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Preface

Nanotechnology has a strong potential to effect substantial changes in different

fields of our life, including security and safety. The ever increasing requirements

towards different aspects of security, for example in information technology, in
biotechnology, in energy management, etc. demand the latest achievements of

nanoscience and nanotechnology. Novel functional materials, devices and systems

allowing the control of matter on atomic and molecular levels, i.e. at the level of the

matter building blocks, have to face the challenges of the security of the modern

society. The nanostructured materials possess unique properties – mechanical,

electrical, optical, magnetic, biological, etc. – entirely different from those of the

conventional micro- or millimeter sized materials, due to their distinctive sizes and

shapes, and predominant surface and quantum effects determining their behavior.

In such a sense, nanoscience is the main driving force in the development of new
concepts for security. It concerns not only the preparation and investigation of

smart nanosized materials for different applications, like quantum dots, nanotubes,

nanowires, nanoparticles and nanocomposites, but also combination of their per-

formance with ICs, micro- and nanooptics, MEMS and NEMS, leading to a higher

level of integration and effective processing and transmission. Only the common

efforts of scientists from different fields of research – chemistry, physics, biology,

materials science and engineering – and from different countries can bring the

complimentary expertise in the development of reliable security conceptions taking

the advantages of nanoscience and nanotechnology. An important issue related to

the security and safety that has to be also addressed is the possible adverse effects of

nanoscience on humans and environment.

The first objective of the NATO ASI on Nanoscience Advances in CBRN
Agents Detection, Information and Energy Security held between 29 May and

6 June 2014 in Sozopol, Bulgaria, was to present to the participants the up-to-date

nanotechnological achievements for applications in different fields of security and

safety and the future perspectives. The second objective was the teaching and

training of the participants in the scientific and technological background of

nanostructures and nanostructured materials used in fields like quantum cryptogra-

phy, nanobiotechnology, energy conversion and storage, new generation of
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advanced sensors and systems for early detection of CBRN agents, etc. The third

objective addressed the initiation of trans-border and interdisciplinary collabora-

tions between young scientists towards the implementation of the recent nanotech-

nological achievements in security. The overall objective of the ASI was the

transfer of competence in nanoscience and nanotechnological advances in different

fields of security in order to meet one of the key priorities of the NATO Science for
Peace and Security Programme.

The ASI covered topics connected with the recent achievements in different

fields of security taking the advantages of nanotechnology and nanomaterials. The

lectures were given by outstanding scientists from universities and research insti-

tutes who are experts in nanoscience-related fields. Eleven thematic seminars on
specific topics, not covered by the lectures, were also included in the programme.

During three poster sessions the participants could present their results, establish

closer contacts and discuss in a less formal atmosphere.

Seventy seven participants from 14 NATO countries (Bulgaria, Canada, Croatia,

Czech Republic, Germany, Greece, Hungary, Poland, Portugal, Romania, Slovakia,

Spain, Turkey, USA) and 6 partner countries (Algeria, Belorus, Egypt, FYR

Macedonia, Moldova, Ukraine) insured that the overall objective of transfer of

competence and technology in the field of nanostructured materials and nano-

technologies was reached on a high level.

We, the members of the Organizing Committee, would like to thank the NATO

Science Committee for the financial support for the organisation of the ASI. The

local organisation and the publicity of the ASI in the media (TV, newspapers and

information websites) was actively supported by Mr. Panayot Reyzi, Mayor of

Sozopol, whom we gratefully acknowledge.

Sofia, Bulgaria Plamen Petkov

Chisinau, Moldova Dumitru Tsiulyanu

Kassel, Germany Wilhelm Kulisch

Kassel, Germany Cyril Popov

October 2014
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Chapter 1

Nanoscience Advances in CBRN Agent
Detection, Information and Energy Security:
An Introduction

P. Petkov, D. Tsiulyanu, C. Popov, and W. Kulisch

Abstract The present volume comprises the most important contributions to the

NATO ASI “Nanoscience advances in CBRN agent detection, information and

energy security” held on 29.5.–6.6.2014 in Sozopol, Bulgaria. This short introduc-

tion aims to give an overview of the topics of the ASI and to relate them to the

presently actual state of the art, but also to future fields of research in nanosciences

and nanotechnology. Another aim of this introduction is to hint the reader to the

most important contributions of these proceedings. Although nanotechnological

products can presently be found in a wide range of application fields, in the ASI the

topics were restricted to a number of fields which are related to the future well-

being and safety of planet earth. This may sound exaggerated but the future of our

planet will indeed rely on the ability to detect dangerous agents (chemical, biolog-

ical and radionuclear¼CBRN) as well as to provide a clean environment, health,

and energy and information safety. With other words: The topics of this ASI are at

the leading edge to solve many of the currently most important questions to be

tackled by science and technology.
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1.1 Introduction

In the past decades, nanosciences and nanotechnology experienced a tremendous

development, making them to one of the present key technologies. The main reason

is that materials and devices render their properties or function sometimes

completely if one or more of their dimensions is nanoscaled thus opening up new

possibilities to solve a given problem even in cases of problems not solvable with

standard macroscopic solutions. There are at least three major reasons for these

changes [1, 2].

• The surface to volume ratio of a material increases drastically if it is nanoscaled.

This has an tremendous effect of the working e.g. of sensors and detectors

utilizing nanoscaled materials.

• Many physical relationships routinely used in macroscopic physics are in fact

approximations. Many of them are based on the assumption that the dimensions

of the body are larger than some characteristic length playing a decisive role in

the physical description of the process under discussion. If the dimensions of the

structures are smaller than this characteristic length, completely new properties

of the materials and devices may arise [3].

• For nanoscaled structures and devices, quantum mechanics applies. Prior to the

development of nanotechnology, quantum physical effects could only be studied

in systems already existing in nature, e.g. atoms and molecules and the bodies

formed by them. The development of nanotechnology opened for the first time

the possibility to realize nanoscaled quantum systems and to utilize the some-

times strange quantum properties of nanoscaled materials in man-made devices.

In the contributions to this volume, all three of these points will play decisive

roles. The large surface to volume ratio is decisive for many detectors. The decrease

of the dimensions below a characteristic length is decisive e.g. for the mechanical

properties of nanoscaled materials [3]. Finally, quantum mechanics plays a role

e.g. in quantum dots, carbon nanotubes and other types of zero- and

one-dimensional structures.

1.2 Preparation and Characterization Techniques

The techniques to prepare nanostructures can be divided into two principally

different classes1:

• Top-down approaches: The materials of interest are first produced as macroscopic

bodies and then – by more or less destructive methods – reduced to the nanoscale.

1 The paper of Paunović et al. on page 239 provides some insight into the differences between

top-down and bottom-up approaches.
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• Bottom-up methods: The desired materials are produces in nanoscale by adding

atoms or other building units to a growing structure from the beginning of the

process. In many cases some kind of self-assembly [4] takes place, i.e. the fact is

utilized that the building units form a defined structure if they are brought

together.

In this volume, many techniques are described to produce nanoscaled materials

either by top-down or by bottom-up methods. They are too numerous to mention

each of them here. At this point, two techniques will be highlighted which are not

standard, i.e. laser techniques which can be used in top-down as well as bottom-up

approaches and ion implantation as a typical example for top-down techniques.

1.2.1 Laser Techniques

Lasers can be used for top-down as well as in bottom-up techniques.2 A prominent

example of the former is pulsed laser deposition, in which a pre-fabricated target is

exposed to laser pulses leading to the evaporation of material, sometimes in

nanoscaled form, which is collected on a substrate. Several examples of such

processes can be found in this volume. Laser beams can also be used for the

patterning of nanostructures.3

However, laser beams can also assist to bottom down techniques. One of these

techniques is called laser printing. Gold [5] or silver [6] nanoparticles are printed

onto a substrate utilizing the electromagnetic fields of a laser beam to position the

particle on the substrate.

1.2.2 Ion Implantation

It has already been pointed out that top-down approaches are essentially based on

the partial destruction of previously produced macroscopic materials. This destruc-

tion can be rough and violently as in grinding and milling techniques or sophisti-

cated as is the case of the extremely successful present semiconductor technology

which essentially relies on etching processes of pre-deposited layers to prepare

nanoscale structures [7].

An interesting alternative to these well established techniques is ion implanta-

tion. Ion implantation uses the bombardment of a substrate with medium or high

energy ions. Ion implantation is routinely used in semiconductor industry to

incorporate a chemical element into a certain depth of a material. However, as

2 This question is to some extent addressed in the contribution of Vasileiadis and Yannopoulos on

page 17.
3 An example can be found in the paper of Meinl et al. on page 29.
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high energy particles are use in ion implantation, the process is also more or less

destructive to the target used. These destructive effects can also be used to create

nanostructures in the target of which the ions used may be a part.4 By proper choice

of the energy, the depth of the nanostructures in the target can be selected.

1.2.3 Characterization

One of the major problems of nanotechnology is the characterization of the

nanostructures and nanomaterials realized. According to the Rayleigh criterium,

characterization based on visible light is limited to structures larger than approxi-

mately one quarter of the wavelength used, which is on the order of 200 nm or

above, i.e. well above the typical structure size of nanoobjects. There are at least

two solutions of this problem:

• The use of particle beams, especially electron beams utilizing the small de

Broglie wavelength of the electrons. Techniques based on this approach are

scanning electron microscopy (SEM) and transmission electron microscopy

(TEM). Especially with high resolution TEM (HRTEM) atomic resolution is

possible.

• The use of scanning probe microscopy techniques (SPM) in which a tip with a

sharp end in the nanometer range is scanned over a surface and one or more

properties (depending on the technique) are recorded with nanometer or even

atomic resolution [8]. Examples are the scanning tunnelling microscopy [9] and

the atomic force microscopy [10] but since their invention many more tech-

niques such as scanning near-field optical microscopy (SNOM) or magnetic

force microscopy (MFM) have been developed.

It has been pointed out that the tips used in SPMs are nanostructures themselves

and have to be fabricated by the methods of nanotechnology [11]. Thus there is

some kind of synergetic effect: On the one hand, improved characterization on the

nanoscale helps to improve the properties of the materials and structures used for

the techniques. On the other hand, improved components may result in improved

characterization.

Another method based on sharp tips but only loosely related to SPM techniques

is nanoindentation [12]. Here, the tip is not rastered over the surface but impressed

into it in order to determine mechanical properties such as hardness, Young’s
modulus or plasticity. There are several contributions to this volume on this topic.5

4 The preparation of nanostructures by ion implantation is discussed in detail in the contribution of

Kavetskyy and Stepanov on page 35.
5 See, for example, the paper of Harea et al. on page 53.
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Finally, in this context it is noteworthy that the 2014 Nobel prize for chemistry

was awarded for the development of a super-resolved fluorescence microscopy

[13, 14]. With this technique, resolutions on the order of a few nm are possible.

1.3 Materials

Two of the most important questions for every researcher in the field of

nanosciences and nanotechnology are:

• Which material should be used for a desired application?

• Which type of nanostructure should be used for a desired application?

Generally speaking, all contributions to this ASI and also in this volume are

addressing one, if not both of these questions. Thus at this point it is useful to

introduce some classification of the various types of nanostructures.

An object is considered as nanoscaled if at least one of its dimensions is below

100 nm [15]. From this definition, a classification can easily be inferred:

• Zero-dimensional nanostructures have nm sizes in all three dimensions. Typical

examples are buckyballs and quantum dots but also the numerous nanoparticles

addressed in this book.

• Nanowires, nanotubes and nanofibers are structures with two dimensions in the

nm range while the third is in the μm or even the mm range. The aspect ratio of

such structures can be astonishingly high. Typical examples are nanotubes and

nanowires.

• Two-dimensional structures possess nm dimensions in one direction only, while

the other two are macroscopic. Typical examples are thin films but also single

graphene sheets.

In this volume, numerous examples of all these types of nanostructures can be

found.

Besides this classification, the possibilities to realize nanostructures are more

than numerous. The materials addressed in the contributions to the ASI and to this

volume can roughly be divided into six groups, which will be introduced shortly in

the following.

1.3.1 Nanocarbon: Nanotubes, Graphene und Nanodiamond

The development of nanosciences and nanotechnology got important kicks by the

invention of several new carbon-based nanostructures and nanomaterials [16]:

• Zero-dimensional structures such as fullerenes [17].

• One-dimensional structures such as carbon nanotubes [18].

• Two-dimensional structures such as graphene [19].
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There are several reasons for the prominent role carbon-based materials play in

nanotechnology:

• Carbon materials can be realized in a wide range of allotropes depending on the

state of hybridisation of the carbon atoms and the crystalline order of the

materials.

• Carbon atoms may be sp3, sp2 or sp hybridised allowing each atom to undergo

four, three or two bonds with neighboring atoms.

As a consequence carbon nanostructure with a wide range of properties can be

realized. Besides the well-known nanostructures mentioned above, even simple

diamond nanocrystals can be used for several promising applications.6 In addition,

diamond nanostructures can be realized by top-down techniques to achieve struc-

tures such as diamond nanopillars as discussed below.

1.3.2 Nanowires and Nanofibers

One-dimensional nanostructures possess nanoscale dimension in two directions

while the third is in the μm or even in the mm range. As a result, the aspect ratio

of such structures can be impressively high.

The most prominent of this type of structures are of cause carbon nanotubes, but

ZnO or Ag are meanwhile following very closely.7 Other types of structures are

nanowhiskers and nanofibers. If the two dimensions with nanometer sizes are really

small, the situation may arise that quantum mechanics applies in two directions but

not in the third. This means for example that the nm directions of a nanostructure

can be used to tune the wavelength of light emission (e.g. in a quantum wire) while

the long direction is used to guide this light.

1.3.3 Nanoparticles

Nanoparticles are nanostructures in the very sense of the word. They are nanoscaled

in all three dimensions. The most famous nanoparticles are the fullerenes or

buckeyballs [17] which, however, play no role in this volume. On the other hand,

the list of nanoparticles already used in industrial applications is almost endless.

Silver nanoparticles are very often used but in this case questions concerning the

environmental and health compatibility has arisen [20].

6 Blue light emitting diamond nanostructures are discussed in the contribution of Himics et al. on

page 93.
7 The article of K. Govatsi, A. Chrissanthopoulos, and S.N. Yannopoulos on page 129 gives a good

overview about the growth and properties of ZnO nanowires.
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One major problem of nanoparticles is the difficulty to isolate them as they tend

to aggregate. This problem can be overcome by using nanocomposites as will be

discussed in the next section.

1.3.4 Nanocomposites

As nanoparticles and other nanostructures are hard to be prepared in pure form and

tend to aggregate, they are often used as one component of a nanocomposite, the

other component being often, but not exclusively a polymer or glass. But there is yet

another reason to use nanocomposites: In general, to prepare nanoparticles is

expensive. Thus, a mixture of high-cost nanostructures with a low cost filler is an

appropriate solution as long as the special properties of the nanostructures are not

obscured. (By the way, this is a reason for the use of many composites, may they be

nanoscaled or not.),8,9 All this also holds for other nanostructures such as nanotubes

which are often used in nanocomposites to achieve materials with excellent

mechanical properties.

1.3.5 Thin Films

Generally speaking thin films are – irrespective of their thickness – used to render

the surface properties of a body different from its bulk properties, mainly for two

reasons: The first may be simply cost aspects, if materials with the desired surface

properties are too expensive. The second is that some properties of the thin film,

e.g. the mechanical strength are insufficient to form the whole body of the system

[21]. Thus the bulk is responsible for the mechanical properties and the thin film on

top of it for specially desired characteristics. Thin films may consist of one

monolayer only but the thickness can reach several microns. It is interesting to

note that the thickness of gate insulators in modern semiconductor devices is down

to 4–5 nm [22] (in the beginning it was on the order of 100 nm) causing serious

problems with tunnelling currents which has led to the replacement of the standard

SiO2 by other (so-called high-k) materials.

According to the above definition, thin films are regarded as nanostructures if

their thickness does not exceed 100 nm. Moreover, thin films may consist of

structures which themselves are of nanometer size. If such films do not exceed

8 The contribution of Kukhta on page 207 reports on the preparation and properties of organic–

inorganic nanocomposites. The article of Telegeev et al. on page 185 addresses the properties of

silver nanoparticles covered by methyl methacrylate oligomers.
9 The paper of Costa on page 227 discusses the microwave electrical properties of nanocomposites.
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100 nm, they are nanostructures in a double sense. There are several examples of

such kinds of thin films in the contributions to this volume.10

1.3.6 Glasses and Polymers

On a first view it may be astonishing to find a chapter on glasses and polymers in a

book on nanosciences and nanotechnology. With both classes the imagination of

smooth, structureless materials is closely connected. So if their thickness exceeds

100 nm one would not expect such materials to be nanosized. However, both classes

can serve as one of the components of nanocomposites. Due to the high number of

contributions on glasses and polymers to the ASI we decided to devote an own

chapter to these materials. Much of what was said in the previous section on

nanocomposites also holds for nanocomposites based on glasses and polymers.11

1.4 Applications

Today, there are many applications of nanomaterials and nanosized devices. They

span from every day products such as sun screams, textiles and even food12 over

modern high-end products in the fields of computer and data storage devices to the

fields addressed in this ASI.

According to the topics of this ASI, the contributions to this volume concentrate

on the following applications, which are, as has been pointed out above, on the

forefront of developments urgently required to render life on planet earth more

save, more healthy and more reliable:

• Sensors and detectors for CBRN agents.

• Energy security

• Information security.

1.4.1 Sensors and Detectors

It has been pointed out above that one of the most prominent features of nanoscaled

materials is the large, sometimes extremely large, surface to volume ratio. This

10 The structural, optical and electrical properties of nanostructured ZnO films are discussed in the

paper of Lovchinov et al. on page 289.
11 Harizanova et al. discuss the magnetic and dielectric properties of oxide-glass ceramics with

nanosized crystals (page 359).
12 See in this context the paper of Kharlamova et al. on page 461.
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makes nanoscaled materials excellent candidates for detectors and other sensors in

which surface reactions play a decisive role. First of all it is important to distinguish

between the two terms:

• A detector is a device aimed to prove the existence of a certain agent above a

given level in the material or environment to be investigated. In the ideal case, it

is also able to quantify the amount of this agent in a certain range.13

• A sensor is a device to measure a certain physical (or chemical) properties within

a certain range exactly. Examples are acceleration sensors, sensors for magnetic

fields or such for certain kinds of radiation.14

Especially for detectors, the large surface to volume ratio of nanomaterials plays

a decisive role for the use of nanomaterials for this purpose. Several contributions

on this topic can be found in this volume.

1.4.2 Health, Water Treatment and Environment

One of the most exciting topics concerning the applications of nanostructures is

their use to solve medical and environmental problems. On the one hand, great

advances have already been achieved in the use of nanostructures in these fields:

• Nanostructures can be used as markers in medical applications.

• Nanostructures may have protective effects on the human health.15

• Nanostructures can also be used to deliver drugs to the very point where they are

needed.

• Nanostructures can be used for the cleaning of water or air, making use of the

very large surface to volume ratio.16

On the other hand, the question arises whether nanostructures are adversary to the

health of humans or the environment. The debate of these topics is currently carried

out very controversially. It is the opinion of the present authors that this question

has to be clarified for each nanoproduct to be introduced on the market. It makes no

sense to state categorically “Nanotechnology is dangerous” or “Nanotechnology is

harmless”.

13 The article of Tsiulianu and Moraru on page 389 addresses the gas sensing properties of

nanocrystalline tellurium films.
14 The paper of Tonchev et al. on page 347 reports on sensors for X-ray radiation.
15 The article of V.V. Vasilieva, M. Alyakov, and M.D. Apostolova on page 423 addresses the

possibility to use nanoparticles for protection against gamma radiation.
16 Boycheva et al. discuss nanocrystalline zeolites for environmental protection in their article on

page 443.
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1.4.3 Energy

Among the presently most intensively discussed topics concerning the future of

planet earth is to provide every man with sufficient energy. Currently the energy

resources used can be divided into three groups (omitting some very special

techniques):

• Burning of fossil fuel such as gas, oil or coal or even renewable fuels such as

wood or biomaterials. In the former case, the resources are limited and cannot be

replaced. In any cases, burning of materials causes environmental damages.

• The use of nuclear energy. The recent catastrophy of Fukushima after the

Tsunami in Japan (and the previous catastrophes in Chernobyl and elsewhere)

has caused several governments to give up this type of energy production.

Besides, the question of the nuclear waste has not been finally solved in any

country.

• The use of renewable energies such as wind, water and sun.

In the context of this volume, the sun energy plays an important role. Currently,

the harvesting of sun energy is mainly based on photovoltaic devices (solar cells),

produced by means of the methods of semiconductor technology which meanwhile

itself is a nanotechnology. However, the energy or cost balances of solar cells are

far from being perfect.

Therefore it makes sense to investigate other approaches to harvest sun light.

One possibility may be to mimic nature. The most important natural process to

harvest sun energy is photosynthesis. One current research topic is to mimic

photosynthesis making use of nanostructures17 [22].

But there is another important problem. Power plants working with fossil fuels

or on a nuclear basis are able to produce power with a predictable rate, i.e. energy

per time. With wind, water and sun the situation is not so easy. For each of them

there are high times and low times. The best solution for this problem would be

energy storages (some type of large scale batteries or fuel cells) which allow to store

energy in large amounts from the high times for the low times. For this reasons,

systems able to store large amounts of energy for certain times are a very actual

topic in present research. There is a good chance that the final solution will be of

nanotechnological nature, as in this situation again the large surface to volume

ration of nanostructures can be utilized.18

17 The paper of Pehlivanova et al. on page 479 addresses the use of nanostructures for the

conversion of sun energy into electrical energy by the line given by natural photosynthesis.
18 The use of perovskite materials for solid oxide fuel cells is discussed in the contribution of

Koleva et al. on page 487.
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1.4.4 Quantum Information Technology

One of the most exciting and promising but also most mysterious applications of

nanotechnology concerns quantum information technology (QIT) and quantum key

distribution [23, 24]. These technologies implement the so-called qubits (quantum

bits) representing a quantum two-level system. Several material platforms for

realization of qubit devices exist, including ions in traps, local defect states in

crystal lattices, superconducting junctions, etc. One of the most promising (and

maybe the most studied) defects are the so-called nitrogen-vacancy (NV) centers in

diamond, which are perspective candidates for a number of applications, including

quantum computation and cryptography.19
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Chapter 2

Laser-Assisted Growth and Processing
of Functional Chalcogenide Nanostructures

Thomas Vasileiadis and Spyros N. Yannopoulos

Abstract A novel method for the laser-assisted, template-free and surfactant-free

fabrication of low-dimensional nanomaterials, i.e. nanotubes, nanowires,

nanospheres, of elemental Te, hybrid Te/TeO2 and GeTe structures is presented.

Owing to the high light absorption at visible wavelengths and the low melting

points of chalcogen-based materials, simple cw lasers operating from near-UV to

near-IR can be used for the controlled growth of such nanostructures; this method

can be generalized to other narrow bandgap semiconductors. Raman scattering and

electron microscopies are used to explore the dependence of the morphology and

size of the nanostructures grown on the irradiation time and fluence. Preliminary

results on the binary GeTe phase-change material reveal that lasers can offer a

simple and fast method for nanostructuring materials used in phase-change mem-

ories. One of the main merits of a laser-assisted method is that it can provide a

means of simultaneous growing and integrating tailored nanostructures into an

optoelectronic or photonic device.

Keywords Tellurium nanostructures • Laser nanofabrication • Raman scattering

2.1 Introductory Remarks

During the last two decades considerable efforts have been undertaken towards the

development of rational synthesis methods for the controlled growth of

low-dimensional nanostructures [1]. Decreasing the size and the dimensionality
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of a structure causes drastic modification of the material’s physicochemical prop-

erties. Various strategies have been adopted for this purpose. One-dimensional

(1D) nanostructures have gained broad interest and have been the subject of extensive

investigations [2]. Xia et al. [3] proposed an elegant classification of the most

frequently employed synthesis strategies as illustrated in Fig. 2.1a–f. Six main

paths for the development of linear 1D structures are envisaged: (a) Exploiting the

anisotropic crystal structure and the preferential crystal growth towards certain

crystallographic directions; this is the case for t-Se and t-Te. (b) Using the

vapor-liquid-solid method where a liquid droplet of a catalyst (usually an Au

nanoparticle) absorbs gaseous molecules forming an eutectic composition. When

the liquid mixture becomes supersaturated precipitation takes place leading to the

growth of 1D structures. (c) Utilizing hollow nanostructures or porous materials as

templates for growing 1D structures inside the cavities. (d) Deactivating

(or neutralizing) the side surfaces with appropriate molecules to permit growth

primarily in one direction. (e) Self-organization of nanoparticles into larger

1D structures. (f) Degradation of larger structures into smaller ones by top-down

processes. It is worth noting that all other approaches (a) to (e) are bottom-up

processes.

As to be expected, the rational synthesis and advanced characterization of

low-dimensional nanostructures have boosted the field of nanotechnology and

materials science during the last two decades. Among low-dimensional materials

1D nanostructures with high aspect ratios (>10) emerge as high-added-value

materials. Apart from offering a framework for understanding phenomena at the

nanoscale, 1D materials have been extensively explored in regard to a wide variety

Fig. 2.1 (a–f) Schematics of the various methods for growing anisotropic 1D nanostructures

(Taken from Xia et al. [3] with permission). (g) Hexagonal lattice showing how the t-Te chains are
arranged along the c-axis, which is the principal symmetry axis of the crystal
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of potential applications in sectors related to energy conversion and storage (solar

cells, batteries supercapacitors, etc.), nano- and opto-electronic devices, sensors,

biomedicine, and so on [1–5]. Carbon nanotubes, ZnO nanorods/nanowires and

silicon nanowires are considered as the most representative actors in the family of

1D nanostructures [6].

2.2 Tellurium Nanostructures Growth by Conventional
Methods

The elemental chalcogens (group VI of the periodic table) trigonal Selenium (t-Se)
and trigonal Tellurium (t-Te) exhibit a tendency to form 1D nanostructures due to

their highly anisotropic crystal structure and the preference of the crystal to grow

along a certain direction, as is depicted in Fig. 2.1g. Se and Te show a strong

tendency to form 1D nanostructures as their crystal lattices consist of parallel

polymeric chains – helices with three atoms as the repeat unit – arranged in an

hexagonal form. The much stronger intra-molecular covalent interactions (each

Se/Te bonds to its two first nearest neighbors in the same chain) as compared to the

inter-molecular, mostly van der Waals bonding (each Se/Te interacts with four

second-nearest neighbors in neighboring chains) endows a molecular-like character

to elemental Se and Te where the single long chain plays the role of the molecule.

The kinetics of vapor-grown t-Te whiskers was studied by Furuta et al. [7] more

than 40 year ago. In general, two methods are employed for the controlled synthesis

of 1D t-Te nanostructures, mainly nanotubes (NTs): the solution chemistry

approach [8, 9] and vapor deposition at high temperatures [10, 11]. Several

interesting properties, such as photoconductivity, photoelectricity, thermoelectric-

ity, piezoelectricity, and a nonlinear optical response characterize bulk t-Te. In
addition, a number of possible applications have recently been reported for t-Te
nano-structures. These include ammonia gas sensors at room temperature [12], Hg

(II) sensors in aqueous media [13], and an antibacterial activity better than that of

silver nanoparticles, while maintaining their toxicity lower than silver’s [14].

The above methods cannot be considered as “green” approaches as they require

the use of hazardous chemicals and elaborate high temperature processes. Alterna-

tively, we have demonstrated a novel laser-assisted method for photo-processing of

bulk t-Te that leads to a fast, one step controlled fabrication of t-Te NTs, which

grow by irradiating elemental bulk Te with visible continuous wave lasers either

under inert atmosphere or at ambient conditions for short exposure times [15]. The

presence of oxygen controls the conversion of t-Te NTs via photo-oxidation,

towards the formation of ultrathin core-Te/sheath-TeO2 nanowires (NWs). In

addition, we show that the growth parameters can be tuned to provide

nanostructures with spherical shapes and sizes that depend upon the substrate

distance from the irradiated target.
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2.3 Tellurium Nanostructures Growth by Laser
Irradiation

2.3.1 Experimental Details

Polished t-Te pieces were used as targets and placed inside a special cell that allows
to control the atmosphere i.e. ambient (presence of oxygen) or inert (argon). Large-

area or selective-area growth of Te nanostructures can be realized by changing the

irradiation conditions. (i) To achieve large-scale production of Te nanostructures, a

laser beam (514.5 or 488.0 nm) with a high intensity (~0.5 W) on a relatively large

focusing area (ca. 100 μm.) is used. In this way, large quantities of Te vapors are

produced which subsequently condensate either onto the Te piece used as target,

Fig. 2.2a, or onto a Si substrate which is placed at various distances (2–10 mm)

away from the target, Fig. 2.2b. (ii) For selective-area nanostructuring the 441.6 nm

line is focused through a microscope objective (50�) on an area with a diameter of

ca. 1–2 μm. Various neutral density filters are used to control the power density,

i.e. 105, 104 or 103 W cm�2.

In this set-up, the microscope is a component of a micro-Raman spectrometer,

thus allowing the in situ accumulation of Raman spectra [15] and the monitoring of

the evolution of photoinduced structural changes with time (Fig. 2.2c). In this case,

the evaporated material condenses at the periphery of the focusing spot. In the

center of the focusing spot a large crater is formed while at the periphery, Te vapors

condense forming t-Te NTs, as shown in Fig. 2.3. The obtained nanostructures are

characterized by Raman scattering, scanning and transmission electron microscopy

(SEM, TEM) and high-resolution TEM (HRTEM).

2.3.2 Growth Mechanism of t-Te Nanotubes

Figure 2.4 presents typical t-Te NTs obtained when the target was irradiated with a
power density of 105 W cm�2. These structures grow at the periphery of the crater,

shown in Fig. 2.3. Depending on the irradiation conditions, the average internal NT

Te

Argon flow or ambient
atmosphere

He-Cd laser
441.6nm

0.2 - 2 mW

monochromator
& CCD

Argon
or air

microscope

Si substrate

Macroscopic  synthesis Spatially-selective  synthesis
Laser-assisted thermal
evaporation

a b c

3 cm

0.5-1 W
Ar+ laser
514.5 / 480 nm

0.5-1 W

Ar+ laser
514.5 / 488.0 nm

3 cm

Fig. 2.2 Schematics of the various set-ups employed for the laser-assisted synthesis of chalcogen

nanostructures
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diameter can vary from 50 to 10 nm. The growth mechanism is based on the laser-

assisted thermal evaporation of Te. For all visible wavelengths used here, the

photon energy is much higher than the optical bandgap of t-Te (0.33 eV). The

penetration depth of the light can be calculated from the imaginary part of the

refractive index based on literature data [16]. Table 2.1 shows that for the laser

energies used in the current work the penetration depth is in the range 8.5–9.5 nm,

which implies that the first ~10 nm of the Te surface absorb the major part of the

radiation causing a drastic temperature rise. As a low melting point solid

(Tm¼ 459 �C) Te will considerably evaporate under focused illumination with

the high power density of 105 W cm�2.

The growth mechanism of t-Te NTs has been discussed elsewhere for tubes

grown by solution-phase synthesis [17]. In the case of thermal evaporation, which

applies here, the supersaturation of Te vapors plays an important role, analogous to

the concentration of Te atoms in the solution-phase synthesis. The condensation of

Fig. 2.4 Typical t-Te Nts grown by laser-assisted thermal evaporation

Fig. 2.3 Schematics of the laser beam focusing (upper row) in the course of irradiation of a

polished Te surface and SEM images (bottom) of the crater formed and the nanostructures grown
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Te vapors leads to the creation of crystallites with a hexagonal shape. These

crystallites act as nucleation centers for Te atoms condensating at the circumference

of the seeds, driven by the free energy minimization requirement. The high mobility

of Te atoms is essential for their localization to the periphery of the hexagonal

crystal. The SEM image in Fig. 2.5 (left panel) provides evidence of the initial steps

of the Te nanotube growth. The white arrows show the surfaces of the originally

grown hexagonal crystallites perpendicular to the [0001] direction, which provides

a template for incoming atoms to form the nanotube. A schematic diagram of the

process is shown in Fig. 2.5 (right panel).

2.3.3 Growth of Tellurium Nanospheres

To investigate the effect of a cold substrate on the morphology of the nanostructures

grown, the large-scale synthesis set-up (Fig. 2.2b) was used to irradiate the Te

target, while the vapors condensate on a Si substrate. In the previous case the Te

target was also used as the substrate to collect the vapors. Condensation of the vapor

very near to the irradiated area implies that the crystal grown takes place on a

substrate held at elevated temperature. In contrast, placing the substrate a few mm

away from the target and collecting the Te vapors ensures that the substrate is

at ambient temperature. As illustrated in Fig. 2.6, the effect of growing the Te

Table 2.1 Optical constants of t-Te at selected visible wavelengths

Wavelength (nm) Imaginary part of refractive index Average penetration depth

k|| k⊥ μ ¼ λ=4πkjj þ λ=4πk⊥
� �

=2 nmð Þ
441.6 4.42 3.63 8.8

488.0 4.85 3.76 9.2

514.5 5.08 3.77 9.5

100 nm

Undersaturation
in the central

region

c-axis
(i) (ii) (iii)

Crystallite Nanotube

Fig. 2.5 Growth mechanism of t-Te nanotubes. Left: SEM image of t-Te nanotubes at the initial
growth stage. Right: Schematic illustration of the growth mechanism
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nanostructures on a “cold” substrate is that only spherically shaped nanoparticles

are observed. Preliminary experiments reveal that the particle size distribution

depends on the distance between the target and the substrate. In general, shorter

target-substrate distances result in particle size distributions centered at larger

values.

The conditions of this experiment resemble those of the standard conditions for

the preparation of amorphous Te thin films where a cold substrate is imperative for

keeping Te in the amorphous phase. In the present experiment the vapors condense

on a Si substrate held at ambient temperature. The kinetics of crystal growth in this

case is different than that of condensing the vapor on a warmer substrate in an area

very near to the target; as a result the morphology of the initial seeds formed do not

allow the growth of anisotropic 1D structures.

2.3.4 Te/TeO2 Hybrid Nanostructures and the Kinetics
of Photo-Oxidation

Photo-induced processing of t-Te at ambient conditions (in the presence of oxygen)

and with low light fluences (less than 5� 104 W cm�2) does not cause material

evaporation. Instead, in situ recorded Raman spectra show that the photo-processed

volume undergoes simultaneous photo-induced oxidation and amorphization as is

illustrated in Fig. 2.7a [18]. Raman spectra reveal the appearance of a broad peak

at ca. 170 cm�1 whose intensity increases systematically with irradiation time.

The band profile indicates the development of an amorphous component in the

illuminated volume, and in particular the formation of non-crystalline Te. In addition,

vibrational modes appear at higher frequencies, in the spectral range of 350–800 cm�1,

demonstrating the formation of amorphous TeO2 (a-TeO2).

Fig. 2.6 Representative SEM images of Te nanospheres grown by the large-area growth set-up

shown in Fig. 2.2 for target-substrate distances 4 (left) and 3 mm (right), respectively
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The kinetics of photo-amorphization and photo-oxidation are monitored by

the change of the time-dependent intensity ratios r1 tð Þ ¼ Ia�Te tð Þ=It�Te and

r2 tð Þ ¼ Ia�TeO2 tð Þ=It�Te, respectively. It-Te, Ia-Te, and Ia�TeO2 denote the intensities

of the Raman peaks centered at 144, ~165 and ~660 cm�1, respectively, as shown in

Fig. 2.7b for a light fluence of 5� 103 W cm�2. A rather abrupt increase of the

intensity ratios seen at short times is followed by a saturation trend at longer times.

More intense illumination speeds-up both photo-induced effects. The saturation

(plateau) value which is reached for long enough times also depends upon the

illumination power; higher saturation values are observed when increasing illumi-

nation power. The behavior of the intensity ratios r1,2(t) indicates an exponential-

like increase for the process related to the power density 5� 103 W cm�2, while it

turns out to be non-exponential at higher light fluences [18]. Prolonged irradiation

leads to the crystallization of the thin amorphous TeO2 film formed at early stages

and drives the structure through all known crystalline phases of the oxide.

Direct evidence that controlled irradiation results in hybrid Te/TeO2 structures

such as core/shell nanospheres or core/sheath nanowires, as evidenced in the TEM

images in upper panel of Fig. 2.8a, b, respectively. The coexistence of t-Te and a-Te
peaks in the Raman spectrum indicates that the thickness of the a-Te layer,

sandwiched between TeO2 and t-Te, is of the order of few nm. This is clearly

demonstrated in the HRTEM image shown in Fig. 2.8c, taken from nanowire. The

core/sheath structure is evident, manifesting the growth of an amorphous layer

around the tellurium nanowire spatially confined within a few nanometers. Photo-

oxidation can be used to engineer t-Te nanowires and nanospheres towards the

formation of hybrid nanostructures. The present findings may have far-reaching

implications to various applications since the interface of Te and TeO2 has been

found to exhibit strong potential for applications in UV photoconductivity [19].
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Fig. 2.7 (a) Raman spectra of t-Te irradiated at ambient and controlled (Ar) atmosphere.

The Raman spectrum of bulk glassy TeO2 is also shown for comparison. (b) Kinetics of the

photo-induced oxidation and amorphization of t-Te under illumination. The solid curves represent
the best fit results with exponential dependence on the illumination time
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2.4 Laser-Assisted Nanostructuring of Phase-Change
Materials

The laser-assisted phenomena presented above are essentially based on the high

tendency of elemental Te to crystallization. Indeed, it is practically impossible to

prepare bulk glassy elemental Te by melt quenching. In the search of other

chalcogen-based materials that allow laser-assisted nanostructuring, preliminary

investigations on elemental Se did not show promising results. This is explained by

the good glass-forming ability of Se. Therefore, the laser-assisted nanostructuring

Fig. 2.8 TEM images of hybrid t-Te/aTeO2 structures: (a) nanospheres and (b) nanowires. (c)
HRTEM image of the interface showing single crystalline t-Te coated by an amorphous TeO2

layer. A buffer layer of amorphous Te exists between these two regions. Schematics of the atomic

arrangement of the three regions are shown at the bottom of panel (c)
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phenomena should be sought in telluride materials which are known to be poor

glass formers. The binary system GeTe fulfills this condition; in addition it is a

material of high interest since it is the basic ingredient of the phase change Ge-Sb-Te

alloy used for data storage (phase-change memories, PCMs). Materials used as

PCMs have the ability to switch between two different phases which can be easily

distinguished either by light (refractive index contrast) or by electrical signals

(resistance contrast). Recent trends in Ge-Sb-Te materials to be used as PCMs

are directed towards miniaturizing the memory cell size down to few tens of nm,

i.e. less than 40 nm [20]. Reducing the cell size is essential to achieve high

switching speed and low operating power of the memory device. Fabrication of

low-dimensional Sb-doped Te NTs nanotubes by thermal evaporation and study of

their memory switching properties have been reported [21]. These nanostructures

showed significantly improved phase-change characteristics desirable for power-

efficient memories, which was explained based on the intrinsic material properties

and the geometric contribution from the hollow structures being more effective

with regard to heat confinement and localization [21].

SEM images of nanostructures obtained by laser-assisted processing of crystal-

line GeTe are shown in Fig. 2.9. Image (a) is representative of the structures formed

near the irradiated area, which are characterized by a fractal-like morphology.

Large grains of ca. 100–150 nm are decorated by smaller particles with sizes of

~20–30 nm. Higher resolution images reveal that the surface of these smaller

particles are also textured decorated by even smaller ones with dimensions less

than 5 nm. A few tens of microns away from the irradiated area the morphology of

the grown structures is different, as shown in Fig. 2.9b. Ultrathin nanowires grow in

this area whose composition is different than the target. In particular, it is found that

these nanowires are Te-rich structures, which is explained by the higher thermal

evaporation rate of Te during irradiation of the binary GeTe.

Fig. 2.9 (a) Fractal-like nanocrystals of GeTe and (b) Te-rich nanowires grown by GeTe

irradiation with 441.6 nm for 60 s
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2.5 Conclusions

The current method involves an all-laser, solid state materials processing which is

fast and environmentally friendly since no hazardous substances are used and no

post-fabrication treatment is needed to remove chemical byproducts, thus resulting

in high purity nanostructures. The method demonstrates the feasibility of using

focused laser beams for selectively inscribing the desired nanostructures on the

surface of pre-deposited films, thus providing a means of simultaneous growth and

integrating the nanostructures into an optoelectronic or photonic device.
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Chapter 3

Material Processing of Dielectrics via
Temporally Shaped Femtosecond Laser
Pulses as Direct Patterning Method
for Nanophotonic Applications

Tamara Meinl, Nadine Götte, Yousuf Khan, Thomas Kusserow,

Cristian Sarpe, Jens Köhler, Matthias Wollenhaupt, Arne Senftleben,

Thomas Baumert, and Hartmut Hillmer

Abstract Dielectric materials are of great interest for optical applications since

they are transparent in the UV, visible and IR spectral range. That makes them

very suitable for optical filters, polarizer, waveguides or even reflectors. When

dielectrics are processed with conventional techniques based on electron or ion

bombardments, they suffer from severe charging effects. For this reason, we present

temporally shaped femtosecond laser pulses as a novel direct patterning method of

wide band gap materials with very high precision to create photonic crystal

structures in dielectrics. Material processing with temporally shaped femtosecond

laser pulses overcomes the charging problems. Fabrication of structures well below

the diffraction limit is feasible with temporally shaped asymmetric pulse trains due

to nonlinear ionisation effects like multiphoton ionisation and avalanche ionisation.

For the implementation as optical filters, a thin-film waveguide with a 2D periodic

pattern of photonic crystals with circular base elements is investigated. The wave

guiding layer consists of a material with a higher refractive index than the

surrounding materials, in our case SiO2. Although the refractive index contrast is

low, numerical design results prove that light with normal incidence to the plane of
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periodicity couples to waveguide modes and Fano resonances are excited. This

makes the device extremely interesting as a compact narrow-band optical filter.

Keywords Photonic crystal • Fano resonance filter • Low refractive index contrast

• Dielectrics • Shaped femtosecond laser pulse

3.1 Introduction

Dielectric materials offer great potential for applications in photonic devices since they

are transparent in the UV, visible and near infrared spectral range. A vast variety of

dielectric materials is available with good chemical and mechanical stability and

processing properties, especially oxide and nitride compounds. The implementation

of nanophotonic structures like photonic crystals with dimensions smaller than the

targetedwavelength enables the utilization of strong interaction or other specific effects.

On the one hand, dielectrics offer low-cost fabrication when compared to semi-

conductors, but in contrast to them they underlie severe charging effects when

processed with conventional techniques based on electron beam lithography or

focused ion beams as already presented in a previous work [1]. Material processing

with temporally shaped femtosecond laser pulses avoids these charging effects.

Additionally, it provides very fast processing times, while no additional sample

treatments and no vacuum conditions are required.

The interaction between laser irradiation and transparent materials is mainly

based on the deposition of energy into the medium. This enables the ablation of the

material by plasma formation and the expansion of the plasma into the material

[2–4]. The free electron density is controlled in this case by temporally shaped

femtosecond laser pulses. The two main ionization processes involved are

multiphoton ionization and avalanche ionization [5, 6]. The utilization of these

effects allows the generation of reproducible structures with dimensions being an

order of magnitude below the diffraction limit [5, 7, 8].

Our design consists of a photonic crystal (PhC) array and a wave guiding layer

with dimensions smaller than the target wavelength. We utilize the guided-mode

resonance effect from light with normal incidence to the surface, which is based on

the interference between the resonant waveguide modes and free space modes. Thus,

externally propagating fields from direct transmission or reflection, respectively,

couple to modes of the waveguide [9]. Hessel and Oliner [10] gave the first model

in 1965 to describe these resonance types. Since then, different approaches using this

effect as well as possible photonic applications have been reported [1, 9, 11–14].

3.2 Design and Fabrication

We generate a periodic grating of photonic crystal structures with circular base

elements via shaped femtosecond laser pulses into a silicon oxide (SiO2) substrate

with a refractive index of nLow¼ 1.5. The deposition of a thin Nb2O5 layer with a
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higher refractive index nHigh¼ 2.2 completes this guided-mode resonance filter

device. A schematic of this design is depicted in Fig. 3.1. The Nb2O5 layer acts

as slab waveguide and enables the coupling of incident light to discrete slab modes.

Although the refractive index contrast is low, we prove this device to be suitable as

narrowband filter. We achieved asymmetric Fano resonances in the near infrared

spectral region for base element structure sizes of typically a couple hundred

nanometers. By simple scaling down, this kind of devices are also applicable in

the visible or UV spectral range.

The laser setup for material processing consists of an amplified Ti:Sapphire laser

system which provides linearly polarized laser pulses with a full width at half

maximum (FWHM) duration of 35 fs at the central wavelength of 800 nm. Laser

pulses are temporally shaped with a self-built pulse shaper [15] and focused

onto the substrate with a microscope setup. The lateral spot diameter is 1.4 μm
(1/e2 value of the intensity profile). During the experiment, the energy of the pulses

is controlled and monitored with a neutral density gradient filter and a photodiode,

respectively. The sample is moved via a 3-axis piezo stage which provides an

accuracy of 10 nm.

PhC profiles were produced by means of bandwidth-limited and modulated

femtosecond laser pulses by introducing a third order dispersion (TOD) of

φ3¼ +6� 105 fs3. TOD shaped pulses with positive φ3 were applied which show

a temporally asymmetric profile. This specific pulse profile consists of a high

energy sub-pulse followed by a long pulse train of lower energies with a constant

instantaneous frequency throughout the entire pulse. Different focal positions of the

laser beam relative to the substrate surface are investigated. They vary in vertical

direction from a few micrometers below the substrate surface to a few micrometers

above in steps of Δz¼ 1 μm, with the total energy of the pulses remaining constant.

The characterization of the inner profiles of the generated PhC structure was

carried out after focused ion beam (FIB) preparation. Cross-sections were

performed at the center of the elements to evaluate specifically the diameter

D and depth h. A thin platinum layer was sputtered onto the entire substrate as

conductive layer to avoid charging of the dielectric material while operating

with FIB and SEM. Additionally, a platinum layer was deposited locally on the

Fig. 3.1 Left: A photonic crystal structure array generated into a fused silica substrate (nLow).

Right: Sectional view with added waveguide layer (nHigh)
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PhC elements to protect the structure during the milling process. After cross-

sectioning, the PhC profile parameters were measured in the SEM mode.

3.3 Results

The numerical simulation in Fig. 3.2 demonstrates a suitable conical PhC shape for

implementation as narrowband optical filter. The parameters for the calculation are

diameter D¼ 500 nm, depth h¼ 900 nm, lattice constant a¼ 1 μm and waveguide

layer thickness dwgl¼ 330 nm. Two sharp narrowband resonances are observed at

wavelengths around λ¼ 1.52 μm and λ¼ 1.82 μm.

As first experimental result,1 shown in Fig. 3.3, we compare the PhC profiles

fabricated with a bandwidth-limited pulse and a TOD shaped pulse with the same

focal position (on the substrate surface) and same energies (2.5 times above the

damage threshold). In comparison, the diameter at the surface is similar for both

types of pulses: for bandwidth-limited pulses D¼ 956 nm and for TOD pulses

D¼ 985 nm. The profile created by the bandwidth-limited pulse is restricted

in depth to around 340 nm, while the result created by the TOD pulse shows a

Fig. 3.2 Numerical simulation performed with the parameters: diameter D¼ 500 nm, depth

h¼ 900 nm, lattice constant a¼ 1 μm and waveguide layer thickness dwgl¼ 330 nm. Two sharp

narrowband resonances appear at wavelengths around λ¼ 1.52 μm and λ¼ 1.82 μm

1All measured values underlie an error of �20 nm due to analyzing software.
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funnel-shaped hole with an increased depth of more than 2 μm. Hence, the aspect

ratio of PhC elements created by bandwidth-limited pulses is not sufficient to

achieve strong guided-mode resonances, whereas the PhC structures created by

TOD show a promising profile. Additionally, for the same energy values less than

250 nm of the inner diameter were achieved, which is well below the diffraction

limit (1.4 μm).

3.4 Conclusions

We demonstrated numerically that our PhC designed structures show great

potential for application as narrowband optical filters due to guided-mode reso-

nances. The characterization of the PhC profiles confirms that direct material

processing via temporally shaped femtosecond laser pulses is a very promising

tool for nanophotonic device fabrication in dielectric materials. We compared PhC

profiles fabricated with bandwidth-limited laser pulses and TOD shaped laser

pulses. TOD shaped pulses provide a very promising aspect ratio.
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Chapter 4

Fabrication of Nanoporous Silicon by Ion
Implantation

T.S. Kavetskyy and A.L. Stepanov

Abstract Ion implantation is an advanced new technological method for the

fabrication of nanoporous silicon material with metal nanoparticles. The method-

ology of this technique is developed by Ag+-ion implantation with an energy of

30 keV and a dose of 1.5�1017 ion/cm2 into a polished monocrystalline silicon

substrate. By using Raman spectroscopy, SEM and AFM measurements it is found

that amorphous layers of porous silicon (PSi) with an average size of the porous

holes on the order of 150–180 nm, a depth of about 100 nm and a wall thickness of

about 30–60 nm are formed on the Si surface as a result of ion irradiation. Ion

implantation is also applied to locally modify the surface of Si to create periodic

plasmonic PSi microstructures with Ag nanoparticles with a diameter of 5–10 nm.

The results obtained clearly demonstrate how low-energy ions can be used for the

fabrication of photonic microstructures on Si surfaces in a single-step process,

similarly as it was recently done for Cu+-ion implanted silica glass.

Keywords Ion implantation • Nanoporous silicon • Silver nanoparticles

4.1 Introduction

Porous silicon (PSi) is one of the most widely studied modern structured materials

whose application in micro, nano, and optoelectronics, as well as in sensorics,

biosensorics, and solar cells, is very promising [1]. Such PSi layers were first

obtained in the mid-1950s at Bell Labs [2], but it were not seriously used until
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the discovery of their strong luminescent properties in 1990 [3]. Prior to this

discovery, PSi was almost exclusively considered as insulating layer devices in

the microelectronics industry. The detail advantages of PSi vs. silicon are observed

in literature very well [4, 5]. Therefore, searching for new techniques to obtain PSi

and improving the corresponding methods, existing for synthesis of such structures,

is a topical problem now.

In the past, there were only two main technological methods for the production

of PSi structures: electrochemical etching and chemical stain etching [4, 5]. Thus,

PSi could be chemically created on silicon under appropriate conditions with

porous sizes of a few nanometers to micrometers [1, 6]. Both the porosity and the

pore morphology of PSi are greatly influenced by the electrochemical and chemical

stain etching parameters such as temperature, current density, light illumination and

so on.

The use of ion implantation with ions of rare gases to obtain nanodimensional

PSi layers at the surface of monocrystalline silicon is also known. The solubility of

rare gases in solids is very low and does not exceed a level of 1016 ions/cm2. The

gettering of gas bubbles from the matrix gas ions in irradiated polymer materials

leads to the formation of nanopores (free volumes, nanovoids) [7]. In the case of

silicon the implanted silicon wafers are subjected to thermal annealing in order to

stimulate the nucleation and growth of pores from implanted gas ions [8]. This

technique for the formation of pores at the surface of silicon was demonstrated

earlier for implantation with ions such as He+ [9], H+ [10], Ne+ [11], Ar+ [12] and

Kr+ [11, 13].

Additionally, recently interest for silicon nanostructures containing noble metal

nanoparticles has developed. It was initiated since metal nanoparticles with local-

ized surface plasmon modes demonstrate a specific option to enhance the recom-

bination rate of silicon light emitters to increase the efficiency of

photoluminescence and internal quantum yield effectively, etc. [6, 14–16]. Silver

nanoparticles (AgNPs) are the subject of increasing interest due to their strong

plasmon resonance in the visible spectrum [17, 18]. For example, PSi samples

coated with a layer of AgNPs showed after their electrochemical etching that the

photoluminescence intensity remarkably increases [19], and the reflection of inci-

dent light with wavelengths below 1,100 nm can be reduced to use them for

antireflection devices [20] or surface-enhanced Raman scattering of some organic

molecules adsorbed on AgNP-PSi structures [15].

Instead of using simple silicon as the substrate for AgNPs deposition on the top

of a sample, the ion implantation technique can be used to form AgNPs in the

silicon volume as in the case of ion-irradiated silica glasses or polymers [18, 20–

24]. Earlier, in experiments described [25, 26] Ag-ion implantation into crystalline

silicon wafers and nanocrystalline silicon layers with an energy of 30–35 keV and a

rather low dose of 5.0�1015 ions/cm2 was performed. Then AgNPs in the silicon

matrix were synthesized after thermal annealing of the implanted samples at

500 �C. In another work [27], Ag+-ion implantation of silicon using a conventional

metal vapor vacuum arc (MEVVA ion source, which produces a mixture of Agn+

ions) was applied with a higher dose of 2.0�1017 ions/cm2 to create AgNPs.
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As will be discussed here and was shown in the literature [28], the physical

technique of metal-ion implantation was not used before 2013 in practice for the

fabrication of PSi [29]. A successful experiment of synthesis of PSi with implanted

Ag nanoparticles was demonstrated, for the first time, in [29, 30]. A detailed

description of the technological approach and new results obtained for AgNP-PSi

structures are presented and explained in this contribution.

4.2 Experimental Procedure

Single crystalline p-type (100)-oriented silicon wafers were used as substrates for

Ag+-ion implantation to create PSi structures. Before implantation the substrates

were cleaned by a wet chemical etching process. The silicon wafers were implanted

with Ag+ ions at the energy of 30 keV and an ion current density of 4 μA/cm2 with

doses in the range from 7.5�1016 to 1.5�1017 ions/cm2 using the ion accelerate “ILU-

3” at a residual pressure of 10�5 Torr and room temperature.

In an additional experiment, in order to reveal effects of sputtering or swelling of

the surface, some silicon substrates were implanted through a mask consisting of a

nickel mesh grid with square holes and a bar width of 20 μm. The mask was

imposed onto the substrate during implantation to form a structure of irradiated

and non-irradiated parts of the silicon surface. In this way, selectively implanted

regions were prepared next to unimplanted ones in order to perform step-height

profilimetry.

The depth distribution profiles of the Ag atoms and the damage level in the

implanted silicon were modeled using the simulation-program “Stopping and

Range of Ions in Matter” (SRIM-2013) [31].

The morphology of the implanted structured silicon surfaces were characterized

in plan-view by scanning electron microscopy (SEM) using a high-resolution

microscope (Merlin Carl Zeiss) combined with ASB (angle selective backscatter-

ing) and SE InLens (secondary electrons energy selective backscattering) detectors;

in addition it was also equipped with a AZTEC X-MAX energy-dispersion spec-

trometer from Oxford Instruments for energy-dispersive X-ray spectroscopy (EDX)

analysis.

The crystallinity of the implanted silicon structure was estimated from Raman

spectra recorded with a DFS-52 spectrometer at room temperature, excited by a

continuous argon laser LGN-502 with a wavelength of 448 nm and a radiation

power of 50 mW.

Surface morphology observations and measurements of the profile and depth of

pores (cross sections) in PSi were carried out by an Innova Bruker atomic-force

microscope (AFM). A quantitative evaluation of the size of the pores was carried

out by histograms with the size distribution using the Axio Vision computer

software for processing SEM images according to the method described in [32].

The focused ion beam technique (FIB) was applied to provide milling of the

implanted silicon surface for analyzing the sample depth by Auriga CrossBeam
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Workstation Carl Ziess (FIB-SEM) with a 30 keV Ga liquid metal ion source at

normal incidence. By this approach a square of 2� 2 μm2 on a PSi surface was

written with a ion current density of 50 nA/cm2 that did not heat the sample but

effectively sputtered the implanted surface.

4.3 Results and Discussion

4.3.1 Vacancies and Ion Depth Distribution

Ion implantation is a widely applied technique used for controlled in-depth doping

of various metals, dielectrics, and semiconductors by embedding into them ener-

getically accelerated ions of various chemical elements [1]. According to SRIM

simulations, during ion bombardment a vacancy-rich region and an accumulation of

implanted ions can be formed close to the surface in the irradiated matrix (Fig. 4.1).

The mean penetration range Rp
Ag of 30 keV accelerated Ag+-ions in a silicon

substrate is about 26 nm with a longitudinal straggling ΔRp
Ag of 8 nm with a

Gaussian depth distribution (Fig. 4.1a). Thus, the predicted thickness of the mod-

ified silicon surface layer Rp + 2ΔRp is about 42 nm.

Wang and Birtcher [33] assumed that during ion implantation porous structures

in various semiconductors can result from nucleation of small voids in the irradiated

materials by vacancy generation. Therefore the vacancy depth distribution for

silicon implanted with Ag+ ions was also simulated by SRIM (Fig. 4.1b), which

shows a profile similar to the ion distribution for such low energies. Analyzing the

SRIM modeling, however, should take in account that the depth distribution of

Ag-ions and vacancies obtained correspond to an implantation process in an

Fig. 4.1 Depth ion distribution of Ag-ions implanted (a) and generated vacancy profiles (b) in
silicon with energy of 30 keV calculated using the SRIM code
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uniform silicon matrix before nucleation and growth of PSi (for ion doses less than

1.0�1016 ions/cm2). As will be shown below, a prolonged irradiation results, simul-

taneous with the formation of PSi and the segregation of silver near the surface, in

silicon sputtering.

4.3.2 SEM Study of PSi Structure

Figure 4.2a shows a plane-view SEM image of unimplanted silicon, which looks

very smooth without any surface structural inhomogeneity.

The results of the creation of pores on the silicon samples are observed by plan-

view SEM images (Fig. 4.3). In contrast to unimplanted silicon (Fig. 4.2) the

characteristic PSi surface structures show the appearance of black holes in the

implanted silicon region. They consist of nearly cellular features separated by

rather thin walls with thicknesses about 30–60 nm. Such features are clearly

resolved for all samples formed by various Ag-ion dose irradiations: 7.5�1016,
1.0�1017 and 1.5 �1017 ions/cm2. Uniform pore distributions with distinguished

sharp holes were observed for all implanted surfaces on silicon-implanted samples.

The size of the pores was measured by counting the number of holes in several

micrographs, taking into account all visible holes boundaries and subtracting those

holes that intersects an edge of the SEM image. From this, the size of the pores was

estimated. It can be seen that mean pore size (black holes) increase in magnitude

with increasing Ag-ion doses. White spots in these SEM figures correspond to a

material with a higher density compared to silicon which suggests them to be

AgNPs.

Figures 4.2b and 4.4 present EDX spectra recorded on the examined

unimplanted silicon and on PSi structures with AgNPs fabricated with the highest
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Fig. 4.2 SEM image (a) and EDX characteristic spectrum (b) of unimplanted silicon
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Fig. 4.3 SEM images of PSi fabricated by Ag+-ion implantation into silicon with various doses:

(a) 7.5�1016; (b) 1.0�1017 and (c) 1.5�1017 ions/cm2

Fig. 4.4 EDX characteristic spectrum of PSi fabricated with an ion dose of 1.5�1017 ions/cm2. The

visible EDX peaks confirm the presence of Ag in the synthesized PSi structures
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ion dose, respectively. Such EDX spectra for implanted samples were recorded in

the surface area outside the black holes of the silicon pores. In contrast to the EDX

data for unimplanted silicon, in the middle part of the presented spectrum of PSi

four peaks located between 2.5 and 3.5 keV are clearly seen. These maxima are

characteristic for Ag. It was observed that the intensity of the EDX Ag peaks

increases with increasing implantation dose which means a growing Ag concentra-

tion in the silicon samples. The appearance of Ag peaks is in consistence with

the white spots in the SEM images of the PSi (Fig. 4.3), which correspond to AgNPs

synthesized in PSi during ion implantation. As shown in the present study,

using selected conditions for low-energy Ag-ion irradiation of silicon, AgNPs

can be fabricated without post-implantation thermal annealing, which was earlier

done in [25, 26].

For the applied FIB conditions of PSi treatment, the mean penetration depth

of Ga+-ions implanted into silicon was obtained by SRIM calculation,

which gives a value Rp
Ga¼ 28 nm with a straggling ΔRp

Ga of 10 nm in the

Gaussian depth distribution. Figure 4.5 shows a SEM image of a FIB-milled

cross-section of an irradiated area of the surface with PSi from Fig. 4.3c. The

whole thickness of the affected layer is about 1 μm. On the walls short columnar

structures (shown by arrows) with an approximate size of several tens of

nanometers could be recognized, which is expends from the surface to the

depth of the sample.

Fig. 4.5 SEM image of a sample surface with PSi structures (as in Fig. 4.3a) fabricated with an

Ag+-ion dose of 1.5�1017 ions/cm2 after FIB treatment with Ga ions. The arrows show the top

positions of vertically continued structures on the walls of the FIB-milled cross-section
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Figure 4.6 shows SEM images with various scales of the silicon surface

implanted with silver ions. In contrast to the initial polished substrate, the mor-

phology of the irradiated silicon surface is determined by the typical PSi structure.

As can be seen from Fig. 4.6a, the PSi layer formed by implantation looks very

homogeneous on a rather large scale (tens of microns). Reducing the scale

(Fig. 4.6b) allows to estimate the average diameter of the pore holes (black in

the image) to about 150–180 nm, as follows from the histogram of the pore

size distribution presented in Fig. 4.7. The thickness of pore walls is estimated to

be on the order of 30–60 nm. A further decrease of the scale (Fig. 4.6c) indicates the

formation of implantation nanoinclusions (white) in the structure of the PSi walls

with an average size on the order of ~5–10 nm. Since heavier chemical elements

recorded by the detector of backscattered electrons are shown in the SEM micro-

photographs in a lighter tone, for a composite material composed of silicon atoms

and implanted silver, it is possible to conclude that the white regions observed on a

dark background (signals from silicon) are due to metallic silver in the form of

nanoparticles (Fig. 4.6c). In this case it should be noted that silver atoms do not

form any chemical compounds with silicon, similar to silicides of metals (cobalt,

iron, etc.).

Fig. 4.6 SEM images of a PSi structure fabricated with a dose of 1.5�1017 ions/cm2 presented with

different scales: (a) 1 μm; (b) 100 nm; (c) 10 nm
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Figure 4.8 shows Raman spectra of the polished monocrystalline Si substrate and

a PSi structure fabricated with a dose of 1.5 � 1017 ions/cm2. By using Raman

measurements of Ag+-irradiated and non-irradiated silicon, it is demonstrated that

the peak at a frequency of ~520 cm�1, associated with scattering of optical phonons

in the crystalline silicon matrix [34], disappears after ion implantation completely,

thus characterizing the formed PSi layer as amorphous [35].

Fig. 4.7 Histogram of the

pore size distribution in a

PSi structure (Fig. 4.6b)

formed by implantation of

silicon with silver ions

Fig. 4.8 Raman spectra of a polished monocrystalline Si substrate and a PSi structure fabricated

at a dose of 1.5�1017 ions/cm2
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4.3.3 AFM Study of PSi Formation

Additional information proving the formation of PSi by implantation of silicon with

Ag ions was obtained by AFM measurements. Figure 4.9a shows the AFM image

observed from a fragment of the PSi surface, looking typically for porous structures

in the case of AFM experiments [13]. Figure 4.9b gives the profiles of cross sections

of individual pores measured in the directions shown in Fig. 4.9a, they allow an

estimation of the depth of pores amounting to a value on the order of 100 nm. Thus,

we can conclude that, as a result of silicon implantation with silver ions, charac-

teristic pores are formed comparable with the relatively shallow pores in PSi

obtained by an electrochemical method in highly diluted solutions of hydrofluoric

acid [4].

4.3.4 PSi Structure Fabricated Through Mask

In order to estimate the steps formed at the interface between irradiated and

non-irradiated regions of silicon by surface swelling or its sputtering during the

ion implantation, in particular by the formation of pores in semiconductors, for

example in germanium by irradiation with germanium ions, implantation through a

mask is commonly suggested [28]. The formation of periodic plasmonic micro-

structures with metal nanoparticles with a diameter of 5–10 nm due to low-energy

ion implantation in a single-step process was recently demonstrated in the case of

Cu+-ion implanted silica glass with different sizes of the grid mask [36, 37].

SEM images of a silicon surface containing fragments of PSi microstructures

formed in this work by implantation with silver ions with a dose of 1.5�1017 ions/
cm2 through a mask are shown in Fig. 4.10. As can be seen from the Fig. 4.10a, b,

rectangular light-gray PSi regions were formed at the surface of silicon as a result of

the implantation, which were confined by dark strips of non-irradiated crystalline

silicon. A 3D reconstruction of a part of the sample close to an edge of the mask is

presented in Fig. 4.10c, giving direct evidence for sputtering of the Ag+-ion

implanted silicon surface. In a first approximation, it can be speculated that the

volume expansion is related to a mechanism simply governed by the nuclear energy

deposition, which is usually measured in displacements per atom [33]. An AFM

image of a fragment of a sample comprising a region of several square holes of the

mask in 3D projection is shown in Fig. 4.11. As can also be seen from these figures,

an efficient sputtering of the silicon-substrate surface takes place during the

implantation of silicon with silver ions and the formation of a porous structure.

Earlier, sputtering and erosion of silicon surfaces were observed by their irradiation

with argon ions in an energy range of 50–140 keV [38]. However, there was no

information about the formation of pores in this publication. As a result of implan-

tation with Ag ions, holes and steps are formed at the interface between silicon and

PSi in the irradiated part of silicon.
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Fig. 4.9 (a) AFM images of the PSi surface obtained by silicon implantation with Ag ions and

(b) profiles of individual pores measured on the directions shown in (a)
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Fig. 4.10 (a) and (b) SEM images (with different scales) of structures with PSi (light gray)
fabricated with an Ag+-ion dose of 1.5�1017 ions/cm2 through a nickel mesh mask. (c) 3D SEM

reconstruction of a step area that demonstrating sputtering of the silicon surface during Ag-ion

implantation
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Fig. 4.11 (a) and (b) 3D fragments of an AFM image of the surface in the mask region, which

demonstrates the sputtering of silicon
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It is known that for a critical, rather low implantation dose, silicon undergoes a

phase transition from a crystalline to the amorphous [39, 40]. As seen from the

results reported in this work, at higher doses the amorphous silicon layer transforms

to a porous structure with AgNPs. Thus, for the first time in practice it is demon-

strated by the present experiments that PSi growth is stimulated by high-dose metal-

ion implantation. This new result for silicon can be considered to be consistent with

published data for porous semiconductors, in particular for germanium fabricated

during an ion implantation process [28, 41–43] and, thus, a similar suited possible

method for PSi structuring can be considered also. Sputtering effects (Figs. 4.10 and

4.11) seem to be important to determine the mechanism of PSi formation; this is

somewhat unexpected, since it is known that by formation of pores in implanted

semiconductors (germanium), an opposite phenomenon was observed: the swelling

of the surface [28]. Therefore, the proposed mechanism of pore formation in

implanted germanium based on the generation of vacancies in the irradiated

semiconductor, which join the pores, cannot be merely transferred to the matrix

of Si implanted with silver ions.

Despite PSi creation by metal-ion implantation of silicon, in the case of germa-

nium there was a great debate over the past 30 years regarding the mechanisms

governing the formation of porous semiconductor structures in ion-implanted

germanium [44]. Currently, there are two main theories of void formation for

germanium: vacancy clustering and the so-called “microexplosions”. The vacancy

clustering theory involves an inefficient recombination of germanium point defects

during ion implantation, where, once a critical point defect density is created by ion

implantation, excess vacancies cluster into pores in order to minimize the dangling

bond density. In contrast, the microexplosion theory is based on the creation of

voids through pressure waves and thermal spikes caused by the overlap of ion

cascades [44].

Therefore, in principle, it is possible to determine which theory better models the

formation of voids and pores in silicon by selecting appropriate implant conditions

and observing the resulting microstructure after ion implantation.

