
� 2 (A.1)

• VHacac: volume of Hacac [ml]

• M: molecular weight of Hacac [100.12 g/mol]

• c: concentration of the stock solution [mol/l]

• Vtotal: total volume of the stock solution

• δ: density of Hacac [0.97 g/ml]

The outcome of Eq. (A.2) is the volume of the solvent or solvent mixture, which

depends on the Hacac volume. In the case of a stock solution with a concentration of

0.3 mol/l, 1.55 ml Hacac is needed to stabilize the butoxide:
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Vsolvent ¼ Vtotal � VHacac ¼ 25ml� 1:55ml ¼ 23:45ml (A.2)

In order to obtain optimal coating behavior for these hybrid routes, a solvent

mixture is used to prepare the alkaline earth titanate solutions. In the case of the

propionate route, the mixture consists of one part n-butanol and 1.5 parts propionic

acid (overall 2.5 parts). For the acetate route, three parts acetic acid and one part

2-methoxyethanol are used, i.e. in total four parts of solvent. The volume of the

different solvents can be calculated according to the result of Eq. (A.2). As an

example, Eq. (A.3) shows the calculation for the solvent parts necessary for the

acetate route.

Vpart ¼ Vsolvent

total parts
¼ 23:45 ml

4
¼ 5:86 ml (A.3)

Thus, taking the solvent composition into account (three parts acetic acid, one

part 2-methoxyethanol) the outcome of Eq. (A.3) is that 5.86 ml 2-methoxyethanol

and 17.58 ml acetic acid are used for the acetate route. These are, of course,

theoretical calculations and in practice the composition may vary slightly (volume

of the alkoxide and potentially slight mixing effects), which is, however, of no

significance since the results are ultimately highly reproducible. The composition

of the solvent for the propionate route can be calculated in the same manner.

A.3.2 Synthesis According to the Propionate Route

As mentioned above, there are two pathways for the preparation of solutions

according to the propionate route. Thus, Sect. A.3.2.1 is divided into subsections

in which first the conversion of the alkaline earth compounds is described and then,

resulting from the prepared metal propionates, the synthesis of a BST70/30 precur-

sor solution is described. Section A.3.2.2 deals with the synthesis of a BST70/30

precursor solution with the in situ conversion of the alkaline earth compounds.

Taking into account the calculations for the stabilization agent (Eqs. A.1 and A.2)

and the ratio of propionic acid and n-butanol (1:1.5) in the solvent mixture, the total

volume of the two solvents can be calculated (Eq. A.3).

A.3.2.1 BST70/30 Precursor Solutions Based on the Use of Metal

Propionates

Preparation of Alkaline Earth Metal Propionates

The synthesis of barium and strontium propionate is similar to the drying of lead

(II) acetate, described in Sect. A.2.1. In the following, the conversion of barium
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hydroxide to barium propionate is described. Strontium hydroxide can be converted

according to the same steps.

1 l of deionized (DI) water is filled into a 3 l rotary evaporator with a round-

bottom flask. Barium hydroxide is weighed into a beaker and then added to the DI

water. Subsequently, the threefold amount of propionic acid is added to the

suspension and then heated to 60 �C in the water bath of the rotary evaporator.

Then most of solvent is removed under reduced pressure until a clear, colorless and

gel-like residue remains in the flask. To crystallize the propionate, at least 1 l of

acetone is added to the gel and then the flask is stored overnight in a fridge.

The suspension is filled into a glass frit, filtrated under argon pressure and

washed twice with acetone. After closing the frit with a blind plug, the precipitate

is first dried by using argon pressure and then completely dried out under reduced

pressure for some days. It is recommended to store the glass frit in a drying oven

overnight to speed up drying.

These propionates can be used directly for the synthesis of material systems

based on alkaline earth metals. The synthesis is straightforward and the metal

propionates obtained are good educts as long as demands on purity are not too

high. They are soluble in the most frequently used solvents such as carboxylic acids

(acetic acid, propionic acid), alcohols (n-butanol) and ether alcohols

(e.g. 2-methoxyethanol).

Synthesis of BST70/30 Based on the Use of Metal Propionates

1.487 g (5.25 mmol) barium propionate and 0.526 g (2.25 mmol) strontium

propionate are weighed into a 50 ml round-bottom flask. After adding 9.4 ml of

propionic acid with a volumetric pipette, the propionates can be easily dissolved on

a magnetic stirrer at room temperature. Dissolution takes just a few minutes.

Separately, 2.550 g (7.50 mmol) titanium n-butoxide is weighed into a 25 ml

volumetric flask in a glove box, diluted with a small amount of n-butanol and

stabilized with 1.55 ml (15 mmol) acetyl acetone. The two solutions are combined

by adding the propionate solution quantitatively to the alkoxide solution. The final

concentration is adjusted by adding solvent up to the mark.

A.3.2.2 BST70/30 Precursor Solutions Based on In Situ Conversion of

Alkaline Earth Carbonates

As mentioned in the introduction to Sect. A.3, another way of preparing alkaline

earth titanate solutions is the in situ conversion of the alkaline earth metal

carbonates with the corresponding carboxylic acid during solution synthesis.

Notes in Sect. A.3.2 for the solvent composition also apply to this description.

Appendix A: Syntheses 757



1.036 g (5.25 mmol) barium carbonate and 0.332 g (2.25 mmol) strontium

carbonate are weighed into a round-bottom flask and 9 ml propionic acid are

added with a volumetric pipette. The round-bottom flask is installed on a magnetic

stirrer with a hot plate and an oil bath and closed with a reflux condenser. The

suspension is refluxed for at least 12 h at a temperature of 140 �C. During this time

the suspension is converted into a clear, colorless solution.

The preparation of the stabilized titanium (IV) n-butoxide component has

already been described in Sect. A.3.2.1.1. The synthesis is completed by decanting

the propionate solution into the volumetric flask and adding solvent to adjust the

concentration.

A.3.3 Synthesis of BST70/30 Precursor Solutions According
to the Acetate Route

In the same way as for the propionate route, a solvent mixture is also used for

the acetate route. However, the latter solution consists of acetic acid and

2-methoxyethanol with a volumetric ratio of three parts acetic acid and one part

2-methoxyethanol. By taking the amount of chelating agent into account

(Sect. A.3.1), it is again possible to calculate the total volume of acetic acid and

2-methoxyethanol (see Sect. A.3.1) in the solvent mixture.

1.340 g (5.25 mmol) barium acetate and 0.463 g (2.25 mmol) strontium acetate

are weighed into a round-bottom flask and 10 ml acetic acid are added with a

volumetric pipette. The neck of the round-bottom flask is closed with a plug. The

conversion is carried out at room temperature on a magnetic stirrer and after at most

30 min the acetate is completely dissolved.

During this dissolution step, 2.550 g (7.50 mmol) titanium (IV) n-butoxide is

weighed into a 25 ml volumetric flask and diluted with some milliliters of the

calculated amount of 2-methoxyethanol and stabilized with 1.55 ml (15 mmol)

acetyl acetone. The colorless solution is converted into a transparent yellow

solution indicating that the reaction has taken place. The residual volume of

2-methoxyethanol can then be added to the alkoxide solution. This step is carried

out in an inert atmosphere, e.g. in a glove box.

To complete the synthesis, the acetate solution is decanted quantitatively into the

volumetric flask and the final concentration is adjusted by adding acetic acid up to

the mark.

A.4 Conductive, Oxidic Material Systems

The syntheses of conductive oxide precursor solutions are based on the so-called

all-propionate in propionic acid route (APP route) [10,11], which represents a

simple and flexible route to obtain a series of conductive oxide thin films. The

758 Appendix A: Syntheses



starting materials are mostly acetates or carbonates of the respective metal,

dissolved in propionic acid and converted into the corresponding metal propionates.

In this section, the syntheses of lanthanum nickel oxide (LaNiO3—LNO),

lanthanum strontium cobalt oxide ((Lax,Sr1-x)CoO3—LSCO) and lanthanum stron-

tium calcium manganese oxide (Lax,(Sry,Ca1-y)1-xMnO3—LSCMO) are described.

The following descriptions are based on the synthesis of a precursor stock

solution with a volume of 25 ml and a concentration of 0.3 mol/l. All conductive,

oxidic precursor solutions have a MOD (metallo-organic decomposition) character,

i.e. they are relatively insensitive to humidity so that they can be handled at ambient

atmosphere. In order to adjust the thickness per coating step, these stock solutions

may be diluted with propionic acid.

A.4.1 LNO According to the APP Route

2.580 g (7.50 mmol) lanthanum acetate sesquihydrate (1.5 H2O) and 1.865 g

(7.50 mmol) nickel acetate tetrahydrate are weighed into a 100 ml round-bottom

flask. The values for the initial weights depend on the content of water of constitu-

tion of the starting materials.

25 ml propionic acid and 5 ml propionic acid anhydride are added with a

volumetric pipette and the suspension is heated in an oil bath to a temperature of

90 �C until it is converted into a clear, green solution. In the next step, the liberated

acetic acid and most of the propionic acid is distilled off under reduced pressure

(vacuum pump or a water-jet vacuum pump). The resulting green gel is re-dissolved

in 10 ml propionic acid by gently heating the reaction mixture.

To complete the synthesis, the solution must be decanted quantitatively into a

25 ml volumetric flask and the final concentration is adjusted by adding propionic

acid (Fig. A.6).

A.4.2 LSCO According to the APP Route

The following description deals with the synthesis of an LSCO solution with a

composition of (La0.5,Sr0.5)CoO3. In this route, the acetates of lanthanum and cobalt

are used as educts, whereas the carbonate is used for the strontium compound. It

should be noted that the dissolution of the carbonate is quite time-consuming, so

that it is recommended that this part of the synthesis should be performed separately

overnight.

0.554 g (3.75 mmol) of strontium carbonate is weighed into a 50 ml round-

bottomed flask and 15 ml propionic acid are added with a volumetric pipette. The

suspension is refluxed overnight at a temperature of 140–150 �C and is completed

when the suspension is converted to a clear, colorless solution.
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1.286 g (3.75 mmol) lanthanum acetate sesquihydrate and 1.868 g (7.50 mmol)

cobalt acetate tetrahydrate are weighed separately into a round-bottom flask and

then added quantitatively to the propionate solution.

Additionally, 10 ml propionic acid and propionic acid anhydride are added to

remove the water of constitution. The amount of the anhydride depends on the

content of crystal water in the educts. To guarantee complete removal of the crystal

water, it is possible to use a slight excess of the anhydride (e.g. 1 % excess).