4.4 Conclusions

In this work a completely new technique used to obtain PSi layers with silver

nanoparticles at the surface of monocrystalline silicon by a low-energy high-dose

implantation was demonstrated. Ion implantation is one of the basic techniques

used in industrial semiconductor microelectronics for the formation of various

types of silicon nano- and microdevices. Therefore, the proposed new physical

technique for the formation of PSi, in contrast to the well-known chemical

approaches, has the advantage of being rather easily integrated into a modern

industrial process for improving the technologies of the fabrication of

microcircuits.
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As follows from the results presented in this work, in our experiments PSi

structures with silver nanoparticles were successfully obtained without a chemical

technique in solution. Evidently, the further steps in improving this type of com-

posite materials must consist of an optimization of the fabrication processes and, in

particular, searching for correlation features between structural parameters and the

characteristics of optical, plasmon, photoluminescence, and sensor properties of the

new porous structures.
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Chapter 5

Cyclic Nanoindentation for Examination
of the Piezoresistivity and the Strain-Sensor
Behavior of Indium-Tin-Oxide Thin Films

E.E. Harea, K.E. Aifantis, K.M. Pyrtsac, and L. Ghimpu

Abstract The piezoresistivity of indium-tin-oxide (ITO) thin films was investigated

using the three point bending method combined with cyclic indentation. The 500 nm

thick ITO films were deposited on glass slides using magnetron sputtering. The

resistance variation of the resulting ITO/glass based sensors during cyclic indentation

showed a good sensitivity and fast response to mechanical strain, with the gauge

factor ranging from �1.4 to �3.7.

Keywords Cyclic nanoindentation • Strain sensor • Thin films

5.1 Introduction

Sensors based on ITO films have been intensively studied over the past two

decades. They belong to the class of ceramic sensors with outstanding physical

properties such as: thermal, electrical and chemical stability, adhesion, transpar-

ency, thermo-electricity, conductivity, piezoresistivity. The applications of ITO

films range from transparent contacts for solar cells [1] to active elements in

temperature measurements [2], as well as pressure sensors [3] and promising

gauge sensors which work at elevated temperatures (up to 1,500 �C) [4]. The

present article is concerned with examining the piezoresistive and strain sensor

behavior of ITO thin films using cyclic indentation. This is important to understand

the speed of the electrical response of the sensor versus repeated mechanical action.
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The sensitivity of strain sensors is determined by the gauge factor G, and it

represents the ratio of the relative change in the electrical resistance ΔRg/Rg to

the strain ε:

G ¼ ΔRg

Rg
� 1
ε

ð5:1Þ

where Rg is the initial resistance of the gauge system and ΔRg the variation of the

resistance introduced by the strain ε. Various load-bending tests on ITO strain

sensors have revealed that the gauge factor ranges between�0.3 [5] and 24.9 [4]. In

this contribution, instead of using conventional load-bending tests, cyclic

nanoindentation will be employed in order to bend ITO/glass strips with a constant

rate and to analyze their sensitivity and electrical response. The method employed

here was similar to that used in [6] for measuring the elastic modulus of thin films

using nanoindentation of bending systems.

5.2 Experimental

Glass slices were used as substrates for depositing the ITO films. Before deposition

the glass substrates (area 1.4 cm2) were cleaned in a mixed solution of 7 g K2Cr2O7,

10 ml H2O, and 100 ml H2SO4 at room temperature, and then they were rinsed

abundantly with distilled water. Then they were mounted on a rotatable substrate

holder equipped with a resistive heater. The distance between the substrate and the

ITO target was 8 cm. The target was 5 cm in diameter, with a composition of In2O3:

SnO2¼ 9:1 in weight and a purity of 99.95 %. The chamber was first pumped to a

background pressure of 1.2� 10�6 Torr. The argon working gas pressure was

regulated to maintain a constant vacuum pressure of 5� 10�3 Torr. The substrate

temperature Ts was 400 �C. The magnetron power was set to 300 W. The film

thickness df was determined using a MTM-10/10A High Resolution thickness

monitor quartz microbalance and was found to be ~500 nm.

After the deposition the ITO/glass slice was cut in equal strips with dimensions

1 mm� 2 mm� 30 mm; indium contacts were prepared on the ITO film.

Strain in the ITO film was induced by ITO/glass strip bending during cyclic

indentation of sample placed on two glass blocks. The conductivity variation during

nanoindentation was measured using an unbalanced Wheatstone bridge circuit as

shown in Fig. 5.1b. The unbalanced bridge method for strain gauge measurements [7]

allowed to increase the accuracy of the measurements of the variation of the sample

resistance. If we define the unstrained value of the gauge resistance as Rg and the

change due to strain as ΔRg, the strained value of the gauge resistance is Rg +ΔRg.

ΔRg

Rg
¼ 4Vr

1þ 2Vr
ð5:2Þ
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where the term Vr is defined as the difference of the ratios of VOUT to VIN from

the unstrained to the strained state of the sample studied. VOUT is the bridge output

signal, and VIN is the input voltage to the bridge,

Vr ¼ VOUT

VIN

� �
strained

� VOUT

VIN

� �
unstrained

� �
ð5:3Þ

and

VOUT

VIN

¼ R2

R2 þ Rg
� R2

R1 þ R2

� �
ð5:4Þ

The bridge resistances shown in Fig. 5.1b were set equal to each other as

R1¼R2¼R3¼ 100 Ω, the unstrained value of the gauge resistance was Rg¼ 98.9

Ω. A constant voltage power supply furnished VIN¼ 1.5 V, and a digital voltmeter

was used to measure the bridge output VOUT under unstrained and strained

conditions.

The flexural strain on a thin film in the case of a bilayer material can be

calculated taking into consideration that the Young’s modulus is different for film

Fig. 5.1 (a) Scheme of the

experimental set-up for

nanoindentation of a fixed

glass substrate; (b) scheme

of the experiment to study

the strain-sensor behavior

using cyclic indentation;

(c) imprints arrangement

depending on the maximum

applied load and the sample

center (the distance between

the imprints is 100 μm)
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and substrate and that the neutral axis of the sample shifts towards the layer of

higher modulus. Consequently, the flexural properties depend on the ratio of the

Young’s modulus and the thicknesses of film and substrate. In the present case the

equation for the strain of the film has been solved in [8] as:

εfilm ¼ df þ ds
2R

� �
� 1þ 2ηþ χη2

1þ ηð Þ 1þ χηð Þ ð5:5Þ

where R is the radius of curvature and df and ds are the thicknesses of film and

substrate, respectively. η¼ df/ds and χ¼Ef /Es, where Ef� 126 GPa and

Es� 68 GPa are the Young’s modulus of film and substrate, respectively. These

parameters were automatically calculated by the nanotester software using

the method of Oliver and Pharr [9]. ITO film measurements were done with a

maximum penetration depth of hc� 50 nm in accordance with ISO 14577- 4 [10],

where the surface roughness Ra should be< 5 % of the indentation depth hc and

hc< 10–15 % of the coating thickness. Ra� 5 nm was measured by AFM.

The radius of curvature R can be expressed in terms of the length span,

L¼ 22,000 μm and the bending deflection D [8]:

2R ¼ 4D2 þ L2

4D
ð5:6Þ

A nanotester PMT-3-NI-02 was used for applying a cyclic stress on the sample

(Fig. 5.1a, b) in the bending direction. Five cyclic indentations were performed at

the centre of the tested strip with a 30 s loading stage, 10 s holding time at the

maximum load and 30 s unloading stage. The maximum applied load for each set of

five indents was 300, 500, 700 and 900 mN, and the distance between imprints was

100 μm (see Fig. 5.1c). Figure 5.2a, b display the load-displacement curves

obtained under the aforementioned conditions for the case when the sample was

indented while the glass was flat on the sample stage (Fig. 5.1a), and for the case
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Fig. 5.2 Load-displacement curves: (a) for a flat sample (configuration of Fig. 5.1a), (b) for
bending systems (configuration of Fig. 5.1b)
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when the bending system was subjected to indentation (Fig. 5.1b). The real bending

deflection of the sample in Fig. 5.1b can be calculated by subtracting the results for

the two cases. The results are shown in Fig. 5.3.

5.3 Results and Discussion

In Fig. 5.3 two curves are shown in each diagram which represent the bridge output

signal Vout (left axes) versus time (bottom axes), and the magnitude of sample

deflection (right axes) versus number of cycles of the indentation (upper axes).

Figure 5.3 depicts the results of the variation of the sample conductivity during

cyclic bending at different magnitudes of the flexural deflection (calculated

from Eq. 5.5), depending on the maximum applied load: (a) P¼ 300 mN with

a maximum flexural deflections between 6 and 6.3 μm, (b) P¼ 500 mN

with maximum flexural deflections between 6.6 and 7.1 μm, (c) P¼ 700 mN with

maximum flexural deflections between 13 and 16 μm and (d) P¼ 900 mN

with maximum flexural deflections between 19 and 20 μm, depending on the

cycle number. Combined cyclic indentation and the three point bending method

for strain-sensor analysis are interesting tools for the in-situ characterization of the
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electrical variation versus mechanical deformation. In strain sensor manufacturing

the choice of the substrate and the active thin film element is crucial. More than

that, the mechanical properties of the film/substrate structure are decisive for the

sensor accuracy. The high sensitivity indentation method allows us to determine the

flexural deflection of the sample for different numbers of cycles, maximum applied

loads, speed of deflection and magnitude of sensor recovering. All these parameters

can affect the sensor precision. For example in Fig. 5.3 it can clearly be seen that the

sample does not fully recover between the cycles. This is most probably due to

torsion forces that develop in the sample during indentations performed above or

below the sample’s geometric center (Fig. 5.1c). It should be noted that this effect is

more visible with increasing indentation distance from the sample center.

Figure 5.3d shows better recovery (the sample’s deflection recovers incomplete

after the unloading stage as compared to the flat sample) between the cycles for a

maximum applied load of P¼ 900 mN than for a maximum load of P¼ 700 mN

(Fig. 5.3c) due to the fact that the distance of the indent from the center of the

sample is two times shorter for first than for the second case. The recovery

deficiency between the cycles, the magnitude of the applied load and consequently

the flexural deflection of the sample lead to sensor resistivity variations expressed

by the Wheatstone bridge output signal Vout. An increase in the sensor resistivity is

observed during cyclic loading and the magnitude of this effect increases when the

flexural deflection increases, while it disappears several minutes after the indenter is

removed from the sample. A more probable explanation is that stress accumulates

in the substrate and the piezoresistive film during the applied cyclic stress, and there

is not sufficient time for it to relax. As a result the gauge resistivity between the first

and subsequent cycles changes.

This strongly affects the gauge factor of sensor. In Table 5.1 the gauge factor

variation depending on cyclic load application and the magnitude of the applied

load are presented.

5.4 Conclusions

Combined cyclic indentation and the three point bending method open large

possibilities for studying piezoresistive phenomena in gauge sensors. Due to high

precision measurements of the indenter displacement, and the possibility to apply

Table 5.1 Gauge factor variation depending on cycling deflection and maximal applied load

Cycle Nr:

Gauge factor G Gauge factor G Gauge factor G Gauge factor G

(Pmax¼ 300 mN) (Pmax¼ 500 mN) (Pmax¼ 700 mN) (Pmax¼ 900 mN)

1 �3.23 �3.74 �2.24 �1.69

2 �3.28 �3.23 �1.46 �1.53

3 �2.26 �2.75 �1.76 �1.55

4 �2.69 �3.09 �1.74 �1.52

5 �3.28 �2.81 �1.49 �1.40
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different ratios and magnitudes of stress to the studied samples we can simulate

various modes of sensors loading, measure the value of the deflection and analyze

the variation of the electrical signal.
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Chapter 6

Positron Annihilation Study of the Juniperus
Communis Based Biomaterial NEFROVIL

T.S. Kavetskyy, S.Ya. Voloshanska, I.V. Komar, O. Šauša,

and A.L. Stepanov

Abstract The results of positron annihilation lifetime (PAL) measurements of the

Juniperus communis based biomaterial NEFROVIL are reported for the first time.

Three- and four-component fittings were applied to deconvolute the PAL spectrum.

In order to determine which fitting procedure is most suited, a maximum entropy

lifetime (MELT) analysis was also performed. It was found that the nanovoid

topology of this biomaterial is constructed by small and large free-volume holes

identified by the ortho-positronium lifetime parameters in the most suitable four-

component fitting procedure.

Keywords Positron annihilation • Positronium • Biomaterial • Nanovoids

6.1 Introduction

Positron annihilation spectroscopy is a powerful experimental tool to study the defect

structure (vacancies, unsaturated bonds, clusters, etc.) of materials in the nanometric

and sub-nanometric range [1]. The concept of the free-volume structure of materials

and its interpretation is a very useful and actual idea in the physics and chemistry of

disordered systems and especially of organic polymers [2].
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Biomaterials based on Juniperus communis (JC) are organic molecular media

for potential use in advanced applications in biotechnology and medicine

(see, e.g., [3]). A suitable technique to directly measure of the free-volume entities

is positron annihilation lifetime spectroscopy (PALS). In the present work we

performed a PALS study of the JC based biomaterial NEFROVIL.

6.2 Experimental Procedure

The investigated NEFROVIL biomaterials were obtained in form of pressed tablets

as commercial product from the company “Roslyna Karpat” (Ukraine) [4]. The

positron annihilation lifetime (PAL) measurement of the samples was carried out at

the Institute of Physics, Slovak Academy of Sciences (IPSAS, Slovakia).

The PAL spectrum was taken by the conventional fast-fast coincidence method

using plastic scintillators coupled to photomultiplier tubes as detectors. The

radioactive 22Na positron source (0.6 MBq activity) was placed in an envelope of

Kapton films (8 μm thick) and then sandwiched between two identical samples. The

time resolution (FWHM) of the positron lifetime spectrometer was about 0.32 ns,

measured using a defect free Al sample as a standard. More than three million

counts were recorded for the PAL spectrum to allow statistical analysis of the

lifetime spectrum, which was conducted using the PATFIT-88/POSITRONFIT

software package [5] with proper source corrections.

Three- and four-component fitting procedures of the PAL data were applied. The

lifetimes (τ3, τ4) and their relative intensities (I3, I4) of ortho-positronium (o-Ps)
pick-off annihilation in free-volume spaces were finally taken into consideration, in

accordance with the conventional interpretation [6]. In order to determine which of

the fitting procedures is suited best, a maximum entropy lifetime (MELT) analysis

was also performed [7].

6.3 Results and Discussion

Figure 6.1 shows a photograph of Juniperus communis from the Carpathian region

(Ukraine) and schematically its berries and their cross-section. Such biomaterials

have complex a molecular structure hardly to be investigated by using direct

structural techniques on the nanoscale level. It has been suggested that some

important information on the structure of these materials may be extracted on the

nanoscale void level using positron annihilation spectroscopy. In the present work a

PAL measurement was performed with a sample of the JC based biomaterial

NEFROVIL, which is commercially produced as potential candidate for biomedical

applications [4]. As the molecular structure of NEFROVIL is based on the JC

matrix, which contain grains of different sizes in the complex structure of the

berries (Fig. 6.1), it is supposed that the results obtained for the nanovoid topology
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of the material will be important for further experiments with Juniperus communis

of different history, e.g., as freshly received, after prolonged physical aging, as dry

and moist, in the form of powder and oil samples, etc.

Table 6.1 presents the PAL results obtained for the investigated biomaterial with

applied deconvolution using three- and four-component fitting procedures.

As mentioned above, it is of interest to analyse the ortho-positronium (a bound

electron-positron state with parallel particle spins) parameters, which are related

with the size and distribution of free volume in the material structure (see, e.g.,

[1, 6, 8] for a review). The o-Ps parameters (lifetime and intensity) found in this

study were (Table 6.1):τ3� 1.74 ns, I3� 7 % for the three-component fitting

procedure and τ3� 0.76 ns, I3� 12 % and τ4� 1.94 ns, I4� 5 % for the four-

component fitting (a fit variance¼ 1.0 was attained).

The MELT results obtained are presented in Fig. 6.1, giving four peaks (lifetime

components) and the following o-Ps lifetime data: τ3� 0.91 ns and τ4� 1.96 ns.

Fig. 6.1 (a) Photograph of Juniperus communis of Carpathian region (Ukraine) with schemati-

cally presentations of its berries and their cross-section, and (b) MELT results obtained for the

investigated biomaterial showing lifetime distribution with four peaks

Table 6.1 Positron annihilation lifetimes τi (ns) and their relative intensities Ii (%) (i¼ 1. . .4) for
the investigated biomaterial

Three-component fitting (fit variance¼ 1.0)

τ1¼ 0.230� 0.004 τ2¼ 0.504� 0.017 τ3¼ 1.736� 0.034

I1¼ 61.8� 2.2 I2¼ 30.9� 2.0 I3¼ 7.3� 0.3

Four-component fitting (fit variance¼ 1.0)

τ1¼ 0.181� 0.031 τ2¼ 0.327� 0.049 τ3¼ 0.761� 0.150 τ4¼ 1.937� 0.121

I1¼ 28.7� 16.5 I2¼ 53.7� 12.0 I3¼ 12.3� 4.5 I4¼ 5.3� 1.0
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These data are found to be in a good agreement with the τ3 and τ4 values obtained
by the four-component fitting. Thus the four-component deconvolution of the PAL

spectrum shows that the nanovoid topology of the investigated biomaterial consists

of the smaller and larger free-volume holes identified by the o-Ps lifetimes τ3
and τ4. The numerical values of size of the voids with a radius R in spherical

approximation (R¼ 1.2� 0.3 Å for τ3¼ 0.76� 0.15 ns, and R¼ 2.8� 0.1 Å for

τ4¼ 1.94� 0.12 ns) are estimated using the equation [9–11] τo-Ps¼ 0.5� [1�
(R/(R +ΔR)) + 1/2π� sin(2πR/(R +ΔR))]�1, where ΔR¼ 1.656 Å.

6.4 Conclusions

Results of a positron annihilation lifetime measurement of the Juniperus communis

based NEFROVIL are reported in this work for the first time. It is established that

the nanovoid topology of the investigated biomaterial in pressed tablets is

constructed by the smaller and larger free-volume holes identified by the o-Ps
lifetimes τ3 and τ4, respectively, in the most suitable four-component fitting

procedure. No large pores over 1 nm in radius were detected in the tablets. The

spaces between the grains of crushed seeds are probably filled by oil substances

from the pressing, large pores are not observed by positrons.
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Chapter 7

The Influence of Low Dose Ion-Irradiation
on the Mechanical Properties of PMMA
Probed by Nanoindentation

T.S. Kavetskyy, J. Borc, Y.Y. Kukhazh, and A.L. Stepanov

Abstract The results of investigations of the influence of low dose B+-ion-irradiation

(6.25� 1014 ion/cm2) on the mechanical properties (hardness and elastic modulus) of

polymethylmethacrylate (PMMA) using the nanoindentation tests with an ultra nano

hardness tester are reported for the first time. It is established that the dependences of

hardness and elastic modulus on the maximum indentation depth show major differ-

ences between pristine and ion-implanted samples in the range up to about 400 nm

which is consistent with the maximum penetration depth of B+-ions into the PMMA

matrix determined earlier by slow positron beam spectroscopy and SRIM simulation

(stopping and range of ions in matter).

Keywords Ion irradiation • Polymethylmethacrylate • Nanoindentation

7.1 Introduction

In general, indentation or depth-sensing indentation, also called nanoindentation,

means an instrument which possesses the ability to measure the indenter penetra-

tion depth h under an applied force F throughout the testing cycle [1]. This method
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gives information about the contact parameters and mechanical properties, which

are calculated from the indenter load and the depth measured continuously during

loading and unloading (see e.g. [1–7]). The advantages are very low loads and only

minor depths with no special demands on the test specimens. It is capable of

measuring both the plastic and elastic deformation of the material under test. The

method was originally developed for testing the hardness and elastic modulus from

indentation load-displacement data in elastic-plastic materials including fused

silica, soda-lime glasses, and single crystals of aluminum, tungsten, quartz, and

sapphire in 1992 [8] and further reviewed in 2004 with advances in understanding

the mechanics governing elastic-plastic indentation [9]. Nanoindentation of poly-

mers [2], polymer nanocomposites [10], thin films [3], hybrid polymer/metal thin

films [11], metals [12], glasses [13], metallic glasses [14], crystals [15],

ion-implanted crystalline materials [16], and others may serve as typical examples

of hardness test applications in materials science.

By using a nanoindentation technique we paid attention to polymers.

Polymethylmethacrylate (PMMA) was selected for the study as one of the most

widely used commercial polymers. Indeed, nanoindentation tests of PMMA have

already been carried out (see e.g. [2, 4, 6, 7]). However, ion-implanted PMMA

samples, which are of interest from a practical point of view [17, 18], have not been

studied yet by depth-sensing indentation as far as we know.

Thus, the present work is aimed to study, for the first time, the influence of

low-dose ion-irradiation (6.25� 1014 ion/cm2) on the mechanical properties (hard-

ness and elastic modulus) of 40 keV B+-ion implanted PMMA (B:PMMA) by

nanoindentation tests. Recent investigation of such samples implanted with ion

doses from 6.25� 1014 to 5.0� 1016 ion/cm2 by slow positron beam spectroscopy

and SRIM simulation (stopping and range of ions in matter) [19] clearly confirmed

the concept of the occurrence of two processes upon ion implantation – scission of

polymer chains and appearance of free radicals preceding the aggregation of carbon

clusters resulting in the formation of network of conjugated bonds for lower ion

doses (< 1016 ion/cm2) and carbonization for higher doses (>1016 ion/cm2). Thus,

in the present work the first process of the modification of the polymer structure will

be examined by indentation.

7.2 Experimental Procedure

As substrates for ion implantation, optically transparent PMMA plates were used.

The B+-ion implantation with an energy of 40 keV, a dose of 6.25� 1014 ion/cm2

and a current density< 2 μA/cm2 was performed under a pressure of 10�5 Torr at

room temperature at the ILU-3 ion accelerator at the Kazan Physical-Technical

Institute (Russia) [20]. The nanoindentation tests of the investigated materials

(PMMA and B:PMMA) were carried out using an ultra nano hardness tester

(UNHT) with a diamond Berkovich indenter at the Lublin University of

Technology (Poland).
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There are some advantages in the new UNHT design for nanoindentation tests

compared to the conventional nano indenter (or NHT) design, both developed by

CSM Instruments (Switzerland) [1]. The main improvements are a new tip and

reference fixing system introduced in the ultra indenter head and the use of active

top referencing (very low loads applied by the reference, less than 1 g), the

possibility of depth and load measurements, one order less noise level, etc.; they

allow us to make measurements using the UNHT with high performance.

In the present work, the results of our first nanoindentation tests of PMMA and

B:PMMA with maximum indentation depths in the range of 300–1,100 nm are

reported. The thickness of the implanted layer was determined to ~400 nm by slow

positrons and SRIM simulation [19].

It must be noted here that in principle on a coated surface, the maximum

indentation penetration should be less than 10 % of the total film thickness to

avoid substrate influences [1]. That is, for the ultra-thin film in our case, the

maximum indentation depth should be less than 40 nm to estimate the mechanical

properties of the implanted layer. Unfortunately, the maximum indentation depths

lower than 40 nm were not achieved in these experiments (the load-depth and load/

depth-time curves are given below). In order to achieve maximum indentation

depths less than 40 nm and to analyze the mechanical properties of the implanted

layers, separate measurements will be carefully performed in the further work.

Therefore, taking into account the substrate influence within the maximum inden-

tation depth range examined, the reported values of hardness and elastic modulus

should be only considered as those of a composite (layer +matrix), but not as

hardness and elastic modulus of the implanted layer.

The main parameters in the UNHT experiment were used [1]: 20 progressive

cycles, an acquisition rate of 10 Hz, linear loading, unload to 20 nm, contact force

0.05 mN, maximum depth 1,040 nm, loading rate 20 mN/min, unloading rate

20 mN/min, delay 120 s, delay between the cycles 10 s. Each measurement was

repeated 3 times, and, finally, about 60 indentations were made to average values of

the indentation hardness and the indentation elastic modulus.

7.3 Results and Discussion

The theory and models of nanoindentation tests of materials are well described in

literature (see e.g. [2, 4, 6, 7] for PMMA and references therein). Figure 7.1 shows

the typical load-depth and load/depth-time curves obtained in the present measure-

ments for pristine PMMA and implanted B:PMMA samples in the multicycle mode

for 20 cycles. For each cycle the hardness and elastic modulus (with a Poisson ratio

of the specimen of ν¼ 0.3) values were calculated by the method of Oliver and

Pharr with the software of CSM Instruments for the UNHT [1].

The averaged values of indentation hardness and elastic modulus versus maxi-

mum indentation depth for PMMA and B:PMMA are plotted in Fig. 7.2. It can be

seen that the hardness and elastic modulus dependences on the maximum
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indentation depth illustrate the difference between pristine PMMA and B:PMMA

samples in the entire range investigated up to 1,100 nm with the largest changes at

about 400 nm, in consistence with the maximum penetration depth of B+-ions into

PMMA matrix obtained earlier by slow positron measurements and SRIM [19]. For

clarity, the distribution of 40 keV B+-ions implanted into PMMA calculated by

SRIM [21] is presented in Fig. 7.3, showing the maximum depth of ~400 nm.

Fig. 7.1 Typical load-depth and load/depth-time curves for un-implanted PMMA (top) and

implanted B:PMMA (bottom) samples

Fig. 7.2 Indentation hardness and elastic modulus versus maximum indentation depth for

un-implanted PMMA (squares) and implanted B:PMMA (circles) samples
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The observed increased hardness of PMMA irradiated with B+ ions is in good

agreement with the increasing microhardness of a polystyrene surface irradiated

with Ar+ ions and Kapton irradiated with He+, B+, and Si+ ions according to Lee

et al. [22]. In the case of microindentation test, the hardness increase was more

pronounced for higher ion doses and energies.

Sviridov [23] noted the increased microhardness in ion-implanted polymeric

materials is determined by the degree of interconnectivity within the carbon cluster

aggregates and presented some suggestions to explain the increase of the

microhardness with ion dose and ion energy. Namely, an increase in the

microhardness correlates with the increase of the relative energies transferred

from the incident ions to the polymer by electronic excitations and by nuclear

collisions, respectively; a high microhardness requires that the incident ions deposit

their energy mainly in electronic excitations, leading to the formation of carbon

clusters, while the contribution of energy losses by nuclear collisions is rather

small. Thus, a general trend towards increasing microhardness with ion dose and

ion energy is most probably due to energy losses by electronic excitations. This may

explain in our case the observed increase of the composite hardness and elastic

modulus in the whole range tested up to 1,100 nm. But, according to Sviridov [23],

nuclear collisions are responsible for the formation of random links between the

carbon clusters, leading to a gradual accumulation of domains with predominant

sp3-hybridisation of the carbon atoms and an increased microhardness of the

implanted layer. Thus, the largest increase of hardness and elastic modulus detected

Fig. 7.3 Distribution of 40 keV B+-ions implanted into PMMA after SRIM code [21]

7 The Influence of Low Dose Ion-Irradiation on the Mechanical Properties. . . 69



in the vicinity of 400 nm (i.e., the boron ion-implanted layer) can be interpreted by

the energy loss by nuclear collisions.

Finally, it has to be mentioned that after Lee et al. [22] ion beam processing

possesses a high potential for improving surface-sensitive mechanical properties of

polymeric materials to render them suitable for hard-materials applications. In this

respect, the results of nanoindentation tests of this study are important for further

progress.

7.4 Conclusions

The first results of an investigation of the influence of low dose B+-ion-irradiation

(6.25� 1014 ion/cm2) on the mechanical properties (hardness and elastic modulus)

of PMMA using nanoindentation tests with the UNHT device are reported. It was

established that the dependences of hardness and elastic modulus on the maximum

indentation depth show the main difference between the pristine and ion-implanted

samples in the range up to about 400 nm, in good agreement with the maximum

penetration depth of B+-ions into PMMA matrix obtained by slow positrons and

SRIM simulation.
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4. Menčik J, Rauchs G, Bardon J, Riche A (2005) J Mater Res 20:2660

5. Beegan D, Chowdhury S, Laugier MT (2008) Thin Solid Films 516:3813
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Chapter 8

Nanoindentation Measurements of Cu Films
with Different Thicknesses Deposited
on a Single Crystalline Si Substrate

Constantin Pyrtsac

Abstract Thin films of various types are key components of modern microelec-

tronics. By use of the dynamic nanoindentation method, Cu/Si structures with

different thicknesses of the Cu film (t¼ 85, 470 and 1,000 nm) were investigated.

It is shown that the film thickness and the wide range of maximum loads applied are

some of the main factors influencing the deformation peculiarities and mechanical

properties (Young’s modulus E and hardness H ) of the film/substrate structures.

Keywords Thin films • Nanoindentation • Hardness • Young modulus

8.1 Introduction

The increasing development of nanotechnology tends to reduce the component

sizes of micro/nanoelectromechanical system devices (MEMS/NEMS). Thin films

of various types are key components of modern microelectronics. Usually, the

electronic properties are very important for the thin films. However, the mechanical

features are also of interest for long time operation of MEMS/NEMS. During the

process of growth and exploitation of films strong internal tensions can occur which

after relaxation may cause deformation and destruction. Thin films imply the

existence of a substrate from another material with different properties. The

mechanical properties of thin films also depend on the features of substrate [1].

The study of the mechanical properties of thin films is done by the

nanoindentation method that allows the identification of elastic and plastic defor-

mations. For the determination of Young’s modulus E and hardness H of thin films

the method proposed by Oliver and Pharr is most often used [2]. This method was

intensely applied for bulk materials. On the other hand, for investigations of the
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mechanical properties of thin films it is necessary to take the influence of other

factors into account which depend on the substrate features. The determination of

the contact surface between indenter and films using the method of Oliver-Pharr is

imperfect due to “pile-up” extrusion or “sink-in” deepening of the material around

the indentation imprints. With increasing indenter penetration in the material the

mechanical properties are determined not only by the films but also by the substrate.

In the case of hard/soft coated systems the elastic and plastic deformation of the

substrate also plays a relevant role. For soft/hard coated systems, it is necessary to

exclude the influence of the substrate by keeping the penetration depth of the

indenter to about 10–20 % of the film thickness. Due to the restricted capacity of

the equipment this requirement cannot always be kept due to the very small

indentation depths necessary. Thus, it is impossible to exclude the influence of

substrate in the final measurements stage [3].

In this paper we study the mechanical properties of Cu thin films deposited on Si

substrates. Copper, having a higher conductivity and better electromigration prop-

erties is today replacing aluminum in integrated circuits. It is also beneficial to use a

material with a low dielectric constant (low-k) to fill the space between Cu

interconnect lines in order to reduce the amount of cross talk between the lines

and to place them closer to each other. Basically, the entire systems of devices has

been changed with the introduction of Cu metallization.

For the mechanical durability mentioned above, the following features of the

investigated complex structures are important: elastic modulus, yield stress, frac-

ture toughness, etc. All these characteristics can be obtained applying the

nanoindentation method.

8.2 Experimental Techniques

As a substrate, single crystals of n-type Si(100) with a resistivity ρ¼ 4,5 Ωcm
doped with phosphorus have been used. The Cu films were obtained by magnetron

sputtering at room temperature using a RF sputter apparatus. The thickness of Cu

films was equal to t¼ 85 (1), 470 (2), and 1000 (3) nm (see Table 8.1).

The topology of the surface of the thin films was estimated using atomic force

microscopy and optical microscopy. Areas of 20� 20 μm dimensions were

scanned; the roughness Ra values are shown in Table 8.1.

Table 8.1 The thickness

t and roughness Ra of the Cu

films

Sample Thickness t, nm Roughness Ra, nm

Cu 1 85 7

2 470 9

3 1000 12.2

Si 4 – 1.95
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Nanoindentation was carried out with a Nanotester-PMT-3-NI-02 using the

dynamical range of penetration.

A diamond Berkovich indenter with a tip radius of 150 nm was used in these

tests. The indentation followed a trapezoidal loading profile with 20 s loading time,

5 s holding time under the load and 20 s unloading time. The loads of the Berkovich

indenter varied in the limits Pmax¼ 2–900 mN. The H and E values were evaluated

as the mean of five indentations applied with the same load. Figure 8.1 shows the

dependences of H and E as a function of the applied force.

8.3 Results and Discussions

The hardness of sample 1 for the maximum loads Pmax< 300 mN is close to that of

the Si sample 4. The increase ofH with decreasing load is caused by the appearance

of indentation size effects. The influence of the Si substrate on the hardness value of

Cu/Si structures is confirmed by the load-displacement curves analysis, where the

‘pop-in’, ‘pop-out’ and ‘elbow’ effects can be noticed (Figs. 8.2 and 8.3).

The influence of Pmax on the modification of the load-displacement curves is as

follows (see Figs. 8.2 and 8.3). In the loading parts of the curves slight oscillations

of the indenter displacement are observed for Pmax¼ 10 mN and 20 mN, even the

“pop-in” effect is taking place (indicated by arrows). For the unloading parts the

situation is reverse, for Pmax¼ 10 mN, the shape of curves differs from

conventional ones.

Two different effects appear for decreasing loads: the “elbow” effect at 20–

40 mN and “pop-out” for Pmax¼ 50–300 mN. The “pop-in” effect for small loads

appears due to pronounced plastic flow of the Cu film when the indenter penetrates

in material. The effects of ‘pop-out’ and ‘elbow’ in the curves of Cu/Si systems for

Pmax> 300mN occur due to phase transformations in the bulk Si [4].

Comparing the curves in Fig. 8.4a, d one observes the existence of the “pop-out”

effect in the unloading curves of the bulk Si (indicated by arrows). The effect of the

Si substrate becomes apparent for indentations with maximum loads smaller than

10 mN (Pmax¼ 7 mN), when the indentation depth is approximately equal to the

with films thickness (t¼ 85 nm), which is in accordance with Ref. [3]. This effect

was confirmed also by our investigations for the Cu films of 470 and 1,000 nm. The

“pop-out” effect cannot be observed when hmax/t¼ 0.5, here hmax is maximal

indentation depth (nm) and t is the film thickness (nm) (see Fig. 8.4b, c).

We observed that the hardness of Cu/Si structure 1 approaches a saturation value

for loads Pmax> 300 mN. In this interval hardness value of the Si substrate 4 is

smaller than the hardness of Cu/Si 1. This phenomenon takes place due to a

protection effect by the Cu film against fragile destruction, i.e. due to the fact that

the Cu film changes the geometry of the Berkovich pyramid by rounding the

indenter tip a little. As a result, the indenter with its rounded tip more softly acts

on the sample.
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Fig. 8.1 Dependences H(P) (a) and E(P) (b) for the Cu/Si structures (1), (2), (3) and for the Si

substrate (4)
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Fig. 8.2 Evolution of the for a Cu/Si structure (t¼ 85 nm) on the maximum applied load: (a)
10, (b) 20, (c), 50 mN for 5 indentations at each Pmax
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To confirm this idea, the Cu film was dissolved by chemical etching and the

indentation images ofCu/Si, bulk Si and the residual indentation shapes after chemical

etching were compared with each other. The results obtained are presented in Fig. 8.5.

When comparing the indentation images in Fig. 8.5b, c one can see that the

cracks and destruction on the bulk Si surface are larger than the cracks on the Si

substrate after chemical etching of the Cu film. This leads to an increase of the

indentation dimensions; as a result a lower value of H is obtained for bulk Si.

As was mentioned above, the hardnesses of the Cu films 2 and 3 are on the same

order of magnitude as described in [3]. The hardness of the Cu/Si structures is two

times less than the hardness of bulk Si for small values of Pmax. One can see from

Fig 8.2c, d that the “pop-out” effect does not appear in the curves when the indenter

penetrates to a depth of 50 % of the film thickness.

Figure 8.1a shows that in the case of the Cu/Si sample 2 for increasing Pmax the

hardness of the structure also increases reaching the hardness value of bulk Si. On

the other hand, the hardness of the Cu/Si system 3 doesn’t reach the hardness of

bulk Si. The plastic indentations have been observed on the Si substrate after

dissolution of the Cu film from the Cu/Si structures 2 (Pmax> 100mN) and

3 (Pmax> 200mN) by chemical treatment. It was concluded that the elastic action

of the Si substrate has a dominant influence for Pmax< 100mN. On the other hand,

the influence of Si substrate is increasing for Pmax> 100mN, and plastic deforma-

tion also takes place during the indentation. This conclusion is confirmed by the E
(P) dependence (Fig. 8.1b). So, the Young’s moduli E for both the system Cu/Si and

bulk Si (Pmax< 100mN) show a similar behavior. However, for Pmax> 100mN the

elastic modulus of bulk Si has a 50 % lower value than the system Cu/Si. The reason

of such a behavior can be attributed to the destruction of crystal in the indentation

neighbourhood.

Fig. 8.2 (continued)
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Fig. 8.3 Evolution of the load-displacement curves for Cu/Si structure (t¼ 85 nm) as function of

the maximum applied load: (a) 10, 20,30, 40 50, (b) 60 80 100, 200, 300 mN
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Fig. 8.4 Load-displacement curves for Cu/Si structures: (a) t¼ 85 nm, (b) t¼ 470 nm, (c)
t¼ 1,000 nm and (d) of the Si substrate
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8.4 Conclusion

The mechanical properties of Cu thin films grown on Si(100) substrates using the

magnetron sputtering method have been studied in the work. By use of the dynamic

nanoindentation method, Cu/Si structures with different thicknesses of the Cu film

Fig. 8.4 (continued)
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(t¼ 85, 470 and 1,000 nm) were investigated. It was shown that the Cu film

thickness and the range of maximum loads applied are some of the main factors

influencing the deformation peculiarities and the mechanical properties (Young

modulus and hardness) of the film/substrate structures.

Fig. 8.5 Shape of indentations made on the Cu/Si structure (a), bulk Si (b) and the residual

indentation images on the Si substrate after chemical etching of Cu film (c)
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Chapter 9

Doppler Broadening of the Annihilation Line
Study of Organic-Inorganic Hybrid
Ureasil-Based Composites

T.S. Kavetskyy, O. Šauša, T. Petkova, V. Boev, P. Petkov, A.V. Kukhta,
and A.L. Stepanov

Abstract The organic-inorganic hybrid ureasil-based composites, containing

polyether chains covalently linked to a silica framework through urea bridges,

referred as ureasilicates or ureasils, and semiconducting As2S3 clusters, are inves-

tigated using Doppler broadening of annihilation line technique. It is established

that the Doppler S andW parameters show significant structural difference between

the pure ureasil and the As2S3-ureasil composites, the effect is more essential as the

loading fraction of As2S3 increases. The new Doppler broadening results obtained

in this work are found to be in consistent with the earlier reported results of positron

annihilation lifetime measurements of the same materials.

Keywords Organic-inorganic composites • Annihilation line study
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9.1 Introduction

In general, the micro-/nanocomposite materials bring together the polymer matrix

(organic or inorganic) and filler, which could be metal, semiconductor, ceramic,

etc. A combination between the inorganic siloxane framework and organic poly-

mers results in enhanced resistance against cracking and processability. Typical

representatives of organic-inorganic hybrid materials are so-called ureasilicates or

ureasils. They are characterized by high optical transparency and high degree of

flexibility, which allow them to be positioned on non-planar surfaces and to be used

as perspective materials for information and energy security applications.

Recently, positron annihilation lifetime spectroscopy (PALS) and scanning

electron microscopy (SEM) techniques have been applied for investigation of the

organic-inorganic hybrid polymer network ureasil and semiconducting As2S3-

ureasil composites [1]. It has been established that incorporation of the As2S3
clusters into ureasil influences on the ortho-positronium (o-Ps) intensity or positro-
nium formation probability and micro-/nanoscopic structure compared to the pure

polymer, the effect is more essential as the loading fraction of As2S3 increases.

Also, incorporation of the As2S3 clusters into ureasil assists at ion-synthesis of Ag

nanoparticles in polymer matrix, more effectively at higher doses of

ion-implantation and for silver containing (As2S3)95Ag5-ureasil composite as

revealed from SEM measurements [2]. Early Ag-nanoparticles were synthesized

by ion implantation only in conventional polymers, for instance, in PMMA [3]. The

goal of the present work is to study the organic-inorganic ureasil-based composites

with Doppler broadening of annihilation line (DBAL) technique in positron anni-

hilation spectroscopy (see, e.g., [4, 5]).

9.2 Experimental Procedure

The ureasil-based composites were prepared in the Institute of Electrochemistry

and Energy Systems, Bulgarian Academy of Sciences (IEES-BAS, Bulgaria)

[1]. The pure ureasil matrix was synthesized as follows. O,O0-bis
(2-aminopropyl)-polypropylene glycol-block-polyethylene glycol-block-polypro-

pylene glycol-500 (Jeffamine ED-600, Fluka) was dried under vacuum for

30 min. 3-isocyanatepropyltriethoxysilane (ICPTES, Aldrich), tetraethoxysilane

(TEOS, 98 %, Aldrich) and n-butylamine were used as received. 0.875 mmol of

Jeffamine (535 μL) was added to 1.76 mmol of ICPTES (464 μL) in order to obtain
a liquid ureasil monomer. Thereupon 1.05 mmol of TEOS (251 μL) and 300 μL of

n-butylamine were added to the mixture, which was kept under stirring for more

than 10 min. The mixture was transferred into a plastic Petri dish and jellified under

appropriate conditions. The gels were heated in a vacuum furnace at 60 �C at 0.1 Pa.

A non-rigid, homogeneous and transparent stiff gel in form of a disk with a

diameter of 40 mm and a thickness of 0.25 mm was obtained within 1 day.
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To prepare the As2S3-ureasil composites the next synthesis procedure was

applied. The starting materials for the preparation of As2S3 ingots were As (5 N)

and S (5 N). The melting of the components was carried out in sealed quartz

ampoules at 650 �C and a residual pressure of 0.1 Pa. The melt was quenched to

room temperature, and the obtained glassy samples were finely grounded in powder

form and dissolved in n-butylamine. Solutions with two different concentrations of

the As2S3 clusters were prepared by dissolving 0.1 g (sample I) and 0.3 g (sample

II) As2S3 in 3 ml of n-butylamine. The final concentrations of the As2S3 clusters

containing solutions were about 0.13 M and 0.4 M, respectively. Incorporation of

the chalcogenide phase was realized by mixing the preliminary obtained ureasil

monomer with the chalcogenide clusters, dispersed in the organic solvent. For this

purpose 300 μL of freshly prepared As2S3 in n-butylamine solution was added drop

by drop to the mixture under vigorous stirring. The stiff gel was obtained as

described above.

The DBAL experiment was done in the Institute of Physics, Slovak Academy of

Sciences (IPSAS, Slovakia) [6]. The DBAL spectra were recorded using a HPGe

detector with a resolution of 1.9 keV (FWHM) at 1,274 keV. The investigated

samples, sandwiched between appropriately 8 μm Kapton foils, were placed on

both sides of the 22Na positron source with activity of 0.6 MBq. The DBAL

spectrum was recorded 24 times with elapsed time 1 h and, consequently, the

total time per measurements was 24 h. Finally, more than 106 counts at annihilation

peak 511 keV were achieved. The annihilation line was deconvoluted with Gold

iterative algorithm [7], permitting the measurement of small changes of the anni-

hilation peak (e.g., S andW parameters) with high confidence. The typical example

of deconvoluted DBAL spectrum is shown in [8]. The Doppler S andW parameters

were defined as the ratio of the central area to the total area of the 511 keV

annihilation peak and as the ratio of wings area to the total area, respectively [9].

9.3 Results and Discussion

The DBAL spectroscopy measures the projection pL of electron momentum on the

direction of photon emission, i.e. a one dimensional distribution of momentum of

the positron-electron annihilating pairs. This quantity is related to the detected

broadening ΔE of the 511 keV line (i.e., the energy of the annihilation ray is shifted

by the Doppler broadening due to the kinetic momentum of annihilated electron) by

relation ΔE¼ pLc/2, where c is the speed of light. The principle of this technique is
to record the energy spectrum of γ rays. The sum of annihilation events, registered

by γ detector, leads to a peak which is broadened symmetrically to both sides of its

maximum. Large values of pL contribute to a high momentum distribution part,

affecting the wings of the peak (core electrons), whereas small values of pL
contribute mainly to a low momentum distribution part, affecting the center of

the peak (valence and conductivity electrons). Due to their low momentum, the

annihilations with valence electrons fall predominantly in the region of the
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S parameter (shape of the peak), while mainly core electrons have momentum

values high enough to contribute to theW parameter (wings of the peak). Thus S and
W are often called as valence and core annihilation parameters, respectively.

Figure 9.1 shows the investigated ureasil-based polymeric materials with two

loading fractions of As2S3. As an example, the morphology of these samples is also

given in this figure as revealed by SEM measurements [1]. A good homogeneity,

with randomly distributed As2S3 clusters of about 1–5 μm size, and optical trans-

parency of the composite samples are observed. It confirms a perfect synthesis

procedure performed as well as a suitability of the ureasil matrix used for fabrica-

tion of organic-inorganic composite materials.

The results of DBAL study of the samples are demonstrated in Fig. 9.2. It is

established that the Doppler S and W parameters show significant structural differ-

ence between the pure ureasil and the As2S3-ureasil composites. Likely to PALS

results [1], in the DBAL experiment conducted the effect is more essential as the

loading fraction of As2S3 increases. The Doppler broadening results obtained (i.e.,

S increases and W decreases with increasing of As2S3 quantity in ureasil matrix)

could be plausibly explained by the formation of vacancy-type voids in the As2S3
clusters, taking into account that the increase in S and decrease in W implies an

increase in the concentration of vacancy-like defects in the material structure (see,

e.g., [10–12]). But it should be considered only as suggestion because of impact of

some inhomogeneity in the hybrid As2S3-ureasil structure as well as possible

changes at the border of matrix-grain (As2S3 chalcogenide cluster) are hardly to

be estimated in the DBAL experiment. In order to support this local conclusion as

revealed from the measurements carried out, the S and W data for the As2S3 glass,

Fig. 9.1 (a) Photographs and (b) SEM images for the pure ureasil matrix and ureasil-based

composites with two loading fractions of As2S3 (samples I – 0.1 g and II – 0.3 g)
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taken from the work [6] for the same activity of 22Na positron source (0.6 MBq),

geometry and thickness of Kapton films (8 μm), are also plotted in Fig. 9.2. It is

clear seen that the S-W data for the As2S3 glass and for the As2S3-ureasil composites

are located under the same straight line far away from the S-W data for the pure

ureasil, indicating that the same defect structure (voids) in the chalcogenide glass

may exist in the chalcogenide clusters (see, e.g., [13, 14] for S-W slope).

Why the Doppler lineshape parameters for the pure ureasil exhibit the lowest S and
the highest W values (Fig. 9.2)? To answer on this question the role of positronium

(an electron-positron bound state) formation should be taken into account. Indeed, the

PALS experiment [1] showed that the ortho-positronium (o-Ps) intensity or positro-

nium formation probability is significantly larger for the pure ureasil matrix com-

pared to the As2S3-ureasil composites. It should be noted here that the o-Ps formation

undergoes the pick-off annihilation process, i.e. to encounter an electron with the

appropriate “opposite” spin to the positron, and annihilate into 2 annihilation photons
than by the 3 annihilation photons in the vacuum, reducing the o-Ps lifetime from

about 142 ns (in vacuum) to a few nanoseconds in solid (see, for instance, review [4]

and references therein). Two-photon pick-off o-Ps decay creates photons with ener-

gies within the 511 keV photopeak, which are evenly distributed [15] and may impact

on the wings of the annihilation peak, resulting in W increases (S decreases). Thus,

the lowest S and the highest W values obtained are probably connected with the

largest value of o-Ps intensity for the pure ureasil matrix among other ureasil-based

composites under study [1].

Fig. 9.2 Doppler S versus W parameters for the pure ureasil matrix as well as ureasil-based

composites with two loading fractions of As2S3. The samples are marked as shown in Fig. 9.1. The

S andW data for As2S3 glass are taken from the work [6] for comparison. The solid line is drawn as
a guide for the eye (see text for details)
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9.4 Conclusions

The original results on the DBAL study of organic-inorganic hybrid ureasil-based

composites, containing polyether chains covalently linked to a silica framework

through urea bridges and As2S3 clusters, are reported. It is established that the

Doppler S andW parameters show significant structural difference between the pure

ureasil and the As2S3-ureasil composites, the effect is more essential as the loading

fraction of As2S3 increases. These new findings are in consistent with the previous

results of positron annihilation lifetime measurements for the same samples. The

DBAL results obtained are plausibly explained by the formation of specific

vacancy-type voids in the As2S3 clusters incorporated into ureasil matrix.
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Chapter 10

Creation of Blue Light Emitting Color
Centers in Nanosized Diamond
for Different Applications

L. Himics, S. T�oth, M. Veres, A. Czitrovszky, A. Nagy, D. Oszetzky,
A. Kerekes, Sz. Kugler, I. Rig�o, A. T�oth, and M. Ko�os

Abstract Plasma immersion ion implantation and focused ion beam treatment

techniques were used to create nitrogen-related complex defect centers in detona-

tion nanodiamond crystals. Helium implantation was used to produce vacancies in

the crystal structure, which was followed by the introduction of nitrogen ions (with

the same method). Heat treatment at 1,023 K was applied to initiate vacancy

diffusion and formation of complex defect centers. The sp2 carbon content of the

samples formed during the implantation and the high-temperature annealing was

decreased by oxidation at 723 K in air. Changes in the bonding structure were

monitored by Raman and infrared spectroscopic measurements after each step of

the defect creation process. It was found that the photoluminescence of nanosized

diamond changes remarkably as a consequence of different treatments and a new,

narrow, intense emission band develops in the deep blue wavelength region.

The N3 nitrogen-related complex defect center was considered as source of this

fine structured emission band in the luminescence spectrum.
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10.1 Introduction

Due to its unique properties, which provide a good basis for many important

applications and technologies now and in future, nanodiamond (ND) gained

much scientific attention from many research groups in the last decades. Particular

interest is devoted to the light emitting properties of different color centers in

diamond [1–3]. Most of these emit in the green-red wavelength region, but some,

like the so-called “N3” optically active defect, detected first in natural diamond,

emit in the UV or near-UV range. The N3 center has excellent emission properties,

which make it a good candidate as a active laser material for color center lasers, for

example. It was shown that the N3 center is thermally stable up to temperatures

above 800 K and exhibits no photobleaching even at extremely high power densi-

ties (up to 100 MW/cm2) [4]. It consists of three substitutional nitrogen atoms

situated in the (111) plane around a carbon vacancy in the diamond crystal and has

C3ν point symmetry [5]. In the case of the optically active N3 defect the zero

phonon line (ZPL) (characteristic parameter of different color centers allowing also

the identification of luminescent point defects in diamond) appears at 2.985 eV

(415 nm) in the photoluminescence (PL) spectrum. This center was observed earlier

in artificial single crystal CVD diamond films and also after intentional nitrogen ion

implantation of IIa type diamonds [4]. The situation for nanosized diamond, more

actual for nanotechnological applications, is not so auspicious. Except some liter-

ature data on the detection of optically active N3 defect centers [6] theirintentional

creation in ND was not demonstrated earlier.

In this paper we report on the formation of N3 color center ins detonation

nanodiamond crystals with average grain size below 20 nm using ion implantation

and subsequent heat treatments.

10.2 Experimental Details

10.2.1 Preparation of the ND Samples

“Layers” were prepared from nanodiamond powders in order to eliminate handling

difficulties of the samples during the different treatments and investigations. Com-

mercially available detonation ND powder (Neomond Ltd.) was mixed with dis-

tilled water and subjected to ultrasonication for 3 h. The concentration of ND in the

suspension was 1.5 mg/ml. After sonication 1,500 ml of ND slurry was dripped into

a 10 mm hole of a stainless steel ring placed on a silicon substrate. The ring was

used to limit the surface covered by the ND suspension. The samples were dried in

air for at least 48 h at room temperature. After removal of the ring a circular stain of

ND “film” was left on the silicon surface.
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10.2.2 Treatments

Samples were implanted using two different implantation methods: Plasma Immer-

sion Ion Implantation (PIII) and Focused Ion Beam (FIB) treatment with different

energies and fluences.

An acceleration voltage of U¼ 20 kV and a fluence of F¼ 1015 ion/cm2 were

used during the PIII treatment. The samples were implanted first with He+ ions,

followed by the N+
2 treatment.

For the FIB technique the acceleration voltage was U¼ 2 kV, and fluences of

F¼ 1.8� 1015 ion/cm2 and F¼ 1.5� 1015 ion/cm2 were used during He+ and N+
2

ion bombardment, respectively. The implanted samples were heat treated at

1,023 K for 2 h in vacuum, then annealed at 723 K for 5 h in air.

10.2.3 Characterization Techniques

Raman spectra of the samples were recorded in the 1,000–2,000 cm�1 region with a

Renishaw 1,000 Raman spectrometer equipped with a Leica microscope. The

488 nm line of an argon ion laser served as excitation source. After baseline

correction all spectra were normalized to the maximal intensity in the D-band

region and shifted along the ordinate for better visibility.

Fourier-transform infrared spectroscopic measurements were performed in the

1,000–2,000 cm�1 wavenumber region using a Bruker IFS28 FTIR spectrometer

attached to a microscope. The samples were tilted in order to eliminate interference

effects in the spectra.

Steady state photoluminescence was measured at room temperature in front face

geometry using a Horiba Jobin Yvon Fluorolog FL3-22 fluorimeter with a 450 W

xenon lamp as an excitation source. The spectral luminescence distribution of was

analyzed in the 1.8–4.25 eV photon energy range using 4.597 eV excitation. The

measured spectra were corrected for the spectral response of the system and for the

excitation intensity. The spectral resolution was between 4 and 17 meV.

10.2.4 SRIM Calculations

The Stopping and Range of Ions in Matter (SRIM) [7] computer program, a widely

used Monte-Carlo-simulation based software for the prediction of the stopping

depth of different ions in different structures of solid materials, was used to estimate

the depth distributions of the implanted ions and generated vacancies for 20 keV /

(PIII) and 2 keV (FIB) ions. Modelling parameters were: 3.15 g/cm3 for the density

of nanodiamond, 45 eV for the displacement energy and 4.3 eV for the surface

binding energy [8–10] in both cases.
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10.3 Results and Discussion

10.3.1 SRIM Calculations

Figure 10.1 shows the result of SRIM calculations. Since the fluences used with

PIII and FIB were similar, the acceleration voltage is the main parameter being

different for the two treatments. It can be seen that helium ion implantation with

20 keV energy creates vacancies in the 2–160 nm range with a maximum around

80 nm, while a ten times lower ion energy results in a five times shallower

vacancy distribution (2–30 nm). The results for the nitrogen ion distributions

are similar. While for 20 keV the nitrogen ion distribution is in the range of

1–60 nm, the lower ion energy resulted in a five times shallower implantation

region (1–11 nm). The formation of nitrogen-vacancy complexes is expected to

be of highest probability in the depth region where the vacancy and nitrogen

distributions overlap. However, the maximum of the distribution of complexes is

slightly shifted to lower depths, since vacancies are also generated by the nitrogen

implantation (black curve on Fig. 10.1) which can take part in the formation of

complex centers too.
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Fig. 10.1 The calculated depth distribution of vacancies generated by helium and nitrogen ions,

and of nitrogen-vacancy complex centers during 20 keV PIII and 2 keV FIB treatments
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10.3.2 Raman and FTIR Investigations

The Raman spectrum of an untreated sample is typical for small crystallite size ND

((a) in the left panel of Fig. 10.2). Due to the confinement effect the characteristic

diamond peak is shifted to lower wavenumbers and it is located at 1,324 cm�1.

Following the algorithm described in Ref. [11] and fitting the peak, the average

grain size was estimated to be around 12 nm for our sample. D and G bands

characteristic for amorphous carbon material can be seen around 1,355 and

1,590 cm�1 respectively. Other types of impurities assigned to surface functional

groups like OH (peak at 1,640 cm�1) and oxygen (peak at 1,740 cm�1) were also

detected in the spectrum of the sample. The weak so called “nanodiamond finger-

print” peaks (attributed to the υ1 and υ3 modes of trans-polyacetylene (t-PA)) can be

seen at 1,120 and 1,455 cm�1, respectively [12].
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Fig. 10.2 Left: Raman spectra of nanodiamond samples measured after different treatments:

(a) untreated, after He+ and N2
+ ion implantation by (b) PIII and (c) FIB techniques and after

complex heat treatment of the (d) 20 keV and (e) 2 keV samples. Right: FTIR spectra of

nanodiamond samples measured after different treatments: (a) untreated, after He+ and N2
+ ion

implantation and complex heat treatment by the (b) PIII and (c) FIB techniques
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Both ion implantation techniques affect the character of the Raman spectra

remarkably ((b) and (c) in the left panel of Fig. 10.2). The spectrum of the PIII

sample is now dominated by the G band of graphitic carbon.

Due to the increased, broad background in the D band region the diamond peak

is very weak, but still detectable. This finding indicates that the PIII treatment

causes graphitization of the diamond structure and the surface of the diamond

crystallites is transformed into graphitic amorphous carbon. The FIB implantation

has less impact on the bonding structure of the diamond sample, mainly because of

the ion energy one order of magnitude lower. The Raman spectrum of the FIB

implanted sample also contains the characteristic D and G bands, but compared to

the PIII case they contribute less to the scattering.

As a result of the complex heat treatments, performed at 1,023 K in vacuum and

at 723 K in air, the bonding structure of both types of samples has changed

remarkably ((d) and (e) on the left panel of Fig. 10.2). It is known that high

temperature annealing initiates vacancy migration and induces relaxation of the

implanted structure, while the oxidation in air at lower temperatures removes the

sp2 hybridized carbon content. After the treatments the diamond peak has become

more pronounced, especially in the PIII treated sample. The oxidation reduced the

non-diamond content in both samples, as is indicated by the remarkable decrease of

G band intensity. The “fingerprint” peaks can also be seen again in the spectra

recorded after the heat treatments.

FTIR spectroscopy was used to prove the presence of nitrogen impurities in the

nanodiamond structure [13]. New features were observed in the spectra recorded after

different treatments (right panel in Fig. 10.2), compared to the untreated sample. The

appearance of characteristic bands at 1,130, 1,284 and 1,370 cm�1 after both PIII and

FIB implantation evidences the introduction of nitrogen into the nanodiamond

structure. Peaks at 1,130 and 1,284 cm�1, appearing as weak shoulders of a broad

band, can be attributed to substitutional nitrogen and the more complex N2 center

consisting of two neighboring nitrogen atoms, respectively. The third peak at

1,370 cm�1 is observable as an individual band, but has a lower intensity than the

former two. This band can be assigned to the N3 center, containing three or more

adjacent nitrogen atoms. Detection of the above described nitrogen complexes in the

implanted diamond structures is in good agreement with the SRIM calculations

predicting a relatively narrow depth distribution of the nitrogen ions, which means

a relatively high nitrogen concentration in the implanted regions.

10.3.3 Photoluminescence

From the results of the SRIM calculations and the significant differences between the

Raman and FTIR spectra of untreated and ion implanted ND samples remarkable

changes can be expected also in the electronic structure of the investigated

nanodiamond samples. Its can be studied optically by photoluminescence spectros-

copy, which is widely used for the characterization of impurities and defects in
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diamond structures [14]. Due to the well-defined structure of optically active point

defects, the strong carbon-carbon bond and the relatively weak electron-phonon

interaction, PL allows easy identification of color centers in the diamond structure [15].

Figure 10.3 shows the evolution of the PL spectra after different treatments. The PL

spectrum of the untreated material excited with by Eex¼ 4.597 eV photons (Fig. 10.3a)

has a wide broad feature typical for small size nanocrystalline diamond and was

observed by many research groups [16, 17]. This broad band is explained as a result

of overlapping of narrow peaks attributed mainly to different functional groups on

crystallite surfaces and to structural defects created during the detonation process [17].

Curves (b) and (c) in Fig. 10.3 show the effect of He+ and N2
+ ion implantations

on the PL spectra for the PIII and FIB cases. PIII implantation causes considerable

modification of the PL band; at least three spectral components became distin-

guishable near 2.85, 3.09 and 3.6 eV photon energies. A small enhancement on the

low energy side near 2.3 eV can also be observed. In addition, the emission

intensity is decreased remarkably, as it can be seen from the signal-to-noise ratio.

The unresolved components around 3.6 eV are related to different types and

combinations of nitrogen defects and vacancies [4] and indicate the formation of

nitrogen-related defects during the implantation. The emission band in the 2.7–

3.0 eV range can be assigned to the well known N3 color center. The enhancement

around 2.3 eV is due to non-diamond carbon structures created by the implantation.
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Fig. 10.3 Photoluminescence

spectra of (a) untreated, (b)
PIII and (c) FIB implanted

samples. Curves (d) and (e)
are PL spectra taken after

complex heat treatment of PIII

and FIB treated samples,

respectively. All spectra were

normalized to the maximal

peak intensity and shifted

along ordinate for clarity
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The FIB treatment causes similar changes in the PL spectrum as PIII

(Fig. 10.3c), but the dramatic decrease of the signal-to-noise ratio was not observed.

Since the lower ion energy used in FIB implantation is less destructive, less sp3

hybridized carbon atoms transform into emission-quenching sp2 ones compared to

PIII. This is also supported by the Raman measurements (Fig. 10.2). A well

pronounced broad luminescence band with a maximum around 2.75 eV appears

in the spectrum of the FIB implanted sample overlaps with a broad band at higher

energies. This band can be related to substitutional nitrogen and other nitrogen-

related defects in the structure [18].

PL spectra recorded with the implanted samples show that both implantation

techniques are suitable for the introduction of nitrogen into the ND structure, but the

formation of “good quality” complex centers requires further treatments. Curves

(d) and (e) in Fig. 10.3 represent the PL spectra after heat treatments of the PIII and

FIB samples. Well defined emission bands developed in both cases, the detailed

analysis of which proves the formation of N3 defect centers: the zero phonon line at

2.98 eV and the phonon side bands at lower photon energies, partially resolved at

2.83 and 2.71 eV, are characteristic for this type of defect in diamond. The phonon

replica with 150 and 120 meV spacings are slightly different from those observed

for large diamond crystals, but this is due to the differences in local phonon modes

of nanocrystalline and macroscopic diamond.

10.4 Conclusions

A relatively intense deep blue light emission band, attributed to the N3 complex

defect center was obtained in nanosized diamond with average grain sizes below

20 nm by He+ and N2
+ implantation using 20 keV and 2 keV ion energies and

subsequent heat treatments. Raman and infrared spectroscopies show remarkable

changes in the bonding configuration of the samples after the different treatments

and proved the introduction of nitrogen and the formation of complex nitrogen-

related defect centers in the diamond structure, the light emission properties of

which were examined by PL measurements. Our results demonstrate the effective-

ness of low-energy implantation methods for the formation of light emitting centers

in nanodiamonds.
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Chapter 11

Characterization of Graphene Produced
by Electrolysis in Aqueous Electrolytes

Aleksandar Petrovski, Aleksandar Dimitrov, Anita Grozdanov,

Beti Andonović, and Perica Paunović

Abstract This work is concerned with the production of graphene using

electrolysis in aqueous electrolytes with a reverse change of the potential. As

electrodes and precursors for the graphene production highly oriented graphite

was used. The electrolytes used were: H2SO4 (pH¼ 0.5); H2SO4 +KOH

(pH¼ 1.2) and H2SO4 +NaOH (pH¼ 1.2). The produced graphene samples were

characterized by means of scanning and transmission electron microscope (SEM

and TEM) and Raman spectroscopy. The size of the crystallites and the number of

layers of the studied graphene samples was determined. It was found that by the

proposed electrochemical method graphene with few layers only can be produced.

Keywords Graphene • Graphene layers • Crystallite size • Electrolysis • Reverse

voltage

11.1 Introduction

Graphene is the last discovered graphitic material consisting of sp2-bonded carbon

atoms packed into a two-dimensional (2D) honeycomb lattice [1]. It exhibits

superior physical properties such as electrical conductivity, mechanical character-

istics, elasticity, thermal conductivity, optical transparency and a high specific

surface area (2,630 m2 · g�1) [2, 3] as well as environmental stability. Therefore,

graphene can be used in electronics for the fabrication of transistors or integrated

circuits, computer chips, in optoelectronics for light-emitting devices (LED), as

sensor in various fields such as medicine, photo-detection, environmental monitor-

ing etc., as photocatalyst in solar cells, as electrochemical supercapacitors, and in

biomedicine and biotechnology, etc. [3–5].

The short history of graphene includes an intensive research and numerous

publications focused on the study of its structure and properties, the development
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of methods for its production and application in many different fields of modern

life. There are several well-developed methods for graphene production such as

mechanical exfoliation, among them chemical vapor deposition (CVD), chemical

exfoliation, liquid phase exfoliation of graphite or thermal decomposition of SiC

etc. [6]. Particular attention was paid to the development of methods for production

of high quality graphene (monolayerd or few layers only) with increased production

yield and low production costs. Electrochemical approaches are a suitable alterna-

tive for a high-yield production of graphene since electrolysis is simple, environ-

mentally friendly, economic (taking place at ambient conditions) and flexible (the

thickness can be controlled by potential or current adjusting). From the electrode

reaction’s point of view, there are two basic approaches to produce graphene:

(i) anodic oxidation of graphite to produce graphene oxide (GO) and further

cathodic reduction to graphene and (ii) direct cathodic reduction to for produce

non-oxidized graphene [7–9]. From the electrolyte’s point of view the electrochem-

ical procedures can be divided in electrolysis in (i) aqueous and (ii) non-aqueous

solutions. The mostly used aqueous electrolytes are sulfuric [10] and perchloric

acids [11]. Non-aqueous electrolytes used for the electrochemical production of

graphene are organic solvents, ionic liquids or molten salts. Ionic liquids have the

added advantage of being non-volatile; they are also biodegradable [12].

The aim of this work is to produce graphene using a reverse potential in a

sulfuric acid electrolyte.

11.2 Experimental

Electrolytic exfoliation of highly-oriented graphite electrodes in an aqueous

electrolyte with reverse change of the voltage between anode and cathode was

performed in order to produce graphene. The electrochemical setup is schemati-

cally shown in Fig. 11.1.

As electrodes, two types of commercial graphite were used (M1 and M2). The

reverse voltage was changed from +15 V to �15 V. Before the electrolysis, all

electrodes were pretreated at constant reverse voltages of +5 V to �5 V for 5 min.

The electrolytes used were (i) pure sulfuric acid (pH¼ 0.5), (ii) sulfuric acid with

KOH (pH¼ 1.2) and (iii) sulfuric acid with NaOH (pH¼ 1.2), prepared using

chemicals of high purity.

During the electrolysis, as a result of exfoliation of graphite electrode, sheets of

graphene are suspended into the electrolytic solution. After electrolysis, the solu-

tions were filtered through vacuum-filter; thereafter, the fine graphene sheets were

washed several times with distillated water.

The studied graphene samples were observed by scanning electron microscopy

(JEOL 6390) and transmission electron microscopy (FEI Tecnai G2 Spirit TWIN

equipped with LaB6). Structural characterisation as well as an estimation of the

crystallite size and the number of layers were performed by Raman spectroscopy

(micro-Raman multichannel spectrometer Horiba JobinYvon LabRam 300 Infinity).

104 A. Petrovski et al.



11.3 Results and Discussion

For preliminary estimation of the produced graphene quality and selection of the

samples for further investigation, SEM observation was performed. SEM images of

the studied graphene are shown in Fig. 11.2.

The morphology of the samples corresponds to graphene material with a trans-

parency characteristic for this type of material. According to literature, graphene

shows a high transparency (97,7 %) [13]. Due to strong acidic medium, the sample

produced in pure sulfuric acid (pH¼ 0.5, Fig. 11.2a, d) are highly defective, with

large aggregates (around 30 μm) and the lowest transparency. With addition of

alkalis the produced material is less damaged, with smaller aggregates (10 μm) and

higher transparency. The improvement of the sample quality as result of the

addition of alkalis can be explained by the lower aggressivity of the electrolyte

(lower acidity, higher pH), causing lower concentrations of defects. Na+ and K+

ions also improve the exfoliation process. Na+ ions show better effects than K+ due

to the smaller atomic radius (rNa¼ 186 pm vs rK¼ 227 pm). Generally, at the

applied voltage, the material produced has an appropriate quality and show a high

yield of graphene. Comparing the samples produced from the graphites M1 and M2,

one can conclude that better morphology and transparency, i.e. better exfoliation

was observed for the samples originating from graphite M2 as a result of the more

oriented structure and quality.

1
2
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7 8

9

10 11

V A
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Fig. 11.1 Electrochemical setup for the production of graphene in aqueous electrolytes.

1. Graphite electrodes; 2. Electrolyte; 3. Cooling water bath; 4. Magnetic stirrer; 5. Contacts;
6. Electrical conductors; 7. Electronic timer; 8. Power switch; 9. AC rectifier; 10. Voltmeter;

11. Ampermeter
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In Fig. 11.3 TEM images of some samples are shown. Generally, one can say

that the morphology of the graphene produced by reverse electrolysis in aqueous

electrolytes is similar to graphene published elsewhere. The graphene sheets are

broken and intertwined. There is a low amount of impurities, fibers, non-exfoliated

graphite and amorphous carbon. The thickness of the samples varies from a few

nanometers to 20 nm.