The suspension is heated in an oil bath to a temperature of 90 �C for 30 min. The

resulting solution is dark purple. The excess of anhydride, propionic acid and the

liberated acetic acid is removed by distillation under reduced pressure (vacuum

pump or water-jet vacuum pump). Subsequently, the resulting gel is re-dissolved in

10 ml propionic acid by gently heating the reaction mixture.

To complete the synthesis, the solution must be decanted quantitatively into a

25 ml volumetric flask and the final concentration is adjusted by adding propionic

acid up to the mark (Fig. A.6).

A.4.3 LSCMO According to the APP Route

This material system is derived from lanthanum manganese oxide by partial

replacement of the lanthanum by Sr, Ca or mixtures of the two and has the general

composition Lax(Sry,Ca1-y)1-xMnO3. As an example, the syntheses of solutions with

the most typical compositions La0.7Ca0.3MnO3 (y ¼ 0, x ¼ 0.7; LCMO70/30) and

La0.7Sr0.3MnO3 (x ¼ 0.7, y ¼ 1; LSMO70/30) are described. Other compositions

of this material system can be prepared in the same way.

Generally, there are two different ways of preparing LSCMO solutions. Since

carbonates of calcium and strontium are used, the problem arises from the low

solubility of the carbonates in propionic acid. To circumvent this problem, it is

Fig. A.6 Picture showing

stock solutions (from left to

right) of lanthanum nickel

oxide (LNO), lanthanum

strontium cobalt oxide

(LSCO) and lanthanum

strontium manganese oxide

(LSMO) in volumetric

flasks after adjusting the

final concentration.

Lanthanum calcium

manganese oxide has the

same color as LSMO and

is not shown in this figure
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possible to convert the carbonates to propionates and isolate them in a separate step

or to convert all the components in one refluxing step by adding a few drops of DI

water to the reaction mixture with a pipette.

The first method has already been specified above in Sect. A.3.2.1.1 and will not

be further described here. In the case of calcium carbonate, the conversion and

isolation can be performed in the same manner as in the strontium propionate

synthesis.

The problem of the second route is the low solubility of the carbonates in pure

propionic acid, so that the reaction can be very time-consuming. The reaction can

be speeded up by adding small amounts of water, as mentioned above.

A.4.3.1 LCMO70/30 According to the APP Route

The educts for this material system consist of lanthanum acetate sesquihydrate,

calcium carbonate and manganese acetate dihydrate.

All educts are weighed into a 50 ml round-bottom flask; 10 ml propionic acid

and 1 ml DI water are added with a volumetric pipette. The suspension is refluxed at

a temperature of 140 �C for 3 h. The endpoint of the reaction is reached when a clear

and slightly orange solution is obtained. The reaction mixture is cooled down to

50 �C for the following step, which includes distillation under reduced pressure to

remove the water and most of the propionic acid. As a result of this distillation, an

orange, gel-like residue remains in the flask, which can be dissolved in 5 ml

propionic acid. To complete the solution, the reaction mixture is decanted quanti-

tatively into a 25 ml volumetric flask and the concentration is adjusted by adding

propionic acid.

A.4.3.2 LSMO70/30 According to the APP Route

Basically, the synthesis of LSMO70/30 follows the same reaction pathway as the

synthesis of LCMO70/30. The acetates of lanthanum and manganese are used as

educts, whereas for the strontium component the carbonate is used.

All components are weighed into a 50 ml round-bottom flask and after adding

10 ml of propionic acid and 1 ml of DI water, the suspension is refluxed at 140 �C
for 3 h. The result of the refluxing step is a clear, slightly orange solution. To

remove the water and the main part of the acid, distillation under reduced pressure

is performed at a maximum temperature of 50 �C. The orange, gel-like residue

obtained is dissolved in 5 ml of propionic acid. Finally, the solution is decanted into

a volumetric flask and the concentration is adjusted by adding propionic acid

(Fig. A.6).
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A.5 Other Material Systems

Aluminium-oxide-based thin films are interesting for a number of applications such

as buffer, isolation or adhesion layers. Ultrathin aluminium oxide films, for exam-

ple, have been used instead of TiO2 to improve the adhesion between SiO2/Si and Pt

for CSD processes at high temperatures (800–1,000 �C) [12]. In the following, two
sol-gel-based synthesis routes for pure aluminium oxide (Al2O3—AlOx) and lan-

thanum aluminium oxide (LaAlO3—LAO) precursor solutions are presented.

A.5.1 Synthesis of Aluminium Oxide

In the following, the synthesis of an AlOx precursor solution with a concentration of

0.5 mol/l and a volume of 25 ml is described.

3.079 g (12.50 mmol) aluminium (III) sec-butoxide is weighed into a 25 ml

round-bottom flask in a glove box. It is recommend to lower the high viscosity by

adding a small amount of 2-propanol (anhydrous) before adding the stabilizer. The

alkoxide is stabilized with 1.29 ml (12.5 mmol) acetyl acetone and the solution is

then stirred on a magnetic stirrer for half an hour. The clear, yellowish solution is

decanted quantitatively into a 25 ml volumetric flask and the concentration is

adjusted by adding 2-propanol.

A.5.2 Synthesis of Lanthanum Aluminium Oxide (LAO)
According to the 2-Ethylhexanoic Acid Route

This synthesis is based on the conversion of the lanthanum acetate sesquihydrate

with 2-ethylhexanoic acid1 and mixing the obtained solution with an AlOx precur-

sor solution prepared according to Sect. A.5.1. The concentration is adjusted by

adding toluene to the combined solutions. The values of the initial weights of the

educts correspond to the synthesis of a stock solution with a concentration of

0.3 mol/l and a volume of 25 ml.

2.580 g (7.50 mmol) lanthanum acetate sesquihydrate is weighed into a round-

bottom flask and 10 ml 2-ethylhexanoic acid are added with a volumetric pipette.

The reaction mixture is heated to 100 �C in an oil bath. After about 1 h the

suspension is converted into a clear, colorless solution. Most of the 2-ethylhexanoic

1 It should be noted that if stronger carboxylic acids such as acetic acid or propionic acid are used,

an esterification reaction occurs in the final hybrid-type precursor solution. The released water thus

reacts with the aluminium alkoxide forming a useless gel.

762 Appendix A: Syntheses



acid and the liberated acetic acid are removed by distillation under reduced pressure

at a temperature between 100 and 120 �C. Subsequently the gel-like residue is

dissolved in 5 ml toluene.

While this gel is dissolving, the alkoxide solution can be prepared in a glove box.

Therefore 1.847 g (7.50 mmol) of aluminium sec-butoxide is weighed into a 25 ml

volumetric flask. As already described in Sect. A.5.1, the alkoxide is diluted with

1 ml 2-propanol (anhydrous) to lower the viscosity. The mixture is homogenized by

shaking the flask slightly and stabilization is accomplished by adding 774 μl
(7.50 mmol) acetyl acetone.

In the last step, the lanthanum precursor solution is quantitatively decanted into

the volumetric flask containing the AlOx precursor and the final concentration is

adjusted by the addition of toluene.

A.6 Thin Film Fabrication

Although thin film processing of the various precursor solutions can be basically

performed in a number of ways, in this section information is first given about some

general processing steps. These aspects concern substrate cleaning, coating solution

preparation and finally the deposition of the films with the example of PZT and

BST. With respect to the film deposition process, it must be noted that contamina-

tion of the thin films with particles from the environment must be prevented in order

to avoid inhomogeneities of the layers which would negatively influence the

microstructure and the electrical properties (e.g. short circuits) of the final film.

Thus thin film preparations including substrate and coating solution preparation are

typically done in a clean room environment, but as a minimum requirement flow

boxes are recommended. The clean room has the additional advantage of air

conditioning with a controlled temperature of ~21 �C and relative humidity around

45–50 %. The latter is of particular importance for moisture-sensitive material

systems such as sol-gel PZT, where undesired chemical reactions can otherwise

occur in the as-deposited film directly after the coating step.

In the last section, wet chemical etching procedures are discussed as simple ways

of patterning and an example is also presented in detail.

A.6.1 Substrate Preparation

The cleaning procedure is of particular importance for preparations before deposi-

tion. Kern [13] investigated different cleaning procedures and give an overview of

different wet chemical cleaning methods. In recent years, cleaning techniques have

been subjected to essential changes resulting in new cleaning techniques (e.g.

gas-phase cleaning, plasma stripping) because of the more stringent requirements

for Si-based devices. Reinhardt et al. [14] give an overview of the current status on

this topic.
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In this section, a well-established wet chemical cleaning procedure (for lab use)

will be presented briefly. It is suitable for smaller pieces of wafers with dimensions

such as 1 � 1 cm2 or 1 � 1 in.2, which are typically used in labs and which are

prepared from larger wafers (4 or 6 in. in diameter) by cutting or dicing after

protecting the surface with a photoresist. A typical cleaning procedure consists of

cleaning in different solvents for some minutes in an ultrasonic bath. The solvents

used for the cleaning procedure must be of clean room quality (CMOS quality or

better) otherwise contaminations with particles may occur.

The wafers are first flushed with acetone (wash bottle) to remove a good portion

of the resist and then they are directly (without interim drying!) placed into a beaker

filled with acetone and subsequently into a beaker filled with 2-propanol to remove

the contaminated acetone. Rinsing for 5 min in an ultrasonic bath has been shown to

be sufficient for both solvents. Finally, the wafer is rinsed in DI water (clean room

quality) to remove 2-propanol. This can be done either automatically with a quick

dump rinser or if this is not available in the same way as described above. After

drying, the wafer can be used for deposition.

Typically, thin films are deposited on oxidized silicon wafers coated with Ti or

TiO2 as an adhesion layer and Pt as the bottom electrode. Pt has a number of

characteristics which make it a suitable material for the use as an electrode. It can be

used for integration processes of ferroelectric thin films because of its thermal

stability, high conductivity, and resistance to oxidation [15]. However, problems

may also occur in using the bi-layer Pt/Ti stack due to the formation of Pt hillocks,

which influence the quality of the thin films, e.g. by causing short circuits

[15–17]. To improve the interface conditions it has proved appropriate to include

a pre-annealing step in which the substrate is heat-treated at a temperature of 700 �C
or at least at the temperature used for the later crystallization of the thin film in an

oxygen atmosphere. This preannealing step is normally performed in either a rapid

thermal annealing furnace or a diffusion furnace.

A.6.2 Coating Solution Preparation

Due to the fact that the precursor stock solutions are typically prepared in a

conventional laboratory environment with normal ambient atmosphere (in the

case of PZT, in an inert gas but probably not particle-free atmosphere), it is

necessary to remove particles from the solutions. This can be done with syringe

membrane filters. A wide range of filter materials with different pore sizes are

commercially available. The best results have been obtained with Teflon®
(polytetrafluorethylene—PTFE) filters with a pore size of 0.2 μm. Depending on

the material system and the desired properties of the final film, “coating solutions”

are often first prepared from the usually more highly concentrated stock solutions

by dilution with the corresponding solvent. These coating and stock solutions are

then filtered through the syringe filter with a 5 ml disposable syringe into a bottle
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immediately prior to use (Fig. A.7). Needless to say, the bottle must be clean,

and this can be done either by flushing with particle-free DI water or acetone.

The filtered solution can be directly used for the deposition experiments.

A.6.3 Coating and Crystallization

As already pointed out in the introductory part of this chapter the theoretical

background of the transformation from the initial precursor solution to the crystal-

line film has been presented in detail in various chapters of this book (see e.g. -

Chaps. 11 and 15). Thus in this section, some practical remarks for the successful

deposition and crystallization of the thin film systems chosen as examples are

presented briefly.

Fig. A.7 The stock

solution is filtered through a

syringe membrane filter

with a pore size of 0.2 μm
and PTFE as filter material,

which is inert to most of the

solvents. This step is done

directly before spin coating

and after optionally diluting

the stock solution
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The following descriptions refer to deposition by spin coating in which the

substrate is placed on a spin coater and after applying the solution the wafer is

accelerated to several thousand revolutions per minute (~1,000–4,000 rpm)

according to the desired film thickness. Before applying the solution it is useful

to clean the substrate with nitrogen (N2-spray gun) to remove any adherent particles

from the wafer (Fig. A.8).

Spin coating is followed by heat treatment for the removal of the organic species

and crystallization into the desired oxide phase. This heat treatment can be applied

in two ways: a two-step process and a one-step process. Briefly, in the two-step

process, removal of the organic species (pyrolysis) and crystallization are carried

out in separate steps at two different temperatures, whereas in the one-step process

pyrolysis and crystallization are performed in the same step at a sufficiently high

temperature for crystallization of the oxide phase [18].

In Sect. A.6.3.1, deposition of PZT (IWE route) is presented as a typical example

of a two-step process. The deposition of BST is described as an example of a

Fig. A.8 Series of pictures showing the whole spin coating process starting by placing the

substrate on the spin coater (a), removing particles with a N2-spray gun (b) applying the solution

with a pipette (c). Picture (d) shows the as-deposited film before heat treatment
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one-step process (Sect. A.6.3.2). Films produced from precursor solutions based on

the APP route can be also prepared according to the one-step process if different or

higher crystallization temperatures are applied. Details of these materials may be

found in the literature [10, 11].

A.6.3.1 PZT30/70 According to the IWE Route

The deposition of PZT is a typical example of a two-step process in which pyrolysis

and crystallization are carried out in separate steps. The following description is

based on the preparation of PZT30/70 thin films with a thickness of about

130–150 nm. Table A.1 summarizes the most important parameters.

The substrate is placed on the vacuum chuck and purged with N2 to remove any

contaminations (particles). After applying 250 μl of the filtrated solution with a

pipette, the substrate is accelerated by the spin coater process to a speed of 500 rpm

for 5 s and then directly to 3,000 rpm for 30 s. Immediately after spin coating, the

substrate is placed on the hot plate at a temperature of 350 �C at ambient atmo-

sphere for 2 min. This cycle is repeated three times to obtain the desired film

thickness. Finally, the substrate is crystallized in a rapid thermal annealing furnace

(RTA) at 700 �C for 5 min in oxygen atmosphere.

A.6.3.2 Processing of BST70/30

In this section, the processing of a barium strontium titanate (Ba/Sr ratio of 70 %/

30 %) solution is described as an example of a one-step process. Some general

information is first given about the deposition of BST solutions. Typical film

thicknesses of BST thin films are about 120 nm and the final film thickness is

obtained by repeated coatings as already described in Sect. A.6.3.1. The number of

coatings depends on the concentration of the solution. One coating step with a

0.1 mol/l solution results in a layer approximately 10 nm in thickness, whereas a

coating step with a 0.3 mol/l solution results in a layer of 30 nm. The choice of

concentration depends on the desired microstructure of the final BST thin film (see

Chap. 17). The present process flow is based on the use of a solution with a

Table A.1 Details of the deposition of PZT30/70 according to the IWE route

Step Parameters

Concentration 0.33 mol/l

Speed 500 rpm/5 s

3,000 rpm/30 s

Heat treatment

Step 1 (heating/pyrolysis) Drying/pyrolysis: hot plate 350 �C/2 min/ambient atmosphere

Step 2 (crystallization) Crystallization: rapid thermal annealing (RTA), 700 �C/5 min/O2

Number of repetitions 3
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concentration of 0.3 mol/l. However, the procedure is basically the same for

processing the 0.1 molar solutions. Moreover, the processing of other Ba/Sr ratios

and acetate-based solutions follows the same principles. However, it should be

noted that, due to the slightly higher decomposition temperatures in the acetate

route, 750 �C is sometimes applied for crystallization in order to ensure complete

removal of residual carbonates, although the films are already fully crystalline after

700 �C treatment. Table A.2 shows the parameters for the deposition of BST

solutions based on the propionate route.

The substrate is placed on the vacuum chuck of the spin coater and purged with

N2 (spray gun) to clean it of any contamination with particles. Using a pipette,

250 μl of the solution is applied to the wafer and the spinning process is started

immediately. Hence, for the first 5 s, the wafer is accelerated to 500 rpm and then

directly to 4,000 rpm for 30 s. Each layer is immediately crystallized before the next

deposition step. In the case of BST deposition, the heat treatment (pyrolysis and

crystallization) is carried out in a diffusion furnace (oxygen atmosphere). The final

film thickness is obtained by subsequent deposition and crystallization steps.

A.6.4 Chemical Etching

This final section deals with the etching of oxidic thin films which is a necessary

step, for example, to uncover the bottom electrode for electrical characterization

and to measure the film thickness by profilometry. A brief overview of suitable

etching solutions for a selection of different material systems is given in Table A.3.

The etching step is performed immediately after lithography and will not be

presented in this section because that would be beyond the scope of this chapter.

The focus is laid on wet etching, which is a simple, cost-saving method and easy to

implement in a standard laboratory. On the other hand, there are certain safety risks

because of the use of inorganic acids such as hydrochloric acid or the most

frequently used hydrofluoric acid. The precision is also not as high as in the case

of dry etching methods due to possible underetching. However, the latter methods

require special technical equipment and are therefore cost-intensive und not easy to

implement. The most commonly used dry etching method is reactive ion etching

(RIE), in which the thin film is etched by a combination of reactive gases and an

argon plasma.

Table A.2 Details of the deposition of (Ba0.7Sr0.3)TiO3 according to the one-step process

Step Parameters

Concentration 0.3 mol/l (! fine-grained microstructure)

Speed 500 rpm/5 s

4000 rpm/30 s

Heat treatment: step 1 Pyrolysis and crystallization: diffusion furnace, 700 �C/10 min/O2

Number of repetitions 4
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Wet chemical etching processes are based on a chemical transformation of the

material and a subsequent dissolution of the etching products in the etching

solution. The solutions typically consist of diluted inorganic acids or mixtures of

different inorganic acids (enhanced selectivity). In certain cases, such as anisotropic

etching of silicon, inorganic bases or alkaline aqueous solutions are used. Seidel

et al. [19, 20] give an overview of the topic of anisotropic etching of silicon in

which the best-known etchants are presented and investigated.

At IWE, a wet-chemical etching solution consisting of hydrofluoric acid (40 %),

nitric acid (65 %) and DI water (ratio 1:1:2) has been created, which is suitable for

etching material systems based on lead and alkaline earth titanates. In order to

control the etching rate it is possible to increase the amount of DI water. This

etchant is also suitable for etching aluminium oxide (if is not crystalline).

A suitable etching solution for conductive, oxidic material systems is

hydrochloric acid. The acid should be diluted to concentrations between 20 and

30 %.

Lanthanum aluminium oxide thin films can be etched with permonosulfuric acid

(also known as Caro’s acid), a mixture of one part hydrogen peroxide (30 %) and

one part sulfuric acid (96 %).

A.6.4.1 Procedures of Wet Chemical Etching

There are many ways to perform wet chemical etching. The effort involved in the

procedure depends on the requirements of the etched thin film ultimately produced,

i.e. whether it is necessary to determine the thickness via profilometry and to make

electrical measurements, or if only a quick electrical characterization is required.

A well-established method for the first case is to etch a corner of the thin film to

obtain a proper edge and to uncover the bottom electrode. In this method, the

substrate is dipped into the etching solution for a few seconds after the major part of

the film has been protected by photoresist. In the following, the procedure is

described in detail and the results of the different steps are shown in the series of

photographs in Fig. A.9.

The sample (Fig. A.9a) and the areas of the thin film which are not be etched are

first masked with a photoresist which can be applied to the substrate with a cotton

Table A.3 Overview of materials and etching solutions

Material systems Composition of the etching solution

Lead-based material systems (e.g. PZT) 40 % HF, 65 % HNO3, D -water (1:1:2)

Alkaline-earth-titanate-based material systems

(e.g. BST, BTO, STO)

40 % HF, 65 % HNO3, DI water (1:1:2)

Conductive material systems 20–30 % HCl

AlOx (non-crystalline) 40 % HF, 65 % HNO3, DI water (1:1:2)

LAO 30 % H2O2, 96 % H2SO4 (1:1)

(permonosulfuric acid, Caro’s acid)
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swab. A small area in the corner of the substrate is not covered (Fig. A.9b). With the

thin film being thus protected it is possible to perform etching by dipping the

uncovered corner into the etching solution. Typical PZT thin films with a thickness

~150 nm are etched within 10 s. To control the etching rate it is possible to dilute

the solution with DI water. Immediately after the etching step the substrate is rinsed

with DI water and dried with nitrogen or compressed air. The result of this

procedure can be seen in Fig. A.9c. When etching is complete, the photoresist is

stripped by dipping the sample into acetone and DI water and the sample is dried

again with nitrogen or compressed air. The resulting sharp edge can be seen in

Fig. A.9d. The samples treated by this method are appropriate for electrical

characterization and profilometer measurements.