Also, according to the TEM analysis, the graphene produced from graphite M2

in sulfuric acid with NaOH shows the best characteristics: the lowest thickness and

the least number of layers (4–6). According to the TEM images, the graphene sheets

are monolayered, few-layered and multilayered in different parts of the sample.

This is obvious from the graphene transparency in some parts and is in accordance

with Raman analysis for the determination of the number of layers.

Raman spectroscopy is an appropriate technique for a structural study of

graphene which provides a lot of information such as a qualitative identification

of graphene, the level of ordered and disordered structure, the presence of defects,

the number of layers, the size of crystallites etc. Raman spectra of the studied

graphene samples are shown in Fig. 11.4. The main peaks characteristic for

graphene are the D, G and 2D bands. The G band (near 1,580 cm�1) is the primary

mode in graphene and graphite and attributed to the ordered crystalline structure

[14]. Samples 4 and 6 produced from the second type of graphite M2 show a higher

degree of crystallinity. The D band (near 1,350 cm�1) is attributed to disorder in the

graphene structure, i.e. to the defects present in the graphene plane. It is result of

one-phonon vibrational lattice processes [14]. This band is typically less pro-

nounced in graphite and graphene. If it is pronounced one can conclude that the

tested material contains a lot of defects. The studied samples, especially those

originating from graphite M1 show D bands higher than the G band, which is

Fig. 11.2 SEM images of the studied samples: (a) M1, H2SO4; (b) M1, H2SO4 +KOH; (c) M1,

H2SO4 +NaOH; (d) M2, H2SO4; (e) M2, H2SO4 +KOH; (f) M2, H2SO4 +NaOH
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Fig. 11.3 TEM images of the studied samples: (a) M1, H2SO4; (b) M1, H2SO4 +NaOH; (c) M2,

H2SO4; (d) M2, H2SO4 +NaOH
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Fig. 11.4 Raman spectra of the graphene samples studied
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characteristic for an ordered structure. There is a similar situation in sample

5 originating from graphite M2.

The ratio of intensities the of the D and G peaks ID/IG is a measure for the order/

disorder of the graphene structure. Also, this ratio can be used to estimate the

average crystallite size of the sp2 domains. The relation between ID/IG and the

average crystallite size of the sp2 domains La is given by the equation of Tuinstra

and Koenig [15]:

ID
IG

¼ C λð Þ
La

ð11:1Þ

C(λ) is a wavelength dependent prefactor: C λð Þ ¼ �12:6þ 0:33 � λ [15]. λ is the
laser wavelength at which the Raman spectra were recorded, i.e. in this case

532 nm. Therefore, for the studied samples C λð Þ ¼ 4:956. The intensities of the

D and G peaks can be expressed by the height of the peak, the surface area of the

peak measured from the base-line, or by the full width at half maximum (FWHM).

Mostly, the full width at half maximum is used [16]. The ID/IG ratio expressed by

FWHM and the calculated crystallite size La of the studied samples are shown in

Table 11.1. The crystallite size varies from 3.26 nm for sample 6 produced from

graphite M2 in sulfuric acid with NaOH to 4.16 in sample 1 produced from graphite

M1 in sulfuric acid.

The 2D band is the second order peak of the D band; it appears as result of

vibrational lattice processes. Although the 2D peaks of the samples studied are not

so pronounced, they indicate the presence of graphene rather than graphite. The

2D band is not attributed to defects in the structure, but depends on the number

of graphene layers. Thus, analyzing the intensity ratio of the 2D and the G peak

I2D/IG the number of layers can be estimated [9, 17]. For the samples produced

Table 11.1 Raman analysis of studied graphene samples

Sample

D G 2D

ID/IG La, nm

Position, cm�1 Position, cm�1

Position, cm�1ID (FWHM), cm�1 IG (FWHM), cm�1

1 1345.8 1591.9 2683.2 1.20 4.16

75.74 63.22

2 1345.67 1585.77 2678.5 1.48 3.35

97.45 66.01

3 1346.27 1592.12 2682.5 1.26 3.93

78.20 62.07

4 1354.1 1578.48 2683.5 1.26 3.93

50.48 39.91

5 1343.04 1576.6 2678.4 1.20 4.13

68.24 56.81

6 1341.05 1581.01 2692.4 1.52 3.26

72.59 47.67
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from graphite M1 (Fig. 11.4 left), the 2D peak is less pronounced indicating the

presence of multilayered graphene (more than 8 layers). For the samples produced

from graphite M2 (Fig. 11.4 right), the 2D peak is more sharp and intensive. This

and the fact that the G band of these samples is shifted to wave numbers lower

than 1,582 cm�1 indicate that these samples have fewer layers (4–6 layers) and a

better quality than the previous ones. According to the Raman analysis, it is

evident that the sample 6 produced from graphite M2 in sulfuric acid with

NaOH shows the most appropriate structure characteristics of all studied graphene

samples.

11.4 Conclusions

This work presents a method for high-yield graphene production by electrolysis in

aqueous solutions using reverse potential. Several techniques were used to charac-

terize the obtained graphene samples.

• SEM images have shown that the graphene samples produced at reverse voltage

of 15 to �15 V have the high transparency characteristic for graphene material.

Graphene produced from graphite M2 has shown better transparencies than

those produced from graphite M1, indicating less defects and less number of

layers.

• Morphology testing was done by TEM. Generally, it was found that the mor-

phology of graphene produced by the reverse electrolysis in aqueous electrolytes

is similar to graphene produced by other methods. The graphene sheets are

broken and intertwined. There is a low amount of impurities, fibers,

non-exfoliated graphite and amorphous carbon. The thickness of the samples

varies from few nanometers to 20 nm.

• Using the Raman spectroscopy, structural parameters were determined. The

crystallite size varies from 3.26 nm for the sample 6 (graphite M2) in H2SO4

with NaOH to 4.16 nm for sample 1 (graphiteM1). The obtained values for I2D/IG
from the FWHM of the corresponding peaks indicate that the obtained samples

consist of 4 to 6 layers.
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Chapter 12

Simultaneous CVD Growth
of Nanostructured Carbon Hybrids

N.F. Santos, A.J.S. Fernandes, T. Holz, R.F. Silva, and F.M. Costa

Abstract In this work theMPCVD (microwave plasma chemical vapour deposition)

conditions for the growth of nanocarbon hybrids were studied. Using a single run

MPCVD procedure, nanocrystalline diamond (NCD) and carbon nanotubes (CNTs)

hybrids were obtained using a continuous delivery of catalytic Fe particles. The

grown films were characterized by Scanning Electron Microscopy (SEM) and

μ-Raman spectroscopy, proving the coexistence of sp2 and sp3 bonded phases, either

in a dense multi-layer arrangement or in a porous 3-D like morphology. Without the

addition of a catalyst, NCD/carbon nanowalls (CNWs) hybrids were also synthe-

sized. High quality and well intercalated hybrid carbon forms were successfully

obtained in a simultaneous growth procedure.

Keywords Carbon nanotubes • Carbon nanowalls • Nanocrystalline diamond

• Hybrid • Simultaneous growth

12.1 Introduction

Despite some decades have passed since the discovery of NCD, CNTs and CNWs,

these carbon nanostructures (CNs) are still a matter of intense scientific and

technologic research worldwide [1]. The scale reduction to the nanometre size

and their different spatial arrangements, combined with distinct physical and

chemical properties arising from each type of C-C bond hybridization, results in
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rather diverse mechanical, electronic, thermal and chemical properties of the

different carbon allotropes.

NCD material (sp3 hybridization) is characterized by conserving the superior

hardness and wear resistance observed for single crystal diamond [2, 3]. Addition-

ally, it is dimensionally stable with temperature, chemically inert and biocompat-

ible, accepting functionalization and allowing a wide range of electrical conduction

tunability by incorporation of n or p dopants (N and B, respectively) [4–6].

Distinctly, CNTs and other sp2 coordinated CNs provide exquisite mechanical,

thermal and electronic properties such as a high tensile strength, very high

geometric aspect ratios, superior thermal and electrical conductivities and the

possibility of bandgap tuning, among others [7]. Hence, a lot of efforts have been

spent for the development of nanostructured carbon hybrids, aiming at synergisti-

cally combining specific carbon allotropes (and thus their properties) in the form of

a hybrid thin film. In fact, a sp2-on-sp3 technology is a currently debated item

among the scientific community [8–10]. However, the formation of a truly hybrid

material implies a high interfacial area and strongly bonded CNs. In order to obtain

a good intercalation and strong linkage between the NCD and CNT phases, a

simultaneous growth mechanism is highly desirable. This growth mode is possible

with the CVD technique, assisted by a continuous delivery of catalytic particles,

enabling also the synthesis of multi-layered hybrid films [8, 11]. If properly

combined, these carbon nanostructured hybrids could form a framework for the

development of a new class of efficient and high-performance microelectronic and

electrochemical systems such as low noise THz-frequency transistors, stable micro-

electromechanical systems (MEMS) with superior Q factors, efficient high-current

cold cathodes for field emission devices (FEDs), high selectivity/sensibility gas and

biomolecule sensors, and high surface area electrodes for supercapacitors, among

others [12–15].

In this work, the routes for single-run MPCVD synthesis of two types of

well-intercalated nanocarbon hybrids are presented. The first is composed of linked

NCD and CNT phases, while the second is formed by vertically aligned CNWs

(also known as carbon nanoplatelets) covered by a thin layer of NCD. The

development of the two hybrid nanostructures depends on the MPCVD growth

parameters and on the use of catalytic phases.

12.2 Experimental

The substrates used for nanocarbon hybrid synthesis consisted of 1.25� 1.25 cm2

squares cut from a <100> oriented p-type Si single crystal wafer. The substrates

were mechanically abraded using a BUEHLER Microfloc® cloth impregnated with

diamond powder (Saint-Gobain, <500 nm) ultrasonically dispersed in ethanol

(1.5 g/l). This procedure is used for both abrading the Si surface, leaving active
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nucleation ‘scars’, and for enhancing the production of nanodiamond fragments

adhered to the scratched substrate. Both effects are known to play important roles if

a high diamond nucleation density is to be attained [16]. The scratched substrates

were then thoroughly rinsed in ethanol and dried under a low-pressure N2 flow.

A continuous delivery of Fe catalyst impurities for CNT formation was accom-

plished via a dual-mechanism method developed by Fernandes et al. [8].

Sub-millimetric cast iron chips were placed in the surroundings of the Si square

substrates, on a cooled Mo holder (Fig. 12.1). The migration of catalytic particles is

achieved both by (i) Fe direct diffusion to the nearby growing film surface and

(ii) plasma co-deposition, which involves etching of the Fe chip by the harsh plasma

conditions and subsequent deposition via a solid-gas-solid mechanism.

The NCD/CNT hybrid growth was carried in a 2.45 GHz MPCVD reactor

(ASTeX PDS18). The samples were exposed to a range of parameters, namely

the microwave (MW) power and the total gas pressure (1.75–3.5 kW, 75–100 Torr,

respectively) were varied. The weight amount of Fe chips was fixed to 400 mg in all

growths. A gas composition of 5 vol.% CH4 and 1 vol.% N2 diluted in H2 was used

for 40 min to promote an initial nucleation of the NCD phase and the formation of a

first thin layer in which the hybrid material is to develop. Next, a modulation of the

gas composition to 15 vol.% CH4 and 1 vol.% N2 diluted in H2 for 20 min was

performed to induce the CNT formation and hybrid phase development. This

modulation of the gas composition results in a temperature increase as methane

dissociation releases more energy than hydrogen’s counterpart. This temperature

change was detected by a thermocouple in contact with the backside of the cooled

Mo holder. Although the setup does not allow the accurate determination of the

temperature of the synthesis surface, the iron chips acquired a red/orange colour

during growth characteristic of temperatures above 700 �C. The same parameters

were applied to pre-treated substrates without the presence of the catalyst for

growing the NCD/CNWs hybrids. The resulting samples were characterized by

scanning electronic microscopy (SEM, Hitachi SU70) and μ-Raman spectroscopy

(Horiba JY HR800) using a 442 nm laser (~1 μm diameter laser spot).

Fig. 12.1 Scheme of the

experimental arrangement

used for continuous catalyst

delivery
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12.3 Results and Discussion

The range of MPCVD parameters used in this work produced samples with

different morphologies and phase contents. The parameter modulation during

growth is a complex task as many variables are mutually dependent. Additionally,

the presence of nearby iron compounds during the NCD/CNT hybrid growth added

to the complexity. In the high power/pressure regime the films obtained have a dark

greyish colour, which is typical for NCD films. The presence of NCD is further

depicted in the corresponding SEM micrographs (Fig. 12.2a), where a network of

CNTs (region 2) is clearly distinguishable, partially embedded in micrometre-sized

NCD clusters (region 1), which tend to coalesce. Also visible is an underlayer

beneath the NCD/CNT hybrid structure, consisting in NCD with mixed Fe catalytic

particles. In fact, some of the CNTs arise from that layer and are often found to be

linked to the upper NCD clusters, suggesting a strong mechanical interlock. The

CNTs either penetrate or wrap the NCD clusters, in agreement with previous

observations using the same catalyst-delivery technique [8]. The high aspect-ratio

MWCNTs have diameters with an appreciable dispersion but are smaller than

70 nm, while their lengths range from one to several tens of μm.

Fig. 12.2 SEM micrographs of as-grown samples: (a) with the presence of Fe catalyst at high

MW power regime, (b) with the presence of Fe catalyst at low MW power regime, and (c) without
the presence of Fe catalyst

114 N.F. Santos et al.



The Raman data (Fig. 12.3) collected from the NCD clusters in region 1 exhibits

a strong and narrow peak, corresponding to the T2g mode of sp3 bonded diamond at

1,332 cm�1. Furthermore, the presence of the bands at ~1,150 cm�1 and

~1,480 cm�1, corresponding to trans-polyacetylene (TPA) at the NCD grain bound-

aries (GB), is an unequivocal signature of the nanoscale nature of the film. In

fact, these features appear only when the GB density reaches extremely high values,

since the TPA contribution to the overall Raman signal is only moderate. Addi-

tionally, a broad band at ~1,225 cm�1 is also present. Although the origin of this

feature in NCD films is not yet fully understood, it may correspond to a peak in the

VDOS due to the relaxation of the q¼ 0 rule occurring in small-grain NCD. Also

present in the spectrum of region 1 is the disorder-induced dispersive D-band

(~1,370 cm�1) corresponding to the breathing modes of sp2 coordinated defective

graphitic phases at GBs. Along with it, the graphite G-band (1,580 cm�1) appears,

assigned to the sp2 C-C stretching E2g mode. The band at 1,535 cm�1 is probably

due to “G-like” vibrational modes in graphitic materials displaying some disorder,

leading to the observed redshift. In addition, a small shoulder at ~1,620 cm�1

(D’ band) related to surface defects activated modes is also detected.

A rather distinct Raman spectrum is obtained in region 2. Here, the typical

features of CNTs, namely the D, G and D’ bands, are dominant, while those related

to the diamond phase are almost absent. The presence of the 2D symmetric band
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Fig. 12.3 Raman spectra of as-grown samples, normalized to the G-band and shifted in intensity

for clarity. (i) and (ii) with the presence of Fe catalyst at highMW powers, acquired in region 2 and

1 (see Fig. 12.2a), respectively, (iii) with the presence of Fe catalyst at low MW powers

(see Fig. 12.2b), and (iv) without the presence of Fe catalyst (see Fig. 12.2c)
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with a fair intensity, typical of well-structured MWCNTs, confirms the good quality

of the CNTs. The small shoulder at 1,332 cm�1 indicates that the excited volume

contains a fraction of sp3 bonded carbon, most likely due to signal arising from the

underneath layer.

Regarding the films grown in the presence of Fe chips at lower MW power/

pressure regime (Fig. 12.2b), the samples presented a dark appearance for the naked

eye. Under higher magnification, one can see that a porous, 3D-like network of

interconnecting CNT agglomerates is formed. The corresponding Raman spectrum

(Fig. 12.3) depicts the signature of CNTs, super-imposed to a background similar to

that of ultra-nanocrystalline diamond, characterized by a strongly convoluted

spectrum where the diamond peak is often absent. It has also to be noted that the

cross-section for Raman scattering of both sp3/sp2 phases is wavelength dependent

and the concentration of NCD phase on this sample is clearly lower when compared

with the sample grown at a higher power regime.

By removing the Fe catalytic particles during MPCVD growth another distinc-

tive structure is obtained, consisting in vertically aligned graphitic platelets covered

by a NCD film (Fig. 12.1c). The Raman spectra show the typical features of a

mixture of sp2 carbon phases with NCD (Fig. 12.3), as seen in the previous samples.

However, here the sp2-related bands are mostly due to the inner graphitic

nanoplatelets. In fact, the platelet-like NCD structure is only possible due to the

formation of an initial underlaying graphitic structure, since the growing habits of

pure NCD films are completely distinct than the observed. Although reported

elsewhere [17–19], this structure presents a good NCD phase crystallinity in a

fast synthesis routine.

12.4 Conclusions

A well-defined NCD/(NCD+CNTs) multilayer structure was successfully

synthesized in a single MPCVD run without the need for other time and resource

consuming steps, which often imply deposition of metallic catalytic films and

annealing processes. The intimate mixture of these two phases was also achieved

in a porous network of CNTs interconnecting NCD clusters. Additionally, a

catalyst-free and fast route to produce CNWs fully covered by a NCD layer is

presented.

The apparent strong linkage between the allotropes and the expected enhanced

properties of the hybrids are yet to be confirmed via appropriate techniques. If so,

the presented variety of nanocarbon hybrids might find applications in structural

layers for MEMS as well as electrodes for FEDs and gas/biomolecule sensors.
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Chapter 13

Wetting and Photoactive Properties of Laser
Irradiated Zinc Oxide – Graphene Oxide
Nanocomposite Layers

A. Datcu, A. Pérez del Pino, C. Logofatu, A. Duta, and E. György

Abstract Laser irradiation of zinc oxide (ZnO) – graphene oxide

(GO) nanocomposite layers obtained by the drop-casting method has been carried

out using a frequency quadrupled Nd:YAG (λ¼ 266 nm, τFWHMffi 4 ns, ν¼ 10 Hz)

laser source in air at atmospheric pressure or in controlled nitrogen atmosphere. The

dependence of the morphology and chemical composition of the layers on the

incident laser fluence, the number of accumulated laser pulses, and the ambient

atmosphere has been studied. A significant improvement of the wetting and

photoactive properties of the laser processed layers was attributed to nitrogen

incorporation. The kinetics of the variation of the water contact angle when the

samples are submitted to laser irradiation in nitrogen atmosphere is faster than that

of the samples irradiated in air, the surfaces becoming super-hydrophilic under UV

light irradiation.

Keywords Zinc oxide-graphene oxide nanocomposite layers • Laser irradiation •

Superhydrophilicity • Wettability • Photoactive properties
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13.1 Introduction

For industrial applications, one of the most exciting sub-fields of nanotechnology is

nanocatalysis focused on the photoactive properties of materials [1]. Much atten-

tion has been paid to the development of novel materials displaying more than one

interesting property. Among the photoactive materials, those based on zinc oxide

(ZnO) have deserved special attention due to its potential ability to form

multifunctional materials, combining its semiconducting features (ZnO is a wide

band-gap semiconductor) with a high thermal and chemical stability, and good

transparency in the infrared-visible spectral region [2]. Due to these attractive

properties ZnO is widely investigated, being a promising material for many appli-

cations in optoelectronics, gas sensors, transducers, filters, catalysts, as well as in

biomedical fields due to its biocompatible properties [3]. Furthermore, transition

metal oxides, and in particular ZnO, have peculiar wetting and photoactive prop-

erties [4]. It was found that their typical hydrophobic or slightly hydrophilic

character changes to highly hydrophilic upon UV light irradiation [5]. Several

products have already been designed based on this phenomenon, e.g. self-cleaning

construction materials or anti-fogging surfaces [6]. As reported, the original hydro-

phobic character of the films recovers after storage in the dark [4]. Thus, the control

of wetting contact angle even in the absence of UV light presents a challenge of this

field, providing the possibility to wash the surface contaminants where UV light

cannot be ensured. An option to obtain highly hydrophilic ZnO nano-composite is

to combine it with other highly hydrophilic materials, such as graphene oxide

(GO) [7] which offer the possibility to tailor the water contact angle. Motivated

by this idea, we herein report on a study of UV laser irradiation in air and controlled

nitrogen atmosphere, the incident laser fluence and the number of subsequent laser

pulses, on the surface morphology and photoactive properties of ZnO/GO

nanocomposite thin films by monitoring the water wetting angle evolution under

UV light irradiation.

13.2 Experimental

Preparation of ZnO/GO Nanocomposites Films A 100 μl dispersions of 1 wt.%

ZnO nanoparticles (NPs) and 0.5 wt. % GO plates in distilled water was deposited

by the drop-casting method on the surface of 10� 10 mm2 (001) SiO2 quartz

substrates and dried in air at atmospheric pressure and at 60 �C during 30 min.

Irradiation of the Obtained Sample The reaction chamber where the sample was

placed was evacuated down to a residual pressure of 10�4 Pa. The laser irradiation of

the films was performed with a Nd:YAG (λ¼ 266 nm, τFWHM¼ 4 ns, ν¼ 10 Hz) laser

source. The number of subsequent laser pulses was chosen in the range of 10–2,000.

The incident laser fluence was set at 10, 30, 50 or 100 J/cm2. The irradiations were

performed in air at atmospheric pressure or nitrogen at a pressure of 2� 104 Pa.
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Characterizations Morphological properties of the deposited thin films were

investigated by field emission scanning electron microscopy (FE-SEM) with the

aid of a QUANTA FEI 200 FEG-ESEM system. Energy dispersive X-ray spectros-

copy (EDX) analyses were carried out using an EDS Thermo Scientific Ultra Dry

silicon drift X-ray detector controlled by NORAN System 7 software. The hydro-

philic properties of the films were determined by measuring the contact angle of

distilled water using an OCA-20 contact angle system from DataPhysics Instru-

ments. A 3 μL volume liquid drop was placed in 0.5 μL/s steps on the surface of the
ZnO/GO composite thin films. Contact angles were measured during 5 min time

interval, the data were recorded with one second step.

13.3 Results and Discussion

SEM images of a ZnO/GO composite reference thin film obtained by the drop-cast

method are shown in Fig. 13.1. The ZnO NPs partially cover the micro sized GO

sheets (Fig. 13.1a). The higher amplification FE-SEM image (Fig. 13.1b) reveals

that the ZnO NPs have a homogeneous size distribution with an average diameter

around 20 nm (Fig. 13.1b).

The drop-cast samples were submitted to laser irradiation in air at atmospheric

pressure (Fig. 13.2) and in controlled nitrogen atmosphere at a pressure of

2� 104 Pa (Fig. 13.3). In air, at the lowest laser fluence value of 10 mJ/cm2, and

1,000 pulses a melting of the ZnO NPs takes place followed by the formation of

hundreds of nm sized interconnected grains (Fig. 13.2a), while for the GO sheets no

morphological changes can be observed in the FE-SEM images (Fig. 13.2b) under

the same irradiation conditions. Inter-connected molten aggregates of ZnO NPs can

also be observed at a higher laser fluence of 30 mJ/cm2 but a lower number of pulses

Fig. 13.1 FE-SEM images of a composite reference thin film consisting of ZnO NPs and GO

plates
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(Fig. 13.2c). With the accumulation of the laser pulses the dimensions of the inter-

connected molten aggregates increases (Fig. 13.2d). However, with the increase of

the laser fluence value to 50 mJ/cm2 vaporization of the irradiated material takes

place even at 10 subsequent pulses only.

It is well-known that laser-induced melting and vaporization thresholds are sig-

nificantly reduced for multi-pulse irradiation as compared to single-shot thresholds.

This interesting phenomenon, in the literature referred to as incubation effect, can be

explained by the changes in absorption of the incident laser radiation caused by the

creation of radiation-induced defects on the surface of the irradiated material [8].

In parallel experiments the ZnO/GO drop-cast samples were irradiated in con-

trolled nitrogen atmosphere (Fig. 13.3). In nitrogen atmosphere both the incident

laser fluence and the number of laser pulses necessary for the onset of the melting

process are higher as compared to the experiments performed in air. For an

irradiation with 50 mJ/cm2 fluence and 2,000 subsequent pulses the melting of

ZnO NPs takes place followed by the formation of inter-connected structures

(Fig. 13.3a) similar to those observed when the irradiations were conducted in air.

Fig. 13.2 FE-SEM images of ZnO/GO composite thin films irradiated in air at (a, b) 10 mJ/cm2

laser fluence and 1,000 subsequent laser pulses, and 30 mJ/cm2 laser fluence with (c) 100 or (d)
1,000 subsequent laser pulses
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At a laser fluence of 100 mJ/cm2 melting of the ZnONPs can be observed even at

10 subsequent laser pulses (Fig. 13.3b). An increase of the number of pulses leads to

a network-like structure consisting of large, hundreds of nm sized particles

(Fig. 13.3c, d) formed most probably by the coalescence of molten ZnO NPs.

Figure 13.4 shows a FE-SEM image of a ZnO/GO composite thin film irradiated

in 2� 104 Pa nitrogen with 100 mJ/cm2 laser fluence and 1,000 subsequent pulses,

and the corresponding EDX mapping of the element distribution (Zn, C, O, N) on a

surface.

The difference of the surface composition is clearly visible in the C and Zn maps;

the regions with more intense C signals corresponding to GO plates surrounded by

ZnO NPs visible in the Zn signal. The O signal contains contributions both from the

GO sheets and ZnO NPs as well as from the SiO2 quartz substrate. On the other

hand, the less intense N signal belongs to nitrogen incorporated during laser

processing.

Fig. 13.3 FE-SEM images of ZnO/GO composite thin films irradiated in 2� 104 Pa nitrogen

atmosphere at (a) 50 mJ/cm2 laser fluence and 2,000 subsequent laser pulses and 100 mJ/cm2 laser

fluence and (b) 10, (c) 1,000, or (d) 2,000 subsequent laser pulses
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The static contact angle values of ZnO/GO composites measured in the absence

of UV light irradiation in air as well as nitrogen atmosphere are much lower than

those characteristic for pure ZnO reported in the literature [4c, 8]. The reduction

kinetics of the contact angle is approximately five times faster in the case of the

samples irradiated in nitrogen as compared to those obtained in air, the surface

becoming super-hydrophilic after only 1 min of UV light irradiation. The better

performance of the samples submitted to laser treatment in nitrogen as compared to

those irradiated in air is attributed to nitrogen inclusion in the films. The contact

angle decrease on the UV illuminated surfaces is attributed to dissociative adsorption

of water molecules on the photogenerated surface defective oxygen vacancy sites [4c].

It is known that N doping of metal oxides enhances the formation of oxygen

vacancies [9].

13.4 Conclusions

The based ZnO/GO nanocomposite thin films were deposited by the drop-cast

method using ZnO/GO aqueous dispersions. The drop-cast samples were submitted

to laser irradiations using a frequency quadrupled Nd:YAG laser source in air and

controlled nitrogen atmosphere. The results obtained for the laser processed com-

posite layers for the water wetting angle evolution suggest that the incorporation of

Fig. 13.4 FE-SEM image of a ZnO/GO composite thin film irradiated in 2� 104 Pa nitrogen

atmosphere with a fluence of 100 mJ/cm2 and 1,000 subsequent pulses, and the corresponding EDX

maps of the elements Zn, C, O, and N. The surface area of the FE-SEM image is 30� 30 μm2
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GO in the ZnO thin films improves the photoactive properties after irradiation

atmosphere in air and in nitrogen. A better performance is obtained in the case of

thin film nano-composite ZnO/GO irradiated in nitrogen.
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Part V

Materials: Nanowires and Nanofibers



Chapter 14

ZnO Nanowires: Growth, Properties
and Advantages

Katerina Govatsi, Athanassios Chrissanthopoulos,

and Spyros N. Yannopoulos

Abstract One-dimensional anisotropic nanostructures, and in particular

nanowires, are under intensive investigations over the last decade owing to their

unique physical properties and their documented performance in a wide range of

opto-electronic and nano-photonic devices. Here, we present a short overview of

the main assets of nanowire arrays with particular emphasis as materials for solar

energy harvesting and conversion. A brief survey on the main growth techniques of

ZnO nanowires, i.e. chemical vapor deposition and solution chemistry is also

presented.

Keywords Nanowires • Zinc Oxide • Energy conversion

14.1 Introduction – Remarks on Nanomaterials

The nature of a number of physicochemical effects changes drastically as the size of

the system decreases down to the nanometer scale. Two main categories of changes

occur, i.e. those which include quantum mechanical effects and those which arise
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from the enhanced surface area to volume ratio. Quantum-size and confinement

effects prevail when the particle size r becomes comparable to the Bohr radius,

i.e. when r is smaller than ca 5–10 nm. In this case, the optical and electronic

properties of solids are significantly altered; the bandgap increases and strong

modifications of the electrical properties occur. For larger sizes, but still at length

scales well below 100 nm, surface effects play a dominant role, while quantum-size

and confinement effects are not important. The main changes observed pertain to the

thermal, mechanical, and chemical (catalytic) properties of the material in question.

Nanomaterials or nanostructured materials are usually classified into three

categories depending on their shape, i.e. zero-dimensional (0D), one-dimensional

(1D) and two-dimensional (2D). Quantum dots and nanowires/nanorods are typi-

cally used to describe 0D and 1D materials, respectively [1]. Quantum dots are

perhaps the most common example of semiconductor nanostructures confined in all

three dimensions; their hallmark is the tunability of their optical properties used for

in vivo imaging and diagnostics [2]. However, over the last two decades, another

important class of 1D semiconductor nanostructures aroused considerable interest.

Such structures have cross-sections in the range 10–100 nm and lengths extending

to several micrometers. Although the term “nanowhiskers” was originally used [3]

to describe the growth of ultrafine InAs whiskers with diameters less than 20 nm on

GaAs substrates, the term nanowires (NWs) has prevailed [4]. The merit of these

anisotropic nanosized objects is that confinement – with its availing consequences

in the material’s properties – occurs only in two dimensions while the third

micrometer-sized dimension makes the manipulation of NWs in technological

applications feasible. The long dimension also provides a pathway for the fast

and lossless transport of electrons, holes and photons, rendering NWs favorable

candidates for micro/nano-electronics and nano-photonics.

14.2 Why Nanowires?

As mentioned above, NWs combine spatial confinement effects in 2D with the

ability of feasible manipulation (long dimension). The majority of the current

investigations concerning applications of NWs pertain to the field of renewable

energy sources and in particular to solar energy harvesting and conversion. In this

context, the unique electrical and optical properties of NWs render these 1D objects

important energy conversion materials with applications in solar and photo-

electrochemical cells. Perhaps, the major advantages of NWs nanowires are the

integrity and qualities of their structure. Their single-crystalline nature ensures very

small defect density and the absence of other structural irregularities within the

NW. In addition, the growth of NWs is not only limited to semiconducting oxides.

A wide class of materials, including superconductors, metals, insulators, semi-

conductors and so on, can be produced as NWs. Rational growth methods have

been developed allowing today the fabrication of arrays/assemblies of nanowires of

various geometries and orientations as shown in Fig. 14.1. Oriented NWs perpen-

dicular (vertical, Fig. 14.1a) and parallel (in-plane, Fig. 14.1b) to the substrate, as
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well as meshes of ordered NWs can be fabricated, which depending on the aspect

ratio of NWs and the pitch of the array, provide tunable physical properties, such as

optical, electrical, magnetic, and so on. More complex nanostructures, called

nanoforests, have been envisaged to provide enhancement of the surface area, in

comparison to simple NWs, where hierarchical growth results in tree-like morphol-

ogies, as illustrated in Fig. 14.2. Such hierarchical structures have been shown to

result in a 5-fold increase of the solar cell efficiency compared to simple upstanding

ZnO NWs [5]. The efficiency increase was assigned to the enhanced surface area,

which made higher dye loading and light harvesting possible. In addition, the

branched geometry offers direct conduction pathways resulting in the reduction

of charge recombination.

Fig. 14.1 Arrays of NWs: (a) Vertical growth, (b) in-plane growth, (c) ordered mesh of in-plane

grown NWs

Fig. 14.2 Upper row: Schematic illustration of the growth of branched NWs. Bottom: Scanning
electron microscopy images of branched NWs: tilted view (left) and cross section (right) (Adapted
with permission from Ref. [5], copyright (2011) American Chemical Society)
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14.3 Nanowire-Based Solar Cells

Several merits of NW-based solar cells have been considered to demonstrate their

superiority over planar photovoltaic devices (based on wafers and thin-films).

Improved optical and electrical properties, less semiconducting material, differ-

ent charge separation mechanisms and strain relaxation effects, less demand on

crystallinity purity, cheap and flexible substrates are some of the advantages of

the NW-based solar cell devices with efficiencies (1–10 %) comparable, but still

inferior, to those of their planar counterparts. A number of materials has been

employed to fabricate NW-based solar cells including ZnO, TiO2, SnO2, ZnS,

CdTe, CdSe, Si, Ge, CuO, GaN, InGaN, GaAs, InAs, and so on. Several steps are

involved in the process of light-to-energy conversion. Minimizing the losses in

each step is essential for increasing the efficiency. These steps include: (i)

absorption of the incident light, (ii) light-induced generation of electron-hole

pairs (excitons), (iii) separation of excitons which is caused by the electric

potential gradient generated within the structure, and (iv) collection of the carriers

at the electrodes [6, 7]. It should be noted here that NWs exhibit significant

efficiency in trapping light, if they are properly configured, for an effective

exciton generation. In addition, the dimensions of NWs fall in the range of the

carrier diffusion length and hence the collection of free carriers is highly facili-

tated in the separation process. Both features render NWs ideal candidates for

solar energy conversion.

14.3.1 Light Harvesting Advantages of Nanowires

Two main factors may affect (limit) light absorption by active photovoltaic mate-

rials: reflection, where not all photons enter into the active material and transmis-

sion, where the active thickness of the material is not optimal to trap enough

photons. Therefore, activities are directed towards the development of both anti-

reflection coatings and nanostructures that offer enhanced light trapping.

Regarding the decrease of light reflection, the main approach is to develop

coatings with refractive index intermediate between the refractive indices of the

material and the air. This approach works well to prevent reflection of a given

wavelength only, thus being not so useful taking into account the broad solar

spectrum. More than one layer can be used to achieve better anti-reflective perfor-

mance. However, an arrangement with a continuously-graded refractive index

would tackle the problem of reflection losses. Such a possibility for an effective

gradually changing refractive index is provided by tapered or nanocone-shaped

nanowire geometries. To this end, solution-grown ZnO nanorods were investigated

as effective anti-reflective coatings for Si solar cells and were compared to

conventional single layer (SiN) anti-reflective coatings [8]. It was found that in

comparison to the single anti-reflective layer, ZnO nanorod arrays exhibited
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broadband reflection suppression over a wide spectral range, i.e. from 400 to

1,200 nm. It was shown that a tapered geometry of the nanorods with an average

tip diameter of 10 nm are able to provide a weighted reflectance of ~6.6 %, which is

better than an optimized SiN single anti-reflective layer (Fig. 14.3). Similar effects

were exhibited by nanowires of other materials, i.e. Si [9] and GaP [10]. Similar

results were obtained for amorphous hydrogenated silicon (a-Si:H) nanowire and

nanocone arrays [11] where a good agreement between experimental and calculated

results was found as shown in Fig. 14.4. It was demonstrated that more than 90 % of

light is absorbed at angles of incidence up to 60� for a-Si:H nanocone arrays, which

was higher than NW arrays (70 %) and thin films (45 %).

Regarding optimum trapping of the incident light, it should be kept in mind that

the size of the nanostructures is a key parameter, as particles with sizes considerably

Fig. 14.3 Array of highly tapered ZnO NWs: (a) side view SEM image, (b) schematic illustration

of the NW parameters. (c) Effect of the ZnO NW morphology on the (calculated: red and blue)
reflectance spectra of the array: highly tapered array with uniform length (1), 10 % length variation

(2), and experimental data (3) (Adapted with permission from Ref. [8], copyright (2008) American

Chemical Society) (Color figure online)

Fig. 14.4 Experimental (a) and calculated (b) absorption for a-Si:H samples at normal incidence

for thin film (1); nanowire (2) and nanocone (3) morphologies (Adapted with permission from Ref.

[11], copyright (2009) American Chemical Society)
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smaller (i.e. <50–100 nm) than the wavelength of the visible light appear

“transparent” to light. Increasing the effect of light scattering within nanoparticle

films has been considered as a mean to increase the photon-capture efficiency. The

increase of light scattering can be achieved by adding submicron-sized particles

into a nanoparticle film [12]. Although this effect might be compromised by the

decreased surface area of the larger particles, it has been shown that polydisperse

aggregates of ZnO particles with a broad size distribution can enhance the optical

absorption and hence the light-harvesting efficiency of solar cells [13]. This

enhancement is attributed to the increased light scattering, which originates from

submicron sized particles with dimensions comparable to the wavelength of the

incident light. Multiple scattering, due to light trapping, practically extends the

travelling distance of light within the nanoparticle film.

Anisotropic NWs grown with lengths of the order of few microns offer also a

viable solution towards increasing photon absorption through enhanced light scatter-

ing. Nanoparticle/nanowire composites of TiO2 combining the advantages of both

structures (the high surface area of the nanoparticles and the fast transport rate and the

light scattering effect of single-crystalline nanowires) were employed in solar cells

demonstrating a notable increase of the energy conversion efficiency [14].

14.3.2 Exciton Generation Advantages of Nanowires

Apparently, light absorption, and hence the solar cell device efficiency, depends

upon the ratio of the energy of the incident photons Eph to the optical bandgap

energy Eg of the active photovoltaic material. Photons with sub-bandgap energy are

not able to excite electron-hole pairs, while photons with super-bandgap energy

produce excitons. When the exciton binding energy is strong, the electron-hole pair

constitutes a bound exciton state. On the contrary, if the exciton energy is weak the

carriers will “cool down” or relax to the band edges as free carriers by transmitting

their surplus energy Eph-Eg to the crystal lattice in the form of phonons. This part of

energy is dissipated as heat and does not contribute to electricity production. This

loss represents presumably 30–40 % of the overall losses in a solar cell.

To overcome this problem and to exploit the surplus energy, current attempts are

concentrated on devices based on multi-junction configurations and other multiple

energy-level approaches such as intermediate band solar cells [15]. Such systems

are designed to have structures within the cell able to absorb photons with various

energies, thus minimizing the surplus energy Eph-Eg. Another common approach is

to synthesize the active photovoltaic material by multicomponent (e.g. ternary

mixtures InxGa1-xN) systems, which can provide a fine tuning of the optical

bandgap [16]. The exceptional composition tunability of the above ternary system

was mainly assigned to the ability of the NWs to relax high strains developed due to

large lattice mismatch in planar single crystalline films.
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14.3.3 Carrier Collection Efficiency Advantages
of Nanowires

Collecting efficiently the photo-induced generated carriers is a major issue yet to be

solved in photovoltaics. Crystalline Si is still the dominant material in the photo-

voltaics market outperforming its current rivals, i.e. CdTe, CuInGaSe and amor-

phous Si. Convectional c-Si solar cells are constructed employing planar p-n

junctions, where the electrostatic potential developed at the interface is responsible

for charge separation. The collection efficiency of the photogenerated charge

carriers near the p-n junction depends on the diffusion length of the minority carrier

in the n- and p-type regions. Various recombination mechanisms limit the carrier

diffusion length in the Si lattice. Defect-free single-crystalline Si is thus necessary

to achieve a large carrier diffusion length, which poses limits to practical applica-

tions due to high costs. The employment of 1D nanostructures in solar cells

alleviates the above requirement. Indeed, it was almost 10 years ago when a device

physics model was developed for radial p-n junction nanowire solar cells. In this

model, densely packed nanowires, each having a p-n junction in the radial direction,

are oriented with their long axis parallel to the incident light direction. The high-

aspect-ratio of NWs makes it possible to use a sufficient thickness of material to

obtain good optical absorption while at the same time it provides short collection

lengths for excited carriers in a direction normal to the light absorption [17].

The above ideas have now been expanded; recent investigations focus on the

application of three main architectures [7]: (a) radial heterostructures with junctions

along the NW radius, (b) axial heterostructures with junctions along the NW long

axis, and (c) substrate junctions where NWs of either p- or n-type are grown on

substrates of the opposite type, such as those illustrated in Fig. 14.5. The pros and

cons of these three NW array configurations have been discussed in detail

elsewhere [7].

Fig. 14.5 Various types of periodic arrays of NW heterojunctions. (a) NWs with radial junctions,

(b) NWs with axial junctions, (c) NWs with substrate junctions (Adapted with permission from

Ref. [7])
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Finally, as shown schematically in Fig. 14.6, NWs offer the possibility of fast

electron conduction along the NW axis. This promotes the collection of electrons

by decreasing the collection time in comparison to nanoparticles, where scattering

of electrons of the grain boundaries lead to trap-limited diffusion and deteriorate the

device performance. Indeed, the defect-free, single-crystalline nature of the NWs

constituting the photoanode, with fewer sites for electron trapping, ensures a fast

electron transport owing to the direct pathway to the conductive glass electrode.

Therefore, electron transport in single-crystalline NWs is expected to be several

orders of magnitude faster than the percolated random walk diffusion through a

polycrystalline nanoparticles film. In addition, electrical measurements have

demonstrated barrier-free contacts between ZnO nanowires and the substrate

[18]. Measurements of the mobility properties of individual ZnO NWs yielded

values in the range 1–5 cm2 V�1 s�1, which implies an electron diffusivity of about

0.05–0.5 cm2 s�1 for single dry nanowires [18]. This value is almost two to three

orders of magnitude larger than the highest reported diffusivity for TiO2 or ZnO

nanoparticle films in photovoltaic cells.

A major concern in the comparison between NW arrays and nanoparticle thin

films relates to the surface area of the active material which is a key parameter for

dye absorption in dye-sensitized solar cells. Nanoparticle films are considered to

provide a few times higher surface area in comparison to NW arrays. Low temper-

ature, simple and cost-effective chemistry has demonstrated that dense arrays, up to

35 billion wires per cm2, can be grown on arbitrary substrates of any size [18]. The

schematic shown in Fig. 14.6 reveals that the side surface of a nanowire of length

L and diameter D, SNW¼ π D L is equal the surface of an arrangement of

nanospheres occupying the same volume, i.e. Ssp¼ π D2 * L/D¼ π D L, where
L/D stands for the number of spheres over a length equal of L. This shows that the
surface area of a dense array of well-aligned NWs can approach or even surpass the

Single-
crystalline

Poly-
crystalline

e-

e-

Seed
layer

L

D D

Fig. 14.6 Schematic representations of the electron transport in a photoanode based on single-

crystalline NWs and nanoparticles
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surface area of equally order arrays of spheres of the same diameter. Closing this

section, it is worth mentioning that NW films exhibit better mechanical properties

than their nanoparticles-based counterparts. The solution growth process involving

the growth from a seed layer ensures also a much stronger attachment to the

substrate in the case of NW arrays.

14.4 ZnO Nanostructures

According to Wang [19] there are three main types of 1D nanostructures that are

being actively studied in nanotechnology: carbon nanotubes, silicon NWs, and ZnO

NWs. ZnO, a wide bandgap semiconductor (3.37 eV) having a high electron-hole

binding energy (60 meV), is an important transparent material [20]. ZnO exhibits a

dazzling variety of nanostructure configurations (Fig. 14.7) [21], thus having a wide

range of applications in optics, optoelectronics, spintronics, sensors, actuators, the

energy sector, biomedical sciences, etc. ZnO nanocrystals are non-toxic, biosafe,

and their large-scale production does not present environmental and health hazards

[22]. Early work on semiconductor nanowhiskers [3] was followed by systematic

studies in the area of inorganic NWs [23]. In the late 1990s, the field of semicon-

ductor NWs underwent a significant expansion and became one of the most active

research areas in nanoscience [24]. A boost in the study of ZnO nanostructures was

Fig. 14.7 Typical morphologies of ZnO nanostructures grown under controlled conditions by

thermal evaporation of solid powders (Adapted with permission from Ref. [21])
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given by the discovery of ZnO nanobelts [25] and the demonstration of ultra-violet

lasing properties of ZnO NWs at room temperature [26]. These two articles [25, 26]

have been the most influential in the development of the research focused on ZnO

nanostructures. Actually, more than 28,000 articles appear in the “Web of

ScienceTM” since 2001 when searching with the keywords “ZnO” and “nano”;

hence it is practically impossible to present here a well-balanced survey on ZnO

growth and properties. In brief, the latest representative breakthroughs in the field

of ZnO nanostructures include:

(a) The development of the first examples of logic gates based on ZnO NW arrays

which can be switched simply by bending the substrate, exploiting the

piezotronic effect [27]. Using only ZnO NWs, the first piezoelectric triggered

mechanical-electronic logic operation using the piezotronic effect was

demonstrated.

(b) The realization of self-powered ZnO NW devices [28]. It was shown that the

vertical and lateral integration of ZnO nanowires into arrays are capable of

producing sufficient power to operate real devices. A lateral integration of

700 rows of ZnO NWs could produce a peak voltage of 1.26 V at a low strain

of 0.19 %, which is potentially sufficient to recharge an AA battery.

(c) The fabrication of optical fiber/ZnO-NW hybrid structures for efficient 3D

dye-sensitized solar cells (DSSC) [29]. The ZnO NWs were grown normal to

the optical fiber surface in order to enhance the surface area for the interaction

of light with dye molecules. In this arrangement, the light illuminates the fiber

from one end along the axial direction, and its internal reflection within the

fiber creates multiple opportunities for energy conversion at the interfaces.

(d) The use of aligned ZnO-NWs in photovoltaic devices [18]. The authors

introduced a version of the DSSC in which the traditional nanoparticle film

was replaced by a dense array of oriented, crystalline ZnO nanowires, facil-

itating the rapid collection of carriers generated throughout the device. Later,

ZnO NWs grown hydrothermally into nanoforest formations have yielded

energy conversion efficiencies up to 2.6 % [5].

(e) The doping of ZnO nanorods with transition metal ions in order to fabricate

diluted magnetic semiconductors with intrinsic ferromagnetism offering great

potential in spintronics [30].

14.4.1 Synthesis of ZnO Nanowires

A large number of physical and chemical methods have been applied for the growth

of ZnO NWs. The majority of the approaches make use of bottom-up synthetic

routes offering the possibility for a controlled growth of NWs with the desired

aspect ratio, areal density and positional order on the substrate, enabling also the

possibility for heterostructure growth. ZnO nanowires can be either grown as free
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standing particles in a solution or on specific substrates. As has been discussed in

the previous sections, the aligned vertical-to-the-substrate growth of NWs entails

certain advantages for energy conversion as well for photonic applications. The

wurtzite structure of ZnO has two essential features, i.e. the non-central symmetry

and the polar surfaces. The atomic arrangement in ZnO is described as a number of

alternating planes composed of tetrahedrally coordinated Zn2+ and O2� ions,

stacked successively along the c-axis. The unit cell of ZnO is neutral; however,

the ion distribution is such that some surfaces can be terminated entirely with

cations or anions, resulting in positively or negatively charged surfaces, the

so-called polar surfaces. The basal plane is the most common polar surface.

Zn-(0001) and the O-(000-1) are the positively and negatively polar surfaces,

respectively. These polar surfaces result in a normal dipole moment and a sponta-

neous polarization along the c-axis. Energetic reasons for maintaining a stable

structure demand that the polar surfaces have facets or undergo considerable

surface reconstructions. Below, we focus on two techniques most commonly

employed for nanowires growth: chemical vapor deposition (CVD) and solution

phase growth (or chemical bath deposition).

14.4.1.1 Chemical Vapor Deposition of ZnO Nanowires

In the CVD method, chemical precursors are introduced as vapors into the hot zone

of a furnace. Their reaction (mainly) onto a substrate heated at a selected temper-

ature often takes place in the presence of a nanostructured metal catalyst which has

been predeposited on the substrate. Vapor–liquid–solid (VLS) and the vapor–solid–

solid (VSS) are the two main mechanisms for the growth of ZnO NWs. In the VLS

mechanism a metal catalyst (in the form of nanoparticles) forms a liquid eutectic

with the desired nanowire material [31]. The gaseous reactants dissolve progres-

sively into the liquid eutectic droplet, which leads to a supersaturated solution

facilitating nucleation and growth. The nucleated material precipitates; continuous

feeding of the liquid catalyst droplet leads to further precipitation and nanowire

growth, as shown schematically in Fig. 14.8. The VLS method is quite flexible

allowing the growth of heterostructures by changing the source reactants.

Nanowires with superlattice arrangements can be grown by the periodic introduc-

tion of different reactants. Furthermore, selecting appropriate experimental condi-

tions, epitaxial layers on the side walls can also grow. In general, both axial and

radial heterostructures can be synthesized by VLS. The first demonstration of ZnO

NWs growth with perfect vertical alignment to the substrate (single crystalline

sapphire) was achieved by Huang et al. [26] where the NWs array was shown to

exhibit room-temperature ultraviolet lasing.

The growth of well-aligned ZnO NWs requires a rather low growth rate. Since

the ZnO sublimation temperature (~1,300 �C) is quite high, an alternative method to

provide the reactants for ZnO growth is to adopt the carbothermal reduction by
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mixing ZnO and carbon powders. In this case, the reaction temperature can be

reduced to 900 �C. The overall reaction (reduction) of ZnO can be written as:

ZnO sð Þ þ C sð Þ $ Zn gð Þ þ CO gð Þ ð14:1Þ

The main intermediate reactions are the:

ZnO sð Þ þ CO gð Þ $ Zn gð Þ þ CO2 gð Þ ð14:2aÞ
C sð Þ þ CO2 gð Þ $ 2CO ð14:2bÞ

The zinc can be fully or partially oxidized in the air stream leading to the

formation of stoichiometric ZnO or suboxides (ZnOx, x< 1). Both Zn and ZnOx

are volatile; after being transferred by an inert gas they reach the substrate. Since

reaction (14.1) is reversible at somewhat lower temperatures than the carbothermal

reduction, the vapors merge in the Au liquid droplet and react to form ZnO.

The alignment of the ZnO NWs depends to a large extent on the epitaxial

relationship between ZnO and the substrate. The very small lattice mismatch

between ZnO and various materials has made it possible to produce well aligned

ZnO NWs on sapphire [26] and various nitrides (GaN, AlGan, AlN) [33]. The issue

of NW orientation to the substrate has recently been put under a more rigorous base.

Cao and Yang [34] have worked out a theoretical model for the quantitative

description of the temperature-dependent nanowire orientation in the VLS process,

based on thermal fluctuations. Their main outcome is that there is a critical

temperature, Tcr, which depends upon on the Gibbs free energy of the NW precip-

itated nucleus. At T> Tcr NWs tend to align horizontally to the substrate. At T< Tcr
NWs can grow either vertically aligned on the substrate or inclined at various

angles in the range 40–90� (see Fig. 14.9).
Although the VLS growth mechanism is considered as one of the simplest

methods for NW growth, a number of externally controlled experimental parameters

Fig. 14.8 Schematic representation of metal nanoparticle-catalyzed VLS growth of

heterostructured (axially and radially) nanowires (Adapted with permission from Ref. [32])
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render this method quite inextricable. In particular, the reaction temperature, the

temperature gradient (between the source and the substrate), the growth time, the

vapor pressure of Zn or ZnO, the inert gas and oxygen partial pressures, the gas

concentration and flow rate, the type of the substrate, and the catalyst details

(predominantly Au films deposited by sputtering and annealed to form NPs) are

among the parameters that should be optimized for a controlled growth of ZnO NWs.

The chamber total pressure, the oxygen partial pressure and the thickness of catalyst

layer are the most important parameters.

An exhaustive investigation of the influence of the oxygen partial pressure and

the chamber pressure on the quality and growth behavior of ZnO NWs has been

presented by Song et al. [35]. Conducting more than 100 experiments under

different growth conditions, a quantitative definition of the best combination of

the O2 partial pressure and the chamber pressure for growing well-aligned ZnO

NWs was achieved (Fig. 14.10a). The results were used to construct a kind of

“phase diagram” of the controlled NW growth as shown in Fig. 14.10b. Light color

regions represent the best growth conditions in terms of NWs with perfect

Fig. 14.9 Schematic illustration of the various directions which the NW nucleus can adopt. (a)
Vertical growth. The dashed line in (b–e) denotes the angle α between the substrate and the growth
direction. In (e) the NW displays in-plane growth. The angle αc (c) is the critical angle, if it is

exceeded the morphology of the nucleus would change dramatically (Adapted with permission

from Ref. [34], copyright (2012) American Chemical Society)
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alignment, high areal density and uniform length and diameter. No growth of ZnO

NWs was detected in the dark region.

The thickness of the catalyst layer that is pre-deposited on the substrate plays a

dominant role for the morphology of the NWs. It is a general perception that the

size of the catalyst particles determines the width of nanowires. However, it was

shown that this condition is practically valid as long as the catalyst nanoparticle

sizes do not exceed 40 nm [36]. While Au is the most frequently used catalyst for

growing ZnO nanowires, its morphological features on the substrate, which deter-

mine the size and shape of the nanostructures grown, were not put into focus until

recently. In a recent detailed study [37] we investigated the details of the solid state

thermal dewetting of Au films into nanoparticles on Si substrates.

Au films of various thicknesses ranging from 2 to 15 nm were annealed withslow

and fast rates at various temperatures, and the morphological details of the

nanoparticles formed were investigated. Typical SEM images of dewetted Au

films of various thicknesses and their respective particle size distributions (PDS)

are shown in Fig. 14.11. It was revealed that efficient and high throughput growth of

ZnO nanowires, for a given growth time, was realized in cases of thin Au films,

Fig. 14.12 (upper left), i.e. when the thickness is lower than 10 nm. Based on

experimental findings, a two-step mechanism is proposed to account for the growth

of ZnO nanowires ending in a tapered geometry with ultrathin (~30 nm), micron

long tips, Fig. 14.12 (right). The ZnO NW arrays with the dispersed Au

nanoparticles which remain on top of them after the growth process (Fig. 14.12;

bottom left) could be used as substrates for surface enhanced Raman scattering,

exploiting the plasmon properties of Au nanoparticles.

From a different point of view, remnants of catalyst particles on the NW arrays

might be detrimental for the performance of a NW-based device. To alleviate this

problem other growth methods such as the catalyst-free metal organic CVD

Fig. 14.10 (a) SEM images of aligned ZnO nanorods on a GaN substrate. (b) “Phase diagram”

correlating the O2 partial pressure and the growth chamber pressure. Lines (1), (2), and (3)
represent growth with constant O2 pressure, constant system pressure, and linearly varying O2

percentage and system pressure (Adapted with permission from Ref. [35], copyright (2005)

American Chemical Society)
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(MOCVD) method are employed. Shi et al. [38] investigated the possibility of

controlling the morphology and crystallinity of ZnO nanostructures by optimizing

the MOCVD growth parameters. This led to the control of ZnO nanostructures from

a 3D NWs form to a 2D nanowall network-like form, and then to a 2D dense film

form, as is schematically illustrated in Fig. 14.13.

14.4.1.2 Solution Chemistry Growth of ZnO Nanowires

The high temperature techniques for the controlled growth of ZnO NWs discussed

above entail some disadvantages in the direction of integrating such NW arrays

onto flexible organic substrates, which could lead to the fabrication of foldable

devices. Several methods have been currently implemented for the growth of ZnO

NWs in solutions [39]. ZnO can crystallize by the hydrolysis of Zn salts in a basic

solution. As mentioned above, Zn2+ is tetrahedrally coordinated forming the respec-

tive complexes. Solution temperature and pH determine the number of Zn2+

100 nm (a) 100 nm (a´)

200 nm (b)

100 nm

(c)

200 nm

2 µm (d)
1 µm (d´)

100 nm
(c´)

200 nm (b´)

2 µm

0

100

200

300

0 10 20 30 40 50 60 70
0

100

200

300
2 nm - 15 s
2 nm - 30 s

F
re

qu
en

cy

Diameter  [nm]

<D30>=27.9 nm

0

30

60

90 5 nm - 15 s

0 50 100 150 200
0

40

80 5 nm - 30 s

F
re

qu
en

cy

Diameter  [nm]

<D30>=68.0 nm

<D15>=100.7 nm

0 100 200 300 400 500 600 700
0

15

30

45

60

100 200 300 400
0

100

200

300
15 nm - 30 s

F
re

qu
en

cy

Diameter  [nm]

<D30

960
>=229.7 nm

<D60

900
>=428.7 nm

Diameter  [nm]

0

100

0 40 80 120 160
0

40

80

120

3.5 nm-15 s
3.5 nm-30 s

F
re

qu
en

cy

Diameter  [nm]

<D30>=73.9 nm

<D15>=69.6 nm

F
re

qu
en

cy

<D15>=27.1 nm

Fig. 14.11 Left: SEM images of dewetted Au films. Nominal Au film thickness, annealing

temperature and time are as follows: (a) 2 nm, 900 �C, 15 s; (a΄) 2 nm, 900 �C, 30 s;

(b) 3.5 nm, 900 �C, 15 s; (b΄) 3.5 nm, 900 �C, 30 s; (c) 5 nm, 900 �C, 15 s; (c΄) 5 nm, 900 �C,
30 s; (d) 15 nm, 900 �C, 60 s (inset: 15 nm, 900 �C, 30 s); (d΄) 15 nm, 960 �C, 30 s (inset:
magnification). Right: Particle size distributions of the Au nanoparticles shown in the left panel.
The insets show the comparison between the PSDs obtained for the two different annealing times

(Adapted with permission from Ref. [37])
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Fig. 14.12 Upper Left: SEM images of ZnO nanostructures grown by VLS on Si substrates

covered by Au films with thicknesses (a) 2 nm, (b) 5 nm, and (c) 15 nm. Bottom Left: (a) SEM
magnification of the ZnO nanostructures shown in the upper left image (b). (b, c) Images of the

same nanostructures recorded with the BSE detector at 5 kV (b) and 15 kV 7 (c). (d) EDS mapping

of the elements Au and Zn. Right: Schematic representation of the two-step growth mechanism of

ZnO. (a) Initial Au morphology after dewetting of Au films. (b) Partial coarsening of Au NPs after
heating the substrate into the reaction tube, just before the growth starts. (c), (d) Growth of ZnO

nanostructures via VLS; the different wettability of Au on ZnO surfaces causes the fragmentation

of Au NPs. Smaller Au NPs on top of ZnO nanorods impede the further growth of these large

diameter nanorods. (e) Smaller Au NPs act as catalytic sites for additional growth of ultrathin

nanowires (Adapted with permission from Ref. [37])
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intermediates whose dehydration will finally lead to the formation of ZnO. The

energy minimization of the reaction system is generally considered as the driving

force for crystal growth, while a reversible equilibrium is considered to dictate the

chemical reactions in an aqueous system. The high-energy polar surfaces (0001)

have a high tendency to attract and adsorb the incoming ions, and alternating Zn and

O terminated surfaces are formed during the reactions. This mechanism gives rise

to anisotropic growth which leads to NW formation. Since solution chemistry

growth takes place mostly in aqueous media, the term hydrothermal method is

frequently used.

The growth of ZnO NWS has been achieved in alkaline solutions, in hexameth-

ylenetetramine (HMTA) aqueous solution, by electrochemical deposition on con-

ductive substrates, via templated growth in combination with electrodeposition, and

by epitaxial growth where various metals such as Au, Pt, and Cu have been used as

seeds on the substrate since they provide a lower lattice mismatch with ZnO

[39]. The typical steps of the hydrothermal growth method of well-aligned ZnO

NWs are illustrated in Fig. 14.14.

The seed layer can be formed by depositing ZnO nanoparticles onto the sub-

strate. More frequently, droplets from a dispersion of a Zn-containing precursor

(e.g. ZnAc dihydrate) are deposited by spin coating onto the substrate followed by

thermal decomposition at >200 �C to form ZnO islands. The seeds facilitate

nucleation of ZnO NWs due to lowering of thermodynamic barrier. An aqueous

solution mixture of an alkaline reagent (e.g. HMTA or NaOH) and a Zn2+ precursor

(e.g. ZnAc dihydrate, zinc nitrate etc.) is prepared as the nutrient solution. The

solution may also contain a capping agent (e.g. polyethyleneimine, PEI) which

prevents lateral growth of NWs to maximize their aspect ratio. The seeded substrate

is kept (frequently face-down) into the solution over a certain period (e.g. 2–48 h) at

constant temperatures (70–90 �C). Post-growth annealing (e.g. 300 �C for 30 min)

Fig. 14.13 Schematic representation of the morphological progress of ZnO nanostructures by

properly adjusting the MOCVD growth parameters (Adapted with permission from Ref. [38])
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takes place to remove organic matter from the ZnO NW surfaces. In analogy with

the VLS method, a number of parameters involved in the hydrothermal growth of

ZnO NWsmust be properly optimized in order to obtain NW arrays with the desired

morphology, i.e. orientation, areal density and aspect ratio. The reactants concen-

trations, the details of the seed layer, the growth time, the bath temperature, the

position of the substrate, the solution pH, the present of capping agents, mechanical

stirring, etc. are among the parameters that affect the morphology of ZnO NWs.

The density of ZnO NW arrays on smooth surfaces in the absence of seeds has

been achieved by optimizing the precursor concentration [40]. Studying also the

effect of growth time it was found that the growth process can be divided into three

stages: (i) lateral growth, (ii) axial growth, and (iii) proportional growth. The

optimum growth temperature was found to be 70 �C. In a more detailed study,

Xu et al. [41] adopted a systematic statistical design and analysis to optimize the

aspect ratio of ZnO NWs [41] (Fig. 14.15). Reaction temperature, growth time,

precursor concentration and capping agent were the reaction parameters which

were controlled. It was found that for precursor concentration ~1 mmol/L, at a

reaction temperature ~80 �C, and growth time of about 30 h, the aspect ratio of the

ZnO NWs achieved their highest value of nearly 23.

14.5 Conclusions and Outlook

We have attempted in this article to provide a brief overview of the main advan-

tages of 1D nanostructures and in particular of nanowires over other

low-dimensional structures. NWs represent a class of nanomaterials the confine-

ment of which in two dimensions (radially) can be exploited to benefit from

changes in electronic and other physical properties, while, at the same time, their

micron-sized long axis makes their manipulation for easy integration in opto-

electronic and photonic devices possible. Thus, both their absolute size and their

Glass substrate
with conductive
film

Precursor
solution

300 °C;
30 min

Seed layer formation

300 °C;
3-10 h

95 °C

ZnO nanowires

Spin
coating

Fig. 14.14 Schematic illustration of the various steps followed for the growth of ZnO NWs using

the hydrothermal method
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aspect ratio are important features. In addition, the geometry of NWs assists strain

relaxation which in turn facilitates hetero-epitaxial growth even in the case of high

lattice mismatch. A short description on the main applications and growth methods

of ZnO NWs has been presented, where the pros and cons of the vapor deposition

and solution chemistry synthesis approaches have been discussed. Both synthesis

methods are multiparametric problems and fine tuning of the experimental param-

eters must be first conducted in order to achieve optimization of the NW growth,

including location control, high aspect ratio and areal density, and vertical orien-

tation to the substrate. Hierarchical or hybrid 1D nanostructures have also been

developed to improve and provide tuning of the electrical and optical properties of

NWs; considerable increase of the photovoltaic efficiency has been observed in

hierarchically growth ZnO nanotree arrays.

Despite the progress in the field, NWs are not yet in the verge of commercial-

ization, especially in the sector of photovoltaics where power conversion efficiency

is still lower than offered by the thin film technology. However, this is not true for

light emitting diode applications where 1D structures outperform in relation to their

traditional rivals.

It should be born in mind that the nature of the research conducted in the field of

ZnO NWs is much more interdisciplinary than presented here, involving a diverse

range of activities of highly collaborative character between chemists, physicists,

biologists, engineers, pharmacologists, etc. In parallel, the elaborate synthetic

methods of novel NW architectures have boosted the development of unique

nanotechnology-enabling investigative tools which are now capable of providing

Fig. 14.15 SEM images of ZnO NWs with aspect ratio of (a) 7.7, (b) 12.4, (c) 14.5, and (d) 22.3
(Adapted with permission from Ref. [41], copyright (2009) American Chemical Society)
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to the desired spatial and time resolution information on the electronic, optical,

structural, etc. properties of these structures. This development made it possible to

gain insights from in situ growth studies and during device operation.
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Chapter 15

Structural and Optical Properties
of Electrochemically Deposited
Nanostructured ZnO Arrays on Different
Conductive Substrates

M. Petrov, K. Lovchinov, H. Nichev, D. Karashanova,

and D. Dimova-Malinovska

Abstract In this paper we report results of a study of the structural and optical

properties of ZnO nanostructured (NS) array layers electrochemically deposited on

different conductive substrates. The following types of substrates have been used:

(i) conductive multilayer stack structures glass/ZnO:Al/Ag/ZnO:Al and glass/Ag/

ZnO:Al/Ag/ZnO:Al, (ii) conductive multilayer stack structures glass/ZrO2/Ag/

ZrO2, and (iii) ITO on the front side of Si heterojunction solar cells (SHJ). An

analysis of the surface morphology of ZnO NS layers was performed by means of

scanning electron microscopy (SEM). It was observed that the morphology of the

deposited ZnO structures strongly depends on the type of the substrate used. It was

also found that ZnO NS array with different shapes such as nanorods (NRs) or

nanowhiskers (NWs) are grown. Reflection spectra of ZnO NS have been recorded.

It was found that the deposited ZnO NS layers on the conductive multilayer stacks

lead to decreasing reflectance but increasing diffuse reflection. In the case of ZnO

NS growth on ITO on the front side of SHJ both direct and diffuse reflection

decrease. Possible applications of ZnO NR or NW structures for production of

advanced Si-based solar cells are discussed.
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15.1 Introduction

ZnO based nano-structured (NS) layers with nanometer-sized features have very

large surface areas per unit volume, which offers a possibility to improve the light

harvesting properties of solar cells when such layers are used as a substrate for the

deposition of thin film solar cells or as antireflection coatings (ARC) on the top side

of the solar cells. One of the methods of fabrication of ZnO layers with

nanostructures is electrochemical deposition [1–3]. It offers some advantages: it

is a low cost non-vacuum method and is suitable for industrial application.

This paper reports a study of the optical and structural properties of electro-

chemically deposited ZnO nanolayers on different conductive substrates:

(i) -conductive multilayer stack structures glass/ZnO:Al(20 nm)/Ag(20 nm)/ ZnO:

Al(20 nm) (in the following: three-layer stack), glass/Ag(100 nm)/ZnO:Al(20 nm)/

Ag(20 nm)/ZnO:Al(20 nm) (in the following: four-layer stack), (ii) conductive

multilayer stack structures glass/ZrO2(9 nm)/Ag(20 nm)/ZrO2(9 nm); and (iii)

ITO covered front sides of Si heterojunction (SHJ) solar cells. Multilayer stacks

with Ag nanograins as substrates for ZnO NS deposition are due to their plasmonic

properties of great interest for application as a back reflector in thin film solar cells

for advanced light trapping concepts [4, 5]. Nanostructured ZnO arrays deposited

on the front (top) side of thin film solar cells with appropriate optical properties can

be used as ARC. The optical properties of ZnO NS arrays (direct reflectance and

diffuse reflection) are demonstrated and discussed.

15.2 Experimental

ZnO layers were deposited by mean of an electrochemical process in an aqueous

solution of ZnCl2 and KCl using a electrochemical three-electrode cell with a satu-

rated calomel electrode (SCE) as reference electrode [6, 7]. The electrolyte contents

ZnCl2 (5� 10�4 M) and KCl (1 M) with pH~5. The deposition temperature was

80 �C. The deposition was carried out controlling the potential by a high power

potentiostat system WENKING HP 96. Since the potential of Zn in the electrolyte is

�1.05 V vs. SCE, the deposition process of ZnOwas carried out at�1.0 V vs. SCE to

prevent deposition of metallic Zn. Good quality ZnO films were obtained at a redox

potential within the range between +0.30 and +0.40 V vs. SCE. At a redox potential

higher than +0.4 V zinc peroxide (ZnO2) was formed on the samples with a poor

adhesion to the substrate. A spectrally pure graphite plate was used as an anode. The

electrolyte was agitated by a magnetic stirrer. Different kind of materials were used as

conductive substrates for ZnO layer growing: as described above. The duration of the

process was 1.5 min in the case of the deposition on ITO on solar cells and 60 min for

the deposition on the other substrates. The method of SHJ solar cells fabrication was

described in [8]. The sheet resistance of the three-layers stack and the ZrO2/Ag/ZrO2

stacks was 7 and 3Ω/sq, respectively, that of ITO 60Ω/sq (measured on an ITO/glass

substrate). The electrical contact to the substrates during the electrochemical
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deposition was made to the Ag films in the four-layer stacks and to the frontal Ag grid

of the SHJ solar cells.