If only a quick electrical characterization of the prepared film is planned, a

different “quick&dirty” method for etching may be used. In this case, a small

droplet of the etching solution is applied with a microsyringe to an edge of the

Fig. A.9 Series of pictures showing a PZT30/70 thin film on a Pt/TiO2/SiO2/Si-substrate. (a) The

thin film is electroded Pt top electrodes of different dimensions. Here the top electrodes were

deposited by a sputtering process and structured by lithography with lift-off. (b) Sample after

application of photoresist on the thin film with the etching corner at the bottom right. (c) The thin

film after dipping into the etching solution and rinsing with DI water. The shining silver bottom

electrode at the bottom right corner indicates the successful etching step. (d) The final thin film

after stripping off the photoresist
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sample (Fig. A.10). Depending on the etching rate, the substrate is then cleaned

with DI water and dried as already described above. The result is a small dot where

the bottom electrode is revealed, which is sufficient for electrical measurements.

This method is very fast because there is no need to protect the whole thin film with

photoresist since just a small area comes in contact with the etching solution.

However, it should be noted that vapors of the etching solutions may deteriorate

the surface of the non-protected ceramic thin film.
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film thickness and stream line position

Landau-Levich based model, 237, 238

measures, 238–239

Newtonian liquids, 237

parameters, 239

vs. withdrawal speed curve, 237–238

flow patterns, streamlines, 235, 236

glue removal, thermal processing, 248–249

optimization optical ATO, 249

pure and binary fluids

consequences, sol-gel film

deposition, 241

differences, 240

ellipsometry and fluorescence

imaging, 239

Marangoni effect, 240–241

sol-gel, 239

thickness profiles, 239–240

steady-state, 235, 236

substrates, 248

tube and cylindrical cavities, 249, 250

withdrawal process, 249

CMR. See Colossal magnetoresistance (CMR)

Coated conductors

“all-solution” (see “All-solution”
coated conductors)

definition, 674

HTS tapes

first and second generation, 677–679

processes, 2G, 678–680

Coating solutions

butoxides complexes, 20–21

complex oxide film processing, 21

CSD, 19–20

hydrolysis and condensation, 21

metal alkoxides, 20

preparation, 20

Coincident site lattice (CSL), 398–399

Colossal magnetoresistance (CMR)

definition, 625

effects, 626

oxides, 627

Commercial off the shelf (COTS) systems, 314

Complex alkoxide precursors

aluminate spinel precursor, 86–87

molecular structure design concept, 85–86

oxygen atoms, 85, 86

Complex metal-oxide films

Ba1-xSrxTiO3, 152, 153

description, 152

La1-x(Sr,Ca)xMnO3, 152, 154

YBa2Cu3O7-x, 155–156

Composite film processing, particles larger

than 100 nm

description, 478

economic production, 477

failure mechanism

mitigation measures, 447

reduction, temperature, 447

thermal, 446

thermo-chemical, 446–447

thermo-chemo-mechanical, 447

sintering temperature reduction

aid, 447–448

mixed powder sizes, 448–449

small powder sizes, 448

sol infiltration, 449

sol-gel (see Sol-gel films)

thick films

ceramic materials, 446

description, 445

different techniques, 445

electrophoresis and spray coating, 445

materials, 445

powder based deposition routes, 445

screen printing, 445–446

“Composite gel architecture” approach,

586–588

Condensation

(Alk)oxolation, 13–14
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Condensation (cont.)
description, 13

olation, 14–15

reactions, 99–100

Conductive oxide precursor solutions

APP route

LNO, 759

LSCMO (see Lanthanum strontium

calcium manganese oxide (LSCMO)

material system)

LSCO solution, 759–760

description, 758–759

lanthanum, 759

transparent conducting oxides

ATO, 661, 662

AZO, 660

ITO, 659

Copolymer micelle lithography, gold

nanoparticle hard masks

diblock-copolymer, 528

dimensions and inter-micelle spacing, 528

line scans, preparation process, 526, 527

template-based preparation, PbTiO3

nanograins, 526, 527

COTS. See Commercial off the shelf (COTS)

systems

Crystallization and phase evolution behavior

“amorphous”, 358

analysis, 358

chemical effects hydroxyl content,

367–368

organic content, 368–369

control

coherent/semi-coherent interface, 376

free energy variation, 375–376

temperature, PLZT deposited films,

374–375

CSD based films, 358

film properties, 358

intermediate

carboxylate, 363

fluorite/pyrochlore phase, 361

formation, pyrochlore, 361

free energy material

materials, 362

microstructures, PZT and BST thin

films, 363, 364

nature and distribution, 363

non-ABO3 stoichiometry, 361–362

perspectives, 360–361

pO2 effects, 363

preparation, BT and ST thin film, 363

pyrochlore matrix and perovskite

growth, TEM, 362

mapping, free energy

chemical, physical and structural

factors, 358–359

free energy vs. composition, PbO-TiO2

material system, 359–360

free energy vs. temperature, 358, 359

kinetic constraints, 360

nucleation and growth

curves, 366

densities, 366

description, 363

functions, nuclei radius, 364, 366

Gibbs free energy, 363–364

homogeneous and heterogeneous,

364–365

Johnson-Mehl-Avrami model, 366

magnitude effects, 373–375

process, 366–367

relationship, 366

physical characteristics

heat treatment, 371

impacts, 370

properties, 370, 371

surface energies, 370–371

structural factors

calculation, free volume, 372

changes, pyrolysis, 372

differences, 372–373

EXAFS analysis, 372

CSD precursors

evolution

acetate precursors, 226–227, 420

crystals, 224

formation, M-O-M bonds, 224, 356

FTIR (see Fourier transform infrared

(FTIR) spectroscopy)

gel film, 224

group frequencies, 224, 225

lanthanum zirconate, 224–225

lead zirconium titanate (PZT),

171, 172, 224

niobium silicate formation, 226

thermal treatment, 227

vitreous materials, 224

identification, 218

inorganic (see Inorganic (water-based)
precursors)

organics

alkoxides (see Alkoxide-derived
precursors)
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group frequencies, 218, 219

CSD. See Chemical solution deposition (CSD)

CSD technology

binary systems (see Binary systems, CSD)

CBD, 143

citrate gel/pechini process, 142–143

complex-oxide, 51

ferroelectric, 532

microstructural instability, ultrathin

perovskite films, 519, 520

PAD, 141–142

processing routes, 518

PTO islands, 523

Sol-Gel, 142

ternary systems (see Ternary
systems, CSD)

CSL. See Coincident site lattice (CSL)

D

Decomposition behavior and temperature,

crystallization film

additional effects, 347

alkoxide derived (organic)

acetone, 171

DTA curve and XRD patterns, 174, 175

FTIR reflection spectra, volatile species,

171–172

isopropoxide precursors, 172–173

material system influences, 173

Na0.5Bi0.5TiO3 acetate-butoxide,

174–175

temperature ranges, 174

TG/DTG/EGA-MS/DTA analysis,

air, 169, 170

total mass loss, 169

solution precursor effects

BST system, 346

FTIR, 346–347

impacts, 346

precursor chemistry and thermal

treatment, 346

PZT material system, 346

shorter chain organic species and lower

boiling point solvents, 347

variations, precursor selection, 347

XRD analysis, 346

water-based, 175

Decomposition behavior, MOD processes

deposited layer, 35

long chain metal carboxylates, 38–39

metal acetates and propionates, 36–38

organic radicals, 36

thermogravimetric analysis, 35–36

Densification processes

capillary contraction

definition, 353

driving forces, 354–355

relationship, processing conditions

and film properties, 355–356

consolidation behaviour, solution derived

ZrO2 thin films, 353–354

continued condensation reactions, 353

contributions, 353

crystalline ferroelectric materials, 353

skeletal and structural relaxation, 353

structural evolution, pyrolysis, 356–357

viscous flow, 353

volatilization, 354

Dielectric film processing

BTO film, 559, 560

cationic surfactant, 559

CSD processes, 557, 558

micro structure, 557

PZT/PLZT, 557, 558

Differential scanning calorimetry (DSC)

and DTA, 168

operating principle, 168

sensitivity, 168

temperature range, 168

Differential thermal analysis (DTA)

DSC sensitivity, 168

and DTG temperatures, 171

PZT precursors, 172–173

and TA, 164

Dip-coating technique

applications, 233

classical (see Classical dip coating)

composite sol-gel films, 455

EISA process (see Evaporation induced

self-assembly (EISA))

microstructures, 257

precursor solution chemistry, 234–235

process, 233, 234

structure and properties, 257

technical stages, 233

thin film formation, 233–234

wet chemical thin film deposition, 233

Direct methanol fuel cells (DMFC), 645, 646

Dispersive spectrometers

double fascicules and prism, 216

schematic, 216, 217

single-beam, 216

DMFC. SeeDirect methanol fuel cells (DMFC)

DTA. See Differential thermal

analysis (DTA)
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E

E-beam lithography. See Electron beam

lithography

ED. See Electroless deposition (ED)

EGA. See Evolved gas analysis (EGA)

EISA. See Evaporation induced

self-assembly (EISA)

Electrode materials

multilayer capacitors, BaTiO3 and LaNiO3

layers, 556, 557

oxidation resistant, 554

reducing atmosphere, 555–556

Electroless deposition (ED), 323–326

Electron beam lithography

advantages, 490, 491

damage

exposure, 498

knock-on displacement and

radiolysis, 498–499

Knotek-Feibelman mechanism,

499–500

SCRIBE process and different

mechanisms, 498

electron gun, 490

exposure, 490–491

inorganic materials

FEG-SEM, 491

metal halides, 491–494

metal oxides, 494–498

VG-STEM, 491

limitation, 490, 491

physical-chemical solution deposition

metal naphthenates, 508–510

paradigm shift, 500

spin-coatable metal alkoxides

(see Spin-coatable metal alkoxide

electron beam resistance)

positive resists, 490

process, 490

structure, 490

Electrophoresis, 552

Electrostatic spray deposition (ESD),

633, 640–641, 643, 645

Ellipsometric porosimetry (EP), 710, 711

EP. See Ellipsometric porosimetry (EP)

Epitaxial films

CBD method, 383

crystallization

critical nucleus formation, 388–389

differences, 389

free energy function, 389

kinetic limited, 389–390

metastable phases, 390–391

CSD and MOD, 383

grain growth (see Grain growth,

epitaxial films)

heating, 384

limitation, CSD film thickness, 401

mechanical instability, 386–388

MOCVD, 401–402

patterning, 400–401

photoresist coatings, 383

precursor chemistries, 385–386

review, 384

soft lithographic and

photolithographic, 384

spin-coating, 383–384

synthesis, single crystal thin films, 383

ZnO, 401

Equilibrium approaches, oxide-base metal

integration

microstructural and electronic properties

as-fired and reoxidized and BaTiO3

film, 579, 580

BaTiO3 film, 581, 582

dielectric properties, films, 581

film morphologies, 577

grain and coherent crystal size, 581, 582

nickel-based electrodes, 579

permittivity and loss tangent vs. field
measurements, 579, 580

preparation, BaTiO3 film, 577, 579

solution chemistry and processing

chelate-based chemistry, 574–575

phase evolution, BaTiO3 films, 576–578

rapid drying, hotplate, 575

X-ray diffraction patterns, PZT

xerogels, 575, 576

thermodynamics, oxidation

equations, metal, 572

Gibb’s free energy, formation, 573

oxygen partial pressures, 573, 574

Richardson-Ellingham

diagram, 573, 574

ESD. See Electrostatic spray deposition (ESD)