The surface morphology of the deposited films were studied by scanning

electron microscopy (SEM) Philips 515. The optical spectra were measured by a

spectrophotometer Shimadzu UV-3,600 in the range of 320–1,200 nm employing a

60 mm integrating sphere in the case of diffuse reflection spectra measurements.

15.3 Results and Discussion

15.3.1 Three-and Four-Layer Ag/ZnO Stacks

The SEM micrographs of the ZnO NS layers deposited on seeding three- and four-

layers stack structures are shown in Fig. 15.1b, d. For comparison the micrographs

of the corresponding seeding stacks are presented in Fig. 15.1a, c, as well, where Ag

nanograins with sizes of about 10–20 nm are seen. In the four-layer seeding stack

the Ag nano-grains are slightly larger and closer situated as compared to the three-

layer stack as reported earlier [4]. The pictures of the electrodeposited ZnO layers

exhibit the view of the films surface which consists of planar hexagonal ZnO

nanowhickers (NW) with thicknesses of about 500 nm and different lengths in

the range 5–6 μm, stacked with the narrow side to the substrate surface. In the case

of deposition on the four-layer stack a slightly denser distribution of the whiskers on

the surface area is observed as compared to the layers on three-layer stack sub-

strates, probably due to the better homogeneity of the applied electrical field due to

the thicker Ag layer in the seeding stacks.

Figure 15.2 shows reflectance and diffuse reflection spectra and the haze ratio in

reflection of the ZnO layer deposited on a three-layer seeding stack substrate glass/

ZnO:Al/Ag/ZnO:Al. For comparison the corresponding spectra of the seeding stack

structure are presented as well. After ZnO NW deposition the values of the specular

reflectance of the sample decreases while those of the diffuse reflection and the haze

ratio increase. The maximum of the diffuse reflection of 30 % is observed for

wavelengths >750 nm. The haze ratio in reflection is higher than 90 % in the

wavelength range 400–800 nm and is >60 % for wavelengths >800 nm. The

presence of weak plasmonic bands at about 370–380 nm in the spectra of diffuse

reflection of the seeding stack structures and also in the electrochemically grown

ZnO NW layers should be noted. The reflectance diffuse reflection spectra and the

haze ratio in reflection of the ZnO layers on four-layer-stacks are displayed in

Fig. 15.3. Similar to the case of ZnO NW layers deposited on three-layer seeding

stacks, the values of reflectance decrease compared to the reflectance of the seeding

steak while those of diffuse reflection and the haze ratio in reflection increase in the

whole spectral region investigated. The values of diffuse reflection are higher than

those in the case of deposition on three-layer stacks and are between 60 and 70 % in

the spectral range 500–1,200 nm probably due to the presence of larger Ag

nanograins as SEM demonstrated by SEM.
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Fig. 15.1 SEM micrographs of ZnO layers deposited on three- (b) and four-layer seeding stacks

(d). For comparison the micrographs of the corresponding seeding stacks are presented too: (a) and
(c). The bars correspond to 1 μm
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Fig. 15.2 Spectra of reflectance (a) and diffuse reflection (b) and the haze in reflection (c) of ZnO
layers electrochemically deposited on glass/ZnO:Al/Ag/ZnO substrates. For comparison the

corresponding spectra of the seeding stack structures (curves 1) are presented, as well
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15.3.2 ZnO NS Deposited on Seeding Three-Layer Stacks
ZrO2/Ag/ZrO2

A SEM image of a ZnO NS array deposited on highly conductive seeding films

glass/ZrO2/Ag/ZrO2 is presented in Fig. 15.4. Deposition and properties of the

seeding layers are described in reference [9]. Ag grains about 90–100 nm sizes are

seen on the surface of the seeding stack. As a result of the electrochemical

deposition ZnO nanorods about 0.8–1 μm thickness with a hexagonal shape are

grown almost perpendicular to the substrate. Probably the presence of large Ag

metal grains in the seeding stack favorites the growth of rod-like nanostructures.

Reflectance and diffuse reflection spectra and the haze ratio of the ZnO NS are

shown in Fig. 15.5 and compared with the optical spectra of the seeding stack. As in

the case of the ZnO:Al-based stacks the values of reflectance decrease, while the

diffuse reflection and the haze ratio increase. The diffuse reflection is higher than

30 % in the spectral range 600–1,200 nm with a maximal value of 40 % at about

800 nm; it is higher than in the case of ZnO:Al three-layer stacks probably due to

the presence of the nanorod array with size lower than the wave length. The band

about 380 nm in reflection spectra due to the Plasmon effect is seen, as well.

Fig. 15.4 SEM of a ZrO2/Ag/ZrO2 seeding stack (a) and of the ZnO NS array layer deposited

thereon (b). The markers in both pictures correspond to 1 μm
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15.3.3 ZnO NS Deposited on the ITO Front Contact
of SHJ Solar Cells

Nanostructured ZnO films were electrochemically deposited on the surface of the

ITO antireflection coating on the front side of SHJ solar cells. In this case

the deposition time was 1.5 min. SEM micrographs with different magnifications

of the deposited arrays are shown in Fig. 15.6. The ZnO nanograins are very

inhomogenously distributed. Large areas of several μm2 with denser grains are

seen (Fig. 15.6a). The grains have sizes of about 100–150 nm and are inhomoge-

neous scattered leaving uncovered spaces between 50 and 400 nm (Fig. 15.6b).

Figure 15.7 shows reflectance, diffuse reflection and total reflection spectra of

the ZnO NS. After deposition of ZnO NS the values of reflectance, diffuse reflection

and total reflection decrease. The haze ratio in reflection increases in the whole

spectral region. This result demonstrates good antireflection properties of the

deposited ZnO NS arrays.

The preliminary results of a study of the characteristics of a SHJ solar cell before

and after deposition of ZnO NS array show a increase in of the short circuit current

and the efficiency by about 12.5 % and 14.2 %, respectively, after deposition of

ZnO NS array due to the decreasing reflection from the front side of the solar cell

[10]. The results demonstrate that the shape of the ZnO nanostructures grown by

electrochemical deposition is influenced by the material of the substrate.

Nanostructures in the shape of whiskers are grown on seeding stacks with ZnO:

Al. Nanostructured arrays with nanorods are deposited on ITO surfaces. ZnO

nanostructures leading to an increased diffuse reflection of the substrate can be

applied as substrates for thin film solar cells with an increased effective area and

improved short circuit current. The ZnO nanostructures leading to decreasing in

diffuse and total reflection have good antireflection properties and can be applied as

ARC in solar cells for increasing light harvesting.

Fig. 15.6 SEM of ZnO NS deposited on the ITO front side of SHJ solar cells. The markers

correspond to 8 μm (a) and 800 nm (b)
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15.4 Conclusions

In this work the surface morphology and the optical properties of electrochemically

deposited ZnO films on different conductive substrates were studied. The shape of

the nanostructures in ZnO layers depends on the structure and the nature of the

substrate material used. The ZnO NS layers consist of nano-whiskers in the case of

growing on multilayer stacks ZnO:Al/Ag/ZnO:Al or hexagonal nanorods in the

case of growth on ZrO2/Ag/ZrO2 stacks and ITO. The deposition of ZnO NS on

conductive multilayer stacks results in an increase of the diffuse reflection due to

the presence of nanosized features and a rough surface. It was shown that electro-

chemically deposited ZnO NS on ITO/SHJ leads to a decrease of the reflectance and

the diffuse reflection and demonstrates good antireflecting properties. As the

preliminary experiments show the electrochemically deposited ZnO nanostructures

(nanowiskers and nanorods) can be applied for increased light harvesting and

improvement of the parameters of solar cells.
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Chapter 16

Nanofibers for the Detection of VOCs

Nimet Bölgen, Didem Demir, and Ashok Vaseashta

Abstract Volatile organic compounds (VOCs) are significant environmental

pollutants and have harmful effects on the human health. In order to detect

VOCs, nanofibrous materials received considerable attention due to their unique

chemical/physical properties and their high surface area/volume ratio. Electrospun

fibers with polyelectrolyte components, conducting polymer composites, and

semiconductors were successfully applied as gas sensing interfaces. Increasing

the thermal and electrical conductivity of typical insulating polymers, such as

nylon-6,6 will allow the development of new and improved ultrasensitive sensors

for detection of VOCs. In this study, we report our preliminary results for the

production of electrospun Nylon-6,6 nanofibrous matrices after combination with a

conductive component for a possible VOC sensor platform. Three dimensional

nonwoven nanofibers with various compositions (5,10,15 and 20 wt%) were fabri-

cated by the electrospinning method from Nylon-6,6 polymer solutions dissolved in

a 4:1 weight ratio formic acid/acetic acid solution. Chemical and morphological

structure of the electrospun matrices were studied by FT-IR and SEM, respectively.

The electrospun Nylon-6,6 membranes demonstrated nanofibrous structures with

fiber sizes ranging between 32 and 103 nm. By varying the polymer concen-

tration and the conductivity of the polymer solution, changes of the size and the

morphology of the final structures are observed.
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16.1 Introduction

Volatile organic compounds (VOCs), such asmethanol (CH3OH), ethanol (C2H5OH),

toluene (C6H5CH3), chloromethane (CH3Cl3), hydrazine (N2H4), dimethyl-

formamide (C3H7NO) are harmful as the vapors of these VOCs are flammable,

harmful to human and animal health or detrimental to the ozone layer even in very

low concentrations [1]. The amount of these compounds in the atmosphere must be

controlled not to reach a standard exposure limit [2]. Therefore, much research is

ongoing to develop gas sensors which can detect the different toxic gases to monitor

environmental chemical pollution.

Gas sensors based on nanofibers that are fabricated from polymers possess

considerable advantages when compared with other types of sensors: among them

are room temperature operation, the use of low cost materials, sensitivity, selectivity,

rapid response and flexibility of chemical structure, durability and reproducibility

[3, 4]. Electrospinning is a well known process to produce continuous polymer fibers

with diameters ranging from several nanometers to a few micrometers through the

action of a strong electrostatic field [5]. The parameters affecting the morphology,

nanofiber size, mechanical integrity, surface area and porosity of the electrospun

matrices are the type and concentration of the polymer, the viscosity and conductivity

of the polymeric solution, the voltage applied and the feeding rate of the syringe

pump [3, 6]. Electrospun nanofibers with their porous structure and high surface-

to-volume ratio can not only be used for sensors for VOC detection, but are highly

promising materials that can be used in studies for various applications such as

controlled drug delivery, enzyme immobilization, as scaffolds in tissue engineering,

wound dressings, protective clothing, military wear with chemical and biological

toxin-resistance, filtration, biosensors, cosmetics, etc. [7].

Nylon-6,6 (a polyamide) is one of the most widely used engineering thermo-

plastic due to its excellent physical and mechanical properties [8]. The significant

properties of Nylon-6,6 are its toughness, fatigue resistance, low friction, abrasion

resistance, resistance to oils and solvents, stability at high temperature, fire resis-

tance, creep resistance, drawability, good appearance, good molding economics,

low density and ease of fabrication [9]. In this study electrospun nanofibers made

from Nylon-6,6 are produced by using an electrospinning technique for a possible

future application as a VOC sensor.

16.2 Materials and Methods

16.2.1 Preparation of Electrospun Nylon-6,6 Nanofibers

Nylon-6,6 was dissolved in glacial acetic acid (100 %, v/v) (Merck, Germany) and

formic acid (98 %, v/v) (Panreac, Spain) at different polymer concentrations

(5,10,15 and 20 wt%). The ratio of acetic acid to formic acid was kept constant at

4:1 (v/v). The polymer solutions were stirred at room temperature by a magnetic

stirrer during 2 h at 1,000 rpm to obtain a clear and homogeneous solution.
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A generic electrospinning apparatus and the process used are shown in Fig. 16.1.

It consists of a plastic syringe, a syringe pump (New Era, NR-300, USA), a high

voltage power supply (Gamma High Voltage Research, ES50, USA) and a metal

collector covered by aluminum foil. A solution consisting of 2 mL of desired

composition was loaded in a 2.5 ml syringe with a metallic needle of 0.2 mm inside

diameter. The syringe was placed in a horizontal position on a syringe pump; an

electric field was supplied from the high voltage power supply to the needle of the

syringe. The polymer solutions were electrospun at 20 kV, the needle-tip to

collector distance was 15 cm and feed rate of the polymer solution was ~0.6

mLh�1. After the electrospinning process was completed, the nanofibers were

dried overnight. All experiments were carried out at room temperature.

16.2.2 Characterization of Nylon-6,6 Nanofibers

16.2.2.1 Fourier Transform Infrared Spectroscopy (FTIR)

A FTIR spectrometer (Perkin-Elmer Spectrum 1000, USA) was used to determine

the chemical compositions of the produced materials. The spectra were recorded

in the range of 550–4,000 cm�1 with automatic signal gain with 10 scans at a

resolution of 4 cm�1.

16.2.2.2 Scanning Electron Microscopy (SEM)

The morphology of the nanofibrous structure of the materials were investigated by

SEM (SEM, Quanta 400 F Field Emission, Supra 55, Zeiss, Germany) at an accel-

erating voltage of 5 kV. The specimens were coated with platinum before SEM

analysis. The diameters of the nanofibers were identified by using Lucia 32G image

analysis software. The fiber diameters given were the average of 10 nanofibers.

Fig. 16.1 Schematic illustration of the electrospinning set up
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16.3 Results and Discussion

Nylon-6,6 nanofibrous materials were prepared by using an electrospinning tech-

nique. Polymer solutions were prepared with at concentrations of 5, 10, 15 and

20 wt%. The polymer concentration has a significant effect on the production of

homogeneously distributed nanofibrous membranes by electrospinning. If the poly-

mer concentration is lower than the optimal value, the viscosity of the solution

decreases, the solvent or solvent mixture does not evaporate before reaching the

collector and neither nanofibers nor a nanofibrous membrane can be obtained.

Contrarily, if the polymer concentration is higher than the optimal value, the

viscosity of the solution increases and the voltage applied is not able to push the

solution across the collector. In this study, opaque films were obtained on the

collector at each concentration, however in the case of 5 wt% polymer concentra-

tion, drops formed on the collector and a powder like structure was obtained which

could not be removed from the surface of aluminium collector (Fig. 16.2a). In the

case of the electrospun material prepared from 10 wt%. Nylon-6,6, a very thin film

was formed on the collector, while drops and the powder like structure was not

observed. However, it was not possible to remove the film from the collector;

therefore, this material was found not to be suited for future application

(Fig. 16.2b). It was possible to produce a membranous structure which could be

easily removed from the collector in the case of materials produced from 15 % and

20 wt% polymer solutions (Fig. 16.2c, d).

Fig. 16.2 The images of electrospun matrices prepared at different Nylon-6,6 concentrations: (a)
5 %, (b) 10 %, (c) 15 %, (d) 20 wt%
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Since the nanofibers prepared from Nylon-6,6 with concentrations of 15 % or

20 wt% were more suited for future applications, SEM image of these samples were

recorded; they are presented in Fig. 16.3, which demonstrates the morphology of

the Nylon-6,6 nanofibers at low and high magnifications (10,000� and 100,000�,

respectively). Beads are present in the membranes prepared at 15 % polymer

concentration (Fig. 16.3a). Increasing the polymer concentration to 20 % enhanced

the uniformity of the nanofibers, while the amount of beads decreased significantly

(Fig. 16.3c). In addition, the increase in the polymer concentration affected the fiber

diameters (Fig. 16.3b, d). The range of the diameter of the nanofibers was between

32–90 nm and 54–103 nm, with average fiber diameter of 66.228, 72.056 nm, for

the nanofibrous membranes prepared from solutions with a polymer concentration

of 15 % and 20 %, respectively. Our previous studies supported that the nanofiber

diameter increases as the polymer concentration increases [10].

FTIR spectra of Nylon-6,6 nanofibrous materials are presented in Fig. 16.4. The

chemical structure of Nylon-6,6 is evident; the FTIR diagram shows the character-

istic peaks of Nylon-6,6 which are listed in Table 16.1 [11]. The spectra did not

change after applying the electrospinning process [12].

Fig. 16.3 SEM photographs of the fabricated nanofibrous samples with different Nylon-6,6

polymer concentrations and magnifications: (a) 15 %, 10,000� (b) 15 % 100,000�, (c) 20 %

10,000�, (d) 20 %, 100,000�
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Fig. 16.4 FTIR spectra of nanofibrous Nylon-6,6 materials prepared at different polymer

concentrations

Table 16.1 Characteristic FTIR peak assignment of Nylon-6,6

Wave number, cm�1 Transmission, % T Assignment

3,301–3,307 91.64–94.62 N – H stretching

3,059–3,087 99.02–97.33 C – H stretching (asymmetric)

2,934–2,936 92.51–95.70 CH2 stretching (asymmetric)

2,857–2,859 94.83–97.36 CH2 stretching (asymmetric)

1,639–1,644 77.38–82.74 Amide – I stretching

1,539 84.24 Amide – II stretching

1,274–1,275 92.13–94.69 Amide – III stretching

1,200 96.16 CCH bending/CH2 twisting

934–936 98.76–97.44 C – C stretching

689–694 94.00–96.33 C – C bending

581 97.55 C – C deformation
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16.4 Conclusions

As a conclusion, in this study Nylon-6,6 nanofibrous materials were prepared by

electrospinning at different polymer concentrations. The polymer concentration

affects on the uniformity and fiber diameter of the samples, which would in turn

affect the surface area and the sensing capability of the final material produced.

Template synthesis, self-assembly, phase separation and electrospinning are some

of the various techniques used to produce nanofibers. Among them, electrospinning

is an efficient, relatively simple and cost-effective technique to produce polymer

and composite fibers with diameters ranging from several nanometers to a few

micrometers by applying a high voltage to a polymer solution or melt. Many

kinds of materials such as polymers, semiconductors and organic/inorganic com-

posites have been used to produce high performance sensing materials to detect the

targeted gases. A variety of electrospun nanofibrous materials were produced from

a variety of polymers including polyacrylic acid, polyaniline, polyethyleneoxide,

nylon, polyacrylonitrile, polymethyl methacrylate, to be used as gas sensors.

Electrospun fibers with polyelectrolyte components, conducting polymer compos-

ites, and semiconductors are successfully applied as gas sensing interfaces. The

types of gas sensors prepared mainly include acoustic wave, resistive, photoelectric,

and optical gas sensors. This manuscript presents our preliminary studies on the

production of Nylon-6,6 nanofibers by electrospinning, for possible preparation of a

sensor to detect VOCs, after combining with a conductive component such as

polyaniline. Further studies are ongoing.
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Chapter 17

Electrophysical Characteristics
of Polystyrene/MWCNTs Composites
Ordered by a Magnetostatic Field

G.S. Gunko, C. Pandis, Yu.M. Bolbukh, G.P. Prikhod’ko, P. Pissis,
and V.A. Tertykh

Abstract Polymeric films based on polystyrene filled with multiwalled carbon

nanotubes, either pristine, oxidized, or chemically (or adsorption) modified with

vinyltriethoxysilane have been studied. An external magnetic field with different

orientations of the force lines with respect to the film surface was applied to

regulate the filler orientation within the polymer matrix during preparation. The

effect of the nature of the filler surface layer on the electrophysical characteristics of

the nanocomposites was investigated below the percolation point.

Keywords Carbon nanotubes • Polystyrene films • Conductivity • Dielectric

permittivity

17.1 Introduction

Application of carbon nanotubes (CNTs) as a filler for polymers allows to synthe-

size nanocomposites with principally new properties and to significantly improve

their electrical, thermal and mechanical characteristics [1]. The electrical conduc-

tivity and the sensitivity of CNTs to external influences (electromagnetic fields,

radiation, etc.) can be used effectively in the development of different conductive

materials, in particular based on biocompatible polymers [2, 3].

Carbon in the tubular form possesses also unusual magnetic properties. The

abnormal high value of the diamagnetic susceptibility of graphite at perpendicular

orientation of a magnetic field to the graphite surface is well-known. In such systems

the orientation of the nanotubes (nanotube to nanotube and nanotube to the
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macromolecules of the polymer matrix) is highly important. Often the desired forma-

tion of the composite materials is achieved due to self-organization of the nanotubes.

Structures of a required architecture can also be formed by mechanical influence

which, however, causes additional production costs. Due to the unique properties of

nanotubes the direct formation of a “polymer-nanotubes” system is possible by means

of magnetic fields. This approach was realized for the synthesis of composites based

on polystyrene [4], epoxide polymers [5] and polyethyleneterephtalate [6].

The chemical activity of nanotubes is caused by the presence of structural

defects on the walls and ports mainly by oxygen-containing groups, which are

formed during the synthesis and purification of CNTs. The conditions of the

purification step determine the type of the oxygen-containing groups and their

arrangement. The presence of oxygen-containing groups improves the dispersion

of the nanotubes and makes a further modification of their surface possible.

It has to be noted that for successful applications of nanotubes as fillers their fine

distribution within the polymeric matrix is highly important. The tendency of

nanotubes to aggregate complicates dispersion in liquids. Modification of

nanotubes facilitates a more uniform distribution of the filler within matrix; in

some cases it provides a chemical interaction between filler and polymer.

The aim of this work was to determine the dependence of the electrophysical

properties of composites on their structure. The investigations were carried out with

materials based on polystyrene filled with pristine, oxidized or chemically

(or adsorption) modified carbon nanotubes. In order to regulate the filler orientation

within the polymer matrix the synthesis was carried out in the presence of an

external magnetic field with different orientations of the force lines with respect

to the surface of polymeric film.

17.2 Experimental

Multiwalled carbon nanotubes (MWCNTs) synthesized by pyrolytic decomposition

of propylene over an iron-containing catalyst with further purification in a mixture

of HCl and HF [7] and with a specific surface area of 180 m2/g were used in this

work. Functionalization with simultaneous opening of the nanotube ports was

performed by oxidation in hydrogen peroxide (50 wt%). under continuous stirring

for 40–47 h at 80–90 �C [8]. Under these treatment conditions phenol groups are

formed on the nanotube surface predominantly with higher concentration on ports.

Adsorption modification of the pristine and oxidized nanotubes was carried out

in solution of vinyltriethoxysilane in toluene. A homogeneous distribution of the

nanotubes in the solution was achieved by ultrasonication at a frequency of 22 kHz

for 30 min; then the required quantity of alkoxysilane was added in order to modify

the nanotube surface. Modification was carried out for 5 h with continuous stirring

at 80 �С. Silane chemisorption was carried out in the presence of a polycondensa-

tion initiator. The samples obtained were washed out and dried at 60 �С. Compos-

ites were obtained by means of filling polystyrene (dissolved in toluene) with of

pristine or modified MWCNTs. During the synthesis an external magnetic field
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(with different directions of the magnetic lines to the polymer plane) was applied in

order to align the nanotubes within the polymer matrix. All samples were obtained

in form of films by distributing the casting solution over a glass substrate.

The Magnetic field was provided by a flat permanent magnet with an induction

of 0.039 T. The filling degree of the composites was 0.1 wt% for all samples. A list

of the composite samples is given in Table 17.1.

The investigation of the electrical properties of the synthesised materials was

carried out in the frequency range of 10�4–106 Hz using a Keithley Nanovoltmeter

2182A and a Novocontrol Alpha dielectric analyzer.

17.3 Results and Discussion

17.3.1 The Dielectric Permittivity of Composites with Pristine
and Oxidized Nanotubes

Polystyrene is a dielectric, i.e. a compound with a low content of free charge

carriers. However, the presence of conjugated bonds in the structure stipulates a

certain conductivity. Filling of the polystyrene with nanotubes, which have con-

ductive properties will improve the electrical properties of the resulting composite.

Table 17.1 Samples used in this study

No Sample

1 Polystyrene

2 Polystyrene with pristine MWCNTs

3 Polystyrene with pristine MWCNTs, horizontally oriented

4 Polystyrene with pristine MWCNTs, vertically oriented

5 Polystyrene with oxidized MWCNTs

6 Polystyrene with oxidized MWCNTs, horizontally oriented

7 Polystyrene with oxidized MWCNTs, vertically oriented

8 Polystyrene with pristine MWCNTs with adsorbed vinyltriethoxysilane

9 Polystyrene with pristine MWCNTs with adsorbed vinyltriethoxysilane, horizontally

oriented

10 Polystyrene with pristine MWCNTs with adsorbed vinyltriethoxysilane, vertically oriented

11 Polystyrene with oxidized MWCNTs with adsorbed vinyltriethoxysilane

12 Polystyrene with oxidized MWCNTs with adsorbed vinyltriethoxysilane, horizontally

oriented

13 Polystyrene with oxidized MWCNTs with adsorbed vinyltriethoxysilane, vertically

oriented

14 Polystyrene with oxidized MWCNTs with chemisorbed vinyltriethoxysilane

15 Polystyrene with oxidized MWCNTs with chemisorbed vinyltriethoxysilane, horizontally

oriented

16 Polystyrene with oxidized MWCNTs with chemisorbed vinyltriethoxysilane, vertically

oriented
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The conductivity results in a displacement of electric charges under the influence of

an applied voltage. The degree of the polarization is characterized by the value of

the dielectric permittivity of the material [9]. Figure 17.1 shows the frequency

dependence of the real part ε0 and the imaginary part ε00 of the dielectric permittivity

for composites filled with pristine and oxidized MWCNTs. Composites filled with

nanotubes were found to have a higher value of ε0 compared to a pure polystyrene

(Fig. 17.1a), therefore the electrokinetic mobility (polarisation) filled composites is

higher.

The increase of the real part of the dielectric permittivity for the filled polysty-

rene films is associated with an orientation of pseudocrystalline structures within

the polymeric film [10]. Within the range of the frequencies investigated the

dependence of ε0 has a linear character, whereas the frequency dependence of ε00
has some extrema. For composites filled with pristine nanotubes maxima of reso-

nance absorption are observed at 10�1.5, 10�0.3, 100.5 and 103.5 Hz; there is also a

wide peak at 106.3 Hz which is typical for all samples. With increasing frequency all

peaks becomes broader as a consequence of an increase of the polarization relax-

ation times.

Maxima of the resonant absorption for the composite filled with oxidized

nanotubes are observed at 10�0.5 and 106.5 Hz only, they reflect a different mech-

anism of polarization within this sample.

The presence of many peaks in the frequency dependence of ε00 in a relatively

narrow range of frequencies (Fig. 17.1a, curves 1 and 2) indicates a relaxation

dispersion that leads to relaxation losses.

Since the value of the dielectric permittivity depends on the orientation of

pseudocrystalline structures, an increase of ε0 for materials obtained under the

influence of an external magnetic field indicates an increase of the electrokinetic

mobility of the structure [11] (Fig. 17.1, curves 3 and 4) and also an increase of the

dielectric permeability due to the specific orientation of the pseudocrystalline
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Fig. 17.1 Frequency dependences of the real (a) and the imaginary (b) parts of the dielectric

permittivity for unfilled polymer (1) and composites 2–7 (Table 17.1)
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structures. It should be noted that a perpendicular orientation of the film to the

magnetic lines of the applied field during the synthesis has no significant influence

on the ε00 value. Thus the absorption resonance is low and the polarization mech-

anism is similar in the entire frequency range.

The direction of the magnetic lines of the field applied during the synthesis of

composites 6 and 7 have more considerable impact on the dielectric permittivity of

the materials as compared to samples 3 and 4. The real part of the dielectric

permittivity decreases (Fig. 17.1а, curves 6 and 7), which indicates a decrease of

electrokinetic mobility of the structure. A low value of ε0 and a vertex value of ε00
(and thus the dielectric loss) were observed for composite 6 which was synthesized

with an orientation of the film parallel to the lines of the applied field.

17.3.2 Composites Filled with Vinyltriethoxysilane-Modified
Nanotubes

Figure 17.2 shows the frequency dependences of ε0 and ε00 for composites filled with

pristine and oxidized MWCNTs absorption-modified with vinyltriethoxysilane.

The presence of the vinylsilane adsorbed in the surface layer of pristine or oxidized

MWCNTs leads to a decrease of ε0 in the final composite (Figs. 17.1 and 17.2).

The profiles of the frequency–dependent dielectric response of samples 8 and 10

are similar whereas the values of ε0 differ considerably (Fig. 17.2). Therefore,

the orientation of the magnetic field lines normal to the surface of the film promotes

the formation of structures with a lower electrokinetic mobility but with an inten-

sive resonance absorption; the mechanism of polarization and the relaxation times

are similar to sample 8. Thus, the distinction in the structure is determined by the
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Fig. 17.2 Frequency dependences of the real (a) and imaginary (b) parts of the dielectric

permittivity for the unfilled polymer (1) and composites 8–13 (Table 17.1)
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difference of the distances between the elements engaged in the orientation–relax-

ation process. Composite 9 shows a different character of the frequency–dependent

dielectric response. In the range of low frequencies the curve has an intensive

resonance absorption peak, whereas in the range of high frequencies the curve is

similar to the profile of the unfilled polymer. This indicates a different mechanism

of polarization as compared to samples 8 and 10.

The frequency–dependent dielectric response profile recorded for composite 12

(Fig. 17.2) has two extrema; the maximum in the high frequency range is broader

and reflects the higher relaxation times. For composites filled with silane-

functionalized oxidized nanotubes no significant impact of the magnetic field on

the ε0-value was observed (Fig. 17.2a). Composites 12 and 13 possess a similar

profile of the ε00 frequency dependence (Fig. 17.2b). However, the curve for sample

11 shows a shift of the resonance absorption peaks towards to higher frequencies;

this shift implies a low degree of structure of the sample.

The real part of the dielectric permittivity for materials filled with nanotubes

with chemisorbed vinyltriethoxysilane is lower than that of the unfilled polymer

(Fig. 17.3a); this indicates a lower ability of bonds to polarization. However, under

the influence of the magnetic field structures with more mobile bonds are formed,

especially for a orientation of the magnetic lines parallel to the composite film.

Unlike other samples, the curves of the frequency dependence of the dielectric

loss for samples 14–16 (Fig. 17.3b) comprise well-defined repeated maxima of the

resonance absorption with approximately equal width and intensity. This indicates

a highly ordered structure composed of the same type structural units. The mech-

anisms of polarization and relaxation times for these samples differ considerably

from composites filled with nanotubes modified by absorption of organosilane. The

lowest dielectric loss is observed for sample 15 which also has the highest ε0-value.
Sample 16 is characterized by the higher dielectric loss than sample 15,most likely

due to amorphization of the structure.
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17.3.3 Conductivity of Polystyrene Composites with Pristine
and Functionalized Nanotubes

Figure 17.4 shows curves of the frequency–dependent conductivity of composites

filled with pristine andmodified nanotubes. Overall, the curves of the composites are

similar that of the unfilled polymer. However, samples 5, 6, 9, 10 and 13 differ. The

conductivity of sample 5 does not change considerably in the low frequencies range;

this can be explained by peculiarities of the polarization mechanism [12, 13], which

is characteristic for this sample only. Composite 6 shows the similar frequency

dependence, but its coefficient of dielectric loss in the low frequency range is

significantly higher. For the composites 9, 10 and 13 a strong decrease of the

conductivity at frequencies for 100.5, 104 and 10 Hz was observed. Such a decrease
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Fig. 17.4 Frequency dependences of the conductivity of polystyrene composites filled with

pristine and oxidized nanotubes (a), nanotubes with adsorbed (b) and chemisorbed

vinyltriethoxysilane (c) (Table 17.1)
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of the conductivity with a subsequent recovery to the common tendency can be

associated with the propagation of relaxation and resonance processes within the

conductive chains. Though at a filling degree of polystyrene with nanotubes of

0.1 wt% the percolation threshold is not reached, the results obtained in this work

could provide a basis for further investigations of the electrophysical properties of

the studied systems.

17.4 Conclusions

Polymeric composites based on polystyrene filled with pristine, oxidized and

vinyltriethoxysilane-modified MWCNTs were synthesized. The frequency depen-

dences of the real and imaginary parts of the dielectric permittivity were recorded

for the synthesized composites and an unfilled polymer. The dependences of

the electrophysical properties on the structure of composites were analyzed. The

influence of morphological peculiarities of the filler on the macrostructure of

the resulting materials and the mechanisms of polarization and relaxation in

different frequency ranges were discussed.
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Chapter 18

Synthesis, UV-VIS Spectroscopy
and Conductivity of Silver Nanowires

Irena Kostova, Stefka Nachkova, Dan Tonchev, and Safa Kasap

Abstract In this work, we report on the synthesis of silver nanowires (AgNW) by a

modified polyole process. Conductive thin films were prepared from synthesized

nanowires; then their basic properties were characterized. The influence of the raw

materials, solvents, washing and centrifugal separation of these synthesized

AgNWs was studied. UV-VIS absorption/transmission spectra of clear solutions

were measured, and the size of AgNWs was estimated from these measurements.

We also studied the influence of light on synthesized AgNWs in solution, and

performed optical microscopy studies to identify possible aggregation processes.

Thin films of AgNWs were fabricated on different transparent flexible substrates by

a spray-coating process and other coating techniques. The optical transparency and

the sheet resistance of these films were also measured. The influence of some

additives on the properties of these thin films was checked. Due to the high

flexibility and electrical conductivity of AgNW thin films, these nanoproducts are

excellent candidates for touch screen displays, solar cells conductive layers and

other electronic devices.

Keywords Silver nanowires • Conductive thin films • Polyole synthesis process
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18.1 Introduction

Over the past several years, the synthesis of metal nanoparticles has been a subject

of increasing interest from scientists due to their potential applications in various

fields such as environmental protection, catalysis, optics and electronics [1]. These

nanoparticles have found applications in a range of electronic products, such as

touchscreen displays, organic and hybrid solar cells, and biosensors [2]. The metal

nanoparticles can be synthesized by various methods, such as chemical reduction,

electrochemically, gamma radiation, laser techniques, photochemical techniques,

etc. Among these methods, the most popular is the chemical reduction of salts in

the presence of a stabilizer. Thus, it is possible to synthesize nanoparticles with

different shapes (spherical, cubic, wires, etc.) and various dimensions. Whilst there

is a large variety of synthesis methods available, the most efficient and proven

method for the synthesis and even production of silver nanowires is by means of

ethylene glycol (EG) with polyvinylpyrrolidone (PVP), the so-called polyol pro-

cess. This process is based on a chemical reduction; a variety of AgNWs structures

can be prepared by similar mechanisms.

There are number of methods such as printing, spray-coating, drop-coating etc.,

by which it is possible to obtain different transparent, flexible and conductive thin

film based on AgNWs.

The goal of this work is to find a convenient procedure for the synthesis of

AgNWs, to characterize some of their properties and to obtain AgNW based

conductive, transparent and flexible thin films.

18.2 Materials and Experimental Procedure

18.2.1 Materials and Synthesis

The reagents polyvinylpyrrolidone PVP (M¼ 55.000) 95.0 %, AgNO3/CH3COOAg

(Alfa Aesar, 99.8 %), NaCl/CuCl2 (99.8 %), ethylene glycol (PPH, Poland) were

used to fabricate AgNWs. The modified polyole process was performed at a

temperature 150–160 �C with constant mixing. PVP as a stabilizing agent was

chosen for all synthesis procedures while ethylene glycol was always used as a

reducing agent. We used various methods as one-step or two-step synthesis with

different reagents. Depending on whether the one-step or two-step process was

used, the fabricated products possess different optical properties according to the

absorption spectra measured. Both processes have the same mechanism for the

preparation of AgNWs. Initially, some of the silver ions in the solution coalesce in

nuclei. These nuclei agglomerated and form seeds. By diffusion of atoms, these

particles grow to a nanometer size. Then, these particles can agglomerate again to

form nanowires and nanowire networks.
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18.2.2 Washing Process

Samples were taken out of the cooled mixture by a pipette and placed in 2 ml tubes.

Then, we added 2 ml of acetone into this mixture. The mixture was stirred and

centrifuged at 2,000 rpm for 20 min. Subsequently, the clear top solution was

decanted and the precipitate was washed 4 more times. After washing with acetone,

the precipitate was treated in the same way with deionized water 4–5 times and

centrifuged at 2,000 rpm for 20 min. During the treatment with the water, silver was

deposited on the walls of the tube. The water was decanted after the first and final

washing, subsequently all samples were used to measure their UV-VIS absorption

spectra.

18.2.3 UV-VIS Absorption Spectra

A Boeco S24 Spectrophotometer was used to measure UV-VIS spectra. After

dispersal of the precipitate, UV spectra of the remaining aqueous solutions were

recorded again. The range of the spectrophotometer is between 200 and 1,000 nm.

We obtained results similar to those shown in the work of Yingpu Bi et al. [3].

After the final washing, we studied the influence of light on the absorbance of the

clear upper solution. It was divided into two portions. One sample was placed in

dark and the other was exposed directly to sunlight for different times. UV-VIS

spectra of these samples were recorded. A spectrum of deionized water was also

recorded and used as a baseline for the all the spectra.

18.3 Result and Discussion

The preparation of longer silver nanowires depends on the conditions of the

synthesis and the reagents used. The optimum temperature is 150–160 �C. It is
especially important to ensure a good mixing during the synthesis to maintain a

uniform distribution of the heat by constant stirring. It is also extremely important

to monitor the rate of addition of the silver salt (AgNO3/CH3COOAg) and that

of the accelerating agents (NaCl/CuCl2). Transmission electron microscopy (TEM)

images of the products are shown in Fig. 18.1. The diameter size of the nano-

particles is in a range 100–350 nm and a length is about 1 μm.

Washing the product after the synthesis is of particular importance, since the

silver particles form complex aggregates with the polymer. Furthermore, PVP and

ethylene glycol affect the electrical conductivity of the films. Ethylene glycol has a

very good solubility in acetone, PVP in water. Therefore, these solvents are most

commonly used in the washing processes. We have observed the behavior of the

particles after each washing procedure with water and acetone under an optical

microscope. In the one-stage process, we washed 15 times with acetone and

15 times with water, and we observed particle aggregation in some of the samples.
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We did not observe aggregation of particles from the two-step polyole process. We

washed the products 4 times with acetone and 4 times with water.

Absorption spectra of the clear solution above the precipitate are shown in

Fig. 18.2. The UV-VIS spectra indicate the presence of silver nanoparticles with

a typical absorption maximum at 386 nm [3]. The same spectrum maximum was

observed after the first wash but with a different intensity (Fig. 18.3). Looking at the

UV-VIS spectra results it is clear that after every wash and centrifugation process,

silver products are separated and removed. This means that silver particles have not

fully precipitated. The results are shown in Figs. 18.2, 18.3 and 18.4.

The spectra of these clear samples show similar peaks with the absorption

maximum in the range of 376–382 nm, but with different widths. According to

the literature data, these peaks belong to silver nanoparticles in the form of wires [3]

We also recoded the UV-VIS spectrum of a dispersed sample after the first water

wash as shown in Fig. 18.4.

The influence of light on a sample of a silver precipitate after the final wash

is show in Fig. 18.5. The sample was divided into two portions. One portion was

Fig. 18.1 TEM images of AgNWs

Fig. 18.2 UV-visible absorption spectra of Ag precipitate in water
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kept in dark and the other was exposed to direct sunlight for different durations.

Figure 18.5 shows the absorption spectra of these two samples as well as the spectrum

of the deionized water. This study was performed 7 days after the synthesis.

Initially, the instrument was calibrated using deionized water. This spectrum

serves as a baseline. Looking at Fig. 18.5, it is clear that the changes in the intensity

of the absorption spectra are significant. Prolonged exposure of the samples to

natural sunlight results in stronger absorption peaks. Peak shape and size of

non-treated samples are different for those of treated samples.

It can be seen from the spectra that the most intense absorption peaks are for

samples aged for 4 h in direct sunlight, and the spectra with the lowest intensity are

those of samples aged for 2 days in the dark. Using the peak half-width method it is

possible to estimate the average size or the thickness of Ag nanowires, which is

about 20 nm.

It is clear that the AgNW size does not change much after different kinds of

washing and treatment procedures.

Fig. 18.3 UV-visible absorption spectra of a sample after the first water wash

Fig. 18.4 UV-visible absorption spectra of a suspension after the first wash

18 Synthesis, UV-VIS Spectroscopy and Conductivity of Silver Nanowires 179



18.3.1 Thin Films Fabrication

Different methods were used to fabricate films. Our intention was to fabricate thin,

conductive, flexible and stable films. The following methods were used:

Preparation of polymer based thin films:

• The aqueous solutions were evaporated to form a dry residue at 100 �C in an

oven. A acrylic polymer dispersion was made from the fine precipitate. Thin

films were deposited on a substrate of polyethylene terephthalate (PET).

We used a manual flexographic printing proofer (Anilox 11.8 BCM/180 lines)

for roll printing and coating.

• After drying at room temperature, the electrical conductance of the layer was

measured by a digital multimeter. Initially the layer was nonconductive, most

probably because the Ag particles were fully enveloped by the polymer.

• The layers were studied under an optical microscope. There is a uniform

distribution of particles on the surface of the substrate.

• The resulting films are transparent and flexible, but the conductivity was poor.

Preparation of layers from isopropyl alcohol dispersions:

• The aqueous solution was evaporated in an oven (100 �C) and a dry silver

precipitate was deposited. The concentration of the fine precipitate in isopropyl

alcohol dispersion was 16 mg/ml [4].

• The suspension was treated in an ultrasonic bath for 30 min at room temperature

and used to coat a PET substrate by a spray-coating method. Films were dried at

room temperature.

Fig. 18.5 Absorption of light treatment water sample content silver wires
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• According to literature data [4], the conductivity increases significantly by

treating the layers with concentrated HCl vapor. The layer was treated for

about 5 min with hydrochloric acid in the vapor phase; the conductivity of the

film was subsequently measured.

• Before processing the layer by concentrated hydrochloric acid vapor, the resis-

tance of the thin film is very high, on the order of several MΩ/sq, and the film

was semitransparent.

• After the treatment, the film transparency was improved, the films possessed

excellent conductive properties, with a resistance of the order of 10Ω/sq.

18.3.2 Thin Films Characterization

As was mentioned above we used different techniques for the preparation of thin

films from synthesized AgNWs. Depending on the purpose and potential use

of these silver particles, we prepared films with different thickness and density.

Films deposited on these substrates should be transparent, flexible and conductive.

In some cases, depending on the application this is not necessary.

Some of methods described for the preparation of conductive films were used.

It was found that the spray-coated silver suspension in isopropyl alcohol (the

concentration of the Ag particles is 0.632 mg/L) exhibit the lowest resistance

(highest conductivity). After coating and drying, the film is highly resistive

(R> 20 MΩ/sq). After the treatment with concentrated HCl vapor for about

5–10 min, the layer exhibited excellent conductive properties (R< 9.6 Ω/sq).
Hydrochloric acid does not only affect the conductivity of the films but also the

absorption/transmission spectra. The transmittance is increased by 18 % after

the treatment with hydrochloric acid as shown in Fig. 18.6. The transparence of

the substrate was 99.7 % (absorbance 0.001 a.u.).

Fig. 18.6 Absorption spectra of the film before and after treatment with HCl
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The latter effect is most probably due to the fact that HCl in vapor phase removes

the resulting surface oxide layer and thereby improves the conductivity of the film.

18.4 Conclusion

• AgNPs suitable for various possible applications were successfully prepared by

the reduction of Ag+ ions via a modified polyole process;

• The optical UV-VIS absorption properties reveal information on the presence

and size of synthesized silver nanoparticles, which also depend on the exposure

time to sunlight.

• The particle size can be controlled by the processing time and the

chemicals used.

• Thin films of AgNWs were obtained by spray-coating and flexographic methods.

One of the main advantages of thin films is the ease of preparation, the acces-

sibility and the costs.

• In addition, these thin films are semitransparent (45 %) and have a low electrical

resistivity (� 9.6Ω/sq).

• Generally, these results show that AgNPs possess good potential for practical

applications. Further research is under way.
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Chapter 19

Modification of Nanosilica Surfaces by
Methyl Methacrylate Oligomers

Igor Telegeev, Evgenij Voronin, Evgenij Pakhlov,

and Valentina Kalibabchuk

Abstract Composites based on silica and methyl metacrylate silane coupling

agents are promising materials for sensor technologies. The present study deals

with a new method of covering silica nanoparticles by methyl methacrylate oligo-

mers in the pseudo-liquid state. The adsorption process of metacrylate-containing

oligomers on the surface of nanosized silica was studied by means of

IR-spectroscopy and thermal analysis. The study confirmed the full modification

of the silica surface with oligomers. The composites obtained in this study exhibited

a greatly reduced degree of shrinkage and better mechanical and physical proper-

ties. The composites explored here will serve as an important contribution to the

current ongoing research efforts in designing materials in the nano-scale capable of

sensing and detecting metal ions in solutions with high selectivity.

Keywords Nanosized silica • Surface modification • Methacrylate coatings

19.1 Introduction

The modification of the surfaces of inorganic particles by adsorption of macromol-

ecules of oligomers is an important way to regulate the surface properties and to

form a surface layer at the solid-matrix interfaces [1–10]. It is known [1, 8, 11, 12]

that nanosilica particles interact with each other to form aggregates of different

structures, so the study of the question of the degree of accessibility of the silica

surface to interact with macromolecules such as methacrylate oligomers is impor-

tant to understand the structure of the surface layer. From the different types of

entities which that can be incorporated in silica nanoparticles, methacrylate oligo-

mers have emerged as one of the most interesting, with applications in bioanalysis,

optical sensors, and photoactive materials [13, 14].
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Liquid-phase methods of nanosilica surface modification by non-volatile methyl

methacrylate oligomers are versatile and effective [10, 15]. Nanosilica can signifi-

cantly change some of its initial properties such as its bulk density which increases

several times; it also loses permanently its powdered state after liquid-phase modifi-

cations. It has also several other significant disadvantages which are mainly of

technological and environmental nature [15–18]. These are in particular the need for

solvents, which are often toxic or environmentally hazardous; thus the removal of

these solvents is associated with difficulties in filtration processes. The drying of the

filtrate and its grinding is essential, which is a heat- and energy-intensive process and

requires additional costs. Accordingly, it creates a number of problems and limitations

for further use and application in the production of large quantities of material.

There is a need to apply conditions which have only few disadvantages in terms

of the technological process. Especially for dispersed silicas gas-phase modification

methods are more suited [15], which are devoid of the drawbacks inherent to liquid-

phase modification method. The basic requirement for the modifier that restricts an

increasing use of gas-phase methods is the volatility which is not always sufficient.

In addition, a volatile modifier can be effectively used only for chemical modifica-

tion, as in this case durable surface compounds are formed. Adsorption modifica-

tion by volatile substances is not applicable for practical purposes due to the low

stability of surface sorption complexes formed.

In the Chuiko Institute of Surface Chemistry of the NAS of Ukraine a versatile

method for efficient adsorption modification of silica surfaces by nanosized non-

volatile soluble organic compounds and low molecular weight polymers was

developed [15]. It allows to achieve a given degree of coverage of the silica surface

modifier and almost completely retains its original dispersion [18].

The degree of coverage of silica surface modifier for the same content can be

considered as one of the important criteria of modification [19]. To assess the

effectiveness of the method we carried out a study of sorption modification of the

nanosilica surface by methyl methacrylate oligomers.

19.2 Experimental

A-300 nanosilica (SiO2 powder, average diameter 9.5 nm, with a surface area of

310 m2/g) was used as received. The structures and names of the oligomers chosen

as modifiers for the silica surface modification are shown in Table 19.1. Methyl

methacrylate oligomers have been used as surface modifiers since they contain

hydroxyl, amine and ester groups, which are capable of forming strong hydrogen

bonds with silanol groups.

According to the design of the experiment, three independent variables were

examined: the type of the oligomer, the concentration of the oligomer (0.35 and

0.7 mmol/g) and the treatment time (0.3, 0.6, 1, 2, 3 and 6 h). The nanosilica

modification was performed in a reactor consisting of a flask and a high-intensity

blender under intensive mixing [15]. When rotated at 300–500 min�1, the

nanosilica transforms into a pseudo-liquid state. An amount of 12 g nanosilica
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was stirred for 10 min. Then a specific amount of the oligomer (alcoholic

solution� 3.5 g of 30 wt%) was added to the mixture which was mixed for a

specific time. According to IR spectral data a part of the silanol groups interacts

with molecules of oligomers, giving the degree of filling of the surface, which

depended on the content of the oligomer and was calculated.

To study the functionalization of the nanosilica surface with the methyl meth-

acrylate oligomers, Fourier transform infrared (FTIR) spectroscopy was used

(Thermo Nicolet, Nicolet Instrument Corporation). The nanosilica and the silica-

covered substrates were scanned in the transmittance mode in the wavelength range

from 1,200 to 4,000 cm�1 [20].

A thermal gravimetric analyzer (TGA) was used to measure the surface absorp-

tion of the nanosilica before and after surface treatment. The nanosilica powder was

heated from room temperature to 1,000 �C with a ramping rate of 20 �C/min. The

weight loss of the nanosilica powder was recorded as a function of temperature.

19.3 Results and Discussion

It was shown (Fig. 19.2) that nanosilica sorption surface modification in the

fluidized state by methacrylate oligomers occurs fairly quick in 1 h. Nanosilica

modified by this method is characterized by a given degree of surface coverage and

almost completely maintains its original dispersion.

Table 19.1 Some parameters of the modifiers

Chemical name Structure

Molecular

weight,

[g/mol]

Oligo carbonate

methacrylate

(OCM-2)
H2C O

O

CH3

(CH2)2 O C O

O

(CH2)2 O (CH2)2 O C O

O

(CH2)2
CH2O

O

CH3

418

Triethyleneglycol

dimethacrylate

(TEGDMA)
H2C O

CH3

(CH2)2 O (CH2)2 O (CH2)2
CH2O

O

CH3

O 286

Bisphenol α
glycidyl methacry-

late (BIS-GMA)
H2C O

O

CH3

CH2

CH2

OH

O O

CH3

CH3 CH2

CH2

OH

O

O
CH2

CH3

512

Ethoxylated

bisphenol α
dimethacrylate

(BIS-EMA)

-H2C O

O

CH3

CH2 CH2 O

CH3

O

CH3

CH2 CH2 O

O

CH2

CH3

452

Urethane

dimethacrylate

(UDMA) CH3

CH2

O

O CH2 CH2 O
O

NH (C9H18) NH

O
O CH2 CH2 O

O
CH2

CH3

470
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It was found that the entire nanosilica surface is available for adsorption inter-

action with oligomer macromolecules but the degree of filling depends on the

amount of surface modifier which allows to adjust the properties of the composite

material.

After adsorption modification complete a disappearance of isolated silanol

groups (3,550 cm�1) is observed in all cases, but other absorption bands (3,660–

3,680 and 3,550 cm�1) remain practically unchanged (Fig. 19.1). This indicates that

the adsorbed molecules interact with the silica surface by formation of hydrogen

bonds only with the free silanol groups (Fig. 19.2).

Fig. 19.1 FTIR spectra of

the initial nanosilica (1)
and after treatment with

UDMA (2)

Fig. 19.2 The dependence

of the degree of substitution

of free silanol groups by

UDMA (1), Bis-EMA (2),
BIS-GMA (3), TEGDMA

(4), OCM-2 (5) (0.7 mmol/

g) as a function of the

mixing time
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Based on the fact that the carbonyl oxygen atoms are usually more prominent

for the electron properties, and for reason of steric complications, it is assumed

that the silanol groups form a hydrogen bond precisely with the carbonyl atoms.

The number of silanol groups interacting with one oligomer molecule, in other

words the number of active groups of molecules bonded to the surface, was

calculated according to the data of the number of the sorbed oligomers. Thus,

one molecule of BIS-GMA interacts with two silanol groups according to the

scheme in Fig. 19.3.

The number of physically-sorbed water decreases as a result of the nanosilica

surface modification by BIS-GMA. This indicates that the BIS-GMA molecules of

as well as the other oligomers studied interact with surface hydroxyl groups directly

without mediator molecules. Quantitative contents of BIS-GMA molecules on

silica surface were determined by differential thermal gravimetry (DTG).

According to the mass loss amount of modifier on the surface was determined

and it is about 10 wt%. Curve 1 in Fig. 19.4 shows that thermo-destruction of the

nanosilica modified by BIS-GMA begins at ~270 �C and reaches its maximum rate

in the temperature range of 300–400 �C. The presence of exothermic effects

(Fig. 19.4, curve 3) may indicate that oligomer oxidation occurs.

At the same degree of filling of the surface under the conditions of gas-phase

surface modification, only a few silanol groups react with one molecule of oligo-

mers. In our case the data obtained suggest the efficiency of the method. We have

achieved almost the same results as when using liquid-phase modification methods,

but there are advantages associated with the use of a gas-phase method.

The results allowed us to develop and optimize an effective method of sorption

modification of nanosized silica by methyl methacrylate oligomers under gas

dispersion conditions with vigorous mechanical stirring.

Si

O

H

H2C

O

O
CH2

CH2

O
H3C

CH2

CH2

OH

O O

CH3

CH3 CH2

OH

O

CH3

Si

O

H

Fig. 19.3 Scheme of the interaction between BIS-GMA molecules and nanosilica surface silanol

groups
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Chapter 20

Radioprotective Effect of CeO2

and GdEuVO4 Nanoparticles in “In Vivo”
Experiments

E.M. Mamotyuk, V.K. Klochkov, G.V. Grygorova, S.L. Yefimova,
and Yu.V. Malyukin

Abstract In experiments performed in vivo of the irradiation of rats, a strong

radioprotective effect of nanoparticles based on orthovanadates of rare earth

elements and cerium dioxide was found. The nanoparticles were injected per os

by two different schemes - once and during 15 days. For the 15-days scheme of

GdEuVO4 nanoparticles injection the survival of animals irradiated with a dose of

6.0 Gy was 100 % during 30 days of observation. Injection of CeO2 nanoparticles

also effectively protects the bodies of rats from radiation. For an irradiation with the

lethal dose of 7.0 Gy, the radioprotective effect of the nanoparticles is negligible.

Keywords Nanoparticles • Radioprotective effect • In vivo

20.1 Introduction

Exposure to radiation leads to destruction of tissues and cells of an organism

predominantly by inducing free-radical processes. The primary effect of radiation

of any kind on any biological object begins with the absorption of radiant energy,

which is accompanied by the excitation of molecules and their ionization. During

the ionization of water molecules (indirect action of radiation) in the presence of

oxygen, active radicals are formed (OH•, O2
•�, etc.) as well as hydrated electrons,

and molecules of hydrogen peroxide, which take part in the chain of chemical

Note: The work was conducted in accordance with international principles of the “European

Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific

Purposes” (Strasbourg, 1986).
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reactions in the cells. During ionization of organic molecules (direct effect of

radiation), also free radicals are formed, which in the chemical reactions taking

place in the body disturb the metabolism, cause the appearance of compounds

unusual for the body and disrupt the vital processes.

While cells release a level of protective molecules, such as glutathione and

metallothionein, they are not capable of blocking all damage, thus resulting in the

death of normal tissues; therefore, the development of strategies to protect normal

tissues from radiation-induced damage has to be continued.

A radioprotective effect was found for a number of substances with different

chemical structures. Among the most important ones from the viewpoint of possible

practical use are cysteamine, serotonin, mexamine, amifostine and a variety of

other organic compounds, the action of which is based both on a chemical modi-

fication of biologically sensitive target molecules and inactivation of oxidative

radicals arising from the interaction of ionizing radiation with water and

biomolecules.

Recent studies have shown that inorganic nanoparticles also exhibit radiopro-

tective properties [1]. The role of nanoparticles as radioprotectants is a cutting-edge

development in decades of scientific interest regarding the protection of normal

cells and tissues.

In both in vitro and in vivo experiments it was shown that the cerium dioxide

nanoparticles [2, 3], fullerenes and their derivatives [4, 5] protect cells and tissues

from radiation injury. The chemistry of engineered nanoparticles supports a poten-

tial role as a biological free radical scavenger or antioxidant.

The work presented in this article addresses the effectiveness of CeO2 and

GdEuVO4 nanoparticles in radioprotection in animal models during radiation

exposure.

20.2 Experimental Procedure

The colloidal solutions based on orthovanadates Gd0.9Eu0.1VO4 and cerium dioxide

CeO2 nanoparticles used in this work were obtained by methods previously

described in [6, 7]. They were stabilized by sodium citrate (NaCit) with a molar

ratio CeO2/NaCit of 1:1. The solutions were stored in sealed ampules without

changing their properties for more than 2 months at normal conditions.

The investigation was performed on 90 white male rats weighting 150–180 g.

The X-ray irradiation of the animals was performed using a x-ray therapeutic unit

model RUM 17 (USSR) in standard technical conditions.

The X-ray irradiation conditions were as follows: tube voltage 190 kV, current

10 mA, filters 0.5 mm Cu and 1.0 mm Al, area 20� 20 cm2, absorbed doses 6.0 and

7.0 Gy, absorbed dose rate in air 0.57 Gy/min, Eef¼ 79.0 keV.

0.5 ml of the solutions of nanoparticles with a concentration of 0.2 g/l were

injected per os using the schemes:
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• Scheme 1: injection of NPs during 5 days before irradiation, then irradiation

with doses of 6.0 Gy and 7.0 Gy, followed by injection of solution for another

10 days.

• Scheme 2: single injection of NPs for 40 min before irradiation with a dose of

7.0 Gy. Control groups were irradiated without injection of nanoparticles.

20.3 Results and Discussion

In the experiments, colloidal solutions of nanoparticles with average sizes of 10 nm

for CeO2 and 8� 20 nm for GdEuVO4 were used (Fig. 20.1).

The main experimental results are summarized in Table 20.1.

The data show that at a dose of 6.0 Gy injection of nanoparticles by Scheme

1 reduces the 30 – dai mortality from 60 % to 10 % when using ceria; after injection

of nanoparticles based on orthovanadates all animals have survived.

Radiation with a dose of 7.0 Gy is lethal, so in control 2 almost all animals died.

However, after injection of nanoparticles according to schemes 1 and 2 a radiopro-

tective effect of nanoparticles is observed, although it is quite negligible.

In addition to the analysis of the 30-dai survivability, different signs of acute

radiation sickness were monitored, such as a ruffled fur (a common indicator for the

state of the body), bloating, diarrhea, swelling of mouth and eyes. By all these

characteristics a protective effect of the nanoparticles was observed in the case of

per os injection of both types of nanoparticles and irradiation by 6.0 Gy. For an

irradiation by 7.0 Gy the signs of acute radiation sickness did not differ from those

of the controls.

Thus, in in vivo experiments it was found that per os injection of nanoparticles

based on orthovanadates of rare earths and cerium dioxide protects the organism of

rats following exposure to a lethal dose of radiation.

Fig. 20.1 TEM images of CeO2 (a) and GdEuVO4 (b) nanoparticles
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In general, the radioprotective effect of nanoparticles considered corresponds to,

and even possibly exceeds the level of protection provided by conventionally used

organic radioprotectors.

Probably, the radioprotective effect of nanoparticles is related to their antioxi-

dant action. Moreover, unlike organic antioxidants, inorganic nanoparticles can

provide “traps” for free radicals. Also, participating in the redox processes follow-

ing neutralization of free radicals they can play the role of mediators of electron

transfer without changing their physical and chemical properties. Thus, one inor-

ganic nanoparticle is able to participate in an unlimited number of acts of capture

and neutralization of reactive radicals.

One can not exclude the possibility of induction of protective functions of the

organism itself after injection of nanoparticles. The mechanism of radioprotective

action of considered types of nanoparticles requires further more in-depth research.

20.4 Conclusion

The effectiveness of CeO2 and GdEuVO4 nanoparticles in radioprotection in model

animals during radiation exposure has been shown. Nanoparticles were injected per

os by two different schemes – once and during 15 days. For the 15-days scheme of

GdEuVO4 nanoparticles injection during 30 days of observation the survival of

animals irradiated with a dose of 6.0 Gy was 100 %; for ceria it was 90 % for ceria.

It was revealed that 7.0 Gy radiation dose is lethal. These results can serve as a

motivation to consider inorganic nanoparticles as the basis for new drugs

possessing by radioprotective effect.

Table 20.1 Mortality and lifetime of rats after 30 days after X-ray irradiation with 6.0 or 7.0 Gy

№
group

Type of

nanoparticles

Dose of

irradiation, Gy Scheme n n1 n2

Animals

died, %

Compared

groups

1 6.0 Control 1 10 6 79 60

2 CeO2 6.0 1 10 1 11 10 1–2

3 GdEuVO4 6.0 1 10 0 0 0 1–3

4 7.0 Control 2 20 19 161 95

5 CeO2 7.0 2 10 9 96 90 4–5

6 GdEuVO4 7.0 2 10 6 47 60 4–6

7 CeO2 7.0 1 10 8 59 80 4–7

8 GdEuVO4 7.0 1 10 10 78 100 4–8

Note:

n – the total number of rats in the experiment

n1 – number of dead rats

n2 – the total number of days the dead rats survived

MLD – mean life duration
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Chapter 21

Synthesis of Highly Porous
Micro- and Nanocrystalline Zeolites
from Aluminosilicate By-Products

Denitza Zgureva and Silviya Boycheva

Abstract The present study is aimed to the preparation of synthetic zeolites of a

defined Na-X type (Faujasite) from the fly ash (FA) generated by the incineration of

Bulgarian lignite coals. FA zeolitization was carried out by three different methods:

classical alkaline conversion, two-stage fusion-hydrothermal synthesis, and atmo-

spheric aging, all with sodium hydroxide (NaOH) as an alkaline activator. The

nature, morphology and chemistry of the zeolites were studied by X-ray diffraction,

scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) analyses.

The results from the classical alkaline conversion show the formation of an

aluminosilicate hydrogel on the surface of the FA particles but a crystallization of

any zeolitic phase does not take place. Zeolites with a dominant Na-X phase were

obtained under by a two-stage synthesis under the following conditions: fusion at

550 �C, hydrothermal treatment at 90 �C for 2 h of duration, and NaOH/FA ratios

of 2.0–2.4. Zeolite Na-X is also obtained by atmospheric aging for 1 year at a

NaOH/FA ratio of 1.

Keywords Synthetic zeolites • Aluminosilicates • Fly ash recovery

21.1 Introduction

Mineral waste is one of the most spread solid by-products produced in enormous

amounts all over the world, the so-called fly ash (FA), from coal combustion plants.

It is normally reused in cement and concrete production, but recently, different

advanced technologies are under development for its reduction by the component

recovery. Due to the specific chemical composition and the amorphous-crystalline

structure, FA is a suitable starting material for the synthesis of zeolites [1]. Zeolites

are natural or synthetic crystalline aluminosilicates with a structural framework
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built-up of SiO4/2 and [AlO4/2]
� tetrahedra linked each to other at the corners,

sharing an oxygen bridge. Zeolites are characterized by a highly mesoporous

structure and a large surface area which are favorable for surface phenomena and

determine their applications as adsorbents, catalytic carriers, molecular sieves,

etc. [2]. This investigation is a part of a broad experimental program on the

conversion of lignite coal fly ash into synthetic zeolites and their applications in

the flue gas cleaning systems.

21.2 Materials and Methods

21.2.1 Starting Material

FA generated from the combustion of local lignite coals in the largest thermal

power plant in Bulgaria named TPP “Maritza-East 2”, was subjected to zeolitiza-

tion. The FA was preliminary studied with respect to its chemical and phase

composition, and its thermal properties [3]. The FA used as a raw material for

this study was found to contain 52.7 wt% SiO2 and 23.4 wt% Al2O3; the amorphous

phase was determined to 43 % vs. the crystalline one. The grain size distribution of

the FA particles, determined by sieve separation, was found to be between

125 and 250 μm. The density of the FA is ~3.07 g/cm3
.

21.2.2 Classic Alkaline Conversion

This method is based on the combination of different ratios of activatоr and FA,

with the temperature and the reaction time as parameters to obtain different zeolites

types. For the purpose of this study a mixture of 5 g FA and 6 g NaOH was

subjected to magnetic stirring in 100 ml distilled water for 12 h. The solution

obtained was filled into an autoclave, and the synthesis was performed at 90 �C for

different times (2, 3 and 4 h). After the hydrothermal activation, the solid part was

separated by filtration, washed with distilled water and dried.

21.2.3 Two Stage Fusion-Hydrothermal Synthesis

The fusion stage prior to classical hydrothermal treatment is directed to obtain

soluble sodium silicate and aluminate, which after dissolution under continuous

stirring are converted to a hydrogel. Further, crystallization takes place in the

gelous medium during the hydrothermal synthesis. Mixtures of NaOH and FA

were prepared in different ratios: 1.6, 2.0, and 2.4. They were treated in two

steps: fusion prior to hydrothermal synthesis. The first stage was performed at a

200 D. Zgureva and S. Boycheva



temperature of 550 �C for 1 h. Thereafter, the sintered alloys were crushed, mixed

with distilled water and subjected to magnetic stirring for 16 h. The water suspen-

sions obtained were filled into an autoclave; the hydrothermal synthesis stage was

performed at 90 �C with a duration of 2 h. Then, the solid part was separated by

filtration, thoroughly washed with distilled water and dried at 105 �C. In general,

the process of zeolite synthesis, applying a fusion stage before the hydrothermal

treatment, passes through the following reaction scheme:

NaOH þ xAl2O3 � ySiO2!fusion Na2SiO3 þ Na2AlO2!dillution NaOH aqð Þþ
Na2Al OHð Þ4 aqð Þ þ Na2SiO3 aqð Þ!

stirring
Nax AlO2ð Þy SiO2ð Þz
h i

NaOH:H2O gelð Þ

!!90∘C
Nap AlO2ð Þn SiO2ð Þq

h i
� hH2O zeolð ÞAtmospheric aging

The atmospheric synthesis aimed to simulate a mechanism of formation of natural

zeolites which is associated with alkaline activation of volcanic rocks. A mixture of

10 g FA, 10 g NaOH and 100 ml distilled water was prepared and filled into a tube.

Part of the suspension was separated after 8, 10 and 12 months and dried at

atmosphere conditions.

In Fig. 21.1 the principle schemes of the three different synthesis mechanisms

performed in this research to obtain the zeolite Na-X are summarized.

21.3 Results and Discussions

XRD patterns and SEM images of the samples obtained by different approaches are

presented in Figs. 21.2 and 21.3, respectively. The most of the reflections typical for

zeolite Na-X are well expressed for the self-crystallized product. Some intensive

Fig. 21.1 Principle scheme of the three synthesis mechanisms realized
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peaks of different mineral components from the parent FA composition, mostly

those of mullite (2Al2O3SiO2) and magnetite (γ-Fe3O4) are preserved (Fig. 21.2a).

Those two components need to be treated at higher temperature to achieve a

transformation of their structure.
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Fig. 21.2 XRD patterns of the synthesized samples (a) by atmospheric synthesis in comparison

with the starting FA; (b) by hydrothermal and two-stage syntheses compared with the referent

Na-X zeolite

202 D. Zgureva and S. Boycheva



The influence of the duration of the atmospheric aging on the type of the

synthesized materials was investigated by storing samples in a closed tube for 8, 10

and 12 months, respectively. It can be seen that with increasing self-crystallization

time the characteristic peaks of the zeolite Na-X become more intensive. The

intensity of the peaks belonging to the unreacted FA remains constant.

After the hydrothermal activation, the treated sample still contains parts of the

raw material, as the reflections of mullite still exist in the XRD pattern (Fig. 21.2b,

type II) and the FA particles remain unchanged (Fig. 21.3a). In addition, alumino-

silicate hydrogel formation and its initial crystallisation over the FA particles can be

observed in the SEMmicrograph, confirmed by the appearance of a diffraction peak

at 2θ¼ 7.4, typical for zeolite A.

Samples obtained by the two-stage syntheses at different NaOH/FA ratios of 1.6,

2.0, and 2.4 do not contain traces of the raw aluminosilicates (Fig. 21.2b, type III).

The product obtained at the lowest NaOH/FA ratio of 1.6 possess cubic crystals of

zeolite A (Fig. 21.3b). It can be seen also that the surface of the cubic crystals is

covered by nanoscale particles probably belonging to some other zeolitic phase.