Evaporation induced self-assembly (EISA)

advantages, 252

amphiphilic molecules, 249

critical micelle concentration (CMC), 250

definition, 250

film formation, 249

gelation, sol-gel species, 250

hexagonal silica-surfactant

mesophases, 251

inorganic polymerization, 253

liquid-crystalline nature, 253–254
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macroscopically inhomogeneous

films, 251–252

nanocrystal (see Nanocrystal)
organic-inorganic

nanocomposites, 254–255

schematic phase CTAB, 251, 252

silica-surfactant micelles, 252–253

sol-gel, 252

stages, 250, 251

steady-state film thinning profile, 252, 253

surfactants and concentration, 250–251

Evolved gas analysis (EGA)

acetone amount, 171

TA, 169

EXAFS. See Extended X-ray absorption fine

structure spectroscopy (EXAFS)

Extended X-ray absorption fine structure

spectroscopy (EXAFS), 54

theory, 181–184

F

FEG-SEM. See Field Emission Gun-equipped

Scanning Electron Microscope

(FEG-SEM)

Ferroelectric nanograins, templated growth

CSD technique, 519, 520

embedding technique, 521

self-assembly technique, 520

Ferroelectric nanotubes, soft-template

infiltration, 524–525

Ferroelectric thin films

optimal functionality, film and device, 600

principle, flexural heteromorph structure,

599, 600

PZT, 600

Field effect transistor (FET), 504–505

Field Emission Gun-equipped Scanning

Electron Microscope

(FEG-SEM), 491

Film deposition and properties control

carboxylate, aqueous CSD, 120–121

layer thickness, 122

metal ion concentration, 121

morphology control, process conditions

AR-FTIR, 125

crystallization temperature, 124

lanthanum, 124

ZnO film, 122, 124

superconducting layers, 126

textured layers, 126

thicker layers, 122

ultrathin film deposition, 127–132

ultrathin layers, 127

wetting

aqueous chemical solution deposition

methods, 117–118

CSD method, 117

LSMCD technique, 117

Pb(II) citrate and acetate, 119–120

polyvinyl alcohol, 118

PZT water based precursor, 119

SPM/piranha, 118–119

UV/ozone technique, 118

Fourier transform infrared (FTIR)

spectroscopy

advantages, 217

alkoxide-derived precursors, 220–222

barium strontium titanate thin film

systems, 419, 420

crystallization, strontium niobate

films, 225, 226

doped lanthanum chromites, 226, 227

electron beam resists, 503

GATR-FTIR, 225, 226

group frequencies, 225

impurity traces and compound

formation, 227

measurement, 216

metal carboxylates, coordination

modes, 221

performance, 217

polystyrene absorbance and

transmittance, 215

preparation, PZT film and powder, 224, 225

schematic, 217

SnO2 formation, 227, 228

Fresnel reflection and reflectance, 735

G

Gas phase techniques, 552, 556

Gel decomposition

cation distribution, 115

homogeneity, 115–116

homogeneous precursor solution, 114

mechanism

citratoperoxo metal ion gels, 113–114

homogeneous gel/gel film, 113

thermal decomposition, 114

powders vs. films, 116–117
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Gel formation mechanism

alkoxide ligands, 109–110

aqueous carboxylate, 103–104

carboxylate salts/complexes, 109

carboxylates, complexation and gel

formation

ammonium bridges, 107

citrato-ligands, 105

EXAFS, 106

oxo-peroxo-citrato metal

complexes, 106

tetranuclear ammonium

citratoperoxotitanate complex, 107

tetranuclear anion, 108

citrato complex, 111

concept

aqueous carboxylate, 104

network formation mechanism,

104–105

water evaporation, 104

hydrogen peroxide, 110

metal ions, 109

polymer complex methods, 111–112

precursor solution, 108

Giant magnetoresistive (GMR) effect, 625

Gold nanoparticle hard masks.

See copolymer micelle lithography,

gold nanoparticle hard masks

Grain growth, epitaxial films

amorphous material, 391

compositions, 392

conversion, polycrystalline Zr(Y)O2

film, 392, 393

dark field TEM, 392

description, 391

dislocation network forms, 392

dissimilar structures

CSL and NCSL, 398–399

lattice spacing, 398

rules, 399–400

elimination, 392

heat treatment, 391

interface, 392

LiNbO3, 393

mechanisms, 393

multilayered

CeO2, 395

LTO seed, 395

metal substrates, 394

Ni-W substrate, 394–395

PZT/LSMO/SrTiO3 specimens,

395–396

superconducting wires, 395

YBCO synthesis, 395

non-oxide, 394

solid-solution compositions, 393

SrZrO3/SrTiO3 interface, 393

strain energy, 392

thermodynamics, morphological

instabilities, 396–398

vapor grown films, 392

H

High temperature superconductivity (HTS)

annealing/firing barium fluoride, 691

dependence, normalized critical

current, 691

energy density, 673, 674

first and second generation, tapes

“all-solution coated conductor”, 679

film deposition, 678

nickel-alloys, 679–680

heating schedule, TFA-YBCO, 691, 692

MOD, 690

parameters

current, 675–676

magnetic and irreversibility

fields, 676–677

materials, 675

relationship, parameters, 674, 675

processes, 2G tapes, 678–680

resistive measurement, I-U

characteristics, 691, 692

Zr–Ba-Oxide nanoparticles, 693

Homogeneity, solution, 115–116, 203,

432, 433

Homogeneity, (micro) structural, 454, 562

HSQ. See Hydrogen silsesquioxane (HSQ)

HTS. See High temperature

superconductivity (HTS)

Hydrogen silsesquioxane (HSQ), 533, 536

Hydrolysis, 11

Hydrolysis, organic media

metal oxide sol-gel process, 72–73

molecular mechanisms, 73–76

sol-gel transformations, 72

supramolecular sol-gel

mechanisms and colloid

particles, 76–79

I

Index gradient layers

films, graded porosity

etching, phase-separable glass, 718
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porous multilayer assembly,

preparation, 717, 718

preparation, etching, 719

preparation, phase separated film

leaching, 718

“moth eye” structures

linear gratings, 720

processing, embossing tools

fabrication, 720–721

realization, depths of imprints, 721, 722

reflectivity, cross and linear gratings,

722, 723

refractive index, 719, 720

sol-gel processing, thin films, 716

Indium tin oxide (ITO)

compositional flexibility, 659

preparation, 659

Re-dispersible crystalline powders, 660

spin/dip-coating experiments, 660

Infrared (IR) spectroscopy

advantages and disadvantages, 215–216

analysis, 213

characteristics, 229

complex molecules, 215

crystallization, 229

CSD precursors (see CSD precursors)

description, 213, 214

frequencies, 214

FTIR, 216–217

gaseous, liquid and solid samples

preparation, 218

investigation, precursors, 213

spectrometers (see Spectrometers)

transmission, spectrum, 214

vibrational modes, CH2 groups, 215, 216

visible and microwave, electromagnetic

field, 213, 214

Inkjet printing and direct writing methods

application (see Printed strain gages and

load-frame testing)

conductive samples, 317

development, 316–317

integration, solution precursors, 316

low process temperature metal ink

(see Low process temperature

metal ink)

LTCC, 303

materials, 303

oxides and metals

applications, 311

AZO, 310

chemistries and processing, 309

copper traces, 311, 312

gravure printing, 310

high quality buffer and superconducting

YBCO layers, 309

materials, 309

nano-lithography, 310

PDMS, 310–311

piezoelectric, pneumatic, or thermal

methods, 309

precursors, 309–310

stamp relief structure, 311

TFTs, 310

volume fraction inks, 310

X-ray diffraction and optical

imaging, 311, 313

yttrium, barium acetate and copper, 310

techniques, 303

transparent conductors and dielectrics, 318

Inkjet technology, 561

Inorganic (water-based) precursors

chelating agents, 222

FTIR spectra

La-Co-CA system, 222, 223

pyro-P and tripoly-P solutions, 222–223

group frequencies, 218, 219

nitrates, 222

Institut für Werkstoffe der Elektrotechnik II

(IWE II), 748

Intermediate temperature solid oxide fuel

cell (IT-SOFCs)

definition, 631

electrolytes, 640

performance cathodes, 642

temperature region, 641

IR spectroscopy. See Infrared (IR)

spectroscopy

Isomeric zirconium butoxides, 8

ITO. See Indium tin oxide (ITO)

IT-SOFCs. See Intermediate temperature

solid oxide fuel cell (IT-SOFCs)

IWE II. See Institut für Werkstoffe der

Elektrotechnik II (IWE II)

L

Lanthanum aluminium oxide (LAO), 762, 769

Lanthanum nickel oxide (LNO), 759

Lanthanum strontium calcium manganese

oxide (LSCMO) material system

solution preparation, 760–761

synthesis

LCMO70/30, 761

LSMO70/30, 761
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Lanthanum strontium cobalt oxide

(LSCO), 759–760

Lanthanum zirconate (LZO)

and CeO (see Cerium oxide (CeO))

‘seeds’, growth, 397

LAO. See Lanthanum aluminium oxide (LAO)

Laser-assisted low temperature crystallization

absorption, ferroelectric materials, 439–440

advantages, 439

amorphous films, 440

annealing, 440

ArF and KrF gases, excimer, 440

experimental setup, 440

preparation, Bi1.5Zn0.5Nb1.5O6.5, 440

semiconductor industry, 439

size-and cost, 440

La3TaO7 (LTO), 395

Lead-titanate-based material systems

characteristics, 748

drying, lead (II) acetate trihydrate, 749–750

EGMME route, 748

ether-alcohols, 748

flow chart, 53

preparation, 748

PZT30/70

EGMBE route, 750–753

IWE route, 754

removing water, crystallization, 748–749

Lead zirconate titanate (PZT)

control, microstructure and orientation,

409–417, 557

deformation modes, 613, 614

dielectric constant, 610

elements/pMUT, 607, 608

ferroelectric, 609

MEMS, 599

perovskite materials, 563

solid solution system, 600

LED. See Light emitting diode (LED)