Further, hexaoctahedral crystallites of Na-X appear at a higher NaOH/FA ratio of

2.0 (Fig. 21.3c), while some zeolite A phase is still preserved. Crystallites and

reflections belonging only to Na-X zeolite are observed for a NaOH/FA ratio of 2.4

(Figs. 21.3d and 21.2, type III). The crystallite size changes with varying NaOH/FA

Fig. 21.3 SEM images of samples obtained by different reaction schemes
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ratios from the nanoscale at 2.0 to microcrystallites at 2.4. A morphology analysis

shows dimensions of 0.3–0.9 μm for the sample with the lower NaOH/FA ratio, and

of 2.1–5.5 μm for the sample with the higher NaOH/FA.

21.4 Conclusions

The zeolitizaton of aluminosilicates by hydrothermal synthesis and atmospheric

aging does not ensure complete alkaline conversion of the mullite from the raw

FA. The hydrothermal process can be improved by increasing the duration and the

concentration of the alkaline activator but this will result in a mixture of different

zeolitic phases. The self-crystallization and the two-stage fusion-hydrothermal

synthesis both result in a Na-X zeolitic material. The self-crystallization mecha-

nism is the most energy efficient but results in a mixture of zeolitic phases and

unreacted raw aluminosilicates. The two-stage synthesis is controllable to obtain

different types of zeolites with defined morphology. With an increase of the NaOH/

FA ratio, the crystallite size changes from nano- to microscales.
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Part VII

Materials: Nanocomposites



Chapter 22

Organic-Inorganic Nanocomposites
and Their Applications

Alexander V. Kukhta

Abstract The synthesis, the optical and electrophysical properties, and the mor-

phology of thin films of nanocomposites based on electroactive polymers and

inorganic nanofillers (metals, semiconductors, nanocarbons) are considered and

analysed. Special attention is paid to polymer-graphene nanocomposites. Common

and specific properties of such nanocomposites are discussed. Possible applications

in the field of energy conversion and storage, light emitting devices, advanced

sensors, EMI shielding and electronics elements are considered.

Keywords Electroactive polymer • Inorganic nanofiller • Conductivity •

Morphology

22.1 Introduction

Electronic organic-inorganic hybrid materials consisting of two or more compo-

nents of different nature attracted wide attention of scientists during the past

decade. Materials of this type are widely known in nature (mollusc shells, radio-

laria, etc.) and have even made been by people in ancient times (Egyptian inks,

prehistoric frescos, etc.). There is a rich variety of possible combinations of

organic-inorganic materials. Note that hybrid materials in which at least one of

the components are nanosized are called nanocomposites. Conducting organics and

polymers as organic component can be hybridized with metal or semiconductor

nanoparticles as well as with nanocarbons. Commonly, polymers have advantages

such as easy synthesis and processing, chemical and structural diversity, low

weight, and flexibility. Especially attractive for electronic applications are

conducting polymers such as polyaniline (PANI), polythiophenes, polypyrroles,

polyphenylenevinylenes, etc. (Fig. 22.1). The addition of some amount of a

nanofiller to a polymer results in combining the best properties of both partners,
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and new properties often appear. Nanosized fillers results in an increased role of the

interface between the components. It is easy to show that 100 nm particles contain

some 107 atoms with 1 % of them at the surface, but 5 nm particles consist only a

few thousands atoms with 40 % of them located at the surface. As a result, the

properties of nanocomposite are determined by the properties of the polymer, the

filler and the interface between them. Thus, the important advantage of

nanoparticles as polymer additives is that compared to traditional additives the

loading requirements are quite low. Microsized particles need much higher load-

ings; they also scatter light, thus reducing light transmittance and optical clarity.

On the other hand, nanostructured materials show unique properties depending

on size and shape. Size-dependent properties such as quantum confinement in

semiconductor particles, surface plasmon resonance in some metal particles and

superparamagnetism in magnetic materials [1] are observed. Nanocomposites can

be easily prepared by simple solution mixing, melting and in-situ polymerization or

by nanofiller synthesis in a polymer. Particles coated with a polymer shell are

considerably more stable against aggregation due to a large decrease of their

surface energy in comparison to bare particles.

The electrical conductivity of nanocomposites depends on the conductivity of

the constituents, the volume fraction of the filler and filler characteristics such as

size, shape, surface area and morphology, the distribution and orientation of the

filler as well as the interparticle filler spacing within the polymer matrix and the

crystallinity of the matrix [2]. Many of the above factors depend on the processing

Fig. 22.1 Structures of conducting polymers (from top to bottom): polypyrrol, polythiophene,
polyparaphenylene, polyaniline
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method and the conditions used to fabricate the composites. There is a percolation

threshold defined as the minimum volume content of the filler, above which the

filler particles form a continuous network, as described by percolation theory [3]. At

this point the composite becomes electrically conductive. For spherical particles the

interparticle distance increases at constant volume fraction with increasing diame-

ter; it becomes more difficult to form a conductive pathway. For non-spherical

particles (e.g. fibers, platelets), the critical concentration to induce bulk conductiv-

ity in the composite decreases significantly as the aspect ratio of the conductive

filler increases. When the particles possess the same aspect ratio, theory predicts

that rod-like particles percolate at one-half the volume fraction of disk-like particles

[2]. The percolation threshold becomes higher if the particles are parallel aligned.

The presence of metal or semiconductor nanoparticles render even dielectric

organic materials conductive with an electron type conductivity. Metal

nanoparticles change the distribution of electric fields in polymers resulting in

additional electron emission as in island films. The presence of organic shells on

the metal nanoparticle surface can change its work function and, as a consequence,

the conductivity of nanocomposite.

There are three main types of forces between particles in nanocomposites: van

der Waals interactions (between two identical spherical particles), electrical

double-layer interactions (between oppositely charged particles or moieties), and

steric interactions [4].

The nanocomposites considered have opened the era of printed electronic

circuits using the ink jet printing technology. Solution colloid based electrically

conductive inks are available on the market, but they require to be sintered on the

substrate at elevated temperatures or to be cured by UV radiation, as well as an

catalytically active template in order to obtain the required electrical conductivity.

A direct ink-jet printing of conductors without additional treatment would be very

attractive. The proposed approach overcomes the inherent limitations of pure

nanoparticle dispersions. Depending on the polymer and the nanofiller nature,

nanocomposites have already been developed for manifold printable electronic

applications such as conducting electrodes, transistors, memories, radio frequency

identifiers, solar cells, light emitting devices, electrochromic devices,

supercapacitors, electromagnetic interference (EMI) shielding, sensors, as well as

in optics, biology and medicine, etc. [5].

In this paper, the conducting and in some cases the optical properties and the

morphology of the most interesting electronic polymer nanocomposites in this wide

area are briefly reviewed along with some applications in light emitting and

photovoltaic devices, supercapacitors, sensors, etc.

22.2 Polymer-Metal Nanoparticles Nanocomposites

It is well known that metals are among the most conductive materials on earth due

to their high free-electron density.
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Metallic nanoparticles (NP) play an important role in a wide number of appli-

cations such as surface enhanced Raman scattering and luminescence display

devices, catalysis, microelectronics, light emitting diodes, photovoltaic cells and

also in medical or biological applications. Moreover, nanoparticles show changes

of their electronical, optical and catalytic properties depending on the synthesis

method. Many physical and chemical techniques of nanoparticles synthesis have

been developed up to date. Pure nanoparticles readily aggregate. In order to prevent

aggregation they are covered by organic surfactants, polymers, or inorganic

shells [6].

The contact between metal particles and the polymer is crucial in molecular

electronic devices because the charge transfer at the contact point plays an impor-

tant role in their functionality. Conducting polymers containing either nitrogen or

sulfur atoms in their repeating unit are attractive candidates for the preparation of

metal/polymer nanocomposites.

The surface plasmon bands of gold (silver, copper) nanoparticles are prominent

when they possess diameters greater than 5 nm. At relatively low diameters (less

than 2 nm), surface plasmon absorption of gold nanoparticles disappears. Purified

Au and Ag nanoparticles with diameters less than 2 nm become highly

luminescing [1].

A micrograph of typical Ag nanoparticles and their size distribution is presented

in Fig. 22.2. The random distribution of nanoparticles and their small diameter

results in low light scattering, and the transmission of a nanocomposite film is close

to that of the pure polymer (compare the absorption spectra in Fig. 22.3). The

absorption spectrum of the nanocomposite film has a wide band in the region

between 250 and 450 nm. It mainly stems from the absorption of the polymer.

After introduction of nanoparticles the spectrum changes a little in the short

wavelength region as compared to the spectrum of the pure polymer film due to
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Fig. 22.2 Electron microscope micrograph of Ag nanoparticles (left) and their size distribution
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the low filler concentration. Nanocomposite thin film remains transparent in the

whole visible region though an essential transparency decrease is observed in near

UV region below 400 nm, up to 10 % at 300 nm. The transparency decrease in the

region 400–700 nm does not exceed 3 %. No visible changes in transparency of

nanocomposite films in vacuum and in air are observed.

Conducting AFM measurements did not reveal significant differences in the

morphologies of thin films of pure poly(3,4-ethylenedioxythio-phene):poly

(styrenesulphonate) (PEDOT:PSS) and the polymer containing nanoparticles.

However, at low applied voltages, for both films there is no noticeable correlation

between the morphology and the electric current distribution (Fig. 22.4), although a

certain correlation appears as the voltage increases. Furthermore, the currents of

PEDOT:PSS +Ag nanoparticles films are larger in magnitude and have a more

pronounced structure than those of the pure polymer films. This means that the

nanoparticles are located under the film surface in different depths and initiate an

increase of the current. The electric field strength in this geometry is difficult to

estimate. Based on the ratio of the voltage to the interelectrode distance, it

exceeds 1 MV/cm. The sharp electrode further increases the field strength.

Therefore, these measurements can be considered as measurements in a very

strong electric field.

It has been found [7] for nanocomposites consisting of PEDOT:PSS and Au/Ag

nanoparticles that the current-voltage characteristics of the nanocomposite films

depend significantly on the electric field strength. The introduction of gold

nanoparticles into PEDOT:PSS in weak electric fields leads to an increase in the

bulk conductance by almost two orders of magnitude (due to donor–acceptor

interactions) (Fig. 22.5), a 50 % decrease of the activation energy for conduction,

and an increase in the sensitivity to adsorbed oxygen. The conductivity increases on

introduction of nanoparticles in dielectric polymers can achieve seven orders [1]

and more. It should be noted that oxygen adsorption on the surface and in the bulk

of nanocomposite films in air always effect the value of the conductivity. It is not

easy to measure the concentration of the adsorbed oxygen. However, it can be

Fig. 22.3 Absorption

spectra of thin films of

PEDOT:PSS (1) and
PEDOT:PSS +AuNP (2)
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estimated using the cyclic thermodesorption method. The concentration of oxygen

adsorbed in the sample will decrease if in every heating-cooling cycle temperature

is increased. Using a number of such cycles and measuring the conductivity in

vacuum and air during cooling one obtains a series of conductivity temperature

dependences with different concentrations of adsorbed oxygen. Each curve corre-

sponds to a fixed oxygen concentration.

The temperature dependences of the conductivity obtained by measuring in

vacuum, in air or by cyclic thermodesorption method can be described by the

formula σ¼ σ0exp(�E/kT), where E is the activation energy, and σ0 is a

pre-exponential factor. This formula describes hopping transport in many organic

semiconductors. The relation between σ0 and E can serve as a basis for a system-

atization of the measured temperature dependences of the electrical conductivity at

Fig. 22.4 (a, c) Electric current distributions and (b, d) topographies of (a, b) PEDOT:PSS and

(c, d) PEDOT:PSS +AgNP films (1� 1 μm) at a positive potential of 0.3 V across the sample
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different oxygen concentrations, either confirming or rejecting the activation char-

acter of the conductivity. It also reflects the so-called compensation effect, showing

a linear growth of ln(σ0) with the activation energy.

The electrical conduction of PEDOT:PSS +AuNP films is provided by hopping

charge transfer in the system of intrinsic localized states as well as in the system of

impurity states of adsorbed oxygen. Gold nanoparticles promote electron transfer

due to donor–acceptor interactions in the nanocomposite. In strong electric fields,

the current–voltage characteristics exhibit a different behavior in forward and

reverse scanning modes (Fig. 22.6) [7].

It has been found that the insertion of amine functionalized gold nanoparticles

into PEDOT:PSS results in a strong increase of the conductivity. This increase was

found to depend strongly on the surrounding medium. As compared to pure

polymer films this increase is minor in vacuum, but very strong in air and oxygen.
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This property can be used for oxygen sensors. Current-voltage characteristics of

pure polymer and nanocomposite thin films on interdigitated substrate are presented

in Fig. 22.7 [8]. Figure 22.7b illustrates that the incorporation of metallic

nanoparticles enhances the electrical conductivity of the films. The concentration

of the nanoparticles is much less then the percolation threshold. It is well-known

that aliphatic molecules are electrically insulating while aromatic molecules can

conduct electricity. We can see that replacing organic aliphatic shell by a aromatic

thiol (biphenyloxazole based) shells increases the conductivity Ag/Au-

polyepoxypropylcarbazole (PEPK) nanocomposites (Fig. 22.7b).

The application of Ag nanoparticles to organic electroluminescence cells

showed [9] that their insertion into single layered cells resulted in the improvement

of all operation characteristics. The electroluminescence increase varied from about

50 % up to more than 100 % with the applied voltage as compared with undoped

structures, the threshold of electroluminescence appearance is essentially lower. It

should be noted that there is an optimal nanoparticle concentration due to lumines-

cence quenching caused by the metal nanoparticles. The essential efficiency rises;

its increase with applied voltage has also been observed. A numerical simulation of

the processes in such a cell shows that a lower nanoparticle concentration (larger

nanoparticle diameter) results in the decrease of the tunneling current due to an

increase of the potential barrier; the field drops in many points on the cathode

surface. This effect is more noticeable for low fields. Cu (for all concentrations) and

Ni nanoparticles (for optimized concentrations) in the hole injection layer (PEDOT:

PSS) also improved all characteristics of electroluminescent cells [10].

Nanocomposites based on nanoparticles made from magnetic metals are prom-

ising for various potential applications such as spin-polarized devices, carriers for

drug delivery, magnetic recording media, high-frequency applications, magneto-

optical storage, interference suppression, biomedical sensing, etc. [11].
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22.3 Polymer-Semiconductor Nanoparticles
Nanocomposites

Semiconductor nanoparticles (quantum dots, QD) are nanostructures composed of

groups III�V or II�VI elements that exhibit interesting optical and electronic

properties making them very attractive in applications such as biological labeling,

solar cells, and light emitting devices. Many techniques for the synthesis of such

nanoparticles have been developed. The most interesting nanoparticles are metal

oxides, sulfides, selenides, and hydrides. To avoid aggregation these nanoparticles

are covered by organic surfactants, polymers, or inorganic shells [6].

Special semiconductor nanoparticles with thermodynamically stable structures

are called magic-sized nanoclusters, a term adopted from metal clusters having an

exceptionally stable closed-shell structure. These magic-sized nanoclusters have a

narrow emission bandwidth of 20�30 nm because they possess only one particle

size [1] and show the highest luminescence quantum yield. Another type of

semiconductor nanoparticles with unexpectedly high quantum yield (up to 80 %)

is semiconductor nanoplatelets [12].

Quantum dots are highly luminescing with easy colour tuning by their dimensions

[13]. Up to now a wide number of different semiconductor nanoparticles with high

quantum yields and wide luminescence bands as in organic phosphors have been

developed. The size and type of the nanoparticles determine the emission colour.

There are a number of ways to increase the luminescence ability of semiconductor

nanoparticles. First, modification of the nanoparticle surface by different organic and

inorganicmaterials can not only prevent aggregation, but also luminescence quenching

caused by surface defects, as well as charge and energy transfer from the nanoparticle

to the environment. Typical materials for the creation of the surrounding shells for

nanoparticles are amines, aliphatic thiols and other organic surfactants, inorganic

substances (semiconductors, e.g. CdSe/ZnS, CdSe/CdS or metals with an electrolyte

spacer), micelles, and dendrimers. In any case the band gap of the shell material has to

be higher than that of the nanoparticle, and an alignment of the corresponding levels

is required. Second, doping of semiconductor nanoparticles with d-element ions (Cu2+,

Mn2+, Eu3+, etc.) can be performed which is well-known also for the bulk materials.

Third, the introduction of luminescing nanoparticles into conducting luminescent

polymers results in a widening of the luminescence spectrum, a simpler deposition,

and a higher stability. Even usual insulating polymers doped with luminescent

semiconductor nanoparticles increase the brightness up to 40 %.

Usually, an effective interaction between nanoparticles shells and polymer

molecules is observed. A luminescence enhancement can occur in the case of

efficient energy transfer from the polymer to the nanoparticles when conditions of

matching energy levels and the absence of steric barriers are fulfilled. In fact, even

relatively long insulating nanoparticles ligand do not severely impede the transfer

of excitations from the polymer to the nanoparticles, although shorter chains can

improve the transfer efficiency. By controlling the average nanocrystal size, the

band gap of quantum dots can be tailored continuously over an energy range wider
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than possible in bulk semiconductors by changing the semiconductor alloy compo-

sition. In fact, bandgaps even smaller than those of the bulk semiconductor coun-

terpart have been achieved in quantum dots-polymer composites, perhaps due to a

bandgap narrowing that occurs as a result of high local electric fields between

closely spaced quantum dots. Combining the unique optical properties of quantum

dots with the electrical properties of conductive polymers results in quantum

dot/polymer composites for alternative photonic devices. Generally the costs and

the efficiency of these polymer-based devices can be significantly lower than their

semiconductor counterparts, since economical high-volume manufacturing tech-

niques can be employed for polymer films. Physical mixing of the CdSe/ZnS

quantum dots with the blue-emitting electroluminescent polymer polyfluorene

(PFO) cannot produce the required homogenous uniform dispersion for good

energy transfer from PFO to the QDs; therefore, the development of integrated

polymer/QD composite systems by molecular engineering is essential. Good results

can be obtained with hybrid QD-oligomer nanocomposites, where the emitting

oligomers are coordination bonded to the QD surfaces.

As a rule, polymer nanocomposites with luminescing quantum dots are also highly

luminescing. Nanocomposites based on ZnO, GaN, HfO2, ZrO2, Al2O3, etc. show

very good luminescences [14]. Semiconducting carbon nanoparticles were found to

possess an efficient luminescence; they are attractive owing to their inertness [15].

The absorption and photoluminescence spectra of quantum dots allow them to

act as wavelength conversion materials for light emitting diodes using the wave-

length conversion properties of quantum dots for white lighting. One practical goal

is to produce color-balanced white light with the highest possible energy efficiency

and the lowest possible cost. One approach is to surround a blue light-emitting

diode with a quantum dot polymer composite that converts some of the blue light to

yellow light so that the human eye perceives the emission as white light. Although

color mixing is possible with quantum dots, this approach is not energy-efficient

enough to replace fluorescent lights.

For visible imaging, quantum dots have several potential advantages over organic

dyes. First, traditional organic dyes have narrow absorption peaks which are very

close to their photoluminescence peak. Therefore each dye requires its own expen-

sive, carefully-tuned, sharp-cutoff filter to block the excitation background from the

imaging camera. In contrast, quantum dots have a broad absorption tail over wave-

lengths shorter than the peak emission wavelength. Conjugation of QD with anti-

bodies yields biomarkers that compete with traditional organic fluorescent tags in

terms of biocompatibility, excitation and filtering simplicity, and photo-stability.

Transparent PMMA/Fe-oxide nanocomposites possess good magnetic properties

and potentially interesting magneto-optic applications [16]. It was reported that

very small magnetic nanoparticles have discrete spin quantum numbers whereas

larger-sized particles exhibit a continuum of energy states. The stepped magnetic

hysteresis curve derives from the quantization of spin states in the iron oxide

particles due to their extremely small volume [1].

Many metal oxides nanoparticles (TiO2, ZnO, SnO2, ZrO2) are widely used in

cathodes of dye-sensitized solar cells [17] and supercapacitors.
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22.4 Polymer-Graphene Nanocomposites

Many carbon nanoparticles have been developed up to date. Fullerenes, carbon

nanoparticles, onion like particles, nanodiamonds, nanotubes, graphenes,

nanofoams found wide scientific interests and applications owing to their chemical

inertness, hardness, and good electrical and thermal conductivity. Among them

graphene was one of most attractive carbon nanomaterial during the last decade.

Graphene consists of a single-layer carbon sheet with a hexagonal packed

π-electron system. It possesses many unique properties such as a high carrier

mobility at room temperature (250,000 cm2V�1s�1), a very high current carrying

capacity (up to 109 A/cm2), a large theoretical specific surface area (2,630 m2g�1), a

good optical transparency (97.7 %), a high Young’s modulus (1 TPa) and an

excellent thermal conductivity (3,000–5,000 Wm�1K�1) [18, 19]. In practice,

graphene networks consisting of graphene sheets fabricated by physical or chemical

graphite exfoliation in solutions contain multiple boundaries and defects that

dramatically decrease the properties of the resulting films. This is also one reason

for the poor quality and stability of thin films made from graphene nanosheets. The

absorption spectrum of graphene nanosheets (Fig. 22.8) represents a wide band with

a maximum at 320 nm that is similar to that of graphene. It originates from π–π*
transitions in aromatic sp2 domains. A single layer graphene absorbs 2.3 % of the

incident light [20]. Measurements [21] showed that an extreme difference (four to

five orders of magnitude) of the inplane conductivity of a graphene sheet as

compared to the transverse conductivity.

Though graphene is widely commercially available, in many cases one needs to

use freshly prepared material without any surfactants. Mechanical graphite cleav-

age, chemical vacuum deposition and epitaxial growth (giving the most qualified

large scale graphene), chemical graphite exfoliation, microwave and laser exfolia-

tion are widely known. However, the most simple and scalable tool is sonication of

graphite flakes in solutions [22].

Fig. 22.8 Absorption

spectrum of graphene

nanosheets
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The methods applied for the fabrication of graphene–polymer composites are

solution mixing, melt blending, and in-situ polymerization. Solution mixing is one

of the most commonly used methods for the preparation of polymer composites,

since it is straightforward, requires no special instruments, and allows for large-

scale production. The key issue to prepare advanced graphene-based

nanocomposites is the engineering of the polymer-graphene interface. Pristine

graphene is hydrophobic, not compatible with organic polymers and does not

form homogeneous composites. The poor solubility of graphene in organic sol-

vents, especially in the nonpolar ones, largely hinders its processability, being a

bottleneck for the incorporation of graphene into most of the polymer matrices.

That is why non-covalent or covalent functionalization of grapheme is used. It

should also be noted that according to recent studies the hydrophobicity of graphene

is actually due to airborne hydrocarbon contaminations. A clean graphite surface is

in fact mildly hydrophilic with a water contact angle of 64� [23].
Theπ�π interactions are the reason for restacking of the graphene sheets. Thus, they

are one of the most important noncovalent interactions, in the sense that the negatively

charged, diffusing electron clouds of the π systems exhibit an attractive interaction.

This interaction is predominated by dispersion interactions when both π systems

possess very similar electron densities. However, when one of the systems is

electron-rich and the other electron-deficient, the resulting complexes are bound by

induction interactions as is the case when the negative charge gets transferred from

benzene to hexafluorobenzene [24]. The best interaction and solubility of graphene is

observed inN-methylpyrrolidone and orthodichlorobenzene [25]. The solubility is also

good in perfluorinated organic solvents (hexafluorobenzene andderivatives) andwater-

ethanol or water-isopropanol mixtures [26]. Many aromatic molecules (porphirin [27],

tryptophan, congo red, tetracyanoquinodimethane, tetracyanoethylene,

1,5-naphthalenediamine, 9,10-dimethylanthracene, or tetrasodium 1,3,6,8-

pyrenetetrasulfonic acid), ionic liquids, polymers (poly(N-vinylcarbazole), poly

(styrene-co-butadiene-co-styrene), poly(2,5bis(3-sulfonato-propoxy)-1,4-ethynyl-

phenylene-alt-1,4-ethynylphenylene)sodium salt) greatly improve the graphene solu-

bility [22, 24]. Inorganic materials are also used for non-covalent functionalization.

Metallic and semiconducting nanoparticles are very attractive for this purpose in

the last years. Graphite and graphene are often used as a substrate for the synthesis

of free-standing metal nanoparticles due to their low chemical reactivity, small

diffusion barriers for adsorbed species and high degree of structural order. Recent

work suggests that graphene can promote the self-assembly of adsorbed metal

atoms into nanoscale clusters with controllable size distributions potentially open-

ing a new route to nanoparticle synthesis [24]. This methode of nanoparticle growth

is attractive since being grown in situ the particles can be clean and densely packed

without aggregating. The majority of the publications related to the preparation and

applications of this new class of graphene based nanocomposites uses noble metals

like gold, platinum, palladium and silver; however, there is also a growing interest

in the use of other metals like iron, copper, tin and cobalt [24]. Figure 22.9

illustrates a stable graphene-copper nanoparticle composite. Note, that this

nanocomposite can easily form stable, transparent and highly conducting 100 nm
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thin films with a resistance of about 400Ω/sq. Metal nanoparticles improve the

stability of graphene films and their conductivity. The observation of superconduc-

tivity of tin nanoparticles activated graphene should be noted [28].

There is a great demand for the synthesis of graphene-semiconductor nanomaterial

composites because of their promise in electronics, optics, and energy-based appli-

cations such as solar cells, Li-ion batteries, and supercapacitors. To date, various

kinds of semiconductor nanomaterials have been synthesized and supported on

graphene-based templates, which include TiO2, ZnO, SnO2, MnO2, Co3O4, Fe3O4,

Fe2O3, NiO, Cu2O, RuO2, CdS, and CdSe [24]. For luminescing CdS, CdSe, CdSe/

ZnS quantum dots deposited on graphene, an efficient energy transfer occurs from the

individual nanoparticles to the graphene surface. This energy transfer is indicated by

a quenching of the fluorescence intensity of the CdSe/ZnS nanocrystals by a factor of

70. The fluorescence quenching of quantum dots from graphene oxide can be avoided

by blocking the direct attachment of these species by an “insulating layer”. As an

example graphene oxide can be covered during its reduction step by a monolayer of a

reductive agent such as the positively charged p-phenylene diamine, while CdSe

nanoparticles were covered during their formation by negatively charged

hexadecanoic chains as described in [24]. The composite is formed due to the

electrostatic forces between the two components. The presence of the organic

aliphatic molecules provides the composite with a high solubility in organic solvents

such as toluene. Due to this insulating layer the composite showed a characteristic

fluorescence spectrum after photoexitation of the quantum dots.

Fig. 22.9 Micrograph of graphene – Cu nanoparticles
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Quantum dots can absorb light and transfer it to graphene, but the efficiency of

the transfer depends on how far the quantum dots and the graphene are separated

from each other. The thickness of the organic molecule layer typically surrounding

the quantum dots is crucial in attaining sufficiently high efficiencies of this light/

energy transfer into the graphene. This transfer can be further optimized by

engineering the interface between the two nanomaterials, especially by optimizing

the thickness of the organic capping molecules [29].

To prepare more stable graphene inks and polymer nanocomposites, different

types of covalent functionalizations are used [30]. Many types of organic surfac-

tants, oxidation, bases and acids, bile salts have been developed up to date.

However, while the dispersion of graphene in the polymer is greatly improved,

the electrical conductivity often decreases in the case of covalent functionalization.

The conductivity of the studied polymer-graphene nanocomposites is higher

than that of pure polymer, but it is still essentially lower than that of pure graphene.

One of the mostly employed host polymers is PANI due to its high capacitive

characteristic, low cost, and ease of synthesis by in-situ polymerization. Good

results have been obtained with nafion-graphene nanocomposite (1,030Ω/sq), but

the transmittance was decreased to 50.5 % [31]. Recently, large-scale graphene-

doped polymer films showed a low sheet resistance of 120Ω/sq at ambient condi-

tions with a transparency higher than 95 % [32].

To achieve better conductivities or lower costs, more than one kind of filler,

particularly fillers with different aspect ratios, are used to prepare conducting

nanocomposites. Figure 22.10 illustrates currents-voltage characteristics of

polymer-metal nanoparticle-CNT (a) and polymer-metal nanoparticle-graphene

(b) composites. It can be seen that the conductivity is drastically improved owing

to the presence of additional contacts between carbon nanomaterial and polymer

through the metal nanoparticles.
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22.5 Applications

22.5.1 Supercapacitors

Supercapacitors (ultracapacitors or electrochemical capacitors) are energy

storage devices that store energy as charge on the electrode surface or in a

sub-surface layer, rather than in the bulk material as in batteries; therefore, they

can provide high power densities (up to 10 kW kg�1) due to their ability to release

energy more easily from surface or sub-surface layer than from the bulk. Since

charging-discharging occurs on the surface, which does not induce drastic structural

changes of the electroactive materials, supercapacitors possess excellent cycling

ability and a short charging time. Due to these unique features, supercapacitors are

regarded as one of the most promising energy storage devices. In terms of their

operation mechanism, there are two types of supercapacitors: electrochemical

double layer capacitors (EDLCs) and pseudocapacitors. In EDLCs, the energy is

stored electrostatically at the electrode–electrolyte interface in the double layer,

while in pseudocapacitors charge storage occurs via fast redox reactions on the

electrode surface. There are three major types of electrode materials for

supercapacitors: carbon-based materials, metal oxides/hydroxides and conducting

polymers. Each type of material has its own unique advantages and disadvantages.

For example, carbon-based materials can provide high power densities and long life

cycles but their small specific capacitance (mainly the double layer capacitance)

limits their application for high energy density devices. Metal oxides/hydroxides

possess a pseudocapacitance in addition to the double layer capacitance and have a

wide charge/discharge potential range; however, they possess a relatively small

surface area and a poor cycle life. Conducting polymers have the advantages of a

high capacitance, a good conductivity, low costs and ease of fabrication but they

have a relatively low mechanical stability and cycle life. Graphene derivatives and
conducting polymers can be combined and used as a hybrid type of supercapacitor,

i.e., a combination of EDLC and pseudo-capacitors. A promising way to allow an

increased cell voltage and energy density is to develop asymmetric electrochemical

capacitors, which comprise a battery-type Faradaic electrode and a capacitor-type

electrode to combine the advantages of both energy storage devices. Graphene-

based nanocomposites are expected to have a great future for applications in

supercapacitors. The properties of nanocomposite electrodes depend not only

upon the individual components used but also on the morphology and the interfacial

characteristics. Nanorod-PANI-graphene composites exhibited a significantly

improved performance with a maximum specific capacitance value of 879 F g�1

[33]. Graphene oxide/PANI composite achieved the maximum specific capacitance

value of 1,136 F g�1 [33].

Graphene nanostructures are ideally suited as a carbon substrate for the use as

anodes in Li-ion batteries. Such batteries are still considered as one of the promising

storage systems due to their high absolute potential against the standard hydrogen

cell (3.04 V) and their low atomic weight (6.94 g mol�1), which leads to a large
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energy density with theoretical values up to 400 WhKg�1 [18]. Recently, conduc-

tive graphene/SnO2 nanocomposites have been fabricated exhibiting an enhanced

and stable specific capacitance compared to graphene. It was prepared from

polyaniline/SnO2 nanocomposites, with SnO2 nanoparticles embedded in a netlike

polyaniline network. This composite material is characterized by a 3 times higher

energy storage density compared to pure SnO2 and a specific capacitance decay of

only 4.5 % after 500 cycles [29].

22.5.2 Photovoltaic Devices

Solar energy is a clean renewable energy resource, which can be directly converted

into electricity by photovoltaic devices. There are two types of hybrid solar cells.

One of them is based on the concept of bulk heterojunctions where a conducting

polymer absorbs light, followed by charge transfer from this polymer to [6,6]-

phenyl-C61-butyric acid methyl ester and then by charge separation. Another type

are dye-sensitized solar cells. It is composed of a porous layer of titanium dioxide

nanoparticles covered with a molecular dye (ruthenium polypyridine) that absorbs

sunlight. This structure is located between two electrodes and immersed in an

electrolyte [34].

Graphene grafted to fullerenes resulted in a 2.5-fold increase of the power

conversion efficiency with an enhanced short-circuit current density and an open-

circuit voltage in bulk heterojunction solar cell [35]. It means that fullerene-

graphene is an excellent electron accepting/charge transporting material for the

construction of efficient polymer solar cells and for many other applications. Quite

recently the positive influence of nanosized TiO2, dispersed in polyvinylidene-

fluoride on the long term stability of solar cells was demonstrated [29]. A unique

capability of quantum dot-sensitized solar cells is a production quantum yield

greater than one by impact ionization this capability produces higher conversion

efficiencies than dye-sensitized solar cells [36].

A transparent window electrode is one of the key parts in solar cells. Presently,

indium tin oxide (ITO) and fluorine tin oxide (FTO) are used with known problems

(high price, brittleness, sensitivity to acidic and basic conditions). Graphene has

also found its use in numerous related applications, e.g. as transparent electrodes,

dye-sensitized and heterojunction solar cells. Graphene-doped conducting poly-

mers such poly(3,4-ethyenedioxythiophene):poly styrenesulphonate (PEDOT:

PSS) and poly(3-hexylthiophene) (P3HT) have shown better power conversion

efficiencies than cells with PEDOT:PSS as counter electrode in dye-sensitized

solar cells [35].

First hybrid organic-inorganic P3HT:CdSe nanowire heterojunction photodetec-

tors were demonstrated on silicon substrates, exhibiting a greatly enhanced photo-

current, a fast response, and a recovery time shorter than 0.1 s [37].
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22.5.3 Light-Emitting Diodes

A light emitting diode is a semiconductor diode which emits light under recombi-

nation of electrons and holes moving from opposite electrodes. Hybrid structures

consisting of a conducting polymer and luminescent quantum dots offer tunable

emission, easy processability from solutions and low materials cost. Inorganic

nanofillers are used as additional [38] or emitting layers [39]. Brightness and

efficiency of quantum dot based light-emitting structures are the same as those of

phosphorescent polymer diodes [40]. Polymer-quantum dot hybrids are attractive

also for white electroluminescent diodes [41]. Application of nanocomposites in

transparent electrodes showed good results [33].

22.5.4 Sensors

Sensors are widely used in our daily life; their applications increase in electro-

chemical, biological and environment detection. Sensors have been widely used in

many fields, such as industry (pollutant), research institutes (radiation measure-

ments) and clinical diagnosis. Nanohybrids have thus been used to detect nerve

agents, toxic gases, volatile organic compounds, glucose, dopamine, and DNA.

Furthermore their application extends to pH, pressure and temperature sensors. A

number of electrochemical techniques including cyclic voltammetry, differential

pulse voltammetry and chronoamperometry were employed to study electrochem-

ical sensors. In particular, electrochemical sensors offer selectivity and sensitivity

with very low detection limits ranging from nanomolar to picomolar. Graphene/

PANI nanocomposites have been employed for the determination of 4-aminophenol

via the DPV technique, as well as hydrazine sensors [11].

22.5.5 Other Applications

The versatility of graphene polymer nanocomposites suggests their potential use in

automotive, electronics, aerospace, and packaging applications. Various engineering

applications such as antistatics and electromagnetic interference (EMI) shielding

require a certain level of conductivity (101–107Ω cm). The high value of shielding

effectiveness due to absorption (41.6 dB which means >99.99 % microwave atten-

uation) has been obtained in a PANI-graphene oxide-Fe2O3 nanocomposite

[42]. Transparent conducting films are also used in many electronic devices as in

touch screens, flat panel displays, e-paper, etc. [19, 43]. A graphene-ink suitable for

inkjet printing was prepared, achieving graphene TFTs with up to 95 cm2V�1s�1

mobility and 80 % optical transmittance, paving the way to high mobility all-inkjet

printed graphene-based optoelectronics. Hybrid inorganic/organic nanocomposites
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composed of organic layers containing metal nanoparticles, semiconductor quantum

dots, core-shell semiconductors, fullerenes, carbon nanotubes, graphene have great

prospects for potential applications in nonvolatile memory devices [44].

22.6 Conclusions

In the twenty-first century hybrid organic–inorganic materials will play a major role

in the development of advanced functional materials.

Research of such materials is being mostly supported by the growing interest of

chemists, physicists, biologists and materials scientists to fully exploit this oppor-

tunity to create smart materials benefiting from the best of the three realms:

inorganic, organic and biological.
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Chapter 23

Microwave Electrical Properties
of Nanocomposites

L.C. Costa

Abstract Several techniques have been proposed for the measurement of the

complex dielectric permittivity at microwave frequencies. The cavity resonant

method presents good accuracy, in particular for low loss materials, using the

small perturbation theory. In this method, the resonance peak frequency and

the quality factor of the cavity, with and without a sample, can be used to obtain

the complex dielectric permittivity of the material. We measure the shift in the

resonant frequency of the cavity Δf caused by the insertion of the sample, which can

be related to the real part of the complex permittivity ε0 and the change in the

inverse of the quality factor of the cavity, Δ(1/Q), which gives the imaginary part,

ε00. The relations are simple when we consider only the first order perturbation in the

electric field caused by the sample. This technique is presented to study polymer

nanocomposites that will be used in microwave oven doors, which purpose is to

confine the energy to the cavity, where the microwave leakage must be strictly

controlled.

Keywords Nanocomposites • Microwaves • Electrical properties

23.1 Introduction

Several methods can be used to measure the complex permittivity of materials

ε*¼ ε0�iε00. In particular, the free space techniques [1], the cavity perturbation

method [2] and the resonant techniques of Fabry-Perot [3] can be cited. Each of

these methods presents advantages and disadvantages, depending on the type of

material which is under investigation.

In 1947, Montgomery proposed the cavity perturbation technique [4] to study the

complex permittivity of materials, and additional developments have been done by

several researchers to improve it [5–8]. It provides a simple measurement procedure

with high sensitivity, which can be used to calculate the complex dielectric

permittivity or magnetic permeability [9, 10].
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The technique is based on the changes in the resonant frequency and quality

factor of the cavity, due to the presence of a material inside the cavity. The resonant

perturbation method was extensively used to study the microwave dielectric prop-

erties of various materials [11–13]. The transmission of the cavity depends on

several factors, such as the volume, shape and location of the object that is

introduced inside the cavity. For a cavity and a sample of known shape, it is

possible to calculate the permittivity or the permeability of the material [14].

The values of the resonant frequency f and quality factor Q, before and after the

insertion of the sample into the cavity, are used to calculate the properties of the

material. The relationships derived from the perturbation theory of resonant cavi-

ties, were given by several authors [5, 15–18]. They are simple, when only the first

order perturbation in the electric field caused by the sample [19] is considered. That

is, if it is guaranteed the linearity between the measured perturbation and the

volume of the inserted sample, an independent calculation of the real and imaginary

parts of the permittivity can be made.

To avoid radiation leakage in microwave ovens a choke is used in the door.

Filling of this choke with a material must be used to prevent the entrance of soil.

Several possibilities were considered, but it must be guaranteed that the material

results in very low losses, such as insulating polymers.

The electrical properties of these polymers can be altered by adding different

conducting particles [20], like carbon [21–23], iron [24], nickel [25] or another

conducting polymer [26–28]. The conductivity of the composite material can thus

be controlled by properly choosing the components, their shape and their relative

volume fractions. That is, small quantities of conducting particles can increase the

dielectric constant, without exceeding the critical concentration of percolation [29]

that is, avoiding high conductivity. If electrical losses become high, heating of the

plastic will occur, resulting in melting or even carbonization.

23.2 Theory

The theoretical treatment of a cavity resonator consists of solving Maxwell

equations considering the continuity of the boundary conditions of the cavity.

The resonance frequencies appear as conditions in the solutions of the differential

equation involved and are not significantly affected by the fact that the cavity walls

have a finite conductivity. The small perturbation is guaranteed since linearity

between the measured perturbation and the volume of the inserted sample

exists [30].

The electromagnetic field in the cavity must satisfy the wave equation,

∇2Φ� ∂2Φ

c2∂t2
¼ 0 ð23:1Þ
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where Φ is the electric or magnetic field components of the wave and c the light

velocity in the medium. For the electric field, and assuming that Ez¼ 0 since z is the
propagation direction, we have the solution for (23.1) as

Ex ¼ A1x sin k1xð Þ½ � A2x sin k2yð Þ þ B2x cos k2yð Þ½ � A3x sin k3zð Þ½ � e�iωt ð23:2Þ
Ey ¼ A1y sin k1xð Þ� �

A2y sin k2yð Þ þ B2y cos k2yð Þ� �
A3y sin k3zð Þ� �

e�iωt ð23:3Þ

with Ex and Ey being the x and y electric field components, the A’s and B’s the

amplitudes and k1¼mπ/a1, k2¼ nπ/a2, k3¼ pπ/a3, where a1, a2, a3, are the cavity

dimensions in the x, y, z directions respectively and m, n, p are the number of the

half wavelengths in each direction.

If a2< a1< a3, the TE1,0,1 mode has the lowest frequency and is the dominant

mode. For a typical TE1,0,p, Eqs. (23.2) and (23.3) can be reduced to

Ex ¼ A1x sin
π x

a1

� �� �
B2x½ � A3x sin

pπ z

a3

� �� �
e�iωt ð23:4Þ

Ey ¼ A1y sin
π x

a1

� �� �
B2y

� �
A3y sin

pπ z

a3

� �� �
e�iωt ð23:5Þ

with the resonant frequency f¼ω/2π given by

f ¼ c

2
ffiffiffiffiffiffiffi
μ0ε0p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m

a1

� �2

þ p

a3

� �2
s

ð23:6Þ

where μ0 and ε0 are the relative values of the permeability and dielectric constant,

respectively.

When the field in the cavity is slightly changed by the insertion of the object, and

that field is uniform over the volume, the shift in the resonant frequency of the

cavity Δf can be related to the real part of the complex permittivity, while the

change in the inverse of the quality factor of the cavity Δ(1/Q) can be related with

the imaginary part ε00. The relations are simple when we consider only the first order

perturbation in the electric field caused by the insertion of the sample. After some

mathematic manipulations [19] we obtain

Δf
f 0

¼ K ε0 � 1ð Þv
V

ð23:7Þ

Δ
1

Q

� �
¼ 2Kε00

v

V
ð23:8Þ

where K is a constant related to the depolarization factor, which depends on the

geometric parameters, v and V are the volumes of the sample and the cavity

respectively, and f0 is the resonance frequency of the cavity before the introduction
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of the sample. Using a sample of known dielectric constant, one can determine the

constant K [30].

Figure 23.1 shows the transmission of a resonant cavity, empty and with a

sample. The resonant frequency was shifted to lower frequencies and the quality

factor decreased with the insertion of the sample.

For materials with high losses or high dielectric constant, the perturbation can be

too high. The solution is to decrease the ratio v/V, that is, using very small samples

or construct larger volume cavities.

23.3 Experimental

Figure 23.2 shows a resonant cavity, where the hole in its centre to introduce the

sample holder with the material to be studied is visible.

This cavity was built from a standard rectangular metallic waveguide section

coupled with external waveguides through small apertures in the opposite walls to

operate with a resonant frequency of about 2.7 GHz. To couple the microwave to

the cavity we used quarter-wavelength flange joints and small circular irises

(10 mm in diameter). To measure the transmission of the cavity, we used an Agilent

HP 8753D Network Analyser with an excitation power of 1 mW. To study the

linearity of the cavity, and consequently to infer the possibility to use the small

perturbation theory, we carried out measurements using glass micro-tubes filled

with distilled water.

Fig. 23.1 Transmission of a resonant cavity, empty and loaded with a sample
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Figure 23.3 shows the transmission of the empty cavity and with micro-tubes of

different volumes of water. It is clear that with the water volume increasing the

resonant frequency changes to lower frequencies and the quality factor degrades as

the curves becomes broader. We fitted the transmission data using a Lorentzian

curve, and then we calculated Δf/f0 and Δ(1/Q). The obtained values are presented

in Fig. 23.4 as a function of the water volume. The errors were minimized by the

standard partial derivative method.

Observing Fig. 23.4, we can infer that the shifts in the resonant frequency and in

the inverse of the quality factor of the cavity remain in the linear regime, for

measurements up to 3 μL of water.

Fig. 23.2 Resonant cavity

Fig. 23.3 Transmission of the empty cavity and with different volume micro-tubes with water
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This corresponds to different values of the shifts in the cavity parameters, but the

conjugation of both conditions permits us to conclude that the cavity can be used up

to variations of about 1.3� 10�4, in Δf/f0. If the measurements overcome this limit,

the sample volume should be reduced until the variations fall into the linear regime.

The samples used in this work were in the form of cylinders of 5 mm length and

1 mm diameter. To calculate the depolarizing factor K we used polytetrafluor-

oethylene (PTFE) samples with the same shape and size of the material samples.

This polymer was used because it presents very low losses, on the order of 10�4,

which produces a very small perturbation in the electromagnetic field inside the

cavity. Also, the complex permittivity shows less change over a wide range of

temperatures and frequencies than any other solid materials [31].

23.4 Discussion

A very important part of microwave ovens is the door, the purpose of which is to

provide access to the oven cavity and to confine the energy inside it. The radiation

leakage must be minimized, with values internationally accepted by institutions of

control. A very well-known method is to make a terminating surface with a quarter

wavelength choke, which effectively prevents radiation from leaking externally

through the gap between the door frame and the front panel of the microwave oven.

The filling of this choke with a material prevents the entrance of soil and reduces

the dimensions of the choke cavity by the square root of the dielectric constant of

the filler [32].

Fig. 23.4 Calculated Δf/f0 and Δ(1/Q) for different quantities of water
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A very versatile family of polymers with interesting properties for this kind of

applications includes polypropylene (PP), acrylonitrile butadiene styrene (ABS)

and polybutylene terephthalate (PBT). They possess low thermal expansion coef-

ficients, high dielectric strengths, very low dielectric losses, and they have good

resistance to chemical attacks [33–35].

The absorbed power density of the material can be expressed by [36]

P ¼ 1

2
σ þ ωε

00
	 


E2 þ ωμ
00
H2

h i
ð23:9Þ

where σ is the electrical conductivity, ε00 and μ00 the imaginary parts of the

permittivity and permeability respectively. E and H are the absorbed electric and

magnetic fields. In our case, the nonmagnetic material used in this work eliminates

the need of using the second term in Eq. (23.9). We need a material with low losses,

tg δ¼ ε00/ε0.
In Fig. 23.5 we present the transmission of the 2.7 GHz cavity, when a PBT

sample is inserted. The experimental data and the Lorentzian fit used to calculate

the resonant frequency and the quality factor are shown. The obtained correlation

factor was 0.989.

In Fig. 23.6 the measured transmission for the empty cavity and filled with PTFE

and different polymers at a constant temperature T¼ 300 K are shown.

PBT is the most perturbing sample, which indicates the highest complex per-

mittivity. Also, PP presents the lowest perturbation, which means, it has the lowest

complex permittivity. This fact can be explained as PP is essentially a non-polar

polymer, and consequently should not exhibit dielectric relaxation [37]; dielectric

constant and loss factors are small at all frequencies.

Fig. 23.5 Experimental data and Lorentzian fit for a cavity with a PBT sample

23 Microwave Electrical Properties of Nanocomposites 233



The calculus of the complex permittivity of the different polymers was done

using the small perturbation theory, according to the expressions (23.7) and (23.8);

the values are summarized in Table 23.1. It is clear that PBT has advantages as it

possesses the highest dielectric constant, due to a small polarity, but without

degrading the values of losses tg δ¼ ε00/ε0. As expected, they are also the highest,

but in the order of 10�3, which is a guaranty that the material does not heat.

Then, the possibility to increase the dielectric constant of the material, while

maintaining low losses was questioned. This combination has the advantage to

reduce the quantity of material to fill the choke in the oven doors.

Small quantities of carbon black nanoparticles were then used as fillers, up to

x¼ 2 % in volume, in the PBT polymer matrix. A three dimensional geometric

model predicts a percolation volume fraction of about xc¼ 16 % for spherically

shaped conductive particles, but real systems can display critical percolation

concentrations lower than that. For several carbon black composites this value is

about xc¼ 12 % [38], which means that the percolation threshold was not exceeded.

This critical concentration depends on the shape of the inclusion, but also on the

structure and morphology of the conducting particle, as well as on the material

processing [39]. When the filler content is low, the mean distance between the

conducting particles is large and the conductivity is controlled by the presence of

Fig. 23.6 Transmission of the empty cavity and with different samples

Table 23.1 Calculated

complex permittivity for the

different materials, at room

temperature and frequency

of 2.7 GHz

ε0 tg δ (10�3)

PP 2.46 0.44

ABS 2.96 0.77

PBT 3.68 1.22
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the insulating matrix. This fact insures that the electrical conductivity is low, if we

use nanocomposites with a low concentration of filler particles.

Figure 23.7 shows the transmission of the 2.7 GHz resonant cavity, for the empty

cavity, a PTFE sample and PBT composite samples with different concentrations of

carbon black particles. As expected, the most perturbing sample was referred to that

with the highest concentration of conducting carbon black particles. Nevertheless, it

is important to note that the quality factor degradation is low, which is a guarantee

that the imaginary part of the complex permittivity is low. According to Eq. (23.9),

the heating of the material will be negligible.

Using the small perturbation theory, we calculated the complex permittivity of

the PBT/carbon black nanocomposites, the values of which are summarized in

Table 23.2. Also, in these cases, we observed that the variations in the resonant

frequencies and in the quality factors are within the limits to use the theory for the

calculation of their values.

In order to interpret these data, some mixture laws can be used. In particular, the

generalized Looyenga law is very useful for the interpretation of two phase

Fig. 23.7 Transmission of the cavity in different situations: empty cavity, PTFE and PBT

composite samples with different concentrations of carbon black particles

Table 23.2 Calculated

complex permittivity for

the different composites

at room temperature and

frequency of 2.7 GHz

x (%) ε0 tg δ (10�3)

0.0 3.68 1.22

0.5 3.86 2.33

1.0 3.98 3.33

1.5 4.30 5.44

2.0 4.41 7.12
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composites [40]. If filler particles with a complex permittivity εf* and a volume

fraction φf are dispersed in a matrix material with complex permittivity εm*, then
according to that theory, the complex permittivity of the mixture can be calculated

by

ε�1=t ¼ ϕf εf �1=t þ ϕm εm�1=t ð23:10Þ

where t¼ 3 for spherical inclusions. In our case, we calculated t¼ 2.9; the spherical

shape of the carbon black nanoparticles was confirmed by scanning electron

microscopy (SEM).

Figure 23.8 shows the experimental data for the dielectric constant and the fit

using the generalized Looyenga law, where a good agreement is observed.

Using the measured complex dielectric permittivity of the PBT matrix,

εm*¼ 3.68�i 4.49*10�3, and the calculated values for the nanocomposite,

inverting the generalized Looyenga law, it was possible to calculate the complex

permittivity of the filler εf*¼ 147.1�i 78.7, with a chi-squared χ2 of about 0.09.
These values confirm the possibility to fit the experimental data using the

generalized Looyenga law. It is also possible to use this law to calculate the volume

of filler to be introduced in the matrix to obtain a particular value of the complex

permittivity for use in electrical applications. The composite based on PBT with

2 % carbon black particles was then used to fill the choke of the microwave

oven door.

Figure 23.9 shows the oven door, where the PBT composite is visible.

Fig. 23.8 Experimental data for ε0 and the fit using the generalized Looyenga law with t¼ 2.9
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23.5 Conclusions

The cavity perturbation method is a very powerful tool to evaluate the dielectric

permittivity of low loss materials. The dielectric function of two-phase materials

can be accurately deduced using the generalized Looyenga model, in particular

when the inclusion is conductive, and for low filler volume concentrations. In this

case, the critical percolation concentration is not reached.

With this law, we can choose the adequate doping concentrations and then

control the electrical properties, in order to obtain the desired behavior for a

particular application.

A choke cavity in an oven door is used to prevent the leakage of energy of the

oven. The choke can be filled with a polymer, preventing the entrance of soil and

reducing the dimensions of the choke cavity by the square root of the dielectric

constant of the filler. PBT is the preferred polymer, because it has a higher ε0, that is,
a higher capacity to absorb the microwave radiation, without increasing too much

the conductivity, avoiding the heating of the material. To increase the performances

of this polymer, we introduced small amounts of carbon black nanoparticles,

forming a composite, nowadays used in industrial microwave oven doors.
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Chapter 24

Pathways for the Production
of Non-stoichiometric Titanium Oxides

Perica Paunović, Aleksandar Petrovski, Goran Načevski, Anita Grozdanov,

Mirko Marinkovski, Beti Andonović, Petre Makreski, Orce Popovski,

and Aleksandar Dimitrov

Abstract The subject of this study is the development of a bottom-up method for the

preparation of nano-scaled Magneli phases. There are two steps involved; the first step

is sol-gel preparation of Ti(OH)4 using titanium tetraisopropoxide as organometallic

precursor, and the second step is its thermal decomposition to TiO2 or Magneli phases.

Thermal treatment in an oxidative atmosphere (air) was performed at different temper-

atures to produceTiO2 in order to determine the regions of stability of anatase and rutile.

Next, thermal treatment in a reductive (10 %H2+90%N2) atmosphere at temperature

of rutile was performed to produceMagneli phases. Furthermore, a top-down approach

was applied to produce non-stoichiometric titanium oxides bymechanical activation of

commercial Magneli phases known as Ebonex. Examples of the application of

top-down produced Magneli phases in electro- and photocatalysis are shown.

Keywords Sol-gel synthesis • Titania • Magneli phases • Nanoparticles

• Electrocatalysis • Photocatalysis

24.1 Introduction

Titania is one of the most used materials in a wide range of technical and techno-

logical applications as a result of its low price, appropriate physical properties,

chemical stability and of being an environmentally friendly material. Therefore, it
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can be used as a pigment, in optical devices, sensors, sunblocking materials in

cosmetics, binder in medicine, electro- and photocatalysis etc. [1–4].

The good properties of titania are induced by the variety of crystalline forms

in which it exists. The natural prevalent crystalline forms of titania are rutile

(tetragonal), anatase (tetragonal), brookite (orthorhombic) and TiO2-B (mono-

clinic). The basic building units of titania consist of one Ti atom surrounded by

six oxygen atoms in a TiO6
2� octahedron. The crystalline structures differ from

each other by distortions of the octahedrons and the way the octahedrons are

connected in the octahedral chains. Thus, in rutile the octahedra are connected at

the edges forming a tetragonal structure, whereas in anatase, the tetragonal structure

is formed by connection of the octahedrons at the vertices. In brookite, the octahe-

dra are connected by both edges and vertices forming an orthorhombic structure.

The thermodynamically most stable crystalline form is rutile, while rutile and

anatase play the main roles in the various applications.

Magneli phases are non-stoichiometric titanium oxides appearing in homolo-

gous order with the general formula TinO2n–1. The structure of the Magneli phases

is based on the rutile building unit [5]. Hence, it can be considered that the first

homologue of Magneli phases Ti4O7 is built up of three TiO2 octahedra and one

TiO octahedron, where the oxygen vacancies are created at the edges rather than

vertices. Therefore, the Ti atoms are closer in the TiO layer than in other parts of the

Ti4O7 unit cell [6].

They show similar physical and chemical properties as titania (Table 24.1), but

due to the oxygen deficiency in the crystal lattice they have a high electrical

conductivity in the same order of magnitude as carbon [5, 6]. The presence of

lattice defects, possibly oxygen vacancies as a result of reductive rutile transfor-

mation, is an important factor to form visible light sensitive photocatalysts

[7, 8]. The high electrical conductivity makes them appropriate for electrocatalytic

purposes as catalyst support or electrode material [6, 9–11].

Table 24.1 Physical properties of titania and the first homologue Magneli phase Ti4O7

Chemical formula Ti4O7 TiO2

Appearance Blue-black, odorless White, odorless

Melting point (�C) 1,850 1,830–1,850

Boiling point (�C) >3,000 2,500–3,000

Electrical conductivity (S�cm�1) 1,500 Semi-conductor

Bulk density (g�cm�3) 3.6–3.8 3.8–4.2

Porosity (%) 20 –

Flexural strength (MPa) 60–180 –

Hardness (Vickers) 230 –

Specific heat capacity (J�kg�1 · K�1) 750 710

Thermal conductivity (W�m�1�K�1) 10–20 12
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24.2 Synthesis of Nanostructured Magneli Phases

The nanostructured materials with their unique physical properties (mechanical,

optical, highly developed surface area etc.) offer wider and more effective appli-

cations than the corresponding bulk materials. Namely, the transition from bulk to

nanomaterials is followed by a remarkable change of the ratio of surface vs. interior

atoms, where number of surface atoms or ions becomes a significant fraction of the

total number of atoms or ions. As the surface energy plays a significant role in the

thermal stability [12], this increase of the surface atoms is a reason for dramatic

changes of the physical and chemical properties. Therefore, nanomaterials show

highly superior properties over those of the corresponding bulk materials.

There are two main approaches for the formation of nanostructures and

nanomaterials: top-down and bottom-up. An illustrative view of these pathways

is shown in Fig. 24.1.

Top-down procedures involve mechanical reduction of the size of bulk

particles. Attrition and milling are the most used top-down methods for the pro-

duction of nanoparticles. The main disadvantage of the top-down approach is the

creation of lots of defects in the crystalline structure during the mechanical reduc-

tion of particles. Also, the treated material can be contaminated by the

corresponding parts of the equipment (balls, rollers, etc.).

The reduction of the size of particles is thermodynamically limited. Often, after

some time of the mechanical treatment, the particle size begins to increase. There-

fore, nano-sized particles cannot be reached, but submicron (more than 100 nm)

ones instead. This can be explained by the fact that during the mechanical reduction

of the particles, the increase of the surface area is followed by a considerable

increase of the surface energy, making the treated material thermodynamically

unstable. The mechanism by which the material can return to a thermodynamically

steady state (reduction of the overall energy) is agglomeration of the grains.

Bulk material

Nanoparticles

Powder

Atoms

Clusters

Top-down Bottom-up

Fig. 24.1 Illustration of the pathways for the production of nanomaterials
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Bottom-up approaches involve the formation of nanostructures atom-by-atom,

molecule-by-molecule, ion-by-ion, or cluster-by-cluster depending on the applied

synthesis method. Many bottom-up methods were developed for the synthesis of

various nanostructures and nanomaterials, such as chemical vapor deposition,

plasma vapor deposition, solvothermal synthesis, hydrothermal synthesis,

microemulsion, sol-gel methods, electrochemical deposition, microwave

radiation etc.

Compared with top-down approaches, bottom-up methods offer lower defect

formation and more stable structures. Because the driving force for the formation of

nanostructures is reduction of the free Gibbs energy, the produced material is in

state close to thermodynamic equilibrium [12]. However, different synthesis pro-

cesses occur under different kinetic conditions, therefore differences in composi-

tion, structure, morphology of the same material can be observed.

In the next section, top-down and bottom-up methods for production of

nanoscaled non-stoichiometric titanium oxides will be given.

24.3 Top-Down Approach

In this section, the possibilities of top-down approaches for producing nano-scaled

Magneli phases are shown. Mechanical milling/activation of commercial micro-

scaled Magneli phases (trade name Ebonex®, Altraverda, UK) was used as a

top-down procedure.

Mechanical milling/activation was performed in a Fritsch Planetary Mill

(Pulverisisette 5) without binder. The dry ball milling was performed with a

velocity of the balls of 200 rpm. The ball diameter was 1 cm, while the mass

ratio of balls vs. treated material was 3:1. Several experiments of different duration

were done �4, 8, 12, 16 and 20 h.

Determination of the particle size of the mechanically treated material was done

using TEM analysis (Fig. 24.2). The grains shown in the corresponding TEM

images were chosen as average ones after an comprehensive scan of the sample

surface. The size of the support particles decreased from 1 μm in untreated samples

to 200 nm in sample with Magneli phases treated for 20 h. The samples treated for

16 and 20 h show very close values of support particle size, 215 and 200 nm,

suggesting that further mechanical treatment could cause agglomeration and

enlargement of the particles. As was mentioned above, further treatment would

exceed the critical value of the surface energy and the material would tend to reach

the thermodynamically steady state through agglomeration of the particles.

The BET surface area achieved after 20 h mechanical treatment was 3.1 m2 · g�1.

Magneli phases obtained by this method were used as catalyst support of

electrodes aimed for water electrolysis and photocatalytical degradation of an

aromatic hydrocarbon with two conjugated benzene rings (naphthalene).
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24.3.1 Application in Electrocatalysis

According to Jakšić’s hypo-hyper d-theory for the improvement of the electroca-

talytical activity of pure metals [13, 14], the mixture of a metal from the right side

of the transition series (hyper d-component having more electrons in the outer shell

and being a good individual catalysts) and a metal (or its compound) from the left

side of transition series (hypo d-component having less electrons in the outer shell

and being poor catalysts as individual metals) exhibits a pronounced synergetic

effect. This is the basis for the preparation of non-platinum electrocatalysts with

activities close to even better than that of pure platinum. Normally, for nano-scaled

electrocatalysts the support material also plays a significant role; it is a highly

conductive material which should provide good dispersion of the catalytic phase

and prevent its agglomeration. The subject of our previous research activities were

Co-based electrocatalysts deposited on a carbon support (traditional Vulcan XC-72

or multiwalled carbon nanotubes) containing nanostructured TiO2 in the crystalline

form of anatase [15–18]. Addition of TiO2 to the support material contributes to an

improvement of the intrinsic catalytic activity of metallic Co phases as result of

hypo-hyper d-interaction between Co and TiO2.

Due to their high electrical conductivity (Table 24.1), Magneli phases have a

potential to be used as support material for electrocatalysts. In this case they have a

bifunctional role: to provide an electron exchange with reacting ions through their

high electrical conductivity and to improve the intrinsic catalytic activity of the

metallic phase through hypo-hyper d-interaction, because non-stoichiometric Ti

oxides are hypo d-component by their chemical nature. They should also provide a

good dispersion of the catalytic phase, therefore the size of their particles should be

small.

In this section, an application of the top-down prepared Magneli phases will be

presented as catalyst support of Co based electrocatalysts aimed for hydrogen and

Fig. 24.2 TEM images of the mechanically treated Magneli phases
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oxygen evolution during water electrolysis in aqueous alkaline cells. The electrode

material contains 10 wt% of the metallic phase (Co) while the rest is support

material, i.e. Magneli phases. As precursor for the metallic Co phase

Co-2,4-pentanedionate was used and deposited on Magneli phases prepared by

mechanical activation for different time of treatment. The studied electrocatalytic

material was prepared as gas-diffusion electrode and investigated in 3.5 M KOH.

More experimental details are given elsewhere [19].

The electrocatalytic activity of the studied Co/Ebonex electrocatalysts for

hydrogen evolution is shown in Fig. 24.3. It can easily be noticed that as the

duration of the mechanical treatment of the Magneli phases rises, i.e. the size of

the support particles deceases, the catalytic activities for hydrogen and oxygen

evolution increase. It is clear that the catalytic activities for hydrogen evolution of

Co electrocatalysts deposited on Magneli phases treated for 16 and 20 h are very

close. Above it was shown that the size of Magneli phases treated for 16 and 20 h

are also very close. In the case of oxygen evolution, the catalytic activity reaches its

maximal value even for the catalyst deposited on Magneli phases treated for 12 h.

Therefore, the duration of mechanical activation of Magneli phases aimed for

oxygen evolution can be shorter.

Next, catalytic activity of the best behaving catalyst in this series (Co/Magneli

phases treated for 20 h) is compared with the corresponding electrocatalysts

deposited on different support materials in previous studies (Table 24.2). As

indicator for the electrocatalytic activity for hydrogen evolution, the overpotential

at q reference current density of 60 mA�cm�2 is taken.

Comparing Co/Magneli phase catalysts with corresponding Co catalysts depos-

ited on Vulcan XC-72, a slightly better catalytic activity of the Co/Magneli phases

can be noticed, expressed by a 15 mV lower overpotential for hydrogen evolution.

Vulcan XC-72 has very high surface area (�250 m2�g�1), considerably higher than

the studied Magneli phases (3.1 m2�g�1), thus it is expected for catalysts deposited

on Vulcan XC-72 to show better activity. But due to the nature of Magneli phases –

titanium oxides which behave as hypo d-component which interacts with a metallic
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Fig. 24.3 Plots of the dependences of the overpotentials for hydrogen and oxygen evolution

reaction at a current density of 100 mA�cm�2 on the duration of the mechanical treatment of the

Magneli phases
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hyper d-phase (strong metal-support interaction, SMSI) – a synergetic effect of the

intrinsic catalytic activity for hydrogen evolution is achieved. Co electrocatalysts

deposited on grafted TiO2 (anatase) on Vulcan XC-72 shows a higher catalytic

activity for hydrogen evolution than Co/Magneli phases, expressed by a difference

in the overpotential of 85 mV. This rise of the catalytic activity is a result of both the

synergetic increase of the intrinsic activity through hypo-hyper d-interactions

between Co and anatase and the highly developed surface area of Vulcan XC-72

(250 m2�g�1). Furthermore, a replacement of Vulcan XC-72 by activated

multiwalled carbon nanotubes led to an additional rise of the catalytic activity,

and the overpotential difference to the studied Co/Magneli phase electrocatalysts

shifted to even 150 mV. This rise of the catalytic activity is a result of a very high

real surface area of activated MWCNTs (twice higher than that of Vulcan XC-72

[20]) as well as the improved inter- and trans-particle porosity.

It should be mentioned that the electrocatalytic activity of the catalyst for

oxygen evolution reactions is very satisfactory, compared to other similar

electrocatalysts for oxygen evolution, as for example PtCo/Ebonex catalysts pro-

duced by boron-hydride reduction [21]. The good catalytic behaviour for oxygen

evolution is connected with the formation of surface oxides and interaction between

the metallic phase (Co) and the catalyst support (Magneli phases). The metal-

support interaction was clarified above. The electrode surface is composed of

oxide support and Co which is in an oxidized state at potentials close to the oxygen

evolution region. In this case, Magneli phases behave not only as support material,

but also as an active oxide electrode.

The inferior catalytic behaviour of the studied Co/Magneli phases electrocatalyst

for hydrogen evolution is a result of the poorer surface characteristics of the

Magneli phases compared to Vulcan XC-72 and MWCNTs. The lower surface

area is due to the relatively large grains of the Magneli phases (~200 nm). The

above results point out that such grains sizes and the corresponding catalytic

activity of Co/Magneli phases electrocatalyst is the maximum achievement of the

top-down approach for the preparation of nano-scaled Magneli phases. To produce

smaller particles of Magneli phases which can be used for effective electrocatalysts

for hydrogen evolution, bottom-up methods should be applied.

Table 24.2 Comparison of the catalytic activity of Co/Magneli phase electrocatalysts with

corresponding Co-based electrocatalysts deposited on different catalyst supports

Electrocatalyst η60, mV Ref.

Co/Magneli phases �365 [19]

Co/Vulcan XC-72 �380 [15]

Co/TiO2/Vulcan XC-72 �280 [15]

Co/TiO2/MWCNTs �215 [16]
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24.3.2 Application in Photocatalysis

Besides the industry, many usual human activities such as driving a car, mowing

grass, burning firewood for heating etc. can be sources of organic pollutants emitted

into the environment. Photocatalysis is a very promising method to solve many of

the problems related to the increasing environmental pollution. Since the discovery

of the photoactivity of titania (early-1970s) an intensive development has been

made in the field of photochemistry. Recently, much attention has been focused on

nano-sized photocatalytic materials [22]. Being highly active, stable, non-toxic and

cheap, TiO2 is one of the most used photocatalysts in many fields of environmental

remediation [22–24].

Since by their nature Magneli phases are titanium oxides, they can be potentially

used for photocatalytic purposes. In this section the applications of Magneli phases

prepared by the top-down approach applied for the photocatalytic degradation of an

aromatic hydrocarbon with two conjugated benzene rings (naphthalene) is

discussed.

For the oxidation of naphthalene pure oxygen was used. The equipment for the

photocatalytic degradation of naphthalene consisted of a Pyrex glass vacuum line

(pressure of 10–15 Pa) as shown in Fig. 24.4. Within the line solid naphthalene

(C10H8) is connected in a test tube with a valve, oxygen in a balloon and the

photoreactor in which chemical vapor deposition occurs. The photocatalyst mate-

rial was placed onto a glass carrier in the photoreactor. The mixture of oxygen and

naphthalene was collected via the vacuum line in the Pyrex glass reactor before the

UV irradiation. The excess gases were collected in renegade. At the end of the line,

a vacuum pump was linked to achieve the required vacuum.

For the irradiation of the mixture of naphthalene, oxygen and photocatalyst, a

mercury lamp was used (medium pressure, 100 W intensity). To allow in-situ FTIR

spectroscopy measurements, the ends of the reactor were formed by KrS 5 (thallium

bromide – thallium iodide) windows. The change of the gas phase composition

during the photocatalytic experiments was observed by means of FTIR spectros-

copy (Nicolet Impact 400).

HeO2

Manometer

Vacuum line

Photoreactor
Naphtalene

Vacuum pump

Renegade

Fig. 24.4 Vacuum line for the photodegradation of naphthalene
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The FTIR spectra of naphthalene before irradiation (1) and after 180 min

irradiation in the presence of TiO2 HOMBIKAT UV (2) or Magneli phases are

shown in Fig. 24.5. The curve (1) shows that naphthalene has several characteristic

peaks: a medium intensity peak at 3060.3 cm�1, a peak of low intensity at

1263.4 cm�1, a peak of very high intensity at 781.8 cm�1 (characteristic for

naphthalene) and a peak of high intensity at 473.3 cm�1.

FTIR spectra of degraded naphthalene after 3 h irradiation by an UV-lamp in the

presence of Magneli phases is shown by curve (3). It can be seen that the peak at

3,066 cm�1 is totally disappeared which has the consequence of the degradation of

the aromatic rings. In the region of 2,400–2,300 cm�1 a very pronounced peak

exists as a result of surface CO2 [25]. In the region from 1,800 to 1,380 cm�1 peaks

characteristic for free water appear [26]. The peak at 781.8 cm�1 (characteristic for

naphthalene) has disappeared (reduced more than 95 %), and consequently new a

peak appears at 668 cm�1 which corresponds to free CO2 [25]. For the degradation

of naphthalene in the presence of TiO2 HOMBIKAT UV (curve 2), the peak at

781.8 cm�1 is reduced by about 60 %. As in the previous case, a new peak

characteristic for CO2 at 668 cm�1 appears.

The FTIR analysis implies that the degradation of naphthalene in the presence of

Magneli phases is over than 95 %, while in presence of HOMBIKAT UV it is less

than 60 %.

In Table 24.3, the results of the activity of different titanium oxides for the

photocatalytic degradation of naphthalene are summarized [27].

24.4 Bottom-Up Approaches

It was shown that by top-down approaches Magneli phases smaller than 200 nm

(submicron scale) cannot be produced. Therefore, the path for the production of

nano-scaled Magneli phases is using bottom-up approaches. Nano-scaled Magneli

Fig. 24.5 FTIR spectra of naphthalene before irradiation (solid line), after 180 min irradiation in

the presence of TiO2 HOMBIKAT UV-100 (dashed line) and in presence of mechanically treated

Magneli phases (dotted line)
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phases smaller than 100 nm can considerably improve the performances in electro-

and photocatalysis shown above.

The bottom-up pathways for the production of Magneli phases presented in this

section includes sol-gel production of nano-scaled Ti(OH)4 and its further thermal

treatment in a reductive atmosphere. Since Magneli phases possesses rutile building

units, the first stage of the investigation is thermal treatment of Ti(OH)4 in an

oxidative atmosphere to determine the temperature region of stability of rutile. The

next stage of the research is thermal treatment of Ti(OH)4 in a reductive atmosphere

at temperatures where rutile is stable.

Ti(OH)4 was prepared by a sol-gel procedure using Ti tetraisopropoxide (TTIP)

(Aldrich, 97 %) as a precursor. The synthesis was performed at ambient pressure, a

temperature of 65 �C under stirring with 900 rpm.

The determination of the temperature region of rutile transformation was

performed using thermogravimetric/differential thermal analysis (TGA/DTA).

The studied material was heated in the temperature range from ambient temperature

to 1,000 �C with a heating rate of 10 �C�min�1 in nitrogen atmosphere. In order to

clarify the region of anatase and rutile stability, Ti(OH)4 was thermally treated in an

oxidative atmosphere at 250, 380, 550, 650 and 800 �C. To produce rutile with

oxygen deficiency or non-stoichiometric titania (Magneli phases), the thermal

treatment was performed in a reductive atmosphere (10 % H2 + 90 % N2) at 800
�C.

The produced titania-based samples were studied by means of Raman spectros-

copy and transmission electron microscopy (TEM).

24.4.1 Production in Oxidative Atmosphere

More or less pronounced characteristic peaks of different processes and phase

transformations in the range from ambient temperature to 1,000 �C can be seen in

the DTA spectrum shown in Fig. 24.6. The endothermic peak at 95.6 �C corre-

sponds to evaporation of physically adsorbed water in the studied samples as a

result of the air contact. The next peak at 162.8 �C corresponds to the beginning of

the decomposition of the residual organic precursor groups of Ti-tetraisopropoxide.

At 220.8 �C, the decomposition of the organic residues is completed, and removal

Table 24.3 Degree of degradation of naphthalene by different photocatalysts based on titanium

oxides [27]

Photocatalyst Degree of degradation, %

Magneli phases ~95 %

TiO2 anatase, sol-gel, ther. treated at 480 �C 85 %

Cr doped TiO2 80 %

TiO2 amorphous, sol-gel, ther. treated at 250 �C 70 %

HOMBICAT UV-100 55 %

Degussa P25 15
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of OH� groups (dehydroxylation) starts, indicating that TiO2 formation begins. The

decomposition of OH� groups is finished at 353.6 �C. Complete transformation to

crystalline anatase occurs at 524,1 �C. The complete transformation of anatase to

rutile occurs at 785 �C. These observations are in agreement with that of other

authors [28, 29].

In order to determine the temperature of complete decomposition of anatase to

rutile, thermal treatments of Ti(OH)4 were performed at 250, 380, 550, 650 and

800 �C in an oxidative atmosphere. Further investigation of the produced samples

was done by means of Raman spectroscopy. The shape and size of the rutile

crystallites was observed by transmission electron microscope. Because the

Magneli phases have a rutile crystalline structure with oxygen vacancies, the

temperature region of existence of pure rutile is important. Transformation of rutile

to Magneli phases should be performed in this temperature region in a reductive

atmosphere.

Raman spectra of samples produced by thermal treatment in oxidative atmo-

sphere are given in Fig. 24.7. In the spectra of samples treated at 250, 380, 550 and

650 �C, Raman vibration modes characteristic for the crystalline anatase structure

can be recognized. The sloped and rugged spectrum of the sample treated at 250 �C
points out its lower crystallinity compared to those treated at higher temperatures.

This indicates the presence of amorphous TiO2, thus, we can consider that this

sample possesses a cryptocrystalline structure [30]. According to the Raman spec-

trum of the TiO2 produced at 800
�C (or at 785 �C according to DTA analysis), it is

obvious that the transformation from anatase to rutile is completed. Thus, this is the

temperature at which Magneli phases can be produced, but in an reductive

atmosphere.
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Fig. 24.6 DTA curve of thermal decomposition of Ti(OH)4
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Shape and size of titania crystallites were observed by TEM analysis (Fig. 24.8).

At lower temperatures (250, 380 and 550 �C) spherical forms of particles were

observed with sizes of 6, 11 and 15–25 nm respectively. The formation of nanorods

can be observed at 650 �C with diameters of 12 nm and lengths of 15–25 nm. At

800 �C, the rutile phase shows nanorods with diameters of about 20–25 nm and

lengths of about 60–70 nm.

24.4.2 Production in Reductive Atmosphere

To produce non-stoichiometric titania, the thermal treatment was performed in a

reductive atmosphere containing 10 % H2 and 90 % N2. A first indicator that the

produced material is oxygen deficient is its color. This material is dark gray instead

of clearly white rutile produced at the same temperature in an oxidative atmosphere.

The presence of non-stoichiometric or oxygen deficient titania can be clearly seen

in the Raman spectra shown in Fig. 24.9.

The spectra of pure rutile and Magneli phases show the same Raman vibration

modes (B1g, Eg, Aag and multiphonon processes), but with shifted wavenumbers.

The corresponding Raman modes of the samples produced in reductive atmosphere

are between these values. As the time of the thermal treatment increases, the Raman
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TiO2 thermally treated in
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modes approach the corresponding values of the Magneli phases. The shift of

Raman modes can be attributed to a confinement of the phonon within the crystal-

lite as result of a decrease of the crystallite size and to non-stoichiometric defects

Fig. 24.8 TEM images of TiO2 produced at different temperatures in an oxidative atmosphere
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Fig. 24.9 Raman spectra of the titania samples thermally treated in a reductive atmosphere. 1:
Rutile, 2: Sample treated for 2 h, 3: Sample treated for 4 h and 4: commercial Magneli phases
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due to oxygen deficiency within the material [31, 32]. In this case, according to the

TEM images (Fig. 24.10), the size of crystallites of the thermally treated samples is

approximately equal (50–80 nm), hence the shift of the Raman modes is related to

oxygen deficiency in the material. This is the reason why the values of the Raman

modes of these samples approach the corresponding values of the Magneli phases.

24.5 Conclusion

According to the results presented above, we can draw several conclusions:

• Maximum achievement of top-down approaches for to reduce the size of micro-

scaled particles of Magneli phases to 200 nm after 20 h mechanical treatment.

• Magneli phases prepared by top-down approaches have shown poor perfor-

mances as catalyst support for electrocatalysts for hydrogen evolution reaction.

However, this material has shown to be very effective as electrocatalyst for

oxygen evolution reaction and as a photocatalyst for the degradation of

naphthalene.

• The TiO2 structure changes above 222
�C from cryptocrystalline to pure anatase

(at 524.1 �C), while at 785 �C transformation from anatase to rutile was

completed. Above 785 �C only the rutile phase exists.

• The size of TiO2 crystallites increases by increase of the temperature in the

following order: spherical nanoparticles of 6 nm at 250 �C, 11 nm at 380 �C,
15–25 nm at 550 �C, and nanorods of 50 to less than 100 nm in length and 12 nm

in diameter at 800 �C.
• Thermal treatment at 800 �C in a reductive atmosphere for 2 and 4 h leads to

partial transformation of rutile in non-stoichiometric oxides close to Magneli

phases, but for complete transformation longer time or higher content of H2 in

the gas phase is needed.

Fig. 24.10 TEM images of samples produced in reductive atmosphere
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20. Paunović P, Dimitrov AT, Popovski O, Slavkov D, Hadži Jordanov S (2007) Maced J Chem
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Chapter 25

Photocatalytic Activity of SnO2-Doped
SiO2@TiO2 Nanocomposites

B. Czech, M.A. Nazarkovsky, and V.M. Gun’ko

Abstract Bisphenol A (BPA) is worldwide used to produce plastics and/or epoxy-

based foodstuff packages. But it is known that this compound is considered as a quite

toxic contaminant due to (1) its similarity to the hormone estrogen and (2) its

universal use in many industrial proceses. In our study the photodegradation of

BPA stimulated by tin(IV) oxide-modified silica-titania nanocomposites was inves-

tigated. The reactions were characterized by the kinetic parameters (pseudo-first

constant k1 0.036–0.0896�10�2 min�1 for non-calcined and 0.0389–

0.1144�10�2 min�1 for calcined photocatalysts), half-life time t1/2 7.74–19.23 and

6.66–17.83 min for non- and calcined ones, respectively, allowing to determine both

the weight kw and the specific surface area ks of each sample. It will be shown that

most SnO2-doped silica-titania oxides are more active than commercially available

TiO2 (P-25, Degussa). The best results of BPA removal were obtained for 6 wt%

addition of SnO2 to both calcined and non-calcined photocatalysts.

Keywords Silica-titania • Bisphenol A • P25 • Tin dioxide

25.1 Introduction

The synthesis of effective TiO2-based photocatalysts calls for novel techniques

nowadays. This deals with the availability of various modern complex

nanocomposites obtained in different forms [1–6]. Doping of titania has been

shown to be one popular and routine approach to enhance its photocatalytic

properties; the aspects of doping strategies have been studied for decades. SnO2

is known as a wide band gap n-type semiconductor (Eg¼ 3.60 eV, CB¼�0.07 eV,
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VB¼ +3.67 eV) having weak photocatalytic properties and playing an important

role in tuning TiO2 structures [7–12]. The ionic radii of Sn
4+ and Ti4+ are compa-

rable: 0.69 and 0.61 Å
´
, respectively. Thus, SnO2 can easily form solid solutions in

TiO2 in accordance with the Vegard law [13, 14]. On the one hand, the enhance-

ment of the photocatalytic activity of TiO2 provided by SnO2 is based on an

effective charge separation in the TiO2-SnO2 heterostructures [12, 15, 16]. On the

other hand, it is stated in [17] that TiO2 is considered as a photosentisizer for SnO2.

Since the described SnO2-doped TiO2 systems are present as thin films or

nanotubes, we synthesized a set of powder-like systems on nanosilica support

(PS-300, SBET¼ 300 m2/g) with different concentrations of SnO2. Such oxide

systems are considered as ternary SiO2-TiO2-SnO2 materials.

Nanosilica, as reported by various investigators [6, 18–21] enables a significant

increase of the photocatalytic activity of TiO2 due (1) to the combination of

different surface Brønsted acidic sites:

OH
Ti

Si
O

Ti

Si
H

++ ð25:1Þ

OH
Ti

Ti
O

Ti

Ti
H

++ ð25:2Þ

� TiOHþ Hþ !� TiOHþ
2 ð25:3Þ

� SiOH !� SiO� þ Hþ ð25:4Þ

and (2) the ability of charge separation as well. An important point is that the

addition of a dopant to SiO2-TiO2 gives rise to complex changes in the textural and

morphological properties of the nanocomposites produced. Furthermore, such

changes are non-linear upon incremental addition of a dopant in frequent cases.

Increasing or decreasing SBET or total pore volume, the amount of the surface active

sites is changed, too.

The structural and physicochemical properties of novel SnO2-modified silica-

titania materials were studied and discussed previously in [22, 23]. In the present

work we aim to determine the influence of the SnO2 concentration on the

photocatalytic activity of TiO2 deposited onto PS-300 under UV irradiation using

bisphenol A – labeled as BPA – as a model anthropogenic contaminant. 0.01–

44.65 μg/L BPA was detected in surface water and 0.37–491.54 μg/kg dry mass in

biosolids [24]. Although BPA is removed during conventional waste water treat-

ment (76–93 % �6 %) [25], it possesses a tendency to accumulate in activated

sludges [26]. The toxic effect of BPA has been debated for many years but it has

been shown that this compound used as a part of plastic packages can be easily

passed to drinks and food [27, 28]. Moreover BPA is employed as a model substrate

for photocatalytic studies worldwide [29–32].
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25.2 Experimental

The synthesis of SiO2-TiO2-SnO2 oxides is described in detail in [22, 23]. Tin

(IV) chloride was introduced into a glass reactor where silica and water were

stirred. Thereupon TiCl4 was added. The calculated concentration of TiO2 was

15 wt% against SiO2, that of CSnO2 was varied from 0.14 to 30 wt% with respect to

TiO2. The amount of each sample was halved. One half was subjected to thermal

treatment at 600 �C, the other one was left non-calcined. XRD results indicated [23]

that all calcined samples (SiO2-TiO2-SnO2-c) contain crystalline anatase but

non-calcined ones (SiO2-TiO2-SnO2-nc) show its presence in a very narrow range

of SnO2 concentrations (CSnO2¼ 4–6 wt%).

The photocatalytic activity of SiO2-TiO2-SnO2 samples was studied during the

photodegradation of bisphenol A (Sigma-Aldrich, Poland) in a photochemical

batch reactor (Heraeus, System 2, 0.75 L) equipped with an UV low-pressure

lamp TQ 150 (λ¼ 254 nm). A model solution prepared from BPA and a

photocatalyst (10 mg/L and 0.5 g/L, respectively) were stirred at 500 rpm and

kept in the dark during 30 min to attain an adsorption-desorption equilibrium before

starting the photodestruction. The concentration of bisphenol A was evaluated by

means of high-performance liquid chromatography (Waters, Alliance e2695, DAD,

H2O:CH3CN¼ 30:70, flow rate¼ 0.5 mL/min) using a C18 Waters PAH column.

Commercially available titania P25 (rutile/anatase¼ 80/20) produced by Degussa-

Evonik was used as a reference.

The decrease of the BPA concentration c in the course of the treatment time t is
described by means of pseudo first-order kinetics related to the equation:

r ¼ �dc

dt
¼ kcn ð25:5Þ

where r, c and t represent the rate of degradation, the BPA concentration and the

time respectively. Also k and n are the rate constant and reaction the order.

The initial concentration of BPA c0 was kept fixed. The apparent pseudo first-order
rate constant k1 [min�1] was calculated by fitting the experimental data to the relation:

�ln
c

c0

� �
¼ k1 � t ð25:6Þ

The linear regressions obtained by plotting �ln(c/c0) vs. t were used in order to

evaluate k1. The other constants such as the apparent rate constants of the catalyst per
mass units kw and per surface area ks were calculated from Eqs. 25.7 and 25.8 [33]:

kw ¼ k1
cw � Vr

; ð25:7Þ

ks ¼ k1
SBET � cw � Vr

; ð25:8Þ
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where cw is the concentration of the photocatalyst, SBET the specific surface area of
the photocatalyst [22] and Vr the reactor volume (0.75 L). Subsequently, the values

of the half-life time t1/2 were estimated from Eq. 25.9:

t1=2 ¼ 0:69314

k1
ð25:9Þ

25.3 Results and Discussion

Non-calcined samples demonstrate a considerable efficiency to destroy BPA. In all

cases, adding SnO2 provokes the increase of the pollutant destruction (Fig. 25.1).

As far as the change of BPA concentration is concerned, it has drastically decreased

(at least by 70 %) after 20 min of treatment.

The most pronounced results of diminution of the BPA concentration were

obtained by the usage of the sample with CSnO2¼ 6 wt%. We have every reason

to believe that this fact relates to the textural features of the sample. As the analysis

of the porosity has indicated [22], this nanocomposite is characterized by the

greatest total pore volume to which the mesopores provide the main contribution.

Fig. 25.1 The photocatalytic destruction of BPA (10 mg/L) using SiO2/TiO2/SnO2-nc and P25

(0.5 g/L)
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As photodegradation of BPA occurs in the mesopores, i.e. in the voids between

randomly packed oxide aggregates of SnO2-modified SiO2-TiO2, their amount

provides a greater availability of active surface sites than other samples. Besides,

this suggestion correlates with the results obtained for annealed samples (Fig. 25.2):

after the calcination at 600 �C the total pore volume of SiO2-TiO2-(6 wt%) SnO2-c,

however, has not decreased significantly [22]. Hence, the calcined sample at

CSnO2¼ 6 wt% is the most active.

Analyzing the kinetic curves of photodegradation of BPA in the presence of

SnO2-doped silica-titania calcined at 600 �C, we can conclude that they are mostly

not so active, in contrast to non-calcined ones. These results are associated with the

thermally stimulated reduction of Brønsted acidic sites shown previously in the

course of surface charge density measurements [23].

The values of the coefficient of determination R2 provide support of the accuracy

of the experiment and first-order kinetics of the photodegradation (Fig. 25.3,

Table 25.1). But the values of R2 for CSnO2¼ 4–6 wt% tend to decrease. This

diminution may result from possible second-order kinetics of the photooxidation,

i.e. the photodecomposition of BPA does not obey first-order kinetics; this process

can by discussed in terms of two-step oxidation of BPA.

The values of k1 of SiO2-TiO2-SnO2-nc samples are higher compared to those of

P25. It is self-evident that rate constants with due regard to the sample weight kw
change in the same way depending on CSnO2 because all the photocatalysts were

exploited at the identical weights.

Fig. 25.2 The photocatalytic destruction of BPA (10 mg/L) using SiO2/TiO2/SnO2-c and P25

(0.5 g/L)
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A different situation arises with ks. Since the samples have different values of the

specific surface area exceeding that of P25 by almost a factor of 4, it comes as no

surprise that the SBET-corrected rate constants do not exceed ks of P25. The most

active nanocomposite with CSnO2¼ 6 wt% have the highest k1 and kw values in

comparison to all non-calcined and annealed oxide systems. However, the ks value
lower than that of P25. But the ks value of calcined sample is only moderately larger

than the value of non-heated sample (Tables 25.1 and 25.2).

The non-linear dependence of the photocatalytic activity on CSnO2 was found in

various studies [9, 15]. It is important to keep in mind that BPA has been

decomposed at least by 80 % during 60 min but not totally. The remaining

by-products (phenol and quinones [34]) are resistant to further oxidation. Summing

it up, we can conclude that the strategy to enhance the photocatalytic activity of

SnO2-modified TiO2 deposited on PS-300 can be effected by simultaneous intro-

duction of tin(IV) oxide and titania in the reactor or TiO2 should be added before

SnO2. Different ways of the introduction of both oxides may be responsible for

dissimilar crystalline and/or band gap structures of TiO2 – tin(IV) oxides.

25.4 Conclusions

We have shown that SnO2-modified SiO2-TiO2 nanocomposites are more active

than the commercially produced P25 in the course of the photodecomposition of

bisphenol A (BPA). The dependence of C/C0 on the concentration of SnO2 was

established to be non-linear due to non-linear changes of the textural properties of

SiO2-TiO2-SnO2. The sample with CSnO2¼ 6 wt% has been found to be the most

Fig. 25.3 Linear fitting of the kinetic curves of BPA (10 mg/L) photodecomposition using SiO2/

TiO2/SnO2-c (a) and SiO2/TiO2/SnO2-nc photocatalysts (b)
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active among both non-calcined and thermally treated nanomaterials. The heating

effect stimulates a moderate increase of the photocatalytic activity of this sample.

The most significant decrease of the BPA concentration has been observed for

20 min UV-irradiation in the presence of the photocatalysts. BPA was decomposed

by 80 % in the course of 1 h, but its photodestruction was not total.
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Chapter 26

Phase Transformation of RGO/SiO2

Nanocomposites Prepared by the Sol-Gel
Technique

A. Shalaby, A. Staneva, L. Aleksandrov, R. Iordanova, and Y. Dimitriev

Abstract In a previous paper (Shalaby A, Yaneva V, Staneva A, Aleksandrov L,

Iordanova R, Dimitriev Y, Nanoscience & nanotechnology – nanostructured mate-

rials application and innovation transfer (14), ISSN 1313-8995, 2014) we studied

reduced graphene oxide (RGO)/SiO2 composite material by adding a small amount

of RGO to silica in order to avoid the aggregation process and to solve the problems

connected with the exfoliation and distribution of the sheets inside the composites.

But from a practical point we needed to study the effect of high amounts of RGO on

the composites at different temperatures. The purpose of this investigation is to

study the effect of RGO on phase transformations of the composites heated at

200, 400 and 800 �C. The sol-Gel method was used to obtain the RGO/SiO2

composite by mixing high amounts of RGO with tetraethyl orthosilicate (TEOS).

Data are presented for the transformation of the nanocomposites with increasing

temperature in air atmosphere. RGO nanosheets were prepared by chemical exfo-

liation of purified natural graphite using the Hummers and Offeman method

(Hummers WS, Offeman RE, J Am Chem Soc 80:1339, 1958) to obtain graphite

oxide. Then the material was exfoliated to reduced graphene nanosheets by

ultrasonication and reduction process using sodium borohydride (NaBH4). Charac-

terization of the material was performed by X-ray powder diffraction (XRD),
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infrared (IR) spectroscopy and scanning electron microscopy (SEM) analysis. In

our previous studies we found that all samples with small amounts of RGO are

amorphous up to 800 �C. By increasing the amount of RGO (20 %) crystal phases

appear at 200, 400 and 800 �C. The carbon phases disappear above 400 �C and

cristobalite is found at 800 �C. From the IR spectra it was established that the band

related to Si-OH vibration is converted to a small shoulder at 400 �C, and the bands
corresponding to vibrations of water molecules around 3,448 and 1,635 cm�1 were

drastically reduced by increasing the temperature. The dominant band at

1,099.2 cm�1 (800 �C) is connected with the stretching vibration of Si-O bonds

in SiO4 tetrahedrons. SEM images of RGO/SiO2 nanocomposites present randomly

aggregated stacks of small sheets imbedded in an amorphous matrix.

Keywords Reduced graphene oxide • TEOS • Nanocomposite • Sol-gel

26.1 Introduction

Graphene is the first stable two-dimensional crystal composed of a single layer of

sp2 network of carbon atoms. It has extraordinary physicochemical properties such

as high values of its Yong’s modulus, fracture strength, thermal conductivity,

specific surface area, and electrical conductivity [2, 3]. These features have made

graphene and graphene derivatives ideal for diverse applications. Nevertheless,

several of these applications are still not feasible because the large-scale production

of unbroken pure graphene sheets remains challenging. Basically there are two

different approaches to prepare graphene, exfoliation and growth on surfaces. The

first approach which is more interesting includes micromechanical cleavage, dis-

persion of graphite, exfoliation of graphite oxide and substrate preparation. In the

second approach, graphene layers can be grown directly on a substrate surface by

epitaxial growth or by chemical vapor deposition [4]. One of the methods consid-

ered as an effective route to synthesize graphene sheets due to its simplicity,

reliability, ability for large-scale production and exceptionally low costs is the

isolation of graphene sheets from graphite by three steps. The first step is oxidation

of graphite to graphite oxide [5, 6]. The second is sonication of graphite oxide to

obtain exfoliated graphene oxide layers [7, 8]. The last one is reduction the colloidal

dispersions of graphene oxide by chemical reducing agents, such as hydrazine [9],

hydroquinone [10], or sodiumborohydride (NaBH4) [11, 12]. The obtained sheets of

reduced graphene oxide (RGO) generally contain some oxygen functional groups

such as -OH or -COOH [13]. This reduced graphene oxide (RGO) is called in the

literature chemically converted graphene, chemically modified graphene, or simply

graphene [14].

In the past few years, significant efforts have been directed toward the prepara-

tion of graphene-based nanocomposites such as graphene/Bi2O3 [15], graphene/

SnO2 [16], graphene/gold [17], graphene/Silver [18], graphene/Mn3O4 [19],

Ag3VO4/TiO2/graphene [20], TiO2/graphene [21, 22], ZnO/graphene [23, 24],

graphene/cobalt [25], etc. The unique properties of these materials have been
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demonstrated for a variety of catalysts, super capacitors and fuel cell batteries. It is

indubitable that graphene-based nanocomposites are a new endeavor, indicating

that future research efforts will be required. One of the future challenges is to

maintain the excellent physical properties of graphene in the process of synthesiz-

ing nanocomposites [26]. Silica is a very appropriate compound for the preparation

of composites due to its high chemical and thermal stability. The graphene fabri-

cated on silica possesses interesting properties due to the local atomic configura-

tion, and the binding sites of graphene with SiO2. It has possible applications in the

development of super capacitor devices, drug delivery, heavy metal removal, bio-

sensors and electrochemical sensor [27–29]. There are a few literature data explor-

ing methods for the synthesis of silica/graphene composites by using graphite oxide

and TEOS as precursors with or without surfactants [30–32]. It is easier to prepare

homogeneous composites by the sol-gel method with random distribution of RGO

particles directly in the volume of the material. There are not enough data published

studying the effect of RGO on the phase transformation of RGO/SiO2 composites at

increased temperatures. This was the motivation for us to start experiments with

high amounts of RGO (20 %) to make the effect more clear. In our previous study

[1] we performed some experiments with small amount of RGO (2.5, 5 %), but the

effect was not strong enough to study the phase transformation of the composite

since the silica remained amorphous up to 800 �C. The aim is to study phase

transformations at different temperatures. Characterization was performed by

X-ray analysis, IR-Spectra and SEM analysis.

26.2 Experimental

26.2.1 Preparation of RGO Sheets

In the first step, graphite oxide was prepared by chemical exfoliation of purified

natural graphite powder (99.9 %, Alfa Aesar) using the Hummers and Offeman

method [33]. Graphite oxide was exfoliated to reduced graphene nanosheets (RGO)

by ultrasonication, followed by a reduction process using sodium borohydride

(98 %, Alfa Aesar).

26.2.2 Preparation of RGO/Silica Composite

We selected the sol-gel technique to prepare the composite among different prep-

aration methods according to the surface hydroxyl groups of the RGO sheets can act

as nucleation sites for the hydrolysis step which facilitates chemical bonding with

the surrounding materials. The common procedure for preparing graphene/silica

composites is using aqueous graphite oxide dispersion with TEOS and reducing the

mixture by chemical or hydrothermal methods in one-pot synthesis process [14, 30]
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or by using surfactants [31]. While adding a mixture of high amounts of RGO

(20 %) and deionized water directly to a solution of tetraethyl orthosilicate (TEOS,

98 %, Aldrich) dissolved in ethanol under stirring for 1 h at 110 �C to obtain a gel

following the scheme shown in Fig. 26.1.

26.2.3 Methods of the Characterization

Figure 26.2 presents the RGO/SiO2 composite gel which was heated to 110 �C.
Visually it appears transparent with randomly distributed dark spots. The phase

formation and structural transformation were detected by X-ray analysis (Bruker

Fig. 26.2 RGO/SiO2 gel

TEOS + Ethanol

HCI Conc.

RGO + Deionized H2O

Mixture
(Stiming for 1 hour at 110°C)

Gel
(Drying 80°C for 6 hour under vacuum)

Composite

Fig. 26.1 Scheme of

preparation
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D8 Advance, Cu Kα radiation). The microstructure and morphology of the crystal-

line products were studied by scanning electron microscopy (SEM, Jeol-357). The

short range order of the nanocomposites were determined by a FTIR spectropho-

tometer (VARIAN series 600) with a wide wavelength range (79,000–50 cm�1) and

a spectral resolution better than 0.07 cm�1 at room temperature using a standard

KBr pellet technique.

26.3 Results and Discussion

From the XRD analysis it was found that crystalline phases appeared at different

temperature as shown in Fig. 26.3a. From room temperature to 200 �C the com-

posites contain amorphous silica and RGO. Lignit is identified at 400 �C (Ref. Code

00-005-0625). All carbon phases disappeared above 400 �C, while at 800 �C
cristobalite and amorphous silica co-exist together. If comparing these data with

the graphite/SiO2 composite shown in Fig. 26.3b we noticed that peaks of crystal-

line graphite at 200 and 400 �C while all carbon disappeared above 400 �C without

enhanced the crystal phases of silica which still amorphous. This means that the

exfoliated sheets of RGO work as catalyst to enhance the formation of cristobalite

at low temperatures.

From the IR spectra shown in Fig. 26.4a, b it was established that between room

temperature and 400 �C a transformation of silica gel to silica gel glass took place

since the band at 950 cm�1 decreased to a small shoulder. This is connected with

the replacement of Si-OH groups by Si-O-Si bridge bond. The bands corresponding

Fig. 26.3 X-ray diffraction patterns: (a) samples containing RGO; (b) samples containing

graphite at different temperatures
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to vibrations of water molecules around 3,444 and 1,635 cm�1 were drastically

reduced by increasing the temperature. The dominant band at 1,099.2 cm�1

(800 �C) is connected with the stretching vibration of Si-O bonds in SiO4 tetrahe-

drons. The small band near 620 cm�1 starts to appear above 400 �C which is typical

for the formation of cristobalite as shown in Fig. 26.4b. As shown in Fig. 26.4a this

band does not appear for pure TEOS. This means that the silica is still amorphous.

These results confirm the XRD analysis.

From SEM images randomly distributed aggregates of stacked small sheets

imbedded in the amorphous matrix are apparent (Fig. 26.5a). The pure RGO sheets

appeared as exfoliated semitransparent layers as shown in Fig. 26.5b.

Fig. 26.4 IR spectra of the samples containing pure TEOS (a) and 20 % RGO (b) at different
temperatures in the range 4,000–400 cm�1

Fig. 26.5 SEM images of (a) the RGO/SiO2 composite and (b) the pure RGO sheets. All samples

were heated at 200 �C
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26.4 Conclusions

It was established that using the sol-gel technique by mixing RGO and TEOS it is

possible to obtain composite materials. It was proven that high amounts of RGO

(20 %) enhance the crystallization, and crystal phases like lignit are present at

400 �C while cristobalite appears at 800 �C. This means that the transformation of

the composite materials should effects the properties of the final product. We

believe that this information will be useful for further understanding of the complex

nature of this composite, and it will be taken in to account for possible applications.

Acknowledgements Ahmed Shalaby thanks the Erasmus Mundus MEDASTAR (Mediterranean
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Chapter 27

Electrical Properties of Lithium Ferrite
Nanoparticles Dispersed in a Styrene-
Isoprene-Styrene Copolymer Matrix

S. Soreto Teixeira, M.P.F. Graça, M. Dionisio, M. Ilcı́kova, J. Mosnacek,
Z. Spitalsky, I. Krupa, and L.C. Costa

Abstract The main goal of this work was the preparation and study of a composite

material by dispersing lithium ferrite particles in a polymeric matrix. The matrix

selected was styrene-b-isoprene-b-styrene (SIS) copolymer. Lithium ferrite

(LiFe5O8) is an attractive material for several potential technological applications,

due to its physical properties LiFe5O8 crystallites were obtained by controlled

heat-treatments of homogeneous Li2O-Fe2O3 powders prepared by wet ball-milling

method and using lithium and iron nitrates as raw materials. To achieve an effective

dispersion of particles, we modified its surface. The structure of the composites,

containing modified and unmodified ferrite particles, was studied by XRD and

Raman spectroscopy. The dielectric properties were analyzed in the frequency

range between 10�1 and 106 Hz, and as a function of the temperature between �73

and 127 �C. The frequency dependence of the ac conductivity is characterized by a

low frequency region of constant conductivity followed by a frequency dependent

conductivity. This behavior was interpreted using the Jonscher power law.
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27.1 Introduction

Lithium ferrite is a hexaferrite due its hexagonal crystal structure and becomes a

commercially and technologically important material due to its properties. Hexagonal

ferrites had been discovered in the 1950s [1] and still attract a great interest nowadays.

These ferrites are all ferrimagnetic materials with several applications such as

magnetic recording, data storage, microwave electronic components, electromagnetic

absorbers, magnetoelectric/multiferroic applications and hexaferrite fibres [2].

The main goal of this work was the study of the molecular dynamic of a composite

containing lithium ferrite particles embedded in a thermoplastic elastomer matrix. The

polymer matrix selected due to its good mechanical and electrical properties was a

triblock copolymer with polystyrene end blocks and poly(styrene-isoprene)

mid-block, SIS (or kraton as commercial name).

Before inserting lithium ferrite powders into the polymeric matrix, the surface of

the particles was modified, first with silane and then with cholesteryl chloroformate,

to ensure that the particles were well dispersed along the polymer chains.

Impedance spectroscopy is a powerful method that allows the study of the dynamics

of polymers in a wide frequency range. Polymeric materials are very complex systems,

when compared with lowmolecular weight compounds. Temperature has an important

influence on the flexibility, and consequently this is reflected in the dielectric

measurements. That technique allow us to understand the polarization mechanisms

present in polymers, that is, the charge migration and that due to the orientation of

permanent dipoles [3].

Conductivity and dielectric measurements at low frequency can give additional

information on the charge transport mechanism which dc conductivity measure-

ments alone doesn’t provide [4]. The conductivity dispersion phenomenon can be

analyzed using Jonscher’s law [5]: σ(ω)¼ σdc +Aωn, where σdc is the direct current
conductivity, A is a constant, n is the power-law exponent in the range of 0< n< 1

and ω is the angular frequency. The exponent n is related to the frequency

dependence of the dielectric losses.

27.2 Experimental

Lithium ferrite (LiFe5O8) powders were prepared by a solid state method. The raw

materials used were iron (III) nitrate (Fe(NO3)3�9H2O) and lithium nitrate (LiNO3).

After weighting the Fe(NO3)3�9H2O and LiNO3 powders, and taking into account

the stoichiometry of the lithium ferrite that presents a molar ratio between the

lithium and iron ions of 1:5, the powders were homogenized in a planetary ball mill

system (Fritsch – Pulverisette 7.0) at 250 rpm for 1 h. After this first mixture, 10 mL

of ethanol were added and this wet mixture was milled for 3 h at 500 rpm. After this

process, the vessel with the mixed powders was placed in a furnace at 80 �C for

24 h to promote the evaporation of the ethanol. After this milling process several
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heat-treatments were done to obtain particles with high degree of purity; the highest

temperature was 1,100 �C.
The composite formation is described in reference [6], and consists of several

steps: modification of the lithium ferrite particles surface (first with 3-aminopropyl

triethoxysilan and then with cholesteryl chloroformate) and final preparation to

obtain the nanocomposites.

To prepare the composites, two different concentrations in weight were used,

1 and 8 % of modified and unmodified lithium ferrite particles. First, SIS was

dissolved in toluene and the particles were added. The solution was mixed by using

a high speed shear blade mixing device at 1,200 rpm for 2 h. Thereafter, the

composite solution was cast into teflon chambers, where the solvent was evaporated

at room temperature and atmospheric pressure. To completely remove the residual

solvent, the composite was placed into an oven, and the temperature was increased

to 80 �C in 10 �C steps per day. Then the pressure was decreased to 2 mbar by

100 mbar steps per day. Finally the temperature was increased to 100 �C for 30 min

and the pressure kept at 2 mbar.

X-ray diffraction (XRD) patterns were obtained with an Siemens D5000

diffractometer (CuKα radiation, λ¼ 1.54056 Å) at 40 kV and 30 mA, with a curved

graphite monochromator, an automatic divergence slit (irradiated length 20.00 mm),

a progressive receiving slit (height 0.05 mm) and a flat plane sample holder in a

Bragg-Brentano parafocusing optics configuration. Intensity data were collected by

the step counting method (step 0.02� in 1 s) in the 2θ angle range of 10–60�.
Raman spectroscopy measurements were performed at room temperature in

backscattering geometry, with a 532 nm laser line using a HR-800-UV Jobin

Yvon Horiba spectrometer.

For the electrical measurements, the samples were inserted into two stainless

steel electrodes (diameter 10 mm) of a parallel plate capacitor. The measurements

were carried out using an Alpha-N broadband impedance analyzer (Novocontrol

GmbH), in the frequency range from 10�1 up to 106 Hz, with increasing temper-

ature (10 �C steps) from �73 up to 127 �C. The sample cell (BDS 1200) was

mounted in a cryostat (BDS 1100) and exposed to a heated gas stream evaporated

from a liquid nitrogen dewar. The temperature control was performed within

�0.5 �C with the Quattro Cryosystem from Novocontrol.

27.3 Results and Discussion

LiFe5O8 particles were covalently modified with cholesteryl chloroformate to

improve their interaction with the SIS polymer matrix. As was already proven,

due to the chemical and sterical composition, the cholesteryl modification improves

interactions with aliphatic polymer chains when used for the modification of fillers

in polymer composites [7]. In this case this modification improves the interactions

with the polyisoprene chains of the SIS copolymer [8].
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Figures 27.1 and 27.2 show the XRD patterns and Raman spectra of the lithium

ferrite base powder and the composite samples.

The main diffraction XRD peaks of the lithium ferrite are visible in all of them,

being more intensive in the unmodified type composites. These intensifications can
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be related to the interactions between the LFO particles and the copolymer chains.

The link between LFO particles and polymeric chains is less effective for compos-

ites having particles with unmodified surfaces resulting in lower intensity diffrac-

tion peaks than for composites containing modified surface particles. Obviously the

amount of lithium ferrite particles, for both compositions, also contributes to an

increase in the diffraction peaks intensities.

Raman spectroscopy is known as a potential technique to probe the structure of

polymers [9], mainly those with carbon-carbon double bounds, which is here the

case. The vibrational bands characteristics of LiFe5O8 particles (Fig. 27.2) are

198, 354, 380, 489, 608, 713, 1,154 and 1,373 cm�1. These bands are still present

in all the composites, but the composition with 8 % wt. of modified particles

showed the most intensive bands. This means that, besides the amount of particles,

also the surface modification of the ceramic powders in the polymeric matrix

contributes to keep the LFO particles features. The bands at 1,000, 1,031, 1,154,

1,285, 1,438, 1,602 and 1,665 cm�1 are assigned to the copolymer polystyrene and

polyisoprene phases. These bands have a lower intensity for the 8 % (modified)

composite as to be expected. The bands centred at 1,584 and 1,603 cm�1 are

assigned to the tangential stretch mode of carbon-carbon bonds in the benzene

ring [9]. The characteristic vinyl group (C¼C) leads to as a strong peak at

1,670 cm�1 which is also present in all composite samples, loosing intensity in

the composite with 8 % wt. of modified particles. This evidence supports the

conformational changes in the copolymer with the interactions between the LFO

particles and the copolymer chains. The other band, centered at 1,000 cm�1, is

the most intensive in the composites and due to the C–C stretching [10], the nearby

band centered at 1,031 cm�1 must be attributed to CH3 groups.

Figure 27.3a shows the temperature dependence of the dielectric constant for

composites containing different concentrations of modified and unmodified

particles.

For both concentrations, 1 and 8 %, higher values of the dielectric constant, ε0,
are observed for the composites containing modified particles, achieving a

maximum value of 3.65 at 1 kHz. For the composites with unmodified particles,
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ε’ increases with the rise of the concentration of LiFe5O8 particles. The difference

between these two values is related to the influence of the polymeric network.

The slight increase above ~�40 �C and the abrupt rise above ~50 �C, observed for

all systems, are associated with the glass transition of the polymer constituents of

the composites.

Analyzing the conductivity behavior by Jonscher law, at high temperatures

(Fig. 27.3b for T¼ 127 �C), all samples have a power-law exponent close to

1. This means that we have an almost frequency-independent loss system. Also

the composites with 8 % wt. of particles exhibit higher σac.
Table 27.1 summarizes the calculated parameters of Jonscher’s law, showing

that at T¼ 127 �C the increment of LFO particles increases the dc conductivity. The

same behavior is observed at all temperatures.

27.4 Conclusions

The surface modification and the amount of LFO particles contribute to an improve-

ment of the dielectric constant and do not affect the good performance of the

ceramic powders, as the modification contributes to maintain the LFO particles

features. Jonscher law describes accurately the conductivity behavior, and the

calculated parameters show that at high temperatures the composites presents

almost frequency-independent behaviour. The increase of the particle concentration

increases the electrical conductivity, but yield low enough values that allow their

use in energy storage systems.
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7. Valentová H, Ilčı́ková M, Czaniková K, Spitalsky Z, Slouf M, Nebdal J, Osmatova M (2014) J

Macromol Sci B 53:496
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Chapter 28

Magneto-Sensitive Biocompatible
Adsorbents Based on Ferrites

L.P. Storozhuk, S.V. Khutornyi, and N.N. Iukhymenko

Abstract A magneto-sensitive adsorption complex as magnetic component/SiO2/

DNA was prepared and tested. We have developed and optimized a procedure for

the synthesis of magnetically operating nanocomposites based on transition metal

oxides (MFe2O4, M¼ Fe2+, Ni2+, and Co2+) with a biocompatible coating. The

relationship between structure, composition, and magnetic properties of the

nanocomposites has been examined. We have studied adsorption interactions of

DNA with the surface layer of the magnetically operating nanocomposites. The

amount of DNA adsorption is 0.55–0.6 mg for 100 mg of the adsorbents. Our results

demonstrate complete DNA desorption from the surface of the nanocomposites.

Keywords Magnetic adsorbents • Surface modification • Ferrites •

Nanocomposite • Biological objects • DNA

28.1 Introduction

Biocompatible nanohybrid composites containing magnetic nanoparticles and

nucleic acid molecules are of great interest for modern biomedicine. They are of

great importance in the development of highly sensitive detection and quantitation

systems identify DNA fragments and RNA molecules [1, 2]. This is connected with

the unique magnetic properties of these nanoparticles providing ease of manage-

ment and thigh detection efficiency of composites based on them. Nano-sized

composites allow the identification of single molecules, which significantly

increases the analysis sensitivity. The aim is to use nanoparticles based on ferrites

to construct biomedical composites with a combination of excellent magnetic

properties with higher resistance to oxidation and better biological inertness as to

compared with metal nanoparticles. The relevance of studying the interaction of

ferromagnetic nanoparticles and DNA molecules is dictated by the mechanisms
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underlying the effects of nanomaterials on biological systems, which are directly

connected with the safety and quality of life of mankind as a whole.

Conclusions about the nature of emerging bonds are controversial. Obviously,

the interaction between nucleic acids and magnetic nanoparticles can be

implemented through several mechanisms involving different groups of the bio-

molecules. Adsorption of biomolecules groups on the surface of the particles can

occur by formation of external (involving electrostatic interactions) or internal

systems through direct coordination with individual metal atoms according to the

Stern model [3–6].

This paper describes one approach to produce surface layers of a magneto-

sensitive component/SiO2 nanocomposite by sol-gel processing using a template

for synthesis. Our main purpose was to create a porous biocompatible silica shell on

Fe3O4, NiFe2O4, and CoFe2O4 particles [7] and, eventually, to obtain a mobile,

magnetically controlled adsorbent in the form of magnetic component/SiO2/DNA.

28.2 Experimental

Magnetic particles expected to have a low phase transition temperature (Curie–Neel

point) were prepared through coprecipitation of metal salts in an alkaline medium

in the form of metal oxides under hydrothermal synthesis conditions, followed by

drying in a purpose-designed drying chamber [8–10]. As a result, we obtained

ferrites with the following compositions: Fe3O4, NiFe2O4, and CoFe2O4.

To produced a porous structure in the surface layer of a composite, we used

surfactants, which were removed by washing and heat treatment. The surface layer

was obtained using tetraethyl orthosilicate (TEOS) as a precursor and sodium

silicate. As a template, we used a nonionic block copolymer surfactant (poly

(ethylene glycol)-b-poly(propylene glycol)-b-poly(ethylene glycol), Mr¼ 8,400 u)

(P-123) and the ionogenic surfactants sodium dodecyl sulfate (SDS) and tetraethyl-

benzylammonium chloride (TEBA), which were added during TEOS hydrolysis

under alkaline catalysis conditions with constant stirring [11, 12].

As a result of adsorption of DNA on the surface of the nanocomposites a

magneto-sensitive complex (Fe3O4/SiO2/DNA) was obtained.

DNA adsorption was carried out in distilled water. DNA of a fish (salmon) was

used as a DNA sample. The amount of adsorbate on the surface of the

nanocomposites was determined by measuring the DNA concentration in contact

solutions before and after adsorption with spectrophotometer Lambda-35 (Perkin-

Elmer USA). The concentrations were measured at λ¼ 260 nm using a calibration

plot. Adsorption of DNA was carried out in TRIS buffer (pH¼ 8.5) with a high

chaotropic salt concentration. Desorption of DNA was carried out in TE buffer or

distilled water.

The properties of the original magnetite, nickel and cobalt ferrites, and the

nanocomposites based thereon were investigated by combination of physical and

chemical methods.
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The specific surface area of the nanocomposites was determined by nitrogen

adsorption measurements (BET method) with a Kelvin-1042 sorptometer (Costech

International Instruments). The microstructures were examined by transmission

electron microscopy with on a JEOL JSM-35 (Japan).

Using X-ray diffraction (XRD), we investigated the structure of the

nanocomposites, identified magnetite, nickel ferrite, and cobalt ferrite, and deter-

mined the average crystallite size of these phases. XRD patterns were collected on a

DRON-4-07 diffractometer (Fe-filtered CoKα radiation, λ¼ 0.179021 nm, Bragg–

Brentano reflection geometry). The SiО2 layer in the nanocomposites was identified

by Fourier transform IR spectroscopy in the range 600–4,000 cm�1 on a Thermo

Nicolet Nexus spectrometer (USA).

The magnetic properties of magnetite and nanocomposite powders were studied

using a vibrating sample magnetometer. The vibration frequency and the amplitude

of the sample were set by an oscillator and a low-frequency amplifier. The mea-

surements were made at 228 Hz and room temperature. The samples had the form

of dry demagnetized powders [9].

28.3 Results and Discussion

Examination of the morphology of the powders by transmission electron

microscopy (TEM) showed that the crystals in the nanocomposites were

20–60 nm in size. A significant percentage of the nanoparticles formed aggregates

up to ~100 nm in size (Fig. 28.1).

XRD patterns of the Fe3O4/SiO2 nanocomposite contain peaks at 2θ¼ 21.2�,
35.2�, 41.8�, 50.9�, 67.8�, and 74.8�, with interplanar spacings of 2.865, 2.546,

2.158, 1.792, 1.381, and 1.267 Å, corresponding to crystalline magnetite (JCPDS

PDF 19-629 and 24-081). The peaks at 2θ¼ 21.4�, 35.3�, 41.7�, 43.5�, 50.7�, 63.5�,

Fig. 28.1 Photomicrographs Fe3O4/SiO2 nanocomposites synthesized without template (a), with
SDS (b). The content of SiO2 per 1 g Fe3O4: 0.15 g (a); 1.5 g (b)
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67.7�, and 74.7�, with interplanar spacings of 4.147, 2.539, 2.163, 2.077, 1.798,

1.463, 1.382, and 1.269 Å, in XRD patterns of the NiFe2O4/SiO2 nanocomposite

correspond to crystalline NiFe2O4 (JCPDS PDF 10-325). The peaks at 2θ¼ 21.8�,
35.6�, 42.0�, 51.1�, 63.9�, 68.2�, and 75.3�, with interplanar spacings of 4.072,

2.518, 2.148, 1.785, 1.455, 1.373, and 1.260 Å, in XRD patterns of the СоFe2O4/

SiO2 nanocomposite correspond to crystalline СоFe2O4 (JCPDS PDF 22-1086).

All nanocomposites possessed magnetic properties (Table 28.1). They had

narrow hysteresis loops, typical of nanocrystalline materials.

For the obtained nanocomposites values of the mass concentration of magnetite

were calculated based on the specific saturation magnetization of the samples and

the starting material (sample number 10) Also, the volume concentration of mag-

netite in the samples and the thickness of the SiO2 layer on the magnetite particles

were calculated. The values of the latter were 6–11 nm for Fe3O4/SiO2 composites

(samples. 1–3), 14–28 nm for nickel ferrite (samples 4–6) and 14–21 nm cobalt

ferrite (samples 7–9).

Let’s consider the adsorption of DNA on the surface of Fe3O4/SiO2

nanocomposites, which were obtained by using various magnetic cores with dif-

ferent pore sizes in the surface layer of the SiO2, which is caused by the introduction

of various surfactants in the synthesis process.

Figure 28.2 shows typical DNA adsorption curves for the magnetic core/SiO2

nanocomposites (iron and nickel ferrites) prepared using SDS as a template. The

adsorption isotherms for these composites (Fig. 28.2a, b) can be described by a BET

equation typical for monomolecular adsorption on adsorbents with energetically

active adsorption centers. For the highest DNA concentration of 0.05 mg/ml tested,

the amount of adsorption was 2.91 and 1.74 mg/g (Fig. 28.2a, b). The

nanocomposites synthesized with other templates showed weaker DNA adsorption.

Table 28.1 Magnetic characteristics of the samples

№ Samples M [mg] σs [μTl · m3/kg] Hc [kA/m] Mr/Ms

1 Fe3O4/SiO2 (Р-123) 135 3.63� 0.01 6.56� 0.01 0.21� 0.01

2 Fe3O4/SiO2 (SDS) 56 2.09 7.68 0.07

3 Fe3O4/SiO2 (ТЕBA) 66 3.14 7.54 0.07

4 NiFe2O4/SiO2 (Р-123) 71 1.86 9.68 0.10

5 NiFe2O4/SiO2 (SDS) 68 0.56 42.70 0.38

6 NiFe2O4/SiO2 (ТЕBA) 46 0.82 31.31 0.34

7 CoFe2O4/SiO2 (Р-123) 68 1.76 19.21 0.21

8 CoFe2O4/SiO2 (SDS) 64 0.90 27.04 0.29

9 CoFe2O4/SiO2 (ТЕBA) 67 0.95 27.75 0.25

10 Fe3O4 96 5.42 4.30 0.19

Note: σs¼Ms/ρ is the specific saturation magnetization (where Ms is the saturation magnetization

and ρ is mechanical density), Hc the coercive force, Mr/Ms the specific remanence, and m the

sample mass
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The data in Fig. 28.3 point to a complete DNA desorption to a TE-buffer

(pH¼ 7.6) from the surface of the Fe3O4/SiO2 and NiFe2O4/SiO2 nanocomposites

prepared with SDS.

It has been established that there is a complete desorption of DNA from the

surface of Fe3O4/SiO2 and NiFe2O4/SiO2 nanocomposites obtained with SDS.

Fig. 28.2 Adsorption isotherms of DNA on the nanocomposites prepared with SDS: (1) exper-
imental, (2) theoretical (Langmuir): (a) Fe3O4/SiO2, (b) NiFe2O4/SiO2
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28.4 Conclusions

A synthesis procedure of magnetically operated nanocomposites based on transition

metal oxides (MeFe2O4, Me¼ Fe2+, Ni2+, Co2+) with a biocompatible coating

(SiO2)x has been designed and optimized.

It has been shown that for all samples are characterized by narrow hysteresis

loops typical for nanocrystalline magnetic materials.

The adsorption of DNA on the surface layers of magnetically operating

nanocomposites were investigated. It has been established that the adsorption of DNA

is 0.55–0.6 mg per 100 mg of the adsorbent. There is further a complete desorption of

DNA from the surface of nanocomposites Fe3O4/SiO2 and NiFe2O4/SiO2.
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Chapter 29

Structural, Optical and Electrical Properties
of ZnO Thin Films Doped with Al, V and Nb,
Deposited by r.f. Magnetron Sputtering

K. Lovchinov, M. Petrov, O. Angelov, H. Nichev, V. Mikli,
and D. Dimova-Malinovska

Abstract Structural, optical and electrical properties of ZnO thin films doped with

different elements (Al, Al +H, V, Nb), deposited by r.f. magnetron sputtering on

glass substrates at different temperature Ts between 50 and 500 �C are studied.

XRD spectra demonstrate a preferential (002) crystallographic orientation with the

c-axis perpendicular to the substrate surface and grains sizes of about 19–29 nm.

The value of band gap energy Eg is in the range of 3.49–3.58 eV for ZnO:Al,

3.51–3.58 eV for ZnO:Al:H, 3.44–3.47 eV for ZnO:V, and 3.28–3.44 eV for ZnO:

Nb. The deposited ZnO films doped with Al, H, V and Nb have low resistivities of

1.6–2.2�10�3 Ωcm. The transparency of the studied films is about 85–90 % in the

visible region. The obtained transparent conductive ZnO thin films can be applied

in solar cells and other optoelectronic devices as TCO.

Keywords ZnO • Magnetron sputtering • Transparent conducting oxide

29.1 Introduction

Transparent conductive oxides (TCO) with their variety of structural compositions

are object of different scientific studies. The systematic investigation of the optical,

structural, electrical and other properties of thin ZnO films in dependence on the

deposition technology is nowadays topical in the development of new electronic

thin film devices [1], magnetic memories [2], and transparent conductive oxides

with applications in thin film solar cells [3]. ZnO doped with transition elements
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allows a variety of applications in gas sensors [4], spintronics [5], diluted magnetic

semiconductors (DMS) [6] etc. The most frequently used ZnO growth techniques

are metalorganic chemical vapour deposition MOCVD, pulsed laser deposition

(PLD), magnetron sputtering and molecular beam epitaxy (MBE). R.f. magnetron

sputtering is an attractive technique for the deposition of undoped and doped ZnO

thin films with different concentration of doping metals [7, 8].

In this work, a study the influence of doping elements and of the substrate

temperature, Ts, on the optical, structural and electrical properties of Al-, Al:H-,

Nb- and V-doped ZnO thin films deposited by r.f. magnetron sputtering in Ar (or Ar

+H2 in the case of deposition of ZnO:Al:H) atmospheres is reported. The results are

compared with data for undoped ZnO films.

29.2 Experimental

The ZnO:Al:H and ZnO:Al films are deposited by r.f. sputtering of a sintered ZnO

+Al (ZnO 98 wt%+Al2O3 2 wt%) target (100 mm in diameter) in Ar (0.7 Pa) +H2

(0.03 Pa) and Ar (0.7 Pa) atmospheres. Thin ZnO films doped with Nb and V were

prepared by r.f. magnetron co-sputtering of a ZnO target (100 mm) with pieces of

vanadium and niobium plates in the zone of maximal erosion of the surface in Ar

atmosphere at a pressure of 0.5 Pa. Before the deposition the substrates are

ultrasonically cleaned in H2O2 +H2SO4 (1:1) solution and de-ionized water. The

deposition of ZnO films doped with Al, Al:H, Nb V were performed without

heating (WH) of substrates or with heating between 50 and 500 �C. The

r.f. sputtering power, Ps, was 150–180 W.

The thickness of the layers was 150–200 nm for ZnO:Al, ZnO:Al:H and

600–960 nm for ZnO:Nb and ZnO:V.

The film structure was studied by XRD and Raman spectrometry. XRD spectra

were obtained using a Bruker D8 Advance spectrometer with Cu Kα radiation:

λ(Cu Kα1)¼ 1.540560 Å
´
and λ(Cu Kα2)¼ 1.544426 Å

´
(half of the intensity of Cu

Kα1). The instrumental broadening in 2θ geometry was 0.04�. Raman spectra were

recorded with a Horiba Jobin Yvon LabRam HR800 spectrometer using a 600 l/mm

grating and a HeNe laser for excitation. The spectra were measured in back

scattering geometry with a resolution of 1 cm�1. Transmittance and reflectance

spectra were measured by a spectrophotometer Shimadzu 3,100 in the ranges of

300–1,800 or 300–2,600 nm. The V and Al content in the films was determined by

energy dispersive X-ray analysis (EDAX) using a Link AN10000 analysis system.

SEM pictures were obtained by a Jeol JSM-840A with a LaBa6 cathode. The

resistivity of the films was measured by the four point probe method using a

VEECO instrument.
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29.3 Results and Discussion

29.3.1 ZnO Thin Films Doped with Al and Al:H

The Al concentration in ZnO thin films is between 1 and 2 at.% [8]. The transmit-

tance and the product (αhν)2, where α is the absorption coefficient, are displayed in

Figs. 29.1 and 29.2, respectively, as a function of the photon wavelength and the

energy hν for the thin ZnO:Al and ZnO:Al:H films obtained at different Ts. The
spectra are corrected for the transmittance of the glass substrate.

The transmittance of ZnO:Al and ZnO:Al:H films deposited at different Ts
(Figs. 29.1a and 29.2a, respectively) is higher than 90 % in the wavelength range

between 550 and 1,200 nm.

The spectral dependence of the absorption coefficient α (Figs. 29.1b and 29.2b)

was calculated from transmittance and reflectance spectra by the Eq. (29.1) [9]:

αλ ¼ 1=dð Þ � ln 1� Rλð Þ2=Tλ

h i
; ð29:1Þ

where Rλ is the reflectance, Tλ the transmittance, and d the film thickness, [nm].

The optical band gap of the films can be calculated for direct interband transi-

tions at higher energies hν>Eg according to the Tauc formula (29.2) [10]:

α hνð Þ ¼ B hν� Eg

� �1=2
=hν

h i
; ð29:2Þ

where B is a constant.

At photon energies hν<Eg the spectral dependence of α is determined by the

Urbach formula [11]:

α hνð Þ ¼ α0exp hν� E1ð Þ=E0½ �; ð29:3Þ

Fig. 29.1 Transmittance (a) and the dependence of (αhν)2 on the energy (b) for ZnO:Al thin films

deposited at different Ts. The inset in (b) shows the dependence of ln α on the energy
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where α0 is the absorption coefficient at the edge E1, E0 the energy width of the

Urbach tail, which is related to the structural disorder within the film. The Urbach

energy region (hν<Eg) is due to the perturbation of the parabolic density of the

states at the band edge.

The refractive index of the samples n was calculated from the transmittance

spectra by the equation [12]:

n ¼ Nþ N2 � n0
2

� �1=2h i1=2
, where N

¼ 1þ n0
2

� �
=2þ 2n0 Tmax � Tminð Þ= TmaxTminð Þ½ �; ð29:4Þ

where n0 is the refractive index of the substrate and Tmax and Tmin are the maximum

and minimum values of the transmittance for every λmax and λmin.
The calculated values of Eg, E0, ρ, and n, for ZnO:Al and ZnO:Al:H thin films

deposited at different Ts (without heating, 80, 100 and 150 �C) are presented in

Tables 29.1 and 29.2, respectively.

A comparison between the data for ZnO:Al and ZnO:Al:H deposited at different

Ts shows that in the both cases the values of the optical band gap, Eg, pass through a

maximum with increasing Ts. The maximum of Eg is observed at Ts¼ 80 �C for

ZnO:Al:H and Ts¼ 100 �C for ZnO:Al. A first-principles investigation based on

density function theory gives strong evidence that hydrogen acts as a source of

conductivity. It can be incorporated in high concentrations and behaves as a shallow

donor [13]. It has to be noted that the experimental study of hydrogen in crystalline

ZnO demonstrates that after annealing of ZnO crystals at 200 �C in a hydrogen

atmosphere the conductivity increases due to in-diffusion of hydrogen with an

activation energy of 0.91 eV [14]. The results obtained in the present work confirm

the behavior of hydrogen as a donor impurity in ZnO thin films; the ZnO:A:H films

have lower resistivity values compared to ZnO:Al films. The Urbach tail energy E0,

decreases with increasing Ts which can be related to the improvement of the

Fig. 29.2 Transmittance (a) and the dependence of (αhν)2 on the energy (b) for ZnO:Al:H thin

films deposited at different Ts. The inset in (b) shows the dependence of ln α on the energy
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structural order in the films as reported in [8]. The refraction index of ZnO:Al:H

films higher than for ZnO:Al films at all deposition temperatures. This result can be

explained with an introduction of weak polarization in the ZnO lattice due to a

slight increase in the length of the Zn-O bonds as a result of formation of O-H bonds

in the ZnO lattice [13, 15].

29.3.2 ZnO Thin Film Doped with Nb

Transmittance spectra of the ZnO:Nb thin films are presented in Fig. 29.3. The

spectra are corrected for the transmittance of the glass substrate. All spectra

demonstrate transmittance values of about 90 % in the range from 550 to

1,200 nm. In the IR region beyond 1,200 nm the transmission decreases with

decreasing of resistivity of the films due to the absorption of free carriers (plasma

resonance).

The dependence of the absorption coefficient on the energy hν, for ZnO:Nb films

is presented in Fig. 29.4. The value of the energy band gap Eg, the Urbach energy

E0, and the coefficient B
2 (Table 29.3) were calculated for direct inter-band electron

transitions as described in [8, 17, 18]. The values obtained for the band gap are in

the range 3.29–3.44 eV and typical for ZnO. The value of the band gap decreases

with increasing of Ts as seen in Fig. 29.5. The blue shift observed for the films with

lower resistivities is attributed to the Burstein–Moss effect [19].

The value of the resistivity ρ of ZnO:Nb films are in the range 2.2� 10�3–

6.4� 102Ωcm (Table 29.3) and are close to the data reported in [8]. ρ increases

with increasing Ts, more significantly for Ts> 350 �C (Fig. 29.6). This is probably

Table 29.1 The calculated values of optical band gap Eg, the Urbach tail energy width E0, the

resistivity, ρ, and the refractive index n, of ZnO:Al deposited with constant sputtering power Ps, in
dependence on the substrate temperature Ts

Sample Ts [
�C] Ps [W] Eg [eV] E0 [meV] ρ [mΩcm] n

D407 WH 150 3.56 65 5.5 1.75

D402 80 150 3.57 63 4.4 1.76

D401 100 150 3.58 62 2.8 1.77

D400 150 150 3.49 59 7.8 1.84

Table 29.2 The calculated values of the optical band gap Eg, the Urbach tail energy width E0,

the resistivity ρ, and the index of refraction n, of ZnO:Al:H in dependence on the substrate

temperature Ts

Sample Ts [
�C] Ps [W] Eg [eV] E0 [meV] ρ [mΩcm] n

D297 WH 150 3.54 134 2.1 1.94

D294 80 150 3.58 118 1.6 1.96

D311 100 150 3.53 105 2.9 1.85

D312 150 150 3.51 102 3.1 1.82
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Fig. 29.3 Transmittance

spectra of ZnO:Nb films

with different resistivities

Fig. 29.4 Dependence of

(αhν)2 on hν for ZnO:Nb
films deposited at different

Ts. The insert shows the plot
of lnα on hν

Table 29.3 The values of the optical band gap Eg, Urbach tail E0, the coefficient B (the value of

B2 is given), refractive index n, the thickness and the resistivity ρ of the ZnO:Nb deposited at

different substrate temperature Ts

sample

Ts

(�C)
Thickness

(nm)

Eg

(eV)

E0

(meV)

B2

(cm2eV) n ρ (mΩcm)

D262 ZnO:Nb 50 860 3.42 77 8.4E11 1.99 2.2

D263 ZnO:Nb 100 950 3.44 76 7.79E11 1.97 2.5

D264 ZnO:Nb 150 760 3.43 77 9.84E11 2.00 3.95

D265 ZnO:Nb 200 710 3.37 72 1.15E12 1.96 4.1

D337 ZnO:Nb 250 810 3.37 71 1.14E12 1.95 4.2

D268 ZnO:Nb 300 750 3.38 69 1.22E12 1.99 4.9

D269 ZnO:Nb 350 850 3.38 69 1.25E12 1.99 3.5

D270 ZnO:Nb 400 750 3.34 67 1.32E12 1.95 13.5

D338 ZnO:Nb 450 860 3.32 62 1.44E12 1.94 15

D271 ZnO:Nb 500 770 3.29 59 1.52E12 1.93 6.37� 105
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due to the changes of the stoichiometry of the films deposited at higher temperature,

as reported in [8].

The values of n were calculated for the range 500–1,200 nm and are given in

Table 29.3. They were in the range 1.95–2.00 and decrease slightly with Ts above
400 �C. This can be related to the oxidation of interstitial Zn in the films or to a

decreasing concentration of O vacancies at higher Ts, resulting in a decrease of the

free carrier concentration. It is probable that the effect of any possible increase in

the mobility μwith ρ is less pronounced than the changes in the stoichiometry of the

films [16].

The changes of the coefficient B2 and the Urbach energy with the substrate

temperature are shown in Figs. 29.7 and 29.8, respectively. The values of the

coefficient B2 increase with increasing substrate temperature. The Urbach energy

has an inverse dependence on Ts. The Urbach energy (hν<Eg) is due to a pertur-

bation of the parabolic density of the states at the band edge. An increase of the

structural disorder results in an increase in Urbach energy. The coefficient B2 and

the Urbach energy are assumed as parameters for the conduction and valence band

tail states, respectively [20, 21]. A decrease of B2 and an increase in E0 implies an

increase of the width of the band tails. The observed dependences for ZnO:Nb

Fig. 29.5 Dependence of

the optical band gap of

ZnO:Nb films on Ts

Fig. 29.6 Dependence of

the resistivity of the ZnO:

Nb films on the substrate

temperature
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demonstrate that the band tails width decreases with increasing substrate

temperature, probably due to the better structural properties of the films deposited

at higher Ts, as reported in [8, 18].

29.3.3 ZnO Thin Film Doped with V

The concentration of vanadium in the obtained ZnO:V thin films varies little with

the substrate temperature, Ts, (Table 29.4). The presented values (0.86–0.89 at.%)

are averaged after concentration measurements at four different points on the

surface of the samples. In Table 29.4 the electrical and structural parameters of

the films under investigation are presented as well. For comparison the data of

undoped and Al doped ZnO films are given too.

XRD spectra are presented in Fig. 29.9. The diffraction patterns show that the

deposited ZnO:V films are polycrystalline with reflections corresponding to the

(002) plane of the wurtzite structure with the c-axis perpendicular to the substrate

surface. The peak position for ZnO:V films is shifted to lower 2θ compared to

Fig. 29.7 Dependence of

the coefficient B2 on the

substrate temperature for

ZnO:Nb films

Fig. 29.8 Dependence of

the Urbach energy E0 on

substrate temperature for

ZnO:Nb films
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undoped ZnO films, and are close to that for Al-doped films. This shift to lower 2θ
is evidence for the presence of tensile stress, probably due to the presence of the

doping atoms. The (002) peak position slightly shifts to a lower 2θ value for the

ZnO:V sample deposited at Ts¼ 275 �C. The stresses in ZnO:V films are higher

than in undoped and Al doped-ZnO films. With increasing Ts, the full width at half

maximum (FWHM) of the (002) peak and the value of the stress decreases, while

the average grain sizes increases which demonstrates an improvement of the

structure with Ts, as in the case of undoped and Al-doped ZnO films [8].

Table 29.4 The values of the optical band gap Eg, Urbach energy E0, position of the (002) peak in

the XRD spectra θ, the FWHM of 2θ Δ2θ, the average grains sizes D, the concentration of the

dopants (Al or V) c, the values of the stress σ, refractive index n and the resistivity, ρ, of the films

deposited at different Ts

Sample

Ts

[�C]
Eg

[eV]

E0

[meV]

2θ
[deg.]

Δ2θ
[deg.]

D

[nm]

c [at.