Lewis acid properties, 11

LFMR. See Low field magnetoresistance

(LFMR)

Light emitting diode (LED), 401, 402

LIPA. See Long Island Power Authority

(LIPA)

Liquid phase deposition (LPD), 143–144,

323, 325–326

Liquid source misted chemical deposition

(LSMCD), 117, 278, 283, 285–287

Lithium rechargeable batteries

capacity, 477

charging and discharging, 476–477

cyclic voltammograms, 476

electrochemical

measurements, 476

properties, 475–476

formation, 477

precursor solution preparation, 475

synthesis, 478

X-ray diffraction, 476

Long Island Power Authority (LIPA), 695, 696

Long vs. short chain carboxylates

advantages, 40

alkoxides, 39

APP, 40

carbon, 40

copper and chromium dodecanoate, 39

lead neodecanoate, 42

long-chain lead carboxylates, 39

metal carboxylates, 41, 42

trifluoracetates, 43–44

Low field magnetoresistance (LFMR),

626, 628

Low process temperature metal ink

chemistry and formulation, 303–304

compositions, 304

functional materials, 303

nanoparticle synthesis (see Nanoparticle
synthesis)

Low temperature co-fired ceramics (LTCC),

303, 304, 460

Low-temperature processing,

functional-oxide films

activation, 441

amorphous, 441

application requirements, 432

chemical solution deposition process, 432

description, 431

design, heterometallic precursor, 431

invisible electronic circuits, 432

laser-assisted heating, 439–440

lead titanate, 441

photochemical activation, 438–439

properties, BST films, 432

seeding layers and crystallization

(see Seeding layers and

crystallization seeds)

sol-gel (see Sol-gel hydrothermal

processing)

solution chemistry

BaTiO3 and SrTiO3, 433

PbZrO3–PbTiO3, 433, 434
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perovskite phase, 433

preparation, LiNbO3 thin films,

432–433

Zr/Ti ratio, PZT-based thin films,

433, 434

stability, 432

LPD. See Liquid phase deposition (LPD)

LSC. See Luminescent solar

concentrator (LSC)

LSMCD. See Liquid source misted chemical

deposition (LSMCD)

LTCC. See Low temperature co-fired

ceramics (LTCC)

LTCC technology, 303, 304

LTO. See La3TaO7 (LTO)

Luminescent solar concentrator (LSC),

739, 740

Luminescent thin films

active waveguides, 736

device applications, 726

displays, 737

electrons, 725

excitation processes, phosphors types,

725, 726

materials, 730–734

optics (see Optics, luminescent thin films)

precursor chemistry, 727–730

RE ions, 726

solar energy applications (see Solar energy
applications)

X-ray imaging, 738

LZO. See Lanthanum zirconate (LZO)

M

Magnesium fluoride (MgF2)-films

colloidal, 713

preparation, 712–713

properties, λ/4 layer, 713

Magnetoresistance (MR) materials

avoidance, organic solvents, 627

CMR, 625–626

definition, 625

doped perovskite type manganite, 626

epitaxial manganite films, 626

GMR effect, 625

metal ions concentration, precusor

solutions, 627

spray pyrolysis, 628

Materials, luminescent thin films

lanthanum and gadolinium, 730

optical coatings/planar waveguides, 732

PL excitation and emission spectra,

730, 732

polymer additives, 734

preparation, 734

RE orthovanadates (REVO4) and RE

orthophosphates (REPO4), 733

synthetic conditions, CSD, 730, 731

MEA. See Membrane-electrode

assembly (MEA)

Mechanical instability, epitaxial films

crack extension, 387–388

critical thickness, 386–387

differentiation, free energy function,

387–388

elastomer, 388

evaporation causes, 386

formation, ‘mud’ cracks, 386

storage, strain energy, 387

tensile stresses, 387

waxy films, 386

Membrane-electrode assembly (MEA)

anode-supported conventional SOFC, plate

design, 629, 630

components, 632

performance, 633

MEMS. See Micro-electro mechanical

systems (MEMS)

Metal acetates and propionates

classification, 36–37

cobalt and silver acetate, 37

decomposition behavior, 37

description, 36

nickel oxide, nitrogen, 38

temperatures, 38–39

Metal alkoxides

central atom electronegativity and radius, 9

chemical reactivity (see Chemical

reactivity)

chemical structure, 6

coating solutions, 19–21

CSD processing, 3

electronic and sterical factors, 6

indication, 9

isomeric zirconium butoxides, 8

organic solvents, 8

properties

HCl, 4

polar metal-oxygen bond, 4, 6

silicon, 4

structural elements and

nomenclature, 4, 5

water, 4

sol-gel reaction, 3–4

spectroscopic methods, 10

structures selection, 6, 7

synthesis concepts, 4
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Metal ions, water

aqua ligand protons, 96, 97

atoms electronegativities, 98

cation and hydrolysis reaction, 95, 96

complexation, ligands

anions/molecules, 100

citric acid, 101

hydrolyzing and precipitating, 102

metal ion-ligand systems, 103

Pb2+-citrate complexation, 101–102

polydentate molecules, 100

Ringbom’s side reaction coefficient

αM(X), 101

condensation reactions, 99–100

deprotonation reaction, 99

partial charges model, 98

pH diagram, 97

precipitation, water evaporation, 103

small size and charge cations, 96

sol-gel synthesis, 95

solvating water molecules, 95

tetravalent, 97

valency, 96

Metallic oxide base electrodes

BTO on LNO, 556, 567

control, stoichiometry, 624

CSD, LNO, 623

PZT on LNO, 622–623

solution synthesis, LNO, 759

SrRuO3 (SRO), 624–625

Metallo-organic-decomposition (MOD)

processes

carboxylates, 33

decomposition behavior, 35–39

description, 32

M-carboxylates, 32–33

thin-film-deposition and thermal

treatment, 33–35

Metal-organic chemical vapor deposition

(MOCVD)

metallo-organic precursors, 276, 300

processing

aerosol, 297, 299

conditions, 277

control parameters, 277

Metallo-organic decomposition/metal organic

deposition (MOD), 32, 144

Methyl silsesquioxane (MSQ), 533–535

MgF2-films. See Magnesium fluoride

(MGF2)-films

Micelles templated by self-assembly of

ligands (MTSAL)

complex precursors, 87–88

surface ligand, 84–85

transformation, 77–78

Micro-electro mechanical systems (MEMS),

594–595

Micro-solid oxide fuel cells

PEMFC and the DMFC, 645, 646

μ-SOFC structure, 646–647

Mixed metallo-organic precursor systems

alkali-metals-based perovskites, 55–61

alkalis, 52

barium/strontium titanate films, 52

BST, 61–64

CSD, 51

environment awareness, 51–52

EXAFS, 54

PLZT gels and films, 52–53

PZT sol, 54

spectroscopic and chromatographic

methods, 53

transalcoholysis reaction, 53

zirconium EXAFS spectra, 54

MLCC. See Multilayer ceramic capacitors

(MLCC)

MOCVD. See Metal-organic chemical vapor

deposition (MOCVD)

MOD. See Metallo-organic decomposition/

metal organic deposition (MOD)

Molecular mechanisms, hydrolysis and

condensation

heteroligands, 75

metal alkoxide complexes, 73

metal-oxygen cores, 74, 75

thermodynamically driven

transformation, 76

zirconium hydroxo-alkoxides, 73–74

Zr4(O
n Pr)16, 73, 74

MR materials. See Magnetoresistance (MR)

materials

MSQ. See Methyl silsesquioxane (MSQ)

MTSAL. See Micelles templated by

self-assembly of ligands (MTSAL)

Multilayer AR-stacks and optical filters

color gradient filter VARIOTRANS®

and reflectivity, 716, 717

interference assemblies, 716

interference-type, applications

outermost S-layer, damage, 716

reflectivity, triple layer coatings

and architectures, 715

TiO2, 714

Multilayer ceramic capacitors (MLCC)

design parameters, 553, 554

estimation, capacitance, 550
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miniaturization

characteristics, thin film deposition

methods, 552, 553

electrophoresis, 552

gas phase techniques, 552

surface area, chip, 551

thin films, preparation, 552

thin film technologies, 551

Pt inner electrodes, 550

N

Nano-composite electro-ceramic thin films

characteristics, multilayered oxide,

459–460

electrochromism characteristics, 459

heterogeneity, 463–464, 478

micro-emulsion mediated synthesis

BTO particles, 460

dielectric properties, 461–462

formation, nano-crystalline core-shell

structures, 462–464

LTCC, MEMS and MLCC, 460

multiferroicity, 459

oxide thin films, 459

self-assembling (see Self-assembling/self-

organized organic systems)

super-lattice ordering (see Super-lattice
ordering, nano-composite thin films)

synthesis, 459

Nanocrystal

artificial solids, 257

coupling interactions, 257

DNA hybridization, 256

3D NC arrays, 257

gel formation, 257

micelles, 255–256

polymer/silica, 255, 256

synthesis procedures, 255

Nanoparticle synthesis

Debye model with Lindemann law, 304

LTCC technology, 304

microemulsion mediated synthesis, 559

reactivity, 304

silver (see Silver (Ag)
nanoparticle synthesis)

sintering reaction, melting

temperatures, 304

NCSL. See Near coincident site lattice (NCSL)
Near coincident site lattice (NCSL), 399

Nucleation site, e-beam lithography

separated PTO nanoislands deposit,

523, 524

TiO2 dot structures, 523, 524

TiO2 patterning, 522, 523

topographic AFM scan, PTO

crystals, 524, 525

two-layer resist process, PMMA

polymer, 522, 523

O

Olation, 14–15

Opical filters

color gradient filter VARIOTRANS® and

reflectivity, 716, 717

interference assemblies, 715–716

Optics, luminescent thin films

incidence, light, 735

materials, light absorption, 735

RE-doped phosphors, 735–736

transparency, 726, 734

Optimization strategies, TCO thin films

dense films, multiple coating techniques

microstructures, 663, 664

oriented growth of sol–gel films,

664, 665

preparation, Nb-doped TiO2 thin

films, 664, 665

infiltration, porous films, 664–666

Orientation and microstructure design,

crystallization film

amorphous films

columnar growth, 408

competition, 408

control, compositional

homogeneity, 408

evolution, 410

materials and compositions, lattice

constants, 409, 410

phase formation, 408

(Ba1-xSrx)TiO3 Films (see BST thin

film systems)

differences, 425

‘dissolution principle’, 426

formation, 407

intermediate phases, 407

metal-Ti-oxo carbonate phase, 426

microstructure, 425

Pb(ZrxTi1-x)O3 films (see Pb(ZrxTi1-x)O3

films)

processing, 407
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Orientation and microstructure design (cont.)
thermolysis and structural relaxation

reactions, 407

Oxide thin films, electronic and ionic

conductivities

metallic oxide base electrodes, 622–625

MRmaterials (seeMagnetoresistance (MR)

materials)

SOFCs (see Solid oxide fuel cells (SOFCs))
utilization, 621

P

PAD. See Polymer-assisted deposition (PAD)

Patterning methods

alignment system, 561, 562

BST films, 561

inkjet technology, 561

processing, TMC, 559, 560

thin film printing methods, 562

TMC, dielectric and electrode layers,

560, 561

Pb(ZrxTi1-x)O3 films

alloy formation, 414

compositions, 409

control, texture orientation, 410

description, 409

epitaxial system, 412

exothermic reaction, 412

heterogeneous nucleation, 411

impact, film thickness and precursor

chemistry, 416–417

intermetallic phase model, 411–412

memory applications, 409, 410

microstructure evolution process, 410–411

nanocrystalline fluorite/pyrochlore

phases, 411

pyrolysis, 412

PZT/Pt interface, 414

substrate, 415

tetragonal distortion, 409, 410

texture and microstructure development,

414–415

transmission electron microscopic

and XRD, 413–414

Pechini method/process/route, 112, 142, 734

PEMFC. See Proton exchange membrane

fuel cell (PEMFC)

PFM. See Piezoelectric force microscopy

(PFM)

Phosphors, 725

Photoluminescence (PL)

excitation, 730, 732

and ferroelectric properties, 732

intensity, Y2O3:Eu
3+, Bi3+, 741

Physical deposition technique, 674,

678–679, 683

Physical vacuum-based technologies, 659

Piezoelectric force microscopy (PFM)

ferroelectric switching, islands, 524

in-plane images, piezoelectric active

surface fraction gain, 533, 534

and micro-Raman spectroscopy, 525

MSQ embedded PTO grain array, 534, 535

setup, 529

Piezoelectricity

advantages, 598

coefficients

in-plane stress, 606

transverse, 606, 607

variation, electrodes, 606

deformation, 597

electrostatic devices, 598

MEMS devices

advantage, 614

deformation modes, PZT thin film,

613, 614

energy harvesting, 610

measurements, 610, 611

one array element, ink-jet printing

head, 613, 614

optical scanner, imaging, 612, 613

poLight tunable lens, autofocus camera

systems, 611, 612

PZT ceramics, 609

resonant vibration harvester, 611, 612

TFBAR, 609

thin film vibration energy harvester,

610, 611

micromachining and thin film structures,

607–608

momentum, ferroelectric films, 599

PZT, 597

Piezoelectric micromachined ultrasonic

transducers (pMUT), 607–608

PL. See Photoluminescence (PL)

PMMA. See Polymethyl methacrylate

(PMMA)

pMUT. See Piezoelectric micromachined

ultrasonic transducers (pMUT)

Polar oxide thin films, MEMS applications

conversions and signal generations, 594
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integration, ferroelectric thin films

(see Ferroelectric thin films)

miniaturized systems, 594

piezoelectricity (see Piezoelectricity)
pyroelectricity (see Pyroelectricity)
sensors and actuators, 593

silicon technology, 595

Polydimethysiloxane (PDMS), 310–311

Polymer-assisted deposition (PAD)

chemical solution deposition method, 144

complex metal-oxide films, 152–156

CSDs, 141–142

metal-oxides, 141

metal polymer solutions, 145–146

MOD, 144

process, prepare film coatings, 144–145

simple metal-oxide films, 147–151

thermal depolymerization, 146–147

Polymer complex methods

acrylic acid, 112

carboxylate sol-gel route, 111

organic polymerization methods, 112

Pechini route, 112

Polymer precursor spin coat technique,

635, 640

Polymethyl methacrylate (PMMA), 522, 523

Porous AR films

acid-catalyzed hydrolysis, silicon

alkoxides, 710

factors, sol-gel techniques, 712

film porosities determination, EP, 710–711

Lorentz-Lorentz equation, 709

mechanical stability, 711

optical spectrum, SiO2 film, 710, 711

solar panel, λ/4 glazing, 712

Porous films, 664–666

Precursor chemistry

formation, metal complexes, 728

preparation, crystalline RE-doped metal

oxides, 728

properties, 730

sol-gel method, 727

Y2O3, 729

Pressurized spray deposition (PSD), 633, 643

Printed strain gages and load-frame testing

coating, fiberglass-epoxy composite, 313

commercial, 313

COTS, 314

design resistance, 313, 314

EH-LinkTM 8 strain gage system, 316, 317

energy-harvesting, 315–316

green energy, 312–313

hysteresis, 314

measures, 314

Microstrain SG-Link devices, 315, 316

monitors, self-powered wireless, 314

Optomec Aerosol Jet M3D print system,

313

sensor optimization, 313

silver inks, 313, 314

transmissions, 317

transverse and longitudinal strain

measure, 314, 315

Printing techniques, 726

Proton exchange membrane fuel cell

(PEMFC), 645, 646

PSD. See Pressurized spray deposition (PSD)

Pyroelectricity

coefficient, 595, 596

first and second order phase transition, 596

thermal energy harvesting, 597

PZT films

polarization hysteresis loops, CSD, 589

synthesis, device-quality thin films, 586

X-ray diffraction patterns, 575, 576

Q

Quaternary systems

Fourier transforms, 208

PLZT films, 205

Ti K-edge XANES spectra, 206, 207

TiO2 modifications anatase, 206–207

R

RABiTS. See Rolling-assisted-biaxially-
textured-substrates (RABiTS)

Rare-earth (RE) ions

acetates, 734

concentration, 732

luminescence, 726

RE-doped phosphors, 735–736

RE-doped planar waveguides, 736

Refined machining techniques, 594

RE ions. See Rare-earth (RE) ions

Ringbom’s side reaction coefficient αM(X), 101

Rolling-assisted-biaxially-textured-substrates

(RABiTS), 680

S

SAMs. See Self-assembled

monolayers (SAMs)

Scanning probe microscopy

(SPM) techniques
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Scanning probe microscopy

(SPM) techniques (cont.)
converse piezoelectric effect, ferroelectric

perovskites, 530

detectable phase shift, ferroelectric

crystals, 530, 531

heated AFM cantilever, 532

optical lever arm, cantilever bending

detection, 529

PFM setup, 529

principle, 528–529

PTO grains, 530, 531

SCRIBE. See Sub-nanometer Cutting and

Ruling by an Intense Beam of

Electrons (SCRIBE)

Seeding layers and crystallization seeds

deposition/heating steps, 436

nucleation rate, 434

Pt-Pb intermetallic phase, 435

SEM micrographs, PZT 53/47 thin

films, 434–435

thermal decomposition/oxidation, 435

XRD patterns, amorphous PZT 30/70

thin films, 435, 436

Self-assembled monolayers (SAMs),

329–330, 336

Self-assembling/self-organized oxide systems

characteristics

electrical, 467–471

magnetic and magnetoelectric, 471–472

optical, 472–474

structural and micro-structural,

466–467

controls, 464

growth mechanism, 465

guideline, 465

multiferroic films, 465–466

nanostructures, 464

organic, 464

oxide, 464

physical vapor deposition, 465

polystyrene and polymethyl

methacrylate, 464

synthesis, 464

types, oxide systems, 465

VHN, 464

Self-assembly technique, 520

SILAR. See Successive ion layer adsorption

and reaction (SILAR)

Silicon technology, 595

Silver (Ag) nanoparticle synthesis

agglomeration, 305

chemical reduction, 304

coated and stabilized, 306

DC resistivity, direct written traces,

306, 307

“green” chemistries, 308

metallo-organic precursor routes, 308–309

metal resistivities vs. thermal

treatment, 306, 307

precursors, 306

print method properties, 306, 307

redox reaction, 305

size-sintering relationship, 305

starch and glucose, 307–308

strong reducing agents, 306

suspensions, 305–306

thermal analysis, 306

Simple metal-oxide films

epitaxial Eu2O3 films, 147–149

UO2 and U3O8

epitaxial growth, 149

polymorphic hexagonal and

orthorhombic, 150

X-ray diffraction pattern, 149, 150

Single source precursors (SSP)

application, 72

complex alkoxide precursors, 85–87

construction, 71

hydrolysis, organic media

(see Hydrolysis, organic media)

materials preparation

dispersions deposition, 80–82

porous substrates, 84–85

principal groups, 79–80

metal oxide sol-gel, 71

Size effects, 517, 520, 551, 563

SOFCs. See Solid oxide fuel cells (SOFCs)

Solar energy applications

configuration of solar cell and

WCF, 739–741

conversion technology, 739

LSC panels, 739, 740

multi-layered AR coatings, 741

phosphor thin films, surface

nanostructures, 741

sunlight harvesting efficiency, 739

Sol-gel films, composite

advantages, 450

coating

dip, 455

spin (see Spin coating, composite

sol-gel films)

spray, 456

conventional ceramic film

technologies, 450
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electrophoretic deposition, 455–456

film deposition

crystallisation, 451

drying, 451

pyrolysis stage, 451

substrate, 451

volume changes, 451

infiltration process, 457–458

inks production, 450

interfacial polymerisation, 457

pressure, 458–459

screen printing, 454–455

sedimentation, 456

sintering aids, 458

Sol-gel hydrothermal processing

advantages, 436–437

amorphous, 437

conventional and hybrid, 437

low temperature, 436

low-temperature water-based synthesis,

ZnO film, 437–438

perovskite formation, 437

Sol-gel processing, TCO thin films

deposition, 657

dispersed crystalline particles, 657

ITO (see Indium tin oxide (ITO))

minute variations, processing

parameters, 659

optimization strategies (see Optimization

strategies, TCO thin films)

preparation, 658

printing, 666–667

p-type conducting, 667–669

Sol-gel transition

description, 11

factors, 12

hydrolysis, 11

nucleophilic substitution, 11–12

silicon alkoxides, 12

tetravalent metal cations, 12–13

Solid oxide fuel cells (SOFCs)