%]

σ
[GPa] n

ρ
[mΩcm]

ZnOa 150 3.33 63 34.30 0.52 16 �0.81 1.79 31

ZnOa 275 3.30 59 34.40 0.47 18 �0.18 1.80 20

ZnOa 500 3.27 60 34.40 0.33 25 �0.18 1.77 4,300

ZnO:

Ala
150 3.36 120 34.20 0.62 14 1 �1.52 1.83 18

ZnO:

Ala
275 3.41 100 34.15 0.61 13 2 �1.79 1.92 5.4

ZnO:

Ala
500 3.33 91 34.27 0.62 13 1 �0.98 1.85 6.2

ZnO:V 150 3.44 91 34.18 0.39 21 0.86 �1.62 1.89 7

ZnO:V 275 3.47 98 34.14 0.33 25 0.88 �1.89 1.88 2

ZnO:V 350 3.47 86 34.19 0.35 24 0.89 �1.54 1.90 4

ZnO:V 500 3.44 83 34.19 0.29 29 0.87 �1.54 1.93 8
aData from reference [8]

Fig. 29.9 XRD spectra of

thin ZnO:V films at

different Ts. The black line
indicates the position of

(002) peak in crystalline

ZnO [23]
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Transmittance spectra of the ZnO:V films are presented in Fig. 29.10a. The

spectra are corrected for the transmittance of the glass substrate. All spectra

demonstrate transmittance values higher than 85 % in the range 500–1,200 nm,

independent of Ts. In the IR region beyond 1,200 nm where absorption due to the

free carrier concentration (plasma resonance) takes place, the transmission

decreases. An absorption peak at about 850 nm appears for ZnO:V deposited at

Ts> 275 �C; it is more clearly pronounced for samples with low resistivities. The

peak is attributed to d-d absorption of V2+ ions in a tetragonal arrangement [5].

The values of the resistivity of V-doped ZnO films are lower than in the case of

undoped and Al- or Nb-doped ZnO deposited at the same conditions; they are in the

range of 2�10�3–8�10�3Ωcm. These values are in agreement with results reported

in [22]. The average grain size is about 21–29 nm and increases with Ts.
The spectral dependences of α for samples deposited at different Ts are shown in

Fig. 29.10b. The values of the optical band gap of V-doped ZnO films are in the

range of 3.44–3.47 eV and typical for ZnO. However, they are higher than in the

case of undoped and Al- or Nb-doped ZnO films. The optical energy gap increases

with Ts increasing up to 275 �C, above which it decreases. It has to be noted, that

this sample demonstrates the lowest value of the resistivity (see Tables 29.3 and

29.4). The observed rise of Eg of ZnO:V films as compared to undoped ZnO films

could be due to an increase in the donor concentration, related to shallow V donors,

as it is in the case of Al-doped ZnO films [24]. The Urbach energy decreases with Ts
due to the improved structure in accordance with the XRD data. Layers doped with

Al have the highest values of the Urbach energy, followed by V-doped layers; the

smallest Urbach energies are found for layers doped with Nb. The differences of the

values can be explained by the differences in the size of the various dopant ions (for

Al3+ 0.20 Å
´
, for Nb3+ 0.12 Å

´
and for V2+ 0.14 Å

´
) compared to that of Zn2+ (0.74 Å

´
).

Raman spectra of ZnO:V films are presented in Fig. 29.11. The glass luminescence

background was eliminated before drawing the plots. In the Raman spectra bands

typical for ZnO are observed: 276 (B2), 380 (A1), 439 (E2), and 580 cm�1 (LO).

Fig. 29.10 Transmittance spectra (a) and (αE)2 versus energy E (b) for ZnO:V films deposited at

different Ts. The insert in (b) shows the plot of lnα vs hν
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The band at 276 cm�1 (B2) is related to the build-in electric field in the depletion

region in the grains of the films [25]. Additional bands at 509, 607 and 630 cm�1 are

present as well. These bands cannot be attributed to bulk phonon modes and

are probably due to localized ones. The band at 509 cm�1 can be assigned to a phonon

mode highly localized near the grain boundaries as it is in the case of Al doped ZnO

films [25]. This mode was observed when the crystallite size was smaller than 30 nm

as in the present case. The 607 and 630 cm�1 bands probably have a similar origin

as the I1 and I2 modes in [26] and are related to dopant complexes or host defects.

29.4 Conclusions

The influence of the substrate temperature on the optical properties and the

electrical resistivity of ZnO thin films, doped with Al, Al:H, Nb, or V are studied.

In the range of 550–1,200 nm the transmission is higher than 90 % for ZnO:Al,

ZnO:Al:H, and ZnO:Nb thin films and 85 % for ZnO:V. The XRD spectra proved a

polycrystalline structure of the ZnO:V films with preferential peak reflections

corresponding to the (002) crystallographic plane of the ZnO wurtzite structure

with the c-axis perpendicular to the substrate surface. The values of the Urbach

energy Е0 for ZnO:Al, ZnO:Al:H, ZnO:Nb and ZnO:V layers decrease with

substrate temperature Ts; the coefficient B has a reverse dependence. This decrease

of the Urbach energy and the increase of B can be related to an improvement of

the crystal structure. Layers doped with Al possess the largest value of the

Fig. 29.11 Raman spectra

of ZnO:V films deposited

at different Ts
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Urbach energy; the smallest values were found for layers doped with Nb.

The differences can be explained by differences in the size of the various dopant

ions (for Al3+ 0.20 Å
´
, for Nb3+ 0.12 Å

´
and for V2+ 0.14 Å

´
) compared to that of Zn2+.

Comparison of the properties of ZnO:Al and ZnO:Al:H thin films shows that the

optical band gaps does not depend on the hydrogen incorporation in the ZnO:Al:H

films. However, the ZnO:Al:H films have a lower resistivity due to the incorpora-

tion of hydrogen during the deposition. The resistivity of the films decreases with

Ts. The lowest resistivity was found for films deposited at low substrate temperature

(1.6–2.2�10�3 Ωcm). For ZnO:Al layers the lowest values of resistance were found

at 100 �С, for ZnO:Al:H at 80 �С, for ZnO:V at 275 �С and for ZnO:Nb at 50 �С.
The values of the optical band gap of ZnO:Al, ZnO:Al:H, ZnO:Nb, and ZnO:V

films are in the range of 3.28–3.58 eV and they passes through a maximum and

decrease with further increase of Ts. The refractive index is in the range of

1.74–2.00 at about 500 nm. The layers with low resistivity and high transparence

demonstrate potential for applications as a transparent conductive oxide in thin film

solar cells and LEDs.
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Chapter 30

Breakdown Phenomena During the Growth
of Anodic Films on Antimony

Ch. Girginov, E. Lilov, and E. Klein

Abstract Electrical breakdown during galvanostatic and isothermal growth of

Sb2O3-films in aqueous solutions of sulfuric, boric, phosphoric and oxalic acid

was analyzed. The breakdown voltage was registered at the onset of oscillations of

the forming voltage. The oscillations in boric acid electrolytes were accompanied

by acoustic emission. The number of events, the amplitude and the energy of the

acoustic waves were registered. The values of these parameters did not differ

essentially from the very beginning of the process. The effects of current density

and nature and concentration of the forming electrolyte on the value of the break-

down voltage was studied. The results obtained do not contradict the concepts of

dielectric breakdown of the anodic films under the impact of the electric field

applied. Breakdown has been ascribed to the injection of electrons from the

electrolyte into the bulk of the anodic oxide and their acceleration and multiplica-

tion to an avalanche.

Keywords Anodic antimony oxide • Oxalic acid • Breakdown phenomena •

Breakdown voltage

30.1 Introduction

The anodic formation of oxide films is usually carried out at constant current

density and temperature conditions. This regime ensures a good reproducibility of

the film characteristics. A variety of electrolyte solutions have been used in growing

anodic oxide films on antimony but the well known linear increase of the formation

voltage Uf with time t or with charge density Q can be most easily achieved in

aqueous solutions of acids. Such ‘regular’ kinetics with more or less extended linear
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sections of the kinetic curves have been reported for anodization in electrolytes

containing sulfuric acid [1–6], phosphoric acid [7, 8], boric acid [9] and oxalic acid

[10–12]. Even in the abovementioned electrolytes, however, mainly depending on

their concentration and on the current density used, the appearance of S-shaped
curves, induction periods and maxima have been observed [3, 13–15].

Regardless of the shape of the kinetic curves, electrical breakdown will begin

after Uf has reached a certain value denoted as the breakdown voltage UB. At this

voltage the film growth practically stops, various breakdowns follow each other,

causing voltage oscillations, high-frequency fluctuations of the current, sparkling

and sound effects. Prolonged breakdowns might provoke structural changes on the

surface as well as in the bulk of the anodic film. Having in mind the presumed

application of anodic antimony oxide as semiconducting and/or photo-conducting

material [4], studies of the breakdown will be helpful not only in elucidating some

theoretical aspects of the phenomenon but also in limiting the voltages of film

formation, beyond which undesirable structural changes take place.

30.2 Analytical Review of Breakdown Investigations

30.2.1 Breakdowns in the System (+) Valve Metal/Oxide/
Electrolyte

Under galvanostatic and isothermal conditions, the onset of breaking down in the

system (+) valve metal/oxide/electrolyte is connected, by definition, to the time of

reaching the breakdown voltage. As a matter of fact, the linear increase of the

formation voltage with time ceases well below the value of UB, even in the case

of ‘regular’ kinetics; Uf slows gradually down. The use of different criteria for

the onset of breakdowns and for the determination of UB [16–22] creates some

difficulties in comparing the results of different authors.

In the majority of studies, a weak dependence ofUB on the current density J used
has been definitely established [23]. Further, it is generally agreed that UB strongly

depends on the nature and composition of the contact electrolyte (i.e. the electrolyte
in which UB is measured). Burger and Wu [24] have ascertained the following

dependence of UB on the resistivity ρ of the non-dissolving contact electrolyte

UB ¼ aB þ bB logρ

Here, the constant аB has been assumed to depend only on the nature of the

anodized metal, and the constant bB has been thought to be universal.

30.2.2 Breakdowns During the Formation of Sb2O3-Films

The growth of anodic oxide films on antimony has proven to be always accompa-

nied by film dissolution as reported for anodization in different electrolyte solutions
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of phosphoric acid [25, 26], sulfuric acid [27–29], hydrofluoric acid [30] and oxalic

acid [10]. In spite of the use of film dissolving electrolytes, relatively thick anodic

films have been formed, and the breakdown characteristics of the films have proven

to be similar to those observed in non-dissolving solutions.

30.3 Determination of the Breakdown Voltage

The breakdown voltage during the anodization of antimony in different acidic

electrolytes has been determined as the mean steady-state value of the oscillating

or the flat section of the Uf(t)-curve. The determination of UB is illustrated in

Fig. 30.1 for anodization of Sb in two sulfuric acid solutions [31].

The anodic oxidation of antimony in certain electrolytes has proven to be

accompanied [32] by an acoustic emission which can be distinctly registered, as

illustrated in Fig. 30.2.

It is worth mentioning that the characteristics of the acoustic emission during

breaking down do not differ essentially from those at the very beginning of

anodization. The emergence of acoustic pulses in the circuit of galvanostatic

anodization has not yet been clarified but it should be related with the current

flow through the film.
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Fig. 30.1 Kinetic curves of anodization of antimony in 0.0005 M and 0.5 M aqueous solutions of

sulfuric acid at 2.2 mA cm�2 and 20 �C. The values of the breakdown voltages are determined

from the mean steady-state values of Uf at the right side
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30.4 Influence of the Current Density on the Breakdown
Voltage

The weak current density dependence of UB found for a number of valve metals

[23] has been also confirmed [11] for the case of anodization of antimony. Values

of UB for anodization of Sb in 0.01 M oxalic acid at four current densities are

shown in Fig. 30.3.

30.5 Influence of Nature and Composition
of the Electrolyte on UB

Numerical values for breakdown voltages in some acid, basic and salt solutions

have been calculated by Ammar and Saad [3, 33]. Values of UB can be calculated

from the resistivity dependence of the breakdown voltage according to the empir-

ical equation of Burger and Wu [24].

The only question remaining controversial is whether the constants aB and bB in
the above equation depend on the electrolyte composition. To clarify this, the

breakdown voltage of anodic antimony oxide has been studied in oxalic [11],

sulphuric [31] and phosphoric [34] acid solutions of different concentrations

Fig. 30.2 Formation voltage vs. time dependence during anodization of antimony in a 3 %

aqueous solution of boric acid (pH¼ 5.4) at 2.2 mA cm�2 and 20 �C. Inlet: amplitude, energy

and number of events of the accompanying acoustic emission
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(or resistivities, respectively) under otherwise constant conditions. The corresponding

dependences are presented in Fig. 30.4.

In all three electrolytes, the typical voltage oscillations shown in Figs. 30.1 and

30.2 have been observed after reaching a certain value of Uf. The oscillations have

been found to start at different values of Uf depending on type and concentration of

the contact electrolyte. The values of the breakdown voltage determined as

described above allowed the calculation of the constants in the Burger and Wu

equation. The equation was found to describe the experimental data for anodization

of antimony in acid solutions well. The calculated values of the constants aB and bB
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Fig. 30.3 Kinetic curves of anodic oxidation of antimony in 0.01 M (COOH)2 at four different

current densities up to the breakdown voltage
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are presented in Table 30.1 in comparison with values of these constants for other

electrolytes [35].

The values of the breakdown voltages of anodic antimony oxide in dissolving acid

solutions have proven to obey the common regularities which are typical for valve

metals. On the other hand, the constants aB and bB in the Burger andWu equation [24]

have been found to depend definitely on the nature of the forming (contact) electrolyte.

30.6 Mechanisms of Breaking Down

Different hypotheses about the mechanism of breaking down during anodization

of valve metals have been proposed. Yahalom and Hoar have suggested [36]

that thermally induced breakdowns are due to the accumulation of Joule heat

during oxidation. According to Young [37–40], breakdowns are initiated

from microfissures containing electrolyte within the oxide film. The concept of

avalanche breakdowns through film flaws has been proposed by Odynets [41, 42].

The first quantitative theory of breaking down during anodization has been devel-

oped by Ikonopisov [43] on the base of a model of electron avalanche. Later on

Kadary and Klein [44] have published a quantitative model of breakdowns through

successive avalanches. The avalanche theories are generally based on the presence

of an electron component Je of the total current density J. According to these

theories, the contact electrolyte not only delivers the oxygen ions for oxidation of

the metal but also injects electrons into the conduction band of the oxide under the

influence of the electric field. It is not clear, however, which electrolyte species

deliver the electrons, how the reminders are balanced and why electrons in the

conduction band can provoke avalanches.

Different models like Schottky emission or the Poole-Frenkel effect [45] have

been proposed to explain the mechanism of electronic conductivity in anodic

oxides. Only the Christov model [46] however explains the dependence of Je on
the nature and concentration of the contact electrolyte.

By adding the electronic current component, the total current flow during anodic

polarization of valve metals is described by the expression:

J ¼ Ji þ Jdis þ Je

Table 30.1 Values of the constants in Burger and Wu equation, Cd means current density

Electrolyte pH range Cd (Acm�2) aB (V) bB (V)

(СООН)2 [11] 10�2 �10.4� 1.8 72� 5

H3PO4 [34] 10�3 �18.0� 2.3 72� 8

H2SO4 [31] 10�3 58.5� 4.2 24� 3

Na2CO3 [35] 10.2–11.3 10�3 �60.1� 5.2 108� 7

Na2SO4 [35] 5.4–6.1 10�3 �5.2� 0.5 53� 4

NaCl [35] 5.5–6.2 10�3 6.1� 0.4 31� 3
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The ionic current Ji results from the field-assisted migration of metal and oxygen

ions and realizes the anodic film growth. The dissolution current Jdis is related with
an assumed electrochemical dissolution of the anodic film. In the case of anodic

oxidation of metals in film dissolving electrolytes, it seems impossible to distinct

between chemical and electrochemical dissolution. The electronic current Je does
not affect film growth or dissolution; the only impact of Je is on the efficiency of the
anodization. Recent studies [47] of anodic antimony oxide formation in oxalic acid

electrolytes have shown that electronic conductivity had a negligible impact, if any,

on the efficiency of film formation.

30.7 Conclusion

The breakdown characteristics of anodic oxide films formed on antimony in film-

dissolving electrolytes have proven not to differ from those observed for the

systems (+) valve metal/oxide/non-dissolving electrolyte. The dependence of the

breakdown voltage on the resistivity of the contact electrolyte has been found to

match the empirical equation of Burger and Wu. The constants in this equation

were found strongly to depend on the nature of the electrolyte. This result is

consistent with the known dependence of the electronic current on the nature and

concentration of the electrolyte and supports the breakdown model based on the

injection of electrons from the electrolyte into the film and their multiplication to

electron avalanches. Nonetheless, the electron donor levels within the electrolyte as

well as the formation of avalanches in the conduction band of the oxide still remain

unclarified.
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Chapter 31

Stress Measurements and Optical Studies
of (AsSe)100�xAgx Films for Optical
Sensor Applications

V. Ilcheva, E. Petkov, C. Popov, V. Boev, O. Koleva, P. Petkov, T. Petkova,
and S.N. Yannopoulos

Abstract Thin (AsSe)100–xAgx (x¼ 0–25 mol.%) films have been deposited on

glass substrates and silicon cantilevers by vacuum thermal evaporation from the

corresponding bulk materials. The mechanical stability was investigated by mea-

suring the stress of the films deposited on silicon cantilevers. The correlation

between the stress and the composition has been investigated and will be discussed.

In order to investigate photoinduced changes in the refractive index, the films

have been exposed to a He-Ne laser. The transmission spectra of the films have

been measured before and after laser illumination; the refractive index has been

derived by Swanepoel method. The photoinduced changes occurring in the films
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after illumination lead to changes of the optical constants. These features make the

investigated materials suitable for application in planar chalcogenide-based sensor

devices.

Keywords Chalcogenide glasses • Thin films • Stress • Optical sensors

31.1 Introduction

Amorphous chalcogenides are subject of scientific interest due to their remarkable

optical properties, enabling applications in optical biosensors [1]. The wide trans-

mission window (1–20 μm), depending on the composition, the high refractive

indices and the ability of chalcogenide materials to change their optical constants

under the action of light allow them to be used as optical waveguides in optical

sensors, working on the principle of evanescent waves. The sensing mechanism is

based on the attenuation of the propagating light due to the interactions of the

evanescent waves with the target molecules. Detection of the molecules takes place

when light of а selected wavelength which corresponds to characteristic absorption

bands of the target molecules, is transferred to a point where the propagating

surface of the waveguide (and the accompanying evanescent wave) comes in

contact with the optically detectable analyte.

The fabrication of planar chalcogenide-based sensor devices with high sensitivity

over a wide spectral range requires films with good homogeneity, smooth surfaces

(providing better photon-molecule interactions and higher sensitivity) and high

mechanical stability, which basically depends on the presence of a residual stress.

Moreover, the film composition has to be chosen for the creation of structures with a

high refractive index contrast. This is why we focused our work on the investigation

of the mechanical stability of As-Se-Ag thin films which allow to obtain refractive

index modification by laser illumination and are suited for applications as active

materials in planar optical waveguide sensors.

31.2 Experimental Details

Bulk (AsSe)100�xAgx glasses with x¼ 0, 5, 10, 15, 20 and 25 mol. % Ag, synthe-

sized by the melt-quenching technique were used for thin film preparation by

vacuum thermal evaporation (VTE).

The thermal evaporation process was carried out in a Leybold LB 370 vacuum

set-up with a residual gas pressure of 1.33� 10�4 Pa. A constant source – substrate

distance of 0.12 m and evaporation temperatures in the range of 700–800 K were

used in all experiments. During the deposition the substrates were kept at room

temperature and rotated to obtain uniform layers.

The films were deposited on glass substrates for optical measurements and on

silicon cantilevers for stress measurements. The cantilever substrates consisted of
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seven strips with a thickness of 60 μm, widths between 0.7 and 2.0 mm and lengths

between 2.0 and 8.0 mm. This configuration allows an accurate stress measurement

in a wide range. The deflection of the cantilevers was determined from the curva-

ture of the substrate measured by the depth of the focus of an optical microscope.

The films were kept in dark under dry atmosphere for 8 months and measured again

to study the relaxation of the film stress as described in [2].

The thickness was determined by the Fizeau interferometer technique [3] using a

Zygo New View 5,000 interferometer.

The amorphous character of the obtained films was proved by the X-ray diffraction

technique by using a Philips Analyzer APD-15 with Cu-Kα radiation; their structure

and morphology were studied with a scanning electron microscope (SEM) Hitachi

s-4000.

The optical properties of the (AsSe)100�xAgx films were investigated before and

after 60 min irradiation with a He-Ne laser with an intensity of 5 mW/cm2. Their

optical transmission spectra were recorded in the wavelength range from 400 to

2,500 nm at room temperature using a double-beam computer-controlled JASCO

spectrophotometer with an accuracy of �0.5 nm. The refractive index of the

as-deposited and illuminated films was estimated from the transmission spectra.

31.3 Results and Discussion

The as-prepared films are amorphous as shown by the XRD analysis. The patterns are

typical for non-crystalline materials, with elevated broad halos and no sharp peaks

present (Fig. 31.1). The SEM pictures reveal the smoothness and homogeneity of the

film surface and interface (Fig. 31.2).
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Fig. 31.1 X-Ray diffraction patterns of AsSe and (AsSe)75Ag25 thin films
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The thickness of the (AsSe)100�xAgx films determined interferometrically varies

between 680 and 826 nm (Table 31.1).

The stress in the system thin film/substrate is the sum of the thermal stress,

caused during the deposition process from the different thermal expansion coeffi-

cients of film and substrate, and the intrinsic stress, strongly dependent on the

structure and the composition of the film. To reduce the thermal stress the substrates

were kept at room temperature during the deposition process. Therefore we assume

that the results obtained are only due to the intrinsic stress in the films. Conse-

quently the film structure and composition are responsible for the sign and magni-

tude of the stress. The stress σ was determined by the deflection of the cantilever

grids, and calculated with Stoney’s equation [4]:

σ ¼ E

6 1� νð Þ �
D2

Rd

where d is the film thickness, R the radius of the curvature of the substrate, and E, ν
and D are the Young’s modulus, Poisson’s ratio and thickness of the substrate,

respectively.

In our case, the thickness of the films (Table 31.1) is much smaller than that of

the substrate (60 μm), which allowed applying an approximated Stoney equation for

the stress determination:

σ ¼ E

3 1� νð Þ �
hD2

l2 þ h2
� �

d

Fig. 31.2 SEM images of a (AsSe)75Ag25 film: (a) surface; (b) cross section

Table 31.1 Thickness of

(AsSe)100�xAgx films
Composition Thickness [nm]

AsSe 826

(AsSe)95Ag5 765

(AsSe)90Ag10 740

(AsSe)85Ag15 788

(AsSe)80Ag20 680

(AsSe)75Ag25 723
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where l is the length of the cantilever and h the maximum deflection of the

cantilever tip. The measured stress of the thin films as a function of the silver

content is presented in Fig. 31.3.

The measurements reveal a tensile stress irrespective of the composition of the

films. When silver is introduced into the chalcogenide matrix, a maximum of the

stress is observed at 15 mol % Ag. This is most probably related to the destruction

of parts of the basic structural units (AsSe3/2 pyramids) and the formation of new

ones. This suggestion is confirmed by the results from the Raman spectroscopy of

the bulk glasses.

The Raman spectra presented in Fig. 31.4 show that the addition of 15 mol.% Ag

in the chalcogenide AsSe matrix decreases the intensity of the band at 237 cm�1.

This band is attributed to the stretching mode of AsSe3/2 pyramids [5, 6]; its

reduction indicates that structural changes have occurred in the films.

The transmission spectra of the as-deposited and illuminated AsSe-Ag thin

films, recorded in the visible and IR spectral range (400–2,500 nm), show a shift

of the absorption edge to shorter wavelengths after the addition of silver (Fig. 31.5).

The observed blue shift of the absorption edge is a result of the changes of the

electronic structure of the material after silver addition, which probably leads to the

formation of additional defect states, localized in the band gap.

The illumination of the films leads to a shift of the absorption edge to longer

wavelengths, i.e. a photodarkening effect is observed (dashed lines in Fig. 31.5).

The photoinduced effects in amorphous materials occur as a result of photoinduced

structural changes, which depend basically on the wavelength of the light exposure,

the intensity of the illumination light and the illumination time [7].

The refractive index of the films was estimated from the transmission spectra by

the Swanepoel method [8]. The spectral dispersion of the refractive index
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Fig. 31.3 Compositional dependence of the stress of (AsSe)100�xAgx thin films
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(Fig. 31.6) shows that the refractive index of the AsSe-Ag films increases after the

addition of silver and also after their illumination.

31.4 Conclusions

The obtained thermally evaporated (AsSe)100�xAgx thin films are amorphous with

smooth and homogeneous surfaces. The stress measurements show tensile stress

with a maximum at 15 mol % Ag, when the number of the basic structural units

(AsSe3/2 pyramids) is reduced, and formation of silver enriched structural units
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occurs. Stress relaxation, following the tendency of the as-deposited films, is

observed with the time.

The optical transmission measurements reveal a shift of the absorption edge to

shorter wavelengths after the addition of silver. A photodarkening effect after the

exposure of the films by He-Ne laser illumination is observed.

The refractive index calculations, carried out by the Swanepoel method show a

tendency of an increase of n after silver addition due to structural transformations in

the films. The refractive index of the material changes also after the illumination.

The obtained results demonstrate that the amorphous thin As-Se-Ag films fulfill

the requirements of homogeneity, uniformity, surface smoothness and minimal

residual stress. The films undergo photoinduced changes after illumination, which

result in changes of the optical constants. These features make the investigated

materials suitable for application in planar chalcogenide-based sensor devices.
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Chapter 32

Structure of Fe3O4(111) Films on Pt(111)
and Ru(0001): The Role of Epitaxial Strain at
the Iron Oxide/Metal Single Crystal Interface

M. Lewandowski, N. Michalak, Z. Miłosz, R. Ranecki, T. Luciński,
and S. Jurga

Abstract Thin oxide films epitaxially grown on metal single crystal surfaces may

exhibit structural properties that differ from the corresponding bulk oxide materials.

The structure of the films is often rendered by their thickness, the structure and

properties of the substrate and by the nature of the oxide/substrate interface.

We prepared thin iron oxide films on Pt(111) and Ru(0001) and studied their

structure using STM, LEED and XPS. The structure of FeO(111) – the iron oxide

phase that forms at the interface with the metal single crystal – depends on the

parameters of the support and is believed to further influence the structure of thicker

iron oxide films, such as Fe3O4(111), that are being grown on top of it. In this article

we discuss the role of one of the important parameters that may determine this

structure – the epitaxial strain at the iron oxide/metal single crystal interface.
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32.1 Introduction

Iron oxides, due to their unique electron and magnetic properties, are widely used

materials in many chemistry and biology related fields, such as heterogeneous catal-

ysis [1], drug delivery systems ormagnetic imaging [2, 3]. The properties of iron oxide

crystals often depend on their size and chemical surrounding. For example, ultrathin

FeO(111) films epitaxially grown on Pt(111) exhibit superior catalytic activity in CO

oxidation reaction in the millibar pressure range [4], which is related to the structural

transformation of FeO(111) to FeOx (1< x< 2) phase, with a significant role of

electron transfer from the FeO(111)/Pt(111) to the adsorbed oxygen [5].

Even though FeO(111) grows on Pt(111) epitaxially – forming a closed film –

the structure of FeO(111)/Pt(111) is complex: due to ~10 % lattice mismatch

between FeO(111) and Pt(111) (3.04 Å vs. 2.78 Å, respectively) the formation of

a Moiré superstructure with 25 Å periodicity is observed [6]. Since FeO(111) is an

interface layer for the further growth of thicker iron oxides – namely Fe3O4(111)

and Fe2O3(0001) – on this support, its structure may influence the growth and

structure of thicker iron oxide films.

Iron oxide thin films can be also grown on Ru(0001) [7]. Due to a larger than in

the case of Pt(111) lattice mismatch between the oxide and the support (3.04 Å
vs. 2.71 Å for FeO(111) and Ru(0001), respectively), the FeO(111)/Ru(0001)

Moiré superstructure has smaller periodicity (21.6 Å). In contrast to FeO(111)/Pt

(111), a significant lattice mismatch between the FeO(111) and Ru(0001) is not

only reflected in a Moiré-type superstructure, but also in the presence of disloca-

tions/domain boundaries, which could additionally influence the further growth of

thicker iron oxide films. For Pt(111), it is well known from the literature that the

Moiré structure of FeO(111) does not significantly influence the structure of

Fe3O4(111) that grows on top of it – the magnetite grows in a form of a continuous

film and has bulk-like structural parameters [6]. For Fe3O4(111) on Ru(0001),

mainly Fe3O4(111) islands [8] and structurally ill-defined/complex magnetite

films [7] have been studied so far.

In this article we present a comparison of structural features of iron oxide thin

films grown on Pt(111) and Ru(0001). The results indicate a significant role of

epitaxial strain at the iron oxide/metal single crystal interface (which has an FeO

(111)/Pt(111) and FeO(111)/Ru(0001) structure, respectively) on the structure of

thicker iron oxide films (here Fe3O4(111)).

32.2 Experimental Details

The experiments were performed in an ultra-high vacuum (UHV) chamber (base

pressure in the 10�10 mbar range; from PREVAC). Pt(111) and Ru(0001) single

crystals (purity� 99.99 %; MaTeck) were cleaned by repeated cycles of 0.3–1 kV

Ar+ (99.999 %;Messer) ion sputtering, annealing in O2 (99.999 %; Linde Gas) and
in UHV. The temperature was controlled with an optical pyrometer (Minolta/Land).
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Iron oxide thin films were grown by repeated cycles of 1.5–3 monolayers iron

(purity 99.999%;Alfa Aesar) deposition and subsequent oxidation in 1� 10�6 mbar

molecular oxygen at 870–1,000 K. The cleanliness of the crystals and the formation

of well-ordered iron oxide films were confirmed by scanning tunneling microscopy

(STM; RHK), low energy electron diffraction (LEED; SPECS) and X-ray photo-

electron spectroscopy (XPS; PREVAC/VG Scienta). The STM images were

processed using WSxM [9] and Gwyddion (gwyddion.net) computer software.

The XPS spectra were recorded at room temperature using a non-monochromatic

AlKα (1,486 eV) X-ray radiation source and a semispherical electron energy

analyzer. The exact binding energies were determined by shifting the spectra with

respect to the bulk Pt and Ru peaks. The spectra were fitted using the CasaXPS

software (Casa Software Ltd). A Voigt function (linear combination of Gauss and

Lorentz functions) and a Shirley background subtraction were used for the fittings.

32.3 Results and Discussion

Figure 32.1 presents LEED patterns of clean Pt(111) and Ru(0001) single crystals,

as well as patterns of FeO(111) and Fe3O4(111) films grown on these supports.

FeO(111) films exhibit a characteristic satellite pattern originating from Moiré

Fig. 32.1 LEED patterns of Pt(111) and Ru(0001) single crystals, as well as FeO(111) and

Fe3O4(111) thin films grown on these supports (90 eV)
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superstructures. Fe3O4(111) films show (2� 2) LEED patterns [6]. The patterns

across the surface of all samples were uniform, indicating presence of single oxide

phases for the FeO(111) and Fe3O4(111) samples.

By analyzing the distances between the diffraction spots, we determined the

surface lattice constants of the oxide films. For both FeO(111) samples, the lattice

constant determined from LEED was close to the bulk value of 3.04 Å (slightly

expanded), and for both Fe3O4(111) samples the lattice constants were close to

5.94 Å, in agreement with the surface lattice constant of bulk magnetite grown in

the (111) direction [6] (even though the films were only nanometer-thick).

STM image of FeO(111)/Ru(0001) is presented in Fig. 32.2a. It is known that

FeO(111) grows on Ru(0001) in a double-layer form [8]. For this sample, the Ru

(0001) substrate was covered with a non-complete FeO(111) double layer. A clear

epitaxial relation could be observed, as the edges of the FeO(111) islands were running

along the crystallographic directions of Ru(0001). The Moiré structure and the

dislocations/domain boundaries were also clearly visible. These additional structural

features most probably originate from epitaxial strain [10]. The non-uniform structure

of FeO(111)/Ru(0001) may influence the growth of thicker iron oxide films. The

surface topography of Fe3O4(111)/Ru(0001) samples prepared in our laboratory is

presented in Fig. 32.2b (sum of forward and backward current images). As compared

to closed films that form on Pt(111), we observed the formation of canyon-like

structures on Ru(0001). The top surface of canyons/islands was atomically flat and

the depth of the holes between them corresponded to a multiple of the size of Fe3O4

unit cell in the (111) direction (4.85 Å [6] – see the height profile under the STM

image; the profile was taken from the sum of forward and backward topography

images).

Fig. 32.2 STM images of (a) FeO(111)/Ru(0001) (topography, 100� 100 nm2, �0.7 V, 1.0 nA;

inset: 25� 25 nm2 zoom) and (b) Fe3O4(111)/Ru(0001) (current, 500 nm� 380 nm, �3.0 V,

1.0 nA; inset: topography height profile) (b)
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The fact that the films prepared by our group had different morphology than the

films prepared by Ketteler et al. [7], could be due to slightly different preparation

conditions, however, we got the same characteristic (2� 2) LEED pattern.

Since a (2� 2) LEED pattern could potentially also origin from γ-Fe2O3(0001)

[11], we performed XPS studies trying to determine the phase of prepared iron

oxides reflected in a Fe2+:Fe3+ ratio. The XPS spectra recorded for Fe3O4(111)/Pt

(111) and Fe3O4(111)/Ru(0001) samples are presented in Fig. 32.3. They confirm

the presence of iron in Fe2+ and Fe3+ oxidation states for both samples, which is

characteristic for magnetite. The magnetite film on Ru(0001) exhibited much more

Fe2+ iron ions (73 % Fe2+ vs. 27 % Fe3+), as compared to magnetite on Pt(111)

(60 % vs. 40 %). This could be due to the formation of a thicker FeO(111) interface

layer, as on Ru(0001) FeO(111) can be grown up to a thickness of 4 ML [7], while

on Pt(111) only up to ~2.5 ML [6].

32.4 Conclusions

We prepared thin iron oxide films on Pt(111) and Ru(0001) and studied their

structure using STM, LEED and XPS. The structure of FeO(111) depends on the

parameters of the metal support and may further influence the structure of thicker

iron oxide films, such as Fe3O4(111), that are being grown on top of it. We speculate

that the canyon-like morphology of Fe3O4(111)/Ru(0001) origins from the complex

structure of the FeO(111)/Ru(0001), which is in turn driven by epitaxial strain.

Fig. 32.3 XPS Fe2p spectra of Fe3O4(111)/Pt(111) and Fe3O4(111)/Ru(0001) (AlKα)
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However, it has to be kept in mind that the structure of thicker iron oxide films on Pt

(111) and Ru(0001) may not only be determined by the lattice mismatch/epitaxial

strain at the interface, but also other effects, such as work function changes/charge

transfer [12], surface energy/polarity effects [13] or diffusion of metal atoms into

the crystal support [14, 15].
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Chapter 33

Physical Properties of Bi2Te3 Nanolayers

R. Zeipl, M. Jelı́nek, M. Vlček, T. Kocourek, J. Vaniš, and J. Remsa

Abstract The properties of very thin Bi2Te3 (nano-) layers of different thickness

prepared by pulsed laser deposition at different fluences are presented. Thermo-

electric properties such as the thermal conductivity, the in-plain electrical conduc-

tivity, the Seebeck coefficient and also crystallinity, composition and morphology

are presented. The surface properties were studied by atomic force microscopy.

Keywords Thermal conductivity • Thermoelectric materials • Thin layers • Pulsed

laser deposition

33.1 Introduction

Thermoelectric structures in form of thin layers and multilayers are potential

candidates for many thermoelectric applications and nano devices from solid-

state coolers and generators, thermoelectric transducers, thermocouples to thermal

sensors and detectors.

Bismuth and tellurium compounds, such as Bi2Te3, prepared in a form of

very thin layers (nanolayers) have been well established candidates for many
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Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic,
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thermoelectric applications. Knowledge of the thermoelectric properties of such

materials with lateral resolution of tens of nanometres is desirable.

We have already been working for some time on the development of a simple

and reliable method to characterize the relative thermal conductivity of thin ther-

moelectric layers and multi-layered structures using a scanning thermal microscope

working in constant current active DC and AC modes. For our experiments we need

high quality thermoelectric layers and nanolayers with thermal conductivities in the

range from about one-tenth to a few tens of Wm�1 K�1 with a very smooth surface.

An increased surface roughness might cause inaccuracy and create difficulties, such

as artefacts, when using any scanning probe microscopy measurement technique,

including thermal microscopy.

As a suitable thermoelectric material for our experiments we have chosen Bi2Te3
nano layers which were successfully prepared by several deposition methods

including pulsed laser deposition (PLD) in the past [1–9].

Systematic studies to find the experimental conditions leading to polycrystalline

stoichiometric thin films of Bi2Te3 by PLD were performed [3]; some were focused

on the difficulties arising from the differences of vapour pressure between Te and

Bi; it was reported that the type of substrate has no influence on film stoichiometry

and crystallinity, but highly oriented growth can be achieved on mica due to van der

Waals epitaxy [1]. Glass substrates and room temperature fabrication of n-type

Bi2Te3 thin films using PLD was reported [4]; even operational thermoelectric

devices (generating electric power) using c-axis oriented Bi2Te3 and Bi0.3Sb1.7Te3
films on the same substrate were fabricated [5]. Systematic characterization of the

film structures have demonstrated that a low laser pulse rate is the key to achieve

epitaxial films [6]. Others focused more on studying the thermoelectric transport

properties of Bi-Te thin films with different structures and morphologies [7];

a modified PLD process was used to enhance the nanostructure generation inside

Bi2Te3 nanocrystals [8].

In this paper we present investigations on the influence of the main deposition

conditions including the substrate temperature TS and the fluence F on the quality of

layer surface. X-ray diffraction (XRD) patterns, the composition obtained by

energy dispersive X-ray analysis (EDX) and wavelength dispersive X-ray analysis

(WDX), and the surface morphology revealed by atomic force microscopy (AFM)

of the layers are presented.

33.2 Experimental

33.2.1 Layers Preparation

Two series of layers were prepared to study the influence of PLD deposition

conditions on the resulting layer surface quality; the aim was to obtain the

smoothest surface. The layer thickness was in range from 230 nm to 500 nm on
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Si (100) substrates prepared from a Bi2Te3 target. The first series of layers was

deposited at a substrate temperature TS¼ 360 �C applying various laser fluence F

(1, 2, 3, 4 and 5 Jcm�2). The original choice of TS was selected based on previously

published experiments reporting smooth and crystalline Bi2Te3 layers [1, 2]. The

second series layers were prepared at different TS (200 �C, 250 �C, 300 �C and

400 �C), applying the same F¼ 3 Jcm�2, which was chosen based on the results

obtained from the first series.

The starting polycrystalline Bi2Te3 material was synthesized from elemental Bi

and Te of 5 N purity in evacuated silica ampoules at 1,073 K for 48 h. After

verification of the homogeneity of the compound by means of X-ray powder

diffraction, the polycrystalline ingot was crushed using an agate mortar and sieved

to obtain particle sizes below 100 μm. The targets for PLD deposition of 20 mm in

diameter and 2 mm in height were prepared by the hot pressing method (temper-

ature 500 �C, pressure ~60 MPa for 1 h). The density of the pressed targets reached

about 96–98 % of the theoretical density.

The basic schema of the experimental apparatus for PLD is depicted in Fig. 33.1.

Conceptually and experimentally, PLD is a very simple method. A high power

pulsed excimer KrF laser (COMPexProTM 205 F, λ¼ 248 nm, τ¼ 20 ns) (1) is

used as an external energy source to vaporize material of the target (5) and to

deposit a thin film. A set of optical components is utilized to focus the laser beam on

the target surface (2, 3). After the laser pulse irradiation the temperature rises very

rapidly (1011 Ks�1) and the evaporation becomes non-equilibristic.

For our experiments the substrates were cleaned from mechanical dirt in

an ultrasonic cleaner. Next the substrates were subsequently cleaned in ethyl

alcohol, acetone and toluene. Cleaning in the vapour of boiling ethyl alcohol

completed the process. A Si (100) wafer was cut to approximately 10� 10 mm

square shaped substrates. The substrates were finally annealed in an oven at a

temperature of around 250 �C. Deposition took place in Ar atmosphere (13 Pa),

the target to substrate distance was set to 40 mm, the base vacuum of the coating

system was 5� 10�3 Pa. In our case, we used a repetition rate of 10 Hz and a laser

spot of 2� 1 mm2.

Fig. 33.1 The basic

scheme of the PLD

apparatus: (1) laser beam,

(2) mirror, (3) focusing lens,
(4) quartz window, (5)
target holder, (6) substrate
holder, (7) vacuum pump,

(8, 9) Pirani and Penning

vacuum gauges,

respectively
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33.2.2 Characterization

Thickness and roughness of the layers were measured by an Alpha-step IQ mechan-

ical profilometer (KLA TENCOR Co.). The uncertainty in the thickness estimation

is about 10 % in the examined range of thicknesses which is partly due to the fact

that the layer thickness in the centre of the sample is higher than at its rim.

The layer roughness and homogeneity were characterized by AFM (Solver

NEXT NT-MDT) operating in the dynamic regime with HA_NC tips and in contact

mode with CSG10 tips. The layers surface parameters were calculated from

50� 50 μm area with software NOVA PX.

EDX and WDX analyses were realized with a X-ray microanalyser JXA-733

(JEOL) and was evaluated with the software from SAMxMonocrystalline Bi2Te3
was used as a standard.

33.3 Results and Discussion

EDX and WDX were performed on several layers prepared at TS¼ 360 �C,
F¼ 5 Jcm�2 to obtain information on the layer stoichiometry. An excess of Bi

(Bi/Te ratio ~ 0.76) in comparison to the target Bi2Te3 stoichiometry (Bi/Te

ratio ~ 0.67) was observed in all explored layers. The standard deviation was

found to be �1.5 %. Different deposition conditions or a different target would

have to be selected to obtain the exact Bi2Te3 stoichiometry, which is, however, not

necessary in our experiment. Our aim was to prepare thermoelectric layers with the

smoothest surface possible. Thus, more valuable for us was the observation of a

very granular surface covered with crystals of different dimensions.

The surface roughness of all layers was studied by AFM (scanned area

50� 50 μm) and checked by a mechanical Alpha-step profilometer. The results of

these measurements are summarized in Table 33.1.

Table 33.1 A comparison of surface roughness Sa (Ra) and its RMS value for each nanolayer

measured byan Alpha-step mechanical profilometer and AFM

Deposition conditions Thickness Profilometer AFM

TS [
�C] F [Jcm�2] [nm] Sa (Ra) [nm] Sa (Ra) [nm] Sq (RMS) [nm]

360 5 271 1.62 8.76 11.23

360 4 309 1.86 9.81 12.71

360 3 329 1.61 7.72 10.13

360 2 311 1.77 9.46 12.95

360 1 494 10.47 Not measurable

400 3 321 10.82 56.93 38.64

300 3 293 1.76 9.01 6.4

250 3 302 0.97 7.65 5.31

200 3 226 0.84 3.9 2.91
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Generally there are two types of objects observed on the layer surface. The

first are regularly shaped crystals of Bi2Te3 or Bi(2+N)Te(3+M) compounds, ranging

in size from about 100 to 500 nm. These create a basic surface and were proved to

be crystalline by XRD measurements. Usually the crystals peak less than 200 nm

above the surface, as can be seen in the 3D surface visualization depicted in

Fig. 33.2. The second are so-called PLD droplets. They are much more spread

over the surface and much less frequent in comparison to the first type. The problem

is that they are unfortunately much larger. Their height reaches 400 nm and their

diameter is in the range of 200–300 nm.

The influence of the laser beam density on the surface roughness appears to

be negligible, however the smoothest surface was observed applying F¼ 3 Jcm�2

(see Table 33.1).

The impact of the substrate temperature is more important (see Table 33.1). With

increased TS the layers become rougher. This was visible by eye for the layer

prepared at TS¼ 400 �C. This layer had a different colour (matt white) in compar-

ison to the other layers which are usually silver and shiny. The same trend of

dependencies was observed using AFM as well as a mechanical profilometer (see

Table 33.1). The resulting values are different which is expected, due to the use of

different methods which measure different kind of roughnesses.

In general the layers were homogeneous from a macro point of view (the AFM

scans were performed on several different positions over the whole surface; the

roughness and granularity remains the same).

The smoothest (TS¼ 200 �C, 3 Jcm�2) and the roughest (TS¼ 360 �C, 4 Jcm�2)

layer surface is depicted in Fig. 33.3. It is important to emphasise that these

deposition conditions might not be optimal for the thermoelectric properties point

of view, as they may influence the layer stoichiometry.

Fig. 33.2 AFM 3D surface visualization of the surface (detail area 10� 10 um) of the layer

prepared at TS¼ 300 �C, F¼ 3 Jcm�2, where crystals and droplets peaking over the surface

are visible
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33.4 Conclusions

The influence of the deposition conditions – the substrate temperature and the laser

beam density – on the quality of the surface (homogeneity and roughness) was

analysed for thermoelectric nanolayers prepared by PLD from a Bi2Te3 target.

The smoothest layers were deposited at TS¼ 200 �C while applying F¼ 3 Jcm�2.

Such deposition conditions may not be optimal from thermoelectric properties point

of view, since the layer stoichiometry is influenced by the deposition conditions.

The measurement of the thermoelectric properties has not been accomplished yet.
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Chapter 34

Effect of the Ge Concentration
on the Photoformation of Solid Electrolytes
in Ag/As-S-Ge Thin Films

I. Stratan, M. Ciobanu, and D. Tsiulyanu

Abstract Solid electrolytes in the system Ag/As-S-Ge have been fabricated by Ag

photodissolution into glassy thin As-S-Ge films of various composition. To realize

the transition from a trigonal to a tetragonal structure of the network, the concen-

tration of Ge was increased monotonically, along with a decreased As concentra-

tion. The process of Ag photodissolution into the films, followed by the formation

of solid electrolytes was controlled by monitoring the changes that occur in the

optical transmission of broadband light which is only weakly absorbed in Ag/As-S-

Ge. The probing wavelength was λ> 0.65 μm (hν< 1,9 eV), the range in which the

chalcogenide glasses (ChG) used are entirely transparent. It was shown that the

kinetics profiles comprise of two consecutive linear steps, but the transition

between these steps is not monotonic. The photodissolution rate and the amount

of Ag incorporated in the first step were found (except of GeS4) not to depend on the

glass composition. This result provides evidence for a preferential and direct

interaction of Ag with free sulfur at the interface. The rate of photodissolution in

the second linear step exhibits a maximum for compounds with approximately 8 at.

% Ge, being by two orders of magnitude higher than the rate for GeS4. This

maximum was qualitatively attributed to the fact that only a few, very specific

Ag-photodoped glass compositions yield a homogeneous material.

Keywords Chalcogenides • Ag • Photodissolution • Solid electrolytes

34.1 Introduction

Photodissolution (PD) of metals (e.g. Ag) in chalcogenide glasses (ChG) has a

considerable potential to be applied in high-resolution lithography [1] and

Programmable Metallization Cell technologies [2, 3] due to the formation of solid

ChG-Ag mixtures with a high ionic conductivity (superionic conductors) [4].
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At the present time, only a few investigations are devoted to study the influence

of the composition on the PD process, and these only for binary systems. Investi-

gating the compositional dependences of the PD rate and the total amount of

photodissolved Ag in glassy GexS1�x (21< x< 45), Kawaguchi and Maruno [5]

have shown a high PD rate of Ag in both S- and Ge-rich glasses, with the minimum

for the composition GeS2, known as the composition at which the threshold of the

elastic and other properties is found [6, 7]. At the same time, the total amount of

silver able to be adopted follows a vice-versa law: S- and Ge-rich glasses adopt a

relatively low amount of Ag, but the maximum incorporation of Ag is found for

GeS2.

In the present work, we report how the addition of Ge to As – S-based chalco-

genides, followed by a transition from a threefold coordinated As-based backbone

to a fourfold coordinated Ge-based structure, influences the PD process and the

formation of superionic films.

34.2 Experimental

The glassy alloys were prepared by melt-quenching of pure (99, 99 %) As, S and Ge

in quartz ampoules evacuated to 5�10�5 Torr. The mixture was melted at

700–1,000 �C depending on the composition; thereafter the ampoules were

quenched in air or on a copper refrigerator with running water.

Seven compositions have been synthesized, steadily increasing the concentra-

tion of Ge while decreasing that of As. They are shown in Table 34.1 together with

values of the optical gaps Eg of the ChG materials [8]. The ChG thin films have

been prepared by thermal “flash” evaporation of previously synthesized materials

onto Pyrex glass substrates at room temperature. The evaporation was performed

from a tantalum boat at a working pressure of 10�4 Pa. The thickness of the films

was around 1 μm, the area of deposition about 1,5 cm2. Silver films were deposited

also by thermal evaporation in vacuum on top of the chalcogenide films, immedi-

ately (with breaking the vacuum) after their preparation. The thickness of the silver

films (controlled by the equivalent quantity of evaporated Ag) was kept constant at

about 50 nm.

Table 34.1 Composition, optical gap and rate of Ag photodissolution in As-S-Ge glasses in the

second stage of the PD process

Nr. Composition Eg [eV] Ge [at.%] As [at.%] ν [nm/s]

1 AsS3 2.54 0 25 0.022

2 As0.263Ge0.053S 2.56 4.03 20 0.36

3 As0.2Ge0.1S 2.59 7.69 15.4 0.41

4 As0.143Ge0.143S 2.61 11.2 11.1 0.245

5 As0.09Ge0.182S 2.66 14.31 7.1 0.24

6 As0.04Ge0.217S 2.69 17.3 3.2 0.162

7 GeS4 2.75 20 2 0.0034
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The PD of silver onto ChG was performed by illuminating the Ag film on top of

the multilayer structure, using the light of a 100 W halogen lamp focused by a

quartz lens onto the transparent side of the substrate (Fig. 34.1). The incident power

was measured by vacuum thermo element VTh-8 (Carl Zeiss, Germany) and

estimated at the sample surface to 250 mW/cm2.

The process of Ag photodissolution into the films in question, followed by

formation of solid electrolytes, has been studied by monitoring the changes of the

transmission in the weakly absorbing spectral range of the Ag/As-S-Ge using

broadband light with wavelengths λ> 0.65 μm (hν< 1,9 eV). For this purpose a

cut filter (KC-15) with a transparency range of 650–3,000 nm was placed behind the

sample, i.e. in front of the photomultiplier, which served as a light detector. A PC

with a data acquisition board manufactured by National Instruments Inc. was used

for processing. The measurements were carried out at room temperature.

Figure 34.1 shows schematically the multilayer structure of the sample. There

are three well-defined boundaries: (1) substrate/undoped ChG; (2) undoped ChG/

photodoped material (solid electrolyte); (3) photodoped material/Ag.

In the present work we traced the movement of the boundary between the

photodoped material and the Ag layer by measuring the transmission of the ChG

with PD of silver in progress.

The PD rate of Ag was estimated by measuring the recovery rate of the optical

transmission of the two-layer structure ChG/Ag in the IR region [9], using the

known dependence of the transmittance of the Ag film on its thickness [10].

34.3 Results and Discussion

Figure 34.2 shows the optical transmission of the two-layered structure ChG/Ag

(broadband light λ> 0.650 μm) as a function of the exposure time as the PD

proceeds at room temperature. The number of each curve corresponds to the

samples listed in Table 34.1. The shaded area indicates the transmittance of pure

chalcogenide film, i.e. without Ag layer. It can be seen that independent of the

composition the transmission of the two-layer structures in the region of weak

absorption recovers to that of pure ChG, i.e. before deposition of the Ag layer.

Fig. 34.1 Schematic cross-

section through a sample

during the photodissolution

process
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Obviously, this is due to a decrease of the effective thickness of the Ag layer.

Except for GeS4, an incubation period was not observed for the other compositions

in this experiment. On the contrary, a very sharp rise of the transmittance was

observed at early stages of the PD process. Note that a similar behavior, i.e. a high

rate of Ag photodissolution, could be observed for glassy As2S3 only at enhanced

temperatures (>75 �C) [9]. Further, this fast rise turns into a composition dependent

shoulder, followed by a transition to the usual monotonic increasing of transmit-

tance as the PD proceeds.

Figure 34.3 shows the thickness of the unreacted Ag layer (with error bars

displayed) as a fuction of the exposure time for several compositions of ChG

calculated with the method described above. For all compositions, except of

GeS4, three stages of PD kinetics can clearly be distinguished: (I) the first, very

sharp step is nearly independent of the composition but the thickness of Ag layer

linearly decreases with exposure time; (II) the second step is a linear shoulder with a

slope (the PD rate) strongly influenced by the ChG composition; (III) the final step

exhibits an weak sublinear dependence of the change of the thickness of the Ag

layer on time, particularly observed for GeS4.
Figure 34.4a shows the PD rate at the first linear step, for the glassy materials

applied in the present investigation. As one can see from the figure, the PD rate of

about 2.0 nm/s is several times higher than for As2S3 [9] under the same conditions

and, more important, with the exception of GeS4, the PD rate does not vary much

with the glass composition. Obviously, this is due to the characteristics of

multicomponent and/or nonstoichiometric chalcogenide glasses, originated from

their compositional and structural complexity.

We assume that the availability of free sulfur in all examined glasses explains

both the PD high rate of the first linear step and its weak dependence on the

composition. The silver dissolution starts at the interface by chemical reactions

between free sulfur and neutral Ag, which results in the formation of a sufficient

Fig. 34.2 Transmission of

a broadband light

λ> 0.65 μm of two-layered

structures vs. exposure time
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amount of Ag2S connected in the glass backbone. As a result, the percolation

threshold is reached in the layer at the interface along with its transition to

superionic conductivity [11]. Only small differences in the concentration of free

sulfur in the compositions used results in the overlap of the kinetics curves in the

first stage of PD, as well as in their identical width.

The second step of the PD kinetics (Fig. 34.3) also shows a linear dependence of

the change of the Ag thickness with time (constant PD rate), but its slope strongly

depends on the glass composition. The variation of the PD rate with composition,

determined from the slope of the second step, is shown in Fig. 34.4b. As the Ge

content is increased, the PD rate increases to a maximum at about 7.7 at.% Ge and

then decreases. The maximum and minimum rates differ by a factor of 20 if the pure

GeS4 is not considered. We assume that the maximum of the photodissolution rate

Fig. 34.3 Decrease of Ag

film thickness versus

exposure time for several

compositions of the ChGs
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for the composition As0.2Ge0.1S is due to the change in the morphology of this

glassy material i.e. its homogenization. A homogeneous backbone promotes the

transport of both electrons and ions involved in the photoreaction because of the

lack of phase boundaries and additional defects.

34.4 Conclusions

The kinetics profiles of Ag photodissolution in As-S-Ge glasses consist of two

consecutive linear steps. The Ge concentration in the backbone does not influence

the slope of the first very sharp step (rate ~ 2 nm/s) of the PD. This step is ascribed to

direct interaction of Ag with free sulfur in the glassy material at the interface. The

PD rate of the second linear step shows a maximum at about around 7.7 at.% Ge. It

is assumed that this composition yield a homogeneous reaction product.
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Chapter 35

Optical and Thermal Properties
of the System Bi2(Se1�xTex)3

A. Adam, E. Lilov, and P. Petkov

Abstract Samples from the Bi2(Se1�xTex)3 system, where x¼ 0, 50 % and

100 mol.% have been studied with respect to their structure and properties. XRD

analysis revealed a polycrystalline single phase structure of the materials. The

crystallization temperature (Tc,p) and the melting temperature Tm of the samples

have been determined from differential scanning calorimetric (DSC) and

thermogravimetric (TGA) analyses. Thin films have been deposited from the

respective bulk alloys by means of the vacuum thermal evaporation method. The

thicknesses of the films, the optical constants and the optical band gap have been

derived from transmission and reflection spectra.

Keywords Chalcogenide glasses • Thin films • Stress • Optical sensors

35.1 Introduction

The preparation and the physical properties of A2B3 (A¼Bi, Sb; B¼ Se, Te)

chalcogenide materials have been subject of investigations for more than half a

century due to their interesting thermoelectric properties. The interest in these

materials increased drastically in the last few years due to the discovery of 3D

topological insulators [1].

Bi2Te3, Bi2Se3 and their solid solution crystals are narrow-band-gap semicon-

ductors materials with an asymmetric band structure; they have a rhombohedral

unit cell with the symmetric space group D53 (R3m) [2]. The optical band gap of

Bi2Te3 and Bi2Se3 possesses values in the range from 0.13 to 1.4 eV and from 0.12
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to 2.35 eV, respectively, as reported by various authors [3–5]. The materials show a

layered structure formed by stacking of quintuple layers of mostly covalently

bonded Te(1)–Bi–Te(2)–Bi–Te(1) with the neighboring layers connected by weak

van der Waals bonds [6].

Many different techniques have been reported in the literatures for the deposition

of Bi2Te3 and Bi2Se3 thin films such as: sputtering deposition [7], flash thermal

evaporation [8], electrochemical deposition [9] and metal-organic chemical vapor

deposition [10].

In the present paper we aim to study the structural and optical properties of

bismuth telluride-bismuth selenide thin films deposited by vacuum evaporation

from the bulk materials.

35.2 Experimental Details

35.2.1 Synthesis

Bi, Se and Te with 5 N purity were used to prepare Bi2(Se1�xTex)3 bulk materials,

where x¼ 0, 10 %, 50 % and 100 mol.%. The mixtures were transferred in a

vacuum-sealed quartz ampoule and melted in a programmable furnace for 12 h at

900 �C. They were shaken several times to gain uniformity and homogeneity of

the melt.

Bi-Se-Te crystalline thin films have been deposited onto cleaned glass substrates

by vacuum thermal evaporation. The evaporation process was carried out from a

tantalum crucible in a vacuum of 10�6 Torr. The substrates were rotated during the

evaporation process to obtain uniform layers.

35.2.2 Characterization

The structural properties were studied by X-ray diffraction measurements (XRD)

using a Philips instrument with a monocromatic Cu Kα radiation source (1.5406Å).
The scattering intensities were measured over the angular range of 10� � 2θ� 60�

with 0.04� steps and a counting time of 2 s per step.

Thermal analysis (STA) which consists of the simultaneous measurement of

differential scanning calorimetry (DSC) and thermogravimetry (TGA) under the

same conditions (atmosphere, heating rate, gases, sample preparation, etc.) was

used to study the thermal behavior of the studied materials. The temperature precision

of this equipment is� 0.01 �C with an average standard error of about� 0.5 �C.
The samples were sealed and scanned at heating rates of 10 �C/min from room

temperature to 800 �C. The values of the onset temperature of crystallization Tc,

the peak temperature of crystallization Tcp, and the peak melting temperature Tm

were determined from the thermal curves.
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Transmission and reflection spectra of the films were measured in the wavelength

range between 400 and 2,700 nm at normal incidence and ambient temperature using

a double beam Jasco spectrophotometer UV–VIS-NIR (Model V-670).

35.3 Results and Discussion

The XRD patterns of Bi2Se3, Bi2Te1.5Se1.5 and Bi2Te3 shown in Fig. 35.1 reveal the

polycrystalline nature of the samples by a number of sharp diffraction peaks. The

strongest and sharpest lines at 2θ¼ 29.44� and 18.64� indicate the hexagonal phase
corresponding to the (015) and (006) planes of the Bi2Se3, respectively. The main

peak for Bi2Te3 observed at 2θ¼ 27.719� corresponds to (015) as preferable

orientation plane. The appearance of different peaks on the diffractogram is due

to the different orientations of the crystallite structure in the corresponding sample.

The shift of the main peak to 2θ¼ 28.7� in Bi2Te1.5Se1.5 sample suggests alloying

of the material and formation of solid solution. Moreover, new peaks appear at

39.1� and 46.1� confirming the structure modification of the material.

The thermal properties of the samples investigated via DSC and TGA expose the

onset temperature of crystallization Tc, the peak temperature of crystallization Tcp

and the melting temperature Tm. The results show that thermal behavior is modified

in the complex compound reflecting in higher values of the crystallization and the

melting temperatures (Fig. 35.2 and Table 35.1).
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Fig. 35.1 The XRD diffraction patterns for the as-prepared Bi2Se3, Bi2Se1.5Te1.5 and Bi2Te3
samples
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The transmission and the reflection spectra of the thin films were measured in the

wavelength range from 400 to 2,700 nm. The optical band gap was calculated by

means of Tauc’s equation, a relation between the absorption coefficient α and the

incident photon energy hν [11].

αhν ¼ B hν� Egð Þn

where B is a constant related to the band tailing parameters and n¼ 2 for indirect

allowed transitions.

From the plots of (αhν)2 versus hν the optical band gap has been determined by

the extrapolation of the linear regions near the beginning of the absorption edge

on the energy axis (Fig. 35.3). The values of the band gap energy obtained for the

films are presented in Table 35.2. Most probably the higher optical band gap for

the mixed composition is due to the formation of a new structure after partial

substitution of selenium by tellurium. The selenium atoms are mostly 2-fold

Fig. 35.2 DSC patterns of Bi2Se3, Bi2Te3 and Bi2Te1.5Se1.5

Table 35.1 The onset temperature of crystallization Tc, the peak temperature of crystallization

Tcp and the melting temperature Tm of Bi2Se3, Bi2Te1.5Se1.5 and Bi2Te3

Composition Tc (
�C) Tcp (

�C) Tm (�C)

Bi2Se3 290 411 579.3

Bi1.5Te1.5Se1.5 305 416 658.8

Bi2Te3 297 519.5 576.4
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coordinated while the tellurium are 4-fold coordinated. The substitution facilitates the

formation of “wrong” dangling bonds and the appearance of unsaturated bonds in the

alloy.

35.4 Conclusions

Samples of Bi2Se3, Bi2Te1.5Se1.5 and Bi2Te3 prepared by the melt quenching

method possess a polycrystalline structure. The structure of the alloys is modified

after the substitution of selenium atoms by tellurium in the solid solution formed.

The substitution and the new structure formed define the different thermal behavior

and the optical band gap variation of the mixed composition.
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Table 35.2 Optical band gap

of Bi2Se3, Bi2Te1.5Se1.5 and

Bi2Te3

Compound Optical band gap (eV)

Bi2Se3 1.379
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Chapter 36

Samarium Doped Borophosphate Glasses
and Glass-Ceramics for X-ray Radiation
Sensing

D. Tonchev, I. Kostova, G. Okada, T. Pashova, G. Belev, G. Patronov,
T. Eftimov, T. Wysokinski, D. Chapman, and S.O. Kasap

Abstract Samarium fluoride (SmF3) and samarium oxide (Sm2O3) doped Zn- and

Sr-borophosphate glasses with mixed oxide-fluoride matrix structures were pre-

pared. The synthesized materials were studied by differential scanning calorimetry

(DSC) and temperature-modulated DSC (TMDSC) to determine their glass trans-

formation properties before and after various thermal treatments. X-ray diffraction

(XRD) analysis was performed to characterize the structure, that is, whether the

synthesized materials have a glass or polycrystalline structure, or is composed of a

heterogeneous mixture. We observed that under certain conditions several post-

treated materials are partially nanostructured, i.e. the formation of nanocrystals

takes place within a glass matrix. The samarium doped materials were irradiated by

different types of LEDs and laser light in the UV-NIR wavelength range to examine
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the photoluminescence (PL) induced and also to study the changes in the PL signal

before and after exposure to high-dose X-ray synchrotron irradiation due to a

possible reduction of Sm3+ to Sm2+. The different PL signatures of the two

Sm-ions allow such materials to be used as x-ray dosimeters with optical readout.

The X-ray induced luminescence (XL) spectra were also recorded. We discuss the

experimental results in terms of established models for the behavior of rare-earths

in glasses, crystalline solids and in nanocrystalline glass-ceramics.

Keywords Nano- and polycrystalline structures • Glass ceramics • Rare-earth

doping • Scintillators • Thermal properties • DSC • TMDSC • Photoluminescence

• X-ray luminescence

36.1 Introduction

Rare-earth (RE) doped crystalline and some glass-ceramics materials posses useful

scintillating and storage properties and have received considerable attention due to

their potential applications involving sensors, optical and X-ray detectors, wave-

guides, lasers etc. [1]. RE-doped crystals such as CsI, Cd2O2S etc. for digital X-ray

imaging form a commercialized technology for digital X-ray imaging; however

RE-doped glasses and glass ceramics make up a new, technology under develop-

ment which has been shown to possess a great potential for high resolution x-ray

imaging [2, 3]. In addition, this method has also the potential for measuring high

dose radiation, e.g. radiation from a synchrotron light source since some rare-earth

ions within the medium are reduced under irradiation, e.g. Sm3+ is converted to

Sm2+ upon irradiation in certain glass hosts [4]. It was previously reported that in

fluorite glass ceramics (GC) such as flurochlorozirconate (FCZ) based GCs, the

active RE ions are embedded in nanocrystals, which are dispersed in the glass

matrix. Heat treatment and annealing of the starting RE-doped FCZ glasses in

various gaseous atmospheres are critically important to the formation and control of

the nanocrystals [5–7]. The formation of nanocrystals, their structure and size, play

an important role in the photoluminescence of rare-earth ions in FCZ-based GCs

and some other glasses such as barium borophosphates [8].

In this work we report on the synthesis and characterization of samarium fluoride

(SmF3) and samarium oxide (Sm2O3) doped Zn- and Sr-borophosphate glasses with

mixed oxide-fluoride glass matrix structures. We studied the synthesized materials

by differential scanning calorimetry (DSC) and by temperature-modulated DSC

(TMDSC) to determine their glass transformation and crystallization properties

before and after thermal treatment (annealing) process. Additionally, X-ray dif-

fraction (XRD) and scanning electron microscopy (SEM) analysis were used to

characterize the structure, that is, whether the synthesized materials possess a

glassy or polycrystalline structure or are a heterogeneous mixture; under certain

conditions post-treated materials are nanostrucrured, i.e. the formation of

nanocrystals takes place. The above RE-doped materials were irradiated by
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different types of LEDs and laser light in the UV-VIS wavelength range to induce

photoluminescence (PL) before and after exposure to X-ray synchrotron irradiation.

We also recorded the X-ray induced luminescence (XL) spectra. The experimental

results are c discussed in terms of established models for the behavior of rare-earths

in glasses, crystalline solids and nanocrystalline glass-ceramics.

The main goal of synthesizing different materials with various compositions was

to obtain homogenous and transparent glasses, and to look for compositional effects

on the photoluminescence and x-ray luminescence properties. We eventually hoped

to obtain X-ray sensing properties, for example, through the conversion of Sm3+ to

Sm2+ ions after high energy irradiation. Their distinctly different properties provide

a means to identify the converted amount of Sm2+ ions and hence the amount of

incident radiation.

36.2 Experimental Procedure

The conventional melt-quenching technique in air was applied to form RE-doped

glass, glass-ceramic and polycrystalline samples; subsequently these materials were

thermally treated at different temperatures to obtain nanocrystalline structures if

possible.

We used commercial grade high purity SmF3 and Sm2O3 (both 99.99 %) as

doping materials. The amounts of rare earth (RE) doping were varied in the range

0.05–1.3 mol. %. We used reagent grade stoichiometric amounts of ZnO (99.9 %),

ZnF2 (99 %) and SrCO3 (99 %) with B2O3 (99.98 %) and P2O5 (98 %) to perform

solid-state reactions and to obtain different Zn and Sr borophosphates as summa-

rized in Table 36.1. (All chemicals were obtained from Alfa Aesar.)

Table 36.1 Compositions content

Components [mol%]

composition ZnO ZnF2 SrCO3 SrF2 P2O5 B2O3 Sm2O3 SmF3

1 71.81 – – – 9.69 18 0.50 –

2 36.13 36.13 – – 9.69 18 0.025 0.025

3 36.08 36.08 – – 9.69 18 0.075 0.075

4 36.03 36.03 – – 9.69 18 0.125 0.125

5 35.98 35.98 – – 9.69 18 0.175 0.175

6 35.90 35.90 – – 9.69 18 0.250 0.250

7 64.85 7.20 – – 9.69 18 0.125 0.125

8 57.65 14.41 – – 9.69 18 0.125 0.125

9 50.44 21.62 – – 9.69 18 0.125 0.125

10 43.24 28.82 – – 9.69 18 0.125 0.125

11 – – 33.40 – 35.30 30 1.30 –

12 – – 33.40 35.30 30 – 1.30

13 – – 16.70 16.70 35.30 30 0.65 0.65
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Differential scanning calorimetric (DSC) and temperature-modulated DSC

(TMDSC) experiments were performed using a TA Instrument DSC Q100 with

an attached fast air cooling system (FACS) with a heating rate of 2 K/min,

modulation amplitude of �1 K/min and modulation period of 60 s. Details regard-

ing the thermal measurement procedures with TMDSC and DSC have been

described elsewhere (e.g. [9]). The evaluation of DSC and TMDSC results was

performed by TA Instruments Universal Analysis (UA) software.