CSD (see Chemical solution depositions

(CSDs))

electrical conductivity, oxygen

ion-conducting electrolytes, 631

IT-SOFC, 631

MEA, 629, 630

micro-solid (see Micro-solid oxide

fuel cells)

preventions, wide-spread market

uptake, 630

requirements, electrolyte, 629

working principle, 629, 630

YSZ, 631–632

Solution chemistry, CBD

ED, 323–324

framework

complexing agent, 321

controlling, 321–322

“forced hydrolysis”, 321

liquid phase deposition, 320

metals products, 320

non-oxide films, 321

oxide products, 321

parameters, 323

salts, 320

supersaturation, 322–323

LPD, 323

organic additives, 324, 326

oxide materials, 324–326

SILAR, 323

variations, 324

Spectrometers

ATR, 217–218

dispersive, 216–217

FTIR spectroscopy (see Fourier transform
infrared (FTIR) spectroscopy)

Spin-coatable metal alkoxide electron

beam resist

alkoxide-based multicomponent

materials, 505

Al2O3 resist, 502, 503

aluminium tert-butoxide with ethyl

acetoacetate, 502, 503

condensed titanium isopropoxide films, 502

exposure process

curves, 501–502

energy electrons, 504

fraction, aluminium tert-butoxide, 504

FTIR spectra, 503

SEM images, 504

sensitivity, 503

stability, 502–503

tentative exposure mechanism, Al2O3

resist, 503, 506

FET, 504–505

FTIR spectra, Al2O3 resist, 505

hydrolysis reaction, 500–501

Id-Vds characteristics, 505, 507

La0.7Sr0.3MnO3, 502

periodic arrays, ferroelectric cells, 505, 508

polymerization, 500

stabilized metal alkoxides, 504

stabilizing, 501–502
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Spin-coatable metal alkoxide electron

beam resist (cont.)
titanium isopropoxide films, 502

UV-patterning, 501

Spin coating

composite sol-gel films

cracked PZT thick film, high powder

loading, 452, 453

description, 451

fabrication technique, 454

homogeneity, 454

powder loading, 451–452

properties, 452, 453

surface quality, 452–453

thickness variation and cracking, 454

uniformity, 452

conformality-related film defect, 276

evolution, fluid thickness, 264

fluid flow and evaporation

advantages, 266

contributions, 267

ethanol rotating, 267

Meyerhofer treatments, 267

RHS, 266

rotational forces, 265

velocity vs. depth profile, 265–266

volatile solvents, 266

process and topographical features,

275–276

solution precursors, 273

spinning speed, 263–264

stable solution, 265

stages, 263

thickness, 265

trenched structure, 276

uniformity and defect diagnosis

chuck marks, 270–271

comets, 268

striations, 268–270

variation, gradual radial

thickness, 271–273

SPM techniques. See Scanning probe

microscopy (SPM) techniques

Spray coating, 445, 456

Spray pyrolysis methods

and aqueous nitrate precursors, 628

ESD and PSD, 633

sol–gel and metalorganic deposition, 643

Sputtering techniques, 668, 712–713

SSP. See Single source precursors (SSP)
Structure zone model (SZM), 298–299

Sub-nanometer Cutting and Ruling by an

Intense Beam of Electrons

(SCRIBE), 493, 496, 498, 499

Substrate effects, CBD

ceria film, 331–332

complex topographies, 332

film formation mechanisms

aqueous inorganic solutions, 326, 327

chemical nature, 326

deposition conditions, 328

description, 326

electrostatic interactions, 328–329

hydrolysis and condensation reactions,

colloidal particles, 327

hydroxyapatite coatings, 328

ion-by-ion growth, 326

orthopedic implant applications,

327, 328

transparency, 327

functionalization, 329–330

laminated composites, 332–333

LPD technique, 332

organic layers, 332

patterning, 330–331

polymer spheres, 332

porous nickel oxide, 331

synthesis materials, 332

TiO2-V2O5 mesoporous powders, 332

Successive ion layer adsorption and reaction

(SILAR), 143, 323, 325–326

Superconducting films

coated conductors (see Coated conductors)

conventional equipment, 693

HTS (see High temperature

superconductivity (HTS))

industrial heat treatment, 697–698

power transmission

advantages, network planning, 694, 695

LIPA HTS cable project, 695, 696

principle, fault current limiter, 695–697

voltage cable, 695, 696

rotating machines

efficiency increment, HTS technology,

698, 699

HTS rotor, hydro power

generator, 699, 700

size and RE consumption, permanent

magnet and HTS, 701

savings, 693–694

Super-lattice ordering, nano-composite

thin films
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batteries

lithium rechargeable (see Lithium
rechargeable batteries)

micro, 474

conventional layered oxides, 474

electronic devices, 474

transmission electron micrographs,

474–475

Supramolecular sol-gel mechanisms and

colloid particles

alkoxide, 77

heterometallic species, 79

microhydrolysis, 76

MTSAL concept, 77, 78

perovskites, microhydrolysis, 78–79

polyoxometallate type, 77

Synthesis, CSD-derived functional oxide

thin films

alkaline earth titanates (see Alkaline
earth titanates)

aluminium oxide (see Aluminium oxide

synthesis)

conductive oxide precursor solutions

APP route, 758

lanthanum, 759

lead-titanate (see Lead-titanate-based
material systems)

principles, 747–748

thin film fabrication (see Thin film

fabrication)

SZM. See Structure zone model (SZM)

T

TCOs. See Transparent conducting
oxides (TCOs)

TEM. See Transmission electron

microscopy (TEM)

Template controlled growth

bottom-up growth technique, 518

copolymer micelle lithography, gold

nanoparticle hard masks, 526–528

crystalline thin films, 517

embedding

frequency dependent I-V curves

measurements, 535, 536

gain, piezoelectric activity, 533, 534

HSQ/MSQ, 533

I-V plots recording, displacement

current peaks, 534, 536

MSQ, PTO grain array, 534, 535

PTO islands, platinized silicon

substrate, 533

ferroelectric

characterization, SPM techniques (see
Scanning probe microscopy (SPM)

techniques)

nanograins, 519–521

nanotubes, soft-template infiltration,

524–525

nucleation process, 517, 518

nucleation site, e-beam lithography

(see Nucleation site, e-beam

lithography)

processing, ferroelectric nanostructures

fabrication, 521, 522

seed layers and seeds, orientation

selection, 518–519

Ternary systems, CSD

amorphous film, 204

EXAFS measurement, 203

homogeneous distribution, metal

components, 203–204

lead zirconate titanate precursors, 204

pyrolysis, 205

PZT materials, 202

thermal treatment and homogeneity, 203

zirconium local environment, 205

Zr-O-Zr bonds, 203

TFBAR. See Thin film bulk acoustic wave

resonator (TFBAR)

TFTs. See Thin film transistors (TFTs)

Thermal analysis (TA)

CSD precursors, 169–176

EGA, 168–169

equipment, 164

liquid precursors, 163

methods, 164–166

TG and scanning calorimetry, 163

thin films, 176

Thermal depolymerization, 146–147

Thermochemical nanolithography, 532

Thermodynamics and heating processes

atmosphere effects, pyrolysis behavior

global, 349–350

impacts, 349

local/in-situ, 350–352

conversion, crystalline state

vs. amorphous state, 343

description, 343

impact, temperature regime, 343–344

solution synthesis and thin film

processing, 343

transformation, 343

crystallization and phase evolution

behavior (see Crystallization and

phase evolution behavior)

decomposition behavior and pathway
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Thermodynamics and heating processes (cont.)
additional effects, 347

solution precursor effects, 346–347

kinetic competition, 376–377

reactions and byproducts

acid vs. base catalysis, 347
alcohol, ester, ether and water, 349

DTA/TGA and DMSA data, 347–349

evolution, gaseous species, 349

FTIR, 349

gel decomposition, 349

lead acetate tri-hydrate precursor, 348

methoxyethanol gel-derived PZT

powers, 347

nature, 347

spectral ranges, 349

thermolysis and pyrolysis

characteristics, 344–345

definitions, 344

Thermogravimetry (TG)

and DTA, 167–168

and DTG, 167

and scanning calorimetry, 163

Thin film bulk acoustic wave resonator

(TFBAR), 609

Thin-film-deposition and thermal treatment

events comparison, 34–35

MOD/hybrid solution, 33–34

pyrolysis, 34

temperatures, 35

Thin film fabrication

chemical etching (see Chemical etching,

thin film fabrication)

coating and crystallization

BST70/30 processing, 767–768

description, 765–766

PZT30/70 deposition, IWE Route, 767

spin coating, 766

preparation

coating solution, 764–765

substrate, 763–764

processing, 763

Thin film multilayer capacitors (TMC)

ceramic layer material and manufacturing

technologies, 547–549

core-shell structures, 553, 555

dielectric film processing, 556–559

electrical properties

capacitance, CSD-derived multilayer,

564–566

capacitance density and resistivity,

PLZT film thickness, 563

dielectric constant, 564

stable dielectric characteristics, 563

top-down patterning methods, 564, 565

“transferring method”, 566

electrode materials, 554–556

ferroelectrics and dielectrics, 548

miniaturization, 549

MLCC (see Multilayer ceramic capacitors

(MLCC))

patterning (see Patterning methods)

Thin film printing methods, 561, 562

Thin film transistors (TFTs), 310

Titanates

FWHM and XRD pole, 689, 690

layer systems, 687

seed layers, 688, 689

sensitivity, 688

three-layer system, seed layer overgrowth,

688–689

TMC. See Thin film multilayer capacitors

(TMC)

Transmission electron microscopy (TEM), 392

Transparent conducting oxides (TCOs)

ATO, 661–662

AZO (see Aluminium-doped zinc oxide

(AZO))

electrical and optical properties, 656, 657

optimization strategies (see Optimization

strategies, TCO thin films)

oxidic semiconductors, 655

resistive heating, windows, 656

sol–gel processing (see Sol-gel processing,
TCO thin films)

Transport, aerosol particle deposition

aggregation and film growth

critical thickness, 294–295

deposition, 292–293

liquid droplets, 293–294

nucleation, 292, 293

surface energy, 293

thermal processing, 295

carrier gas trajectories, 288

collection efficiency

calculation, 291

electric field, 290–291

description, 283

electrical, gravitational and stokes force,

285, 286

electric field, 289, 290

film thickness, 292

gas flow, 284

impaction, particle size distribution, 288
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internal and external forces, 284

linearity, 292

LSMCD

deposition chamber, 287

processes, 285–286

polarities charges, 289–290

precursor utilization, 291–292

small particles, 289

spray and misted deposition, 288–289

stokes force, 284

thermophoretic forces, 284–285

variation, 287–288

Trifluoracetates

CSD technology, 43

epitaxial films, 43

and hydrogen peroxide, 43

pyrolysis, 44

transition temperature, 44

Trigonal bipyramidal oxygen

environment, 196–197

U

Ultrathin film deposition

aqueous chemical solution deposition, 132

crystallization, 130

CSD film thickness, 129–130

DRAM, 128
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