The photoluminescence (PL) spectra of the synthesized glasses were measured

by a fiber optic coupled CCD Aventes spectrometer AveSpec-2048 with gratings in

the range 250–1,100 nm. Laser diodes (LD) and Light Emitting Diodes (LED) from

the UV to the NIR range were used as excitation sources. 3D graphs were generated

using a Matlab software.

In order to investigate the valence reduction of Sm ions by x-irradiation,

as-prepared and heat-treated samples were exposed to radiation from a x-ray tube

(43855D, Faxitron) set to 110 kV with a filament current of 3 mA. PL before and

after X-ray irradiation was recorded by a spectrometer EPP2000. In order to test the

conversion of Sm ion, the irraditation was performed for 60 min, which is equiv-

alent to 3,000 Gy in air. X-ray luminescence (XL) was recorded under intense X-ray

irradiations at the Biomedical Imaging and Therapy beamline (BMIT, 05B1-1) at

the CLS. The dose rate was experimentally measured to be approximately 1.6 Gy

s�1 at 250 mA of the storage ring current using an ionization chamber (96030,

Keithley). The white x-ray beam was filtered by Cu filter with an effective thickness

of 1.1 mm, which results in the spectrum with a peak energy ~50 keV.

36.3 Results and Discussion

Nearly all synthesized materials were visually homogenous and fully transparent

glasses. Some samples containing Sr were found to be partially polycrystalline and

opaque. It is important to measure the glass transition temperatures of the glass

samples in order to estimate their stability and to schedule proper thermal treatment

procedures. In order to obtain more accurate data of the for glass transformation

properties we measured the glass transition temperatures (Tg) not only by conven-

tional DSC (heat flow vs. temperature) but also by its temperature-modulated

TMDSC (heat capacity vs. temperature). Figures 36.1 and 36.2 show that the

observed trends in the dependence of Tg on the Sm-doping in Zn-borophosphate

glasses are the same. The differences between DSC and TMDSC, and the advan-

tages of TMDSC have been discussed previously [9]. The Tg values extracted for

glasses from TMDSC measurements show very little dependence on aging and

thermal history [10] in contrast to data from conventional DSC measurements;

TMDSC thus provides a more reproducible means of characterizing the glass

transition for a given frequency of modulation.

As apparent from Fig. 36.1, there is an initial decrease in Tg with increasing

SmF3 content. However, at about 0.175 mol% SmF3 Tg increases with increasing
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SmF3 content; around 0.20 mol%, Tg is approximately the same than that of that of

glasses only doped with Sm2O3 (no SmF3). Possibly, samarium and fluorine ions

have an opposite effect on the thermal properties of these glasses. Looking at the

dependence of the glass transition temperatures on the amount of ZnF2, as shown in

Fig. 36.2, there is a clear and almost linear decrease in Tg.
Prior to any thermal annealing, samples with different compositions were tested

with a number of different LEDs with emission wavelengths at 370, 395, 405, 410,

415, 425, 435, 450, 470, 490, 505, 515, 525, 535, 565, 572, 590, 605, 615, 632,

660 and 700 nm for their photoluminescence characteristics. The LED peak power

and the illumination area were approximately the same; the results were normalized

by the software used. The photoluminescence (PL) response results are shown in

Fig. 36.3 as a function of the excitation wavelength.

Figure 36.3 represents a 3D graph of the PL emission intensity as a function of

the excitation wavelength (all LEDs) and the emission wavelength for composition

number 7 (Table 36.1). The 3D spectra of other compositions are similar; all show

Fig. 36.1 Dependence of

the glass transition

temperature on the

Samarium fluoride (SmF3)

doping of

Zn-borophosphate glasses

Fig. 36.2 Dependence of

the glass transition

temperature on the amount

of ZnF2 in

Zn-borophosphate glasses
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photoluminescence activities which are very strong in the UV and blue regions but

less in the other visible spectral regions. Notice that the peak PL intensity varies

significantly with the excitation wavelength. It also depends on the sample compo-

sition (not shown).

We investigated the effect of thermal treatments on the characteristics of the

above glasses. Initially, below (450 �C) and also around the glass transition

temperature (500, 520 and 530 �C) the annealing time was varied from 1 to 48 h.

There were no any significant visible changes. The XRD signal of a treated sample

(Fig. 36.4a) indicates the same amorphous state as for non treated sample. The

samples remained transparent and homogeneous. The DSC and TMDSC results are

almost the same and not shown here.

However, when the annealing temperature was increased to a value close to the

crystallization temperatures of these glasses (650 �C and higher), the samples

crystallized and became visually opaque. A phase separation of polycrystalline

and amorphous fractions of treated materials was observed at elevated temperatures

and after an annealing time of 1 h. Heat treated samples consist of crystalline

particles embedded in a glassy matrix. This is the reason why most of the high-

temperature treated and most of the Sr-containing samples show similar glass

transition temperatures of around 500 �C similar to other fully glassy materials

but with significantly reduced relaxation enthalpies, due to the reduction in the

glassy phase.
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Fig. 36.3 Photoluminescence (PL) intensity vs excitation and emission wavelength of a

Zn-borophosphate glass composition (# 7)
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We performed XRD analysis of some of the synthesized samples. All glasses

show a fully amorphous state prior to any annealing. However, after annealing at

temperatures around 650 �C and higher and the samples and also some Sr-based

samples show partial crystallization with an XRD pattern similar to that presented

in Fig. 36.4b for a partially crystallized Zn-borophosphate glass.

Some of the crystal structures of fully crystallized (polycrystalline) samples with

oxide Zn-borophosphate compositions were identified as zinc borate phosphate

Zn3(BO3)(PO4) and zinc borate α-Zn5B4O11. This analysis was not yet done for

crystallized oxyfluoride Zn-borophosphate structures and is a subject of a further

investigation.

An SEM picture (Fig. 36.5) of the same 0.5 mol. % Sm2O3 sample (composition

1) shows that there is a mixture of polycrystalline features with dimensions larger

than one micron and some nanocrystalline features. This result reveals that

annealing temperatures close to Tg of about 500
�C are too low to induce nanocrys-

tallization whereas 650 �C is sufficiently high to form polycrystalline samples.

The formation and sizes of larger nanocrystalline and polycrystalline structures

can be seen in Fig. 36.5.

All samples were tested for high energy (X-ray) irradiation sensing in two

different ways. The samples were kept in an X-ray chamber and exposed for

60 min (~3,000 Gy); there after PL spectra were measured to compare with the
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Fig. 36.4 (a) XRD of thermally treated (530 �C) Zn-borophospahe glass (composition1);

(b) XRD (typical example) of partially crystallized Zn-borophosphate glass sample
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PL of non-irradiated samples. In addition, samples were directly tested for X-ray

luminescence (XL) at the CLS synchrotron facility.

Figure 36.6 shows the PL signal before and after X-ray irradiation of a glass

sample (composition 11). There is a typical Sm3+ emission signal. However, no

conversion from Sm3+ to Sm2+ is observed after X-ray irradiation for this sample.

Most of the glass samples reveal a similar response. When the same samples are

partially crystalized and then subjected to the same X-ray exposure, there is a clear

indication for the conversion of some of Sm3+ to Sm2+ seen in PL spectrum as is

shown in Fig. 36.7. Obviously, the crystalline portion of these materials allows the

reduction of Sm3+ ions; however polycrystalline samples are fully opaque. X-ray

imaging and dosimetry plates need to be transparent. The only way to combine the

necessary transparency with the presence of crystalline structures is to induce the

formation of crystals of nanometer size within the glass matrix, which is a subject of

current studies.

Fig. 36.6 Glass sample photoluminescence (excitation wavelength 405 nm) before and after

X-ray irradiation for 60 min (composition 11)

Fig. 36.5 SEM of partially crystallized Zn-borophosphate sample (composition 1)
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The Sr-borophosphate with composition 11, which is SrCO3 based and doped by

Sm2O3, is different if compared to composition 12 by the fluorine component

introduced in identical amounts; in the latter, SrF2 replaces SrCO3 and SmF3
replaces Sm2O3. as dopant. A different shape (width) of the emission of Sm2+

around 700 nm converted from Sm3+. When the PL is excited at 405 nm this

conversion peak is week (not shown) but it is very clear when the PL is excited

by 535 and 470 nm light (Figs. 36.8 and 36.9).

It was observed, that shown in Figs. 36.8 and 36.9 the excitation wavelength of

470 nm does not induce strong PL from Sm3+ but it induces very strong PL from

Sm2+. Another reason is that this wavelength is more efficient in the excitation of

Sm2+ PL [11].

Glass samples of compositions 11, 12 and 13 were further exposed to synchro-

tron X-rays available at CLS (05B1-1 beam); the resulting X-ray induced lumines-

cence (XL) spectra were measured for different times. The XL spectra obtained are

Fig. 36.7 Photoluminescence (excitation wavelength 405 nm) of a polycrystalline sample before

and after X-ray irradiation for 60 min (composition 11)

Fig. 36.8 Polycrystalline sample photoluminescence (excitation wavelength 535 nm) before and

after X-ray irradiation for 60 min (composition 12)
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shown in Fig. 36.10. The XL intensities of the samples were compared by their

integrated signals. For all the samples the XL intensities decrease with the irradi-

ation time. We think that this is due to creation of defect centers by the X-ray

irradiation, which results in a darkening of glass matrix. Among our samples tested,

Sample 12 seems to show less X-ray-induced darkening. Some additional research

is needed to find a composition with less x-ray induced discoloration, which are

more suitable for radiation sensing applications like a dosimeter for the microbeam

radiation therapy (MRT) described previously [4] or for other types of high energy

high dose ionizing radiation sensing as well.

36.4 Conclusions

Homogeneous, transparent, non-hygroscopic and stable samarium doped

Zn-borophosphate and Sr-borophosphate glasses with mixed oxide-fluoride glass

matrix structures were synthesized and studied. The following results were

obtained:

1. The thermal analysis by DSC and MDSC reveals Tg values around 500
�C which

do not depend on the annealing temperature and time but on the fluorine content

(ZnF2, SrF2 and SmF3);

2. All Sm-doped glasses exhibit a typical Sm3+ photoluminescence, which depends

on the excitation wavelength;

3. When annealed around 650 �C, the glasses crystallized with a mixed nanocrys-

talline /polycrystalline structure, as shown by SEM and XRD;

4. Polycrystalline and glass-ceramic samples are shown to convert Sm3+ to Sm2+

after X-ray irradiation better than glass samples of the same composition;

Fig. 36.9 Polycrystalline sample photoluminescence (excitation wavelength 470 nm) after X-ray

irradiation for 60 min (composition 12)
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Fig. 36.10 X-ray luminescence of compositions 11, 12 and 13 recorded at BMIT (CLS)

synchrotron beam line facility and the corresponding photo darkening effect
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5. It was shown that conversion peaks (Sm3+ to Sm2+) are different for oxide and

oxifluoride compositions;

6. X-ray luminescence was induced by a synchrotron light source with a

photodarkening effect that depends on the composition.
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Chapter 37

Synthesis of Nano- and Submicron-Sized
Crystals for the Preparation of Oxide
Glass-Ceramics with Advanced Magnetic
and Dielectric Properties

R. Harizanova, A. Mazhdrakova, L. Vladislavova, C. Bocker, G. Avdeev,

M. Abrashev, I. Gugov, and C. Rüssel

Abstract In the present study we explore the possibility to obtain nano- to

submicron-sized crystals in an oxide glass-matrix which can serve as a part of the

construction of various types of sensors. Two sets of compositions are developed:

one in the systems Na2O/Al2O3/B2O3/SiO2/(V2O5)/Fe2O3 and Na2O/MnO/SiO2/

Fe2O3 with very high concentrations of Fe2O3 (� 10 mol%) where the crystalliza-

tion of magnetite Fe3O4 and solid solutions of the type (Fe, Mn)IIO�(Fe, Mn)III2O3 is

established and another in the systems Na2O/ Al2O3/BaO/TiO2/B2O3/SiO2 and

Na2O/Al2O3/BaO/TiO2/B2O3/SiO2/Fe2O3. Here no or only small amounts of iron

oxide (�5.8 mol %) are used and the crystallization of cubic BaTiO3 crystals is

achieved. The phase composition is investigated by X-ray diffraction and for

selected glass-ceramic samples also by Raman spectroscopy. The microstructure

of all synthesized materials is studied by SEM.
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37.1 Introduction

The synthesis of nano- and submicron-sized crystals with advanced magnetic and

electrical properties as potential candidates for use as parts of biosensors and sensors

for environmental monitoring is a topic widely investigated in the past few years

[1–6]. The preparation of glass-ceramic materials with magnetite Fe3O4, solid solutions

of the type (Fe, Mn)IIO�(Fe, Mn)III2O3 and BaTiO3 is of great interest to many authors.

The amorphous matrix offers chemical as well as mechanical support and protection of

the obtained crystals, thus preventing them from clustering or degradation during

transportation, storage or operation of the devices in which they find application

[7–9]. The synthesis of oxide glasses containing large amounts of polyvalent

3d-metals ions and alkaline earth metals has been investigated for a long time due

to the interesting electrical and magnetic properties of the obtained products [7, 8].

The melts of the corresponding compositions possess a pronounced tendency towards

crystallization but at the same time offer the possibility to receive glass-ceramic

materials with very large volume fractions of the precipitated crystalline phase.

Subject of the present study is the synthesis and investigation of the phase

composition and the microstructure of glass-ceramic materials with two types of

properties: magnetic and dielectric. For the synthesis of materials with magnetic

properties four compositions are used aiming at the precipitation of transition

metal-containing magnetic nanocrystals (Table 37.1, compounds A – D).

The synthesis of glass-ceramics with dielectric properties is studied for two

compositions (Table 37.1, E and F), the first of which could also combine electrical

and magnetic properties into a multiferroic property [6, 10].

37.2 Experimental

37.2.1 Preparation of the Glasses

Reagent grade raw materials (Na2CO3, MnCO3, SiO2, Fe2O3 or FeC2O4�2H2O,

NH4VO3, BaCO3, B(OH)3, Al(OH)3 and TiO2) were used for the preparation of the

glasses. The batches (100 g) for the preparation of the magnetic type materials were

Table 37.1 Compositions used in the work (in mol%)

Compound Composition

A 12Na2O/12Al2O3/14B2O3/37SiO2/25Fe2O3�x,

B 13.75Na2O/13.75Al2O3/ 15.96B2O3/42.22SiO2/14.32Fe2O3�x

C 13.75Na2O/13.75Al2O3/15.97B2O3/36.55SiO2/5.68V2O5/14.3Fe2O3�x

D 13.6Na2O/8.5MnO/62.9SiO2/15Fe2O3�x

E 20.1Na2O/ 3Al2O3/23.1BaO/23TiO2/7.6B2O3/17.4SiO2/5.8Fe2O3

F 20.1Na2O/ 3Al2O3/23.1BaO/23TiO2/9.8B2O3/21SiO2
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homogenized and melted in SiO2-crucibles using a MoSi2-furnace and melting

temperatures in the range from 1,400 to 1,450�С (for 1.5 h). Then some melts

were quenched on a Cu block, while others were annealed for 10 min at 480 �C.
Some amount of the melts was drawn to fibers when possible. The batches for the

dielectric materials were 60 g; they were homogenized and melted in Pt-crucibles

using a SiC and MoSi2-furnace and a melting temperature of 1,250�С for the system

with Fe and 1,400 �C for that without Fe (always kept for 1 h in air). Some of the

melts were quenched on a Cu-block, others were transferred after the quenching to a

pre-heated graphite mould. The glasses cast into the graphite mould were trans-

ferred to a muffle furnace and kept at 450�С for 10 min. Then, the furnace was

switched off and the samples were allowed to cool to room temperature. All glassy

samples were heat treated at temperatures above Tg for different times.

37.2.2 Characterization Methods

The phase compositions were analyzed by X-ray diffraction (XRD) on powdered

samples, using CuKα-radiation with 2θ-values in the range from 10 to 60�, or FeKα-
with 2θ-values in the range from 10 to 90�. The glass-transition temperatures were

determined by differential thermal analysis (DTA) using a heating rate of 10 K/min

and Al2O3 as reference material. The microstructure was investigated by scanning

electron microscopy (SEM) using a backscattered electron (BSE) and a secondary

electron (SE) detector. Additional information about the phase composition and the

allotropic modifications present was gathered by means of Raman spectroscopy at

room temperature and as function of temperature.

37.3 Results and Discussion

37.3.1 Magnetic Glass-Ceramics

The compositions A – D listed in Table 37.1 were reduced by using Fe2CO4�2H2O

instead of Fe2O3 as raw material, thus higher concentration of Fe2+ ions should be

supplied. Three of the compositions (A – C) show precipitation of nano-sized

magnetite Fe3O4 (JCPDS 86–1352) or maghemite (JCPDS 89–5892) particles, as

seen in the X-ray diffraction patterns in Figs. 37.1 and 37.2. For the vanadium-

containing sample C also some amount of hematite Fe2O3 (JCPDS 89–0599) was

detected by XRD. The shorter the melting time and the lower the melting temper-

ature, the higher are the hematite peaks. Since the x-ray diffraction data alone was

insufficient to decide between magnetite and maghemite in both compositions in

Fig. 37.1, further Raman spectroscopy analysis was performed. As a result, shown

in Fig. 37.3, in both samples mainly magnetite is present.
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The small amount of maghemite was attributed to an artifact due to the

oxidation of magnetite by local heating of the sample caused by the laser beam.

This behavior was already observed by other authors investigating Fe-based

phases by Raman spectroscopy [11]. For composition D glass was formed after

pouring of the melt. This glass was further subjected to thermal treatment at

different temperatures above the glass-transition temperature; solid solutions of

MnFe2O4 (JCPDS 88–1965) and Fe3O4 (JCPDS 87–2334), i.e. a mixed spinel of
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Fig. 37.1 XRD-pattern of a

reduced sample with

composition A showing the

formation of magnetite

Fe3O4 (M); unassigned

peaks are attributed to

different magnetite

modifications

Fig. 37.2 XRD patterns of V2O5-containing samples melted at 1,400 �C for (1) 30 min, (2) 1 h, (3)
1.5 h, (4) 2 h and (5) 2.5 h prove the formation of both magnetite (M) and hematite (H)
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the type (Mn, Fe)IIO�(Mn, Fe)III2O4 was obtained as shown in Fig. 37.4. The

broadening of the peaks in Fig. 37.4 is a hint for precipitation of nanocrystals in

the corresponding samples.

The SEM images of the compositions without manganese utilized for the

preparation of magnetic glass-ceramics reveal that they were separated into two

phases: droplets enriched in Fe and a matrix in which all other elements from the

glass composition are mainly concentrated, as shown in Figs. 37.5 and 37.6, and is

already known for similar sodium aluminoborosilicate glasses [12, 13]. In the SEM

micrograph of the vanadium-containing glass-ceramics it can be seen that the

droplets are not homogeneous but have their own structure. Actually, from our

earlier work it is known that each droplet consists of separate cubic magnetite

crystals with an average size of about 40 nm [12]. The average size of the droplets

ranges from 100 to 1,000 nm and is comparable to that in the vanadium-containing

samples. However, the formation of Fe2O3 in the V2O5-containing samples is

undesirable since hematite has the tendency to form dendrites during growth.

Additionally it is neither ferro- nor ferrimagnetic at room temperature. The latter

makes the utilization impractical for the preparation of devices using magnetic

particles.

The investigation of the microstructure of the glass-ceramics formed in the samples

with the composition D shows precipitated globular crystals which have average size

of some tens of nm (Fig. 37.7). Here self-constrained growth of the magnetic particles

is observed; for this reason the average size of the formed crystals is hardly changing

for samples heat-treated for different times at the same temperature. This fact leads

to superparamagnetic properties as reported in [14].

Fig. 37.3 Raman spectra of samples with composition C (1) and B (2)
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The two types of particles formed – the submicron magnetite particles and the

nanosized (Fe, Mn)-based ones – are potential candidates for the preparation of sensor

devices for bio-medical applications and environmental monitoring [2, 3] as well as

for purifying waste waters from poisonous metals such as In, Cr, Pb, As, Cu [15].

Fig. 37.5 SEM micrograph

of a sample with composition

Amelted 2.5 h at 1,400 �C

Fig. 37.4 XRD-patterns of reduced samples with the composition D, annealed at 600 �C for (1)
3 h, (2) 7 h, (3) 10 h, (4) 16 h, (5) 19 h, (6) 24 h show the formation of mixed crystals of MnFe2O4

(A) and Fe3O4 (B)
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37.3.2 Dielectric Glass-Ceramics

The second set of samples (E and F) was intended to allow the crystallization of a

BaTiO3-phase which has outstanding dielectric properties and will enable the

preparation of glass-ceramic materials with very high dielectric constants. Thus,

depending on the crystallizing allotropic form of barium titanate, the obtained

materials can be suitable for applications in electronics, i.e. for the preparation of

multilayered capacitors, microwave devices and piezoelectric transducers [16–18].

The quenching of the melts from the two compositions resulted in amorphous

products. To achieve higher mechanical stability and to release the mechanical

stresses in the glasses they were transferred to a graphite mould and annealed below

the glass-transition temperature. The stabilized glasses obtained were subjected to

Fig. 37.6 SEM micrograph

of a sample with composition

Cmelted 2 h at 1,350 �C

Fig. 37.7 SEM of a

polished C-covered surface

of sample with the

composition D, annealed at

650 �C for 3 h: growth of

spherical nanosized crystals
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thermal treatment at different temperatures near the crystallization temperature as

determined by DTA. The results for both compositions are precipitation and, for

longer annealing times, growth of BaTiO3 crystals as seen in the XRD-patterns in

Fig. 37.8. Since the peaks for composition E are slightly broadened and the typical

splitting of the 2 θ¼ 45.3� peak characteristic for the tetragonal modification of

barium titanate [16, 17] could not be recognized, additional phase analysis was

performed by means of Raman spectroscopy. Raman spectra of the untreated glass

and samples isothermally annealed at 550 �C for different times are shown in

Fig. 37.9. The absorption bands typical for the cubic modification of BaTiO3 are

observed in the Raman spectra of the annealed samples, independent of the

annealing time [18]. Since the peaks of the XRD-patterns for composition F is

Fig. 37.8 are not broadened, it can be seen here that the peak at 45.3� is not split. So,
for the composition without iron oxide the formation of larger crystals is expected

and only cubic BaTiO3 should be present. Thus, no additional methods to identify

the modification of the obtained barium titanate are needed. The longer annealing

times in the Fe-containing composition lead to the formation of single crystalline

phases, while for the composition without Fe longer annealing times at constant

temperature results in the occurrence of a second phase (fresnoite, Ba2Si2TiO8,

JCPDS 98-20-1844) as evident in Fig. 37.8.

Information about the microstructure and the morphology of the crystals was

obtained by means of SEM. Micrographs of annealed samples from the two

compositions are shown in Figs. 37.10 and 37.11. In Fig. 37.10, a microstructure

typical for BaTiO3-containing glass-ceramics from the system with Fe2O3 is evi-

dent. Here the formation and growth of bright globular crystals is seen which tend

to aggregate and grow together for longer annealing times. From the material

contrast in the image, it can be concluded that the bright appearing crystals

are enriched in the heavier elements of the glass composition, i.e. Ba and Ti.

Fig. 37.8 XRD-patterns of samples with compositions E (1): 30 min/550 �C, (2): 5 h/550 �C and

F (3): 30 min/650 �C, (4): 5 h/650 �C, B: BaTiO3 and F: Ba2Ti2SiO8
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The spherical shape of the crystals and the tendency to agglomerate suggests that in

this composition phase separation occurs; in the phase-separated regions barium

titanate crystallizes. In contrast to the SEM image in Fig. 37.10, the micrograph of

the iron-free composition from Fig. 37.11 shows globular crystals with a different

morphology. Here the crystals grow in a dendrite-like manner radially from the

centre of the spherical crystals. At some stage of the growth for both iron-

containing and iron-free samples, the crystals start touching each other and forming

larger aggregates. This process can be explained by Ostwald ripening leading to

larger crystals.

Fig. 37.10 SEM

micrograph of a sample

with the composition

E annealed 2 h at 550 �C

Fig. 37.9 Raman spectra of

samples with composition

E: glass (1) and annealed

samples at 550 �C: (2)
5 min, (3) 15 min, (4) 1 h,

(5) 3 h and (6) 7 h: peaks of

cubic BaTiO3 are indicated
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37.4 Conclusions

The synthesis of submicron sized magnetite crystals was achieved in phase-

separated sodium-aluminoborosilicate glasses containing high concentrations of

the 3d-transition metals Fe and/or V, while in sodium-silicate glasses with high

concentrations of Fe and Mn no phase separation, but the precipitation of mixed

(Fe, Mn)-spinel nanocrystals was observed. In a second set of compositions with

high concentrations of alkaline and alkaline-earth metals with or without Fe, the

precipitation of BaTiO3 crystals with sizes from some hundred nm to some micro-

meters was possible. Raman spectroscopy was successfully applied as a precise

method for phase identification of the exact magnetic phase in the magnetic glass-

ceramics and for the identification of the allotropic BaTiO3 modifications in the

dielectric glass-ceramics. In all sodium-aluminoborosilicate glasses with iron,

phase separation is observed which leads to growth of globular crystals of either

Fe3O4 or BaTiO3 in the amorphous matrix.
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Chapter 38

Nano-indentation Study and Photo-Induced
Effects in Amorphous As2Se3:SnX
Chalcogenides

Diana Harea, Evghenii Harea, Eduard Colomeico, and Mihail Iovu

Abstract The mechanical characteristics of amorphous As2Se3:Sn prepared by

thermal evaporation in vacuum on glass substrates heated to Tsubstr¼ 100 �C are

investigated. It was established that the hardness H of amorphous thin films is

generally higher than the hardness of bulk samples of the same chemical compo-

sition. The combination of depth sensing indentation and band-gap illumination has

been used to study the photoplastic effect in chalcogenide glasses and thin films.

The prominent photoplastisity of thin films has been revealed through hardness

deviations during nanoindentations under light illumination from those observed

for the materials in the darkness. Some optical properties, the modification of

optical parameters (optical band gap Eg, absorption coefficient α, refractive index

n) under light irradiation and heat treatment of the amorphous As2Se3:Snx thin

films, and the relaxation of the photodarkening effect under light exposure were

also investigated.

Keywords Chalcogenide glasses • Hardness • Photoplasticity • Photostructural

transformations • Light-induced phenomena • Young’s modulus

38.1 Introduction

Amorphous materials represent a class of advanced materials exhibiting attractive

combinations of properties such as high strength/hardness and excellent wear/

corrosion resistance [1–4]. These distinguished properties are primarily due to the

disordered atomic arrangement in the amorphous materials resulting in the absence

of grain boundaries and defects in the microstructure. While the non-equilibrium

nature of amorphous materials offers outstanding properties, it also presents

significant challenges in the processing of such materials.
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The elements of group six of the periodic table, are known as the chalcogens.

The interest in chalcogenide As-Se films is engendered by their low optical losses,

wide transparency range in the mid-IR, and good mechanical and physicochemical

properties. Amorphous ChG films have served as a base of many applications in

photonics and optoelectronics, especially as inorganic photo-resists for sub-micron

technology, optical diffractive elements, sensors and photonic crystals [5–7].

The effect of light-induced photo-structural transformations is characteristic for

many amorphous chalcogenides films [8, 9]. Of special interest is doping of

chalcogenide glasses (ChG) with metal impurities, which alter the optical,

photoelectrical and transport properties of the host material [10–12]. At the same

time it was shown that doping of ChG by tin impurities assist in stabilizing the

glassy matrix with respect to light exposure and thermal treatment [13, 14]. It was

shown that the addition of tin impurities to amorphous As2Se3 films can provide a

pronounced effect on the electrical and transport properties as well as on optical and

photo-induced phenomena [10–12, 14–17].

In this paper the experimental results on some mechanical and optical, properties

and photo-induced characteristics of thermally evaporated amorphous As2Se3:Snx
(x¼ 0–10 at.%) thin films (thickness d ~ 2.0 μm). Transmission spectra were used to

calculate the absorption coefficient α, the optical band gap Eg as well as the

dependence of the refractive index on the composition, and its modification Δn
under light irradiation and heat treatment. Considerable information on the behav-

ior of materials under irradiations can be obtained using the nanoindentation

technique based on continuous recording of the nanoindentation process and the

determination of the hardness and the Young’s modulus from the measured “load-

indenter displacement” curve. The photoplastical effect was discovered about

60 years ago. The first work was dedicated to crystalline semiconductors

[18]. The photoplastical effect is manifested by hardening of illuminated materials

[19], as well as by their softening [20–24], and depends on a number of factors such

as radiation power, temperature and wavelength. Studies of the spectral dependence

of the photoplasticity showed the maximum effect for illumination with a wave-

length close to the band gap hν�Eg [21]. The nature of the photoplastical effect is

not definitively understood yet. The effect was attributed to thermal expansion of

the film due to absorption of exciting light as well as recombination of the

photoexcited non-equilibrium electrons and holes. Investigations of the

photoplastical effect are usually performed under in-situ illumination during inden-

tation [25, 26] as well as by indentation after illumination [27].

38.2 Experimental

The As2Se3:Snx glasses (x¼ 0 to 10.0 at.%) were synthesized from the starting

elements of 6 N (As, Se, Sn) purity by a conventional melt quenching method. The

starting components As2Se3 and Sn were mixed in quartz ampoules and then

evacuated to a pressure of p ~ 10�5 Torr, sealed and heated to T¼ 900 �C with a
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rate of 1 �C/min. The quartz tubes were held at this temperature for 48 h for

homogenization and then slowly quenched in the heating furnace. The amorphous

As2Se3:Snx films were obtained by thermal flash evaporation in vacuum

( p¼ 5�10�5 Torr) of the initially synthesized material onto glass substrates held

at Tsubstr¼ 100–120 �C. The thickness of the amorphous films was in the range of

d ~ 1–3.0 μm. The investigation of the mechanical properties of As2Se3:Snx bulk

and amorphous thin film samples was performed with a PMT-3 device using a

Berkovich indenter. For the measurement of the optical transmission spectra, a

UV/VIS (λ¼ 300–800 nm), a Specord NIR 61 (λ¼ 800–3,500 nm, Carl Zeiss Jena).

To initiate photostructural transformations in the thin film samples, a continuous

He-Ne laser with a wavelength λ¼ 633 nm was used as a light source. For data

acquisition the experimental set-up included a digital built-in PC-card PCI-1713A

connected with the registration module [28].

38.3 Results and Discussions

The photoplastical investigation was performed using the nanohardness tester NHT

CSM. The hardness was calculated from the load-displacement curves by the

methods of Oliver and Pharr. In-situ illumination of the samples was performed

with a green laser (λ¼ 532 nm) with a power of P¼ 50 mW/cm2. To change the

direction of the incident laser beam an optical glass prism was used (Fig. 38.1). The

maximum indentation load was 5 mN, which results in a maximal penetration depth

not exceeding 15 % of the film thickness. The hardness was calculated using the

expression:

HB ¼ 1570 � Pð Þ=l2; ð38:1Þ

where P is the applied load, and L the height of the remaining imprints [29].

Figure 38.2 shows the variation of the glass transition temperature Tg(x) and the

non-reversing heat ΔHnr(x) for the bulk As2Se3:Snx glasses. For low Sn concentra-

tions, Tg of the base glass increases with x, suggesting that the base glass becomes

more connected. However, as x approaches 5 %, Tg show a threshold behavior [14].

It has previously been shown that Sn is tetrahedrally coordinated to 4 Se nearest

neighbors in a local Sn(Se1/2)4 structure [14]. Apparently, the introduction of Sn to

the As2Se3 base glass promotes the growth of Sn(Se1/2)4 units; as a consequence the

base glass becomes As-rich. The latter leads to the formation of As2(Se1/2)4 and

As4Se4 structural units. It has been established that the hardness H of amorphous

As2Se3:Snx thin films is generally higher than the hardness of bulk samples of the

same chemical composition (Fig. 38.3).

The experimental results of the investigation of the hardness for bulk and

amorphous thin As2Se3:Snx films are presented in Fig. 38.3; they are in good

agreement with experimental results obtained earlier by Borisova [30]. The hard-

ness values of bulk samples depend of the Sn concentration in the As2Se3:Snx
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glasses and vary between 1,297 and 1,376MPa. The hardness of the amorphous thin

films possesses a non-monotonous dependence on the Sn concentration. A sharp

increasing of the hardness is observed when the impurity concentration exceeds the

value of 3–4 % Sn. The hardness H of (As2Se3)1�x:Snx films varies between

H¼ 1,732–1,780 MPa. For both bulk samples and thin films the hardness is lower

according to the data presented in Ref. [31]. This fact may be connected with some

technological specifics in the preparation of the ChG.

In our experiments the photomechanical properties of As2Se3:Snx was investi-

gated with a NHT-SCM nanohardness tester. The essential difference of the

hardness values of films obtained using a micro hardness tester and a nanohardness

tester is most probably due to the different methods of toperation. A microhardness

Fig. 38.1 Experimental

set-up for the investigation

of the photoplastical effect

in chalcogenide glasses

Fig. 38.2 Variations of

Tg(x) (1) and ΔHnr(x) for
As2Se3:Snx glasses. The

smooth lines are computer

fittings
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Fig. 38.3 The hardness of

(As2Se3)1�x:Sn thin films

(1) and bulk samples (2)
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tester calculates the hardness values from the projected area of relaxed imprints.

The nanohardness testers operate in the dynamic mode of data collection, and

calculate the hardness values using projected imprint area when the indenter is

unloaded, but is not totally removed from the material. During in-situ illumination

of the films, a decrease of the hardness was observed (Table 38.1 and Fig. 38.4).

The photo-plastic effect becomes more pronounced when the Sn concentration

increases. Under illumination the nanohardness of amorphous As2Se3:Snx thin

films decreases. This effect is more pronounced for Sn concentrations greater

than 1.0 at.%. A decrease of nanohardness under illumination was also observed

for as-deposited and annealed amorphous As40Se60 thin films [24].

A microscopic model of this phenomenon is based on the assumption of a

athermal decrease of the viscosity of the films during irradiation, which is close

to the viscosity of vitreous semiconductors near their glass transition temperature Tg
[23]. It was suggested that the photoviscous effect, i.e. the athermal decrease of the

viscosity of non-crystalline chalcogenides upon illumination is the key for consid-

erable photoinduced effects in different amorphous chalcogenide films [25].

Figure 38.5 presents the changes of the surface morphology of the as-deposited

amorphous As2Se3:Sn0.1 thin film under an indentation load after (a) and before

light illumination (b).

In order to investigate the modification of the optical parameters (optical band

gap Eg, absorption coefficient α, refractive index n) by light irradiation, the trans-

mission spectra T¼ f(λ) of amorphous As2Se3:Snx thin films with different amounts

of Sn were measured. Increasing the Sn concentration increases the absorption

Table 38.1 The hardness vs. Sn concentration for amorphous As2Se3:Snx thin films

Nr.

Film

composition

H (MPa) as-deposited

films

H (MPa) illuminated

films

H (MPa) bulk

samples

1 As2Se3 1,780 1,768 1,300

2 As2Se3:Sn0.5 1,762 1,783 1,341

3 As2Se3:Sn1.0 1,734 1,614 1,376

4 As2Se3:Sn2.0 1,735 1,628 1,311

5 As2Se3:Sn3.0 1,745 1,656 1,327

6 As2Se3:Sn4.0 1,774 1,660 1,347

7 As2Se3:Sn5.0 1,732 1,607 1,297
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Fig. 38.4 The hardness of

ss-deposited (1) and
illuminated (2) (As2Se3)1�x:

Snx thin films
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coefficient and decreases the optical band gap [32]. At the same time the Sn

concentration in amorphous As2Se3:Snx thin films and light illumination increase

the refractive index n.
Figure 38.6 represents dispersion curves of the refractive index n¼ f(λ) for

amorphous As2Se3:Sn1.0 thin films. From Fig. 38.6 one can observe that the

maximum modification of the refractive index Δn take place for fresh as- deposited
amorphous films upon light exposure (Δn¼ 0.078, curves 1 and 2). For annealed

amorphous thin films the modification of the refractive index Δn under light

exposure is smaller (Δn¼ 0.016, curves 1 and 4). These observations may be

explained by the fact, that for the annealed amorphous films the structure of the

films became more stable.

The plot (n2� 1)�1 vs (hν)2 (Fig. 38.7) allows the determination of the oscillator

parameters by fitting a straight line to the experimental points. For as-deposited

amorphous As2Se3:Sn1.0 thin films, by extrapolating the fitting line towards

(hν)2¼ 0, one can obtain the static refractive index n(0)¼ 2.321 and the static

dielectric constant εs¼ n2(0)¼ 5.386. For as-deposited thin films these values are

higher after the light exposure n(0)¼ 2.338 and εs¼ n2(0)¼ 5.464, respectively.

Fig. 38.6 Dispersion curves of the refractive index n¼ f(λ) for the amorphous As2Se3:Sn1.0 thin

films: as-deposited (curve 1), as-deposited upon light exposure (curve 2), as–deposited upon heat

treatment (curve 3), and as- deposited upon heat treatment and light exposed (curve 4)

Fig. 38.5 The surface

morphology of as-deposited

amorphous As2Se3:Sn0.1
thin film after indentation

after light illumination

(a) and before light

illumination (b) mW/cm2

376 D. Harea et al.



The dispersion of the refractive index is related to the electronic absorption

spectrum through the Wemple equation based on the single electronic oscillator

model [33]:

n2 � 1
� � ¼ EdE0

E0

� hνð Þ2; ð38:2Þ

where E0 is the average electronic energy gap, and Ed the dielectric oscillator

strength.

Large values of the refractive index n are obtained for small E0 and large Ed and

lead to a large dispersion in the chalcogenide material. From (38.2) one obtains

n2 � 1
� ��1 ¼ E0

Ed
� 1

E0Ed

� �
hνð Þ2 ð38:3Þ

Using the plot (n2� 1)�1 vs (hν)2, for amorphous As2Se3:Sn1.0 thin films E0 and

Ed were calculated to values of E0¼ 3.094 eV and Ed¼ 13.571 eV for as-deposited

films, and E0¼ 2.906 eV and Ed¼ 12.972 eV for as-deposited films after light

exposure, respectively. The value of E0¼ 3.094 eV is higher than the value of the

optical band gap Eg¼ 1.82 eV calculated from a Tauc plot. For the amorphous

As12.6Ge23.8S63.6 the relationship between the values of E0 and Eg was established

to be E0� 2�Eg [34].

38.4 Summary

In this paper the effect of Sn addition on the nano-hardness and related

thermo-mechanical properties of glassy As2Se3:Snx bulk samples and thin films

were investigated. It was found that the nano-hardness of As2Se3:Snx changes

Fig. 38.7 The dependence

(n2� 1)�1¼ f((hν)2) for
as-deposited amorphous

As2Se3:Sn1.0 thin films (1)
and as-deposited films after

light exposure (2)
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significantly after the incorporation of Sn as a chemical modifier. The interrelation

between the mechanical properties of As2Se3:Snx bulk glasses and thin films has

been determined. It was established that the hardness of amorphous thin films is

generally higher than the hardness of bulk samples of the same chemical compo-

sition. From transmission spectra, the degree of modification of the optical con-

stants under light exposure and heat treatment was determined. It was established

that light exposure increase the refractive index. The oscillator parameters E0 and

Ed also were estimated by fitting a straight line to the data.
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Chapter 39

BaTiO3-Based Glass-Ceramics:
Microstructure and Phase Composition

L. Vladislavova, R. Harizanova, C. Bocker, G. Avdeev, G. Tsutsumanova,

I. Gugov, and C. Rüssel

Abstract BaTiO3 is a well-known dielectric material with numerous allotropic mod-

ifications and interesting electrical and mechanical properties. Two modifications of

barium titanate are usually of practical interest – the cubic and tetragonal one. Due to

their high dielectric constants they both find application as parts of capacitors, different

sensors or transducers. The present work reports on the synthesis of oxide glasses with

high concentrations of alkali and alkaline earth metals and varying ratios of sodium to

aluminium oxide in which further the crystallization of BaTiO3 is envisaged. The

glasses obtained were subsequently subjected to annealing above the glass-transition

temperature which results in the precipitation of barium titanate with very high volume

fractions. The identification of the phase composition was performed by X-ray

diffraction which suggests the formation of cubic BaTiO3. The investigation of the

microstructure by scanning electron microscopy revealed the presence of phase sepa-

ration and further growth of barium titanate globular crystals in the unmixed regions.

Keywords Oxide glass • Barium titanate • Crystallization • Microstructure

39.1 Introduction

The preparation of oxide glasses containing alkaline earth and 3d-metal oxides with

high concentrations has been intensively investigated in the past few years due to

the electrical and magnetic properties of the resulting synthesis products and the
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possibility to combine them in a single material [1–6]. The high crystallization

tendency of the resulting compositions offers the possibility to obtain glassy

materials in which furthermore crystallization of phases containing the modifying

ions with large volume fraction of the crystals formed can be achieved. Thus, after

applying appropriate time-temperature heat-treatment regimes to the glasses

obtained, the crystallization of one dielectric and one magnetic phase,

i.e. multiferroic crystals, can be achieved [1]. The resulting glass-ceramic materials

will find application for the preparation of powerful capacitors, as parts of different

sensor devices and as resistance elements with a positive thermal coefficient [1–9].

Subject of the present investigation is the synthesis of glasses in the system

Na2O/BaO/TiO2/B2O3/SiO2/Al2O3/Fe2O3 with high barium and titanium concen-

trations and with less than 30 mol% glass-forming oxides. By varying the ratio

[Na2O]/[Al2O3] and applying appropriate time-temperature programs to the glasses

obtained, the precipitation of BaTiO3 and possibly, BaTiO3-Fe3O4 was aimed. As a

further step of the investigation, the phase composition and the microstructure of

the resulting glass-ceramics were studied.

39.2 Experimental

39.2.1 Preparation of the Glasses

Reagent grade raw materials Na2CO3, BaCO3, SiO2, B(OH)3, Al(OH)3, Fe2O3 and

TiO2 were used for the preparation of the batches and melting of the glasses. The

batches (60 g) were melted in Pt-crucibles using a MoSi2-furnace and a melting

temperature of 1,250�С (always kept for 1 h in air). The melts were either quenched

on a Cu-block or cast onto a metal plate and thereafter transferred to a pre-heated

graphite mould and annealed in a muffle furnace for 10 min at 450 �C in order to

release the mechanical stresses. Then, the furnace was switched off and the samples

were allowed to cool to room temperature. In order to precipitate ferroelectric

BaTiO3 or multiferroic BaTiO3-Fe3O4, the glasses were heat treated at different

temperatures above Tg, according to the Tg and Tc-values determined from differ-

ential thermal analysis (DTA) measurements.

39.2.2 Characterization Methods

The characteristic temperatures of the glasses were determined on powdered

samples by DTA using a heating rate of 10 K/min and Al2O3 as reference material.

The phases were analyzed by X-ray diffraction (XRD) using CuKα-radiation and

2θ-values in the range from 10 to 90�. The microstructure was investigated by

scanning electron microscopy (SEM: JEOL 6510LV and LYRA/TESCAN), using
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backscattered electron (BSE) and secondary electron (SE) detectors. The samples

for SEM were coated with carbon to avoid charging.

39.3 Results and Discussion

Glasses were formed in all 3 sets of compositions in the investigated system

(23.1�x)Na2O/23.1BaO/23TiO2/7.6B2O3/17.4SiO2/5.8Fe2O3/xAl2O3, x¼ 0, 3 and

7 mol%. Only slight surface crystallization was observed. The glass-transition

and crystallization temperatures were determined by DTA and the glasses were

annealed according to the DTA results. In Fig. 39.1 a comparison of the

XRD-patterns of 3 annealed samples is shown: without Al2O3 (4 h at 550 �C), with
3 mol% Al2O3 (3 h at 550

�C) and with 7 mol% Al2O3 (3 h at 610
�C). It is seen that

in all samples cubic BaTiO3 (JCPDS 98-003-1885) crystallizes as already reported by

other authors [5, 8, 9]. Since the typical splitting of the peak at 2 theta¼ 45.3� is not
observed, we conclude that the only modification of barium titanate crystallized in

our samples is the cubic one [7–9]. In the annealed sample with 7 mol% Al2O3 also

the formation of a second crystalline phase, i.e. NaAlSiO4 (JCPDS 19-1176)

is observed. In the XRD-pattern its strongest reflexes are marked by arrows.

The peaks corresponding to BaTiO3 are broadened. This is a hint that the crystals

formed have sizes of some ten to some hundred nm. Similar results have also been

reported for barium titanate crystals obtained by different chemical routes [9].

In Fig. 39.2, the crystal growth in case of isothermal annealing at 560 �C of samples

with 3 mol% Al2O3 is shown. It can be seen that even for the shortest annealing

period (5 min) crystallization of BaTiO3 has taken place. When the annealing time is

increased from 5 min to 100 h, the size of the barium titanate crystals will also

increase and the volume fraction of the crystalline phase becomes larger as revealed

in Fig. 39.2.
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The results from X-ray diffraction are supported by the SEM images of the

fracture cross-sections of the glass-ceramics obtained. In Fig. 39.3, a SEM (BSE)

micrograph of the fractured surface of the sample with 3 mol% alumina annealed

for 1 h at 550 �C is shown. It is observed that spherical crystals which appear bright

in the BSE image are formed. From this material contrast it is supposed that the

crystals contain the heavier elements of the glass composition, i.e. BaTiO3 is

formed which is in agreement with the results from the X-ray diffraction. Addi-

tionally, the spherical particles tend to grow together and form interpenetrating

aggregates – something already observed for a composition with 0 mol% alumina

[2]. This suggests that in the samples phase separation occurs. Phase separation

phenomena are typical for sodium aluminoborosilicate glasses [10, 11] and here
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again, as already described in [10], a separation of the material into two phases

takes place, one of them is enriched in Ba and Ti from which later the BaTiO3

crystals are crystallized. The second one, i.e. the matrix is enriched in all other glass

constituents. The average crystallite size of the formations in Fig. 39.3 is about

350 nm. In comparison to the SEM micrograph of the sample with 7 mol% alumina

annealed for 1 h at 610 �C (near Tc) it is obvious that the increase in the alumina

concentration leads to a decrease of the crystallite size. However, in Fig. 39.4 again

interconnected bright structures are seen which also supports our idea about the

existence of phase separation. The same microstructure is observed for the sample

with 0 mol% alumina annealed for 24 h at 600 �C as shown in Fig. 39.5. Here also

globular crystals are growing together, thus forming interconnected aggregates. For

samples with 3 mol% alumina, attempts to perform energy dispersive X-ray

Fig. 39.4 SEM micrograph

of a sample with 7 mol%

Al2O3 – annealed 1 h at

610 �C

Fig. 39.5 SEM micrograph

of a sample with 0 mol%

Al2O3 – annealed 24 h at

600 �C
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analysis (EDX) in the SEM on the bright crystals show that they are mainly

enriched in Ba and Ti. The presence of Fe as a substitute of either Ti4+ or Ba2+

could not be excluded [12] but up to now no evidence exists from X-ray diffraction

or EDX analysis in our study which supports this hypothesis.

39.4 Conclusions

The synthesis of bulk glasses is possible for all three sodium to aluminium oxide

ratios. Annealing of the glasses near the corresponding crystallization temperatures

results in the crystallization of BaTiO3 for all time-temperature regimes applied.

The increase of the alumina concentration to 7 mol% leads to the occurrence of a

second sodium-aluminium silicate phase. Always globular interconnected barium

titanate crystals are formed which implies the conclusion that phase separation

occurs in all three compositions. There is no evidence from the available data that

Fe takes part in the composition of the crystals formed.
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Chapter 40

Nanocrystalline Tellurium Films:
Fabrication and Gas Sensing Properties

Dumitru Tsiulyanu and Adelina Moraru

Abstract A brief review of achievements in the fabrication of nanostructured

tellurium thin films for applications in sensor technology is reported, paying

particular attention to physical growth of nanocrystalline films in vacuum. The

structure, growth and properties of Te films are determined by fabrication param-

eters such as the microstructure of the substrate, the growth rate or post-deposition

UV irradiation. As shown by SEM, AFM and XRD, the rate most strongly influ-

ences the microstructure of the films and their gas sensing properties. An increase of

the rate results in the transformation of the microcrystalline structure of the film to a

nanostructured one, or even to an amorphous state. The gas sensing mechanism is

explained in terms of a model that involves hole accumulation at the Te nanocrys-

tallites surfaces due to interactions of dangling bonds and a lone-pair electron of the

chalcogen. This model can explain, for instance, the “strong” chemisorption of

nitrogen dioxide, which results in an increase of the work function ΔΦ> 0 and the

electrical conductivity Δρ> 0 as a consequence of the additional charging of the

surface and band bending. In ultrathin (<40 nm) amorphous tellurium thin films, a

damping of the sensitivity induced by high gas (NO2) concentration was observed

for the first time. The sensitivity of an ultrathin Te film decreases near linearly with

increasing concentration between 150 and 500 ppb nitrogen dioxide which needs to

be taken into consideration by the sensor technology.

Keywords Nanotechnology • Tellurium films • Gas sensors

40.1 Introduction

Tellurium is a high functional semiconductor material with wide applications in

microelectronics and optoelectronics [1], but its application in nanotechnology is

still in progress. In the past decade it became evident that tellurium nanostructures

such as nanocrystals, nanotubes, nanoribbons and nanowires are potential blocks
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for building new effective electronic devices, including physical and chemical

sensors. This is the reason why the main efforts were conducted in the development

of new methods of the growth of nanoblocks and their aligning to construct thin

films or others device architectures. Wang et al. [2] developed a facile route to

prepare two-dimensional (2D) nanostructured thin films, which consists of Te

nanoflakes, via thermal decomposition of tellurium diethyldithiocarbamato

(TDEC) films. The methods of tellurium nanotube growth include: vacuum depo-

sition on silicon substrates with silver/gold nanoparticles as nucleation centers [3],

synthesis by galvanic displacement [4], direct vapor phase process [5], synthesis

through a microwave reflux method [6], filling of double-wall carbon nanotubes

(DWCNTs) with trigonal tellurium [7] etc. Considerable effort has been devoted to

produce various Te nanowires and nanoribbons.

Nanowires with diameters around 25 nm were synthesized via a hydrothermal

reaction using Na2TeO3 and Na2S2O3 as starting materials [8], but Te nanoribbons

were aligned using a lithographically patterned nanowire electrodeposition technique

[9]. In spite of the variety of methods available to produce nanodimensional blocks of

tellurium, until lately gas sensing performances have not been demonstrated, due to

difficulties to construct devices with aligned one- or two-dimensional nanoelements.

In this context, the thermal vacuum deposition [10] or related technologies such as

thermal evaporation in an inert atmosphere [11], direct vapor phase processes [5] or

physical vapor deposition [12] are the most used techniques for sensor fabrication.

In this work we applied the thermal vacuum evaporation method for the fabrication

of nanocrystalline Te films and established the interdependence between the

technological fabrication parameters, the growth process, the phase/state structure,

the morphology and the gas sensor properties of the films.

40.2 Fabrication of Nanostructured Tellurium Thin Films

One of the advantages of Te films over compound semiconductors is the avoidance

of the stoichiometry problem. This advantage allows to use a large variety of

methods of preparation, which can be divided in two large groups: physical and

chemical (electrochemical) methods. Chemical methods have emerged in the last

decade and, despite imperfections, attract more and more attention due to its

simplicity and low costs. Let us consider some of them.

The method proposed by Shun Wang and coworkers [2] consists in thermal

decomposition of tellurium dietyldithiocarbomato (TDEC) film resulting the

growth of Te nanoflakes. The fabrication follows three stages:

(a) Preparation of a precursor solution via dissolving the TDEC in chloroform.

(b) Preparation of a TDEC thin film by dipping a glass substrate into the precursor

solution at �10 �C.
(c) Preparation of nanostructured Te films via pyrolyzing TDEC thin films at

constant temperature (350–450 �C) for 30min in the presence of flowing nitrogen.

390 D. Tsiulyanu and A. Moraru



By pyrolyzation, decomposition of the TDEC occurs and 2D nanofilms com-

posed of uniform nanoflakes can be obtained.

A simple method for synthesis of Te nanowires through a chemical reaction in an

aqueous solution was proposed by Liang and Qian [8]. The method consists in

hydrothermal treatment of a mixture of Na2TeO3, poly(vinyl pyrrolidone) and

Na2S2O3 dissolved in distilled water at 160 �C. During the hydrothermal reaction,

Na2TeO3 is reduced by Na2S2O3 to form Te clusters; at the same time, Na2S2O3

becomes oxidized to Na2S2O4. Because the synthesized trigonal tellurium has a

highly anisotropic crystal structure, the formation of nanowires with diameters in

the range 20–35 nm occurs.

Tellurium nanotubes are of particular interests for a chemical sensor technology

as the area of contact with the species to be detected is essentially enlarged. Rheem

and coworkers [4] proposed a method to synthesize Te nanotubes with controlled

diameter and wall thickness by galvanic displacement of sacrificial cobalt

nanowires. The synthesis consists of following stages:

(a) Synthesis of sacrificial cobalt nanowires (diameters of 70, 120 and 220 nm) by

a template-directed electrodeposition from a 1 M CoCl2 + 1 M CaCl2 electro-

lyte using polycarbonate membranes as scaffolds.

(b) Releasing of cobalt nanowires by dissolving the template in 1-methyl-2-

pryrrolidinone.

(c) Proper synthesis of Te nanotubes by galvanically displacing the sacrificial

cobalt nanowires in an electrolyte (0.01 M HTeO2
+ +1 M HNO3). The

synthesized nanotubes diameters are slightly larger than that of the sacrificial

cobalt nanowire, but the wall thicknesses are in the range from 15 to 30 nm.

Traditional physical methods are still very attractive for the fabrication of

tellurium thin films due to the possibilities to control the technological process

and the easy construction of devices with aligned nanoblocks. Recently, Chiun and

Huang [5] have synthesized Te nanotubes by a catalyst-free direct vapor phase

process in an evacuated quartz tube heated in a furnace with three heating zones.

The silicon substrates were placed in the last zone, so the nanotubes are grown in

form of thin films. Experiments with different temperatures in the zones of the

furnace have shown that Te nanotubes gradually evolve from nanoparticles to

nanoflakes, to two-faced nanoscreens, to four-faced nanogrooves, to intermediary

nanotubes, and finally to perfect hexagonal nanotubes.

Taking into account that so far thermal vacuum evaporation is the most used

technology for sensor fabrication, we have applied it for the fabrication of nano-

crystalline Te films. We have established that the structure, growth process and

properties of Te films are strongly determined by the fabrication parameters such as

the microstructure and temperature of the substrate and especially the growth rate.

Tellurium (purity 99.999 %) based thin films have been prepared using different

rates (1–30 nm/s) onto glass, sintered alumina, SiO2, or electrochemically nano-

structured Al2O3 substrates. The evaporation was performed from a tantalum boat

at a working pressure of �10�4 Pa without heating or cooling the substrate. The

growth rates of the films varied from 1 to 40 nm/s. The area of deposition was about
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70 mm2. Rectangular samples of different thicknesses were prepared by variation of

the evaporation time, while the distance between the evaporation boat and the

substrate has been kept constant at 20 cm. The thicknesses and the shape of the

films have been measured after their preparation using an atomic force microscope

(SIS SCAN Control/C). The surface morphology of the films was investigated,

using either a VEGA TESCAN TS 5130MM or a TESLA BS 340 scanning electron

microscope (SEM). X-ray analyses using a DRON –YM1 diffractometer with FeK

α radiation was applied for structural investigations of the grown films. The rotation

velocity of the scintillation counter was 2 (or 4) degrees/min. Experiments with

different substrates have shown that the films grown with high deposition rates on

glass and nanostructured Al2O3 substrates are continuous and smooth, but those

grown on sintered alumina consists of interconnected islands. Therefore, we have

concentrated our attention to films grown with different rates on glass Pyrex sub-

strates. Figure 40.1a–c show the surface morphology of tellurium thin films grown

on glassy substrates with different rates.

As can be seen the grown slowly film (1 nm/s) consists of a dense layer with

crystal sizes of about 0.5–1.0 μm, which are oriented along the substrate. An

increase of the deposition rate to 10 nm/s (Fig. 40.1b) results in the transformation

of the microcrystals to nanocrystals. The layer remains dense but the aligned

crystallites possess nanosize dimensions. When the growth is performed with a

higher rate of ~ 30 nm/s (Fig. 40.1c) the film consists of a continuous amorphous

layer.

The X-ray diffraction (XRD) pattern of these samples shown in Fig. 40.2a–c is in

agreement with the above observations. The pattern of the microcrystalline films

grown with a rate of 1 nm/s (Fig. 40.2a) shows them to be highly crystalline and to

consist of the hexagonal phase of Te. The peaks positions match the standard

values: the first, highest peak is due to reflections from (100) crystal planes, the

second peak is observed due to reflections from (101) crystal planes and the third

due to reflections from (110) crystal planes. It can be observed that the (100) peak

appears to be unusual strong, compared with the standard pattern of trigonal

tellurium. This suggests that the predominant growth orientation of the microcrys-

tals is along the substrate. Figure 40.2b shows typical XRD pattern of a Te film

Fig. 40.1 SEM images of tellurium thin films grown on Pyrex glass substrates with deposition

rates of (a) 1 nm/s, (b) 10 nm/s, and (c) 30 nm/s
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prepared with a deposition rate of 10 nm/s; it shows that the crystallites sizes are in

the nanometer range. It is clear that all X-ray reflections can be readily indexed to

the hexagonal phase of tellurium (ASTM 4 -554). The intensities of the main

reflection peaks is approximately the same, which indicates that there is no prefer-

ential grow orientation. Figure 40.2c shows the XRD pattern of tellurium film

grown with a high deposition rate of ~ 30 nm/s. The reflection peaks corresponding

to hexagonal Te (shown by the dotted lines) are not present, indicating the predom-

inantly amorphous nature of the film.

Fig. 40.2 XRD patterns of tellurium thin films grown on Pyrex glass substrates with deposition

rates of (a) 1 nm/s, (b) 10 nm/s, and (c) 30 nm/s
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40.3 Gas Sensing Characterization

To characterize the gas sensing properties of both nanocrystalline and amorphous

Te films two kind of gas sensitive devices have been developed and realized: They

are based either on a reversible variation of the resistivity or the work function

under the influence of the tested gas. The first type is usually called resistive

(or conductive), the second one is called work function operating gas sensor.

40.3.1 Conductive Sensors

The sensitivity of a conductive sensor is usually defined as the relative resistance

variation expressed in percent, while the response and recovery times are the times

required to reach 90 % of the steady-state value of the signal. To measure the

electrical resistance, two electrodes were deposited onto the film surface by thermal

evaporation of gold. Copper wires were then attached to the electrodes by silver

paste. In some experiments, two indium dots were pressed on top of the film surface

to serve as electrical contacts for the gas-sensing element. The distance between

electrodes was ~ 5 mm so that the sensing area consists of about 30 mm2.

Testing with gases with different concentrations was performed by using the

experimental setup described in our previous publications (for instance [10]). A

membrane pump provides a flow of the carrier gas (ambient air) which is split into

two independent streams. Both lines lead to a thermostat, where they are connected

to U-shaped glass tubes in which the carrier gas is saturated by the gas of interest at

constant temperature. The saturation takes place in one of the U-shaped glass tubes,

where a calibrated permeation tube with the gas is placed (Vici Metronics, USA).

The second line is used either for dilution or as the reference. Both lines are fed

through a diluting/switching system to the waste or the test cell, respectively. The

devices were placed into a test cell (10 ml volume); the gases were injected parallel

to the film surface with a flow rate of 100 ml/min, maintained by mass flow

controllers (MFC, Wigha, Germany). A computer with a data acquisition board

manufactured by National Instruments Inc. was used for processing.

Current transient characteristics were recorded while exposing samples grown

with different rates, either as-grown or post-deposition treated by UV irradiation, to

different gas concentrations. The applied voltage was usually kept at 5 V while the

delay time between the measurements was varied between 0.1 and 3.0 s.

Figure 40.3 illustrates typical transient characteristics (in the described

experimental setup) of as-grown nanocrystalline samples to a rectangular NO2

pulse with 1.0 ppm concentration at room temperature. Comprehensive studies

of such characteristics allow to completely characterize the sensor parameters:

sensitivity, response and recovery times, the dynamic range (the range of

concentrations, which can be detected), reversibility, selectivity (cross sensitivity)

and stability.
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We concentrated our attention to effects of the dimensionality of the crystallites

on response time and sensibility of the film towards the gas by choosing NO2 as a

model gas. Figure 40.4a–c show the dynamic response of Te thin films grown on

glassy substrates with different rates which results in different phases/states: micro-

crystalline, nanocrystalline or amorphous.

It can be seen that transition from a microcrystallane structure to a nanocrystal-

line one and further to amorphous state of the films results in a noticeable

diminishing of response the time. The diagram in Fig. 40.5a illustrates this obser-

vation. Amorphous thin films exhibit the shortest response time of only 10 s which

is 60 times shorter than of microcrystalline films. The nanocrystalline film shows an

intermediate response time of about 40 s.

On the other hand, the microcrystalline films exhibit the largest sensitivity. The

diagram in Fig. 40.5b depicts the sensitivity of Te thin films to nitrogen dioxide

versus their growth rate. Again the nanocrystalline films exhibit an intermediate

value of about 30 %, which is in between the sensitivities of microcrystalline and

amorphous films. To enhance the sensing parameters of nanocrystalline Te films we

have used either post-deposition UV treatments or their thinning.

40.4 Effect of UV Irradiation

The sensitivity of Te film to ammonia (and other gases) arises from an induced

reduction of tellurium oxides (TeO2 and TeO3) to Te metal on the top surface of the

crystallites [13] and, obviously, depends on the existence and parameters of this

oxide layer. On the other hand, it is long known [14, 15] that UV treatment of

tellurium films results in their surface oxidization. Confirmed by X-ray photoelec-

tron spectroscopy (XPS) [14], UV treatment of tellurium thin films oxidizes the

Fig. 40.3 Transient

characteristics of the

gas-induced current in a

nanocrystalline Te film

towards NO2 applied at

room temperature,

according to the profile

shown as dotted line at the
bottom. The film was grown

on a Pyrex glass substrate

with a deposition rate of

10 nm/s
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Fig. 40.4 Dynamic response at room temperature of tellurium thin films grown by different rates

on glass substrates

Fig. 40.5 Response time (a) and sensitivity of tellurium thin films to 1 ppm of NO2 at room

temperature (b) versus grown rate
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surface layer to TeO2 down to a depth of about 25 nm which can contribute to

photoconduction and other properties of the film.

We have performed UV irradiation of nanocrystalline tellurium films (grown

with a rate of around 7 nm/s) at room temperature in an air atmosphere by exposing

the films to the light of a 100 W mercury vapor lamp with a quartz window. The

light intensities were calibrated using a vacuum thermoelement VTh-8 (Carl Zeiss,

Jena, Germany). Two kinds of experiments have been carried out maintaining

either the exposure time or the intensity of irradiation light constant. Figure 40.6a

shows the transient characteristics of gas-induced currents in nanocrystalline Te

films towards 1 ppm NO2 applied at room temperature to an untreated sample and

one UV treated with a constant intensity of ~ 9 mW/cm2 for different exposure

durations.

It is seen that an increase of the exposure time results in a linear decreasing of the

gas sensitivity (Fig. 40.6b) of the sensors as well as in a increase of the response

time but diminishes its recovery time. On the other hand, a considerable improve-

ment of the gas-sensing parameters of the films can be obtained by treatment with

high intensities of UV irradiation using short exposure times. This is illustrated in

Fig. 40.7a, b.

Figure 40.7a shows the sensitivity of nanocrystalline Te films to 1 ppm NO2 vs

the intensity of UV irradiation applied in a post-growth treatment with a constant

(30 min) exposure time. It can be seen that the treatment with UV intensities up to

approximately 5 mW/cm2 essentially (~ 20 %) enhances the sensor sensitivity, but

at higher intensities a saturation is reached. Simultaneously, as shown in Fig. 40.7b,

both response and recovery times decrease nonlinearly, also reaching saturation at

high intensities of the UV irradiation used for treatment. It is remarkable that the

response time decreases faster by nearly one order of magnitude in the range of UV

intensities applied.
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Fig. 40.6 Current transient characteristics of nanocrystalline Te films treated with different

durations with a constant intensity of UV irradiation in the presence of 1 ppm NO2
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40.5 Effect of Film Thickness. Concentration Induced
Damping of the Sensitivity

Earlier, we have demonstrated [16] that the gas sensitivity of tellurium thin films

depends on their thickness and can be enhanced essentially by reducing the

thickness. A decrease of the Te film thickness from 120 nm to approximately

40 nm results in an increase of the sensitivity to NO2 by more than 10 times. A

current flow through two parallel channels explains such a behavior [17]. In a

compact layer, the current flows through two parallel channels, one of them being

the surface channel, which is affected by the gas reaction and the other, is the

gas-unaffected bulk. Decreasing the layer thickness leads to an enhancement of the

influence of the surface resistance and reduces that of the gas-unaffected bulk

parallel resistance. In this context it appeared to be interesting making experiments

with compact ultrathin layers (less than 40 nm). On the other hand, an increase of

the deposition rate is associated with a shortening of the lifetime of atoms migrating

on the substrate surface, a decrease of the degree of crystallite order and an increase

of the compactness of the film [18]. That is the reason why we have studied [19] the

gas (NO2) sensing properties of ultrathin compact tellurium films grown with a high

evaporation rate (around 30 nm/s). As the thickness could not be controlled during

the growth, AFM was used to assess (by post deposition scratching) the thickness

and homogeneity of the films.

Figure 40.8 shows AFM images of as-prepared thin (a) ~ 110 nm and ultrathin

(b) ~30 nm Te films. It is seen that exception of separate jumps (which can be

caused by measurement process) the surfaces of these films are smooth. The

average roughness of 5 μm� 5 μm areas is about 2–3 nm.

SEM observations shown in Fig. 40.9a, b confirm that the films are smooth and

without any traces of crystallites. X-ray diffraction data shown in Fig. 40.9c, d for

these samples are in agreement with the above observations. The peaks

Fig. 40.7 Gas sensitivity (a) and response/recovery times (b) vs intensity of the UV irradiation

used for a post-growth treatment for 30 min

398 D. Tsiulyanu and A. Moraru



10
00

20
00

30
00

40
00

50
00

60
00

70
00

80
00

90
00

1000

50
100

2000300040005000
60007000

8000
9000

[n
m

] [nm]

[nm]

Fig. 40.8 AFM images of as-prepared (a) thin (110 nm) and (b) ultrathin (30 nm) Te films

Fig. 40.9 SEM micrographs (a, b) and XRD diffraction pattern (c, d) of thin (110 nm) and

ultrathin (30 nm) tellurium films, respectively

40 Nanocrystalline Tellurium Films: Fabrication and Gas Sensing Properties 399



corresponding to hexagonal Te (shown by dotted lines) were not found, indicating

the amorphous state of the films.

Current transient characteristics for these films are depicted in Fig. 40.10a, b.

Squared pulses of NO2 vapor were applied. The dotted line gives the switching

schedule. Figure 40.10a shows the current flow through a thin (~110 nm) tellurium

film under repeated switching the NO2 gas mixture at constant bias voltage, room

temperature (25 �C) and a relative humidity of 32 %. Humidification of the carrier

gas was accomplished using a saturated solution of CaCl2 in water, while a

platinum resistive temperature detector PT-100 close to the sensor served as a

temperature controller. It can be seen that the current follows the schedule showing

the usual behavior: an increase of the concentration from 0.5 to 1.0 ppm NO2 results

in an increasing of the current. The recovery time is longer than the response time,

which is only a few seconds. There is also a noticeable baseline drift.

Figure 40.10b illustrates the transient characteristics of the gas-induced current

in an ultrathin (~30 nm) film on exposure to various concentrations of NO2

according to the profile shown by the dotted lines at the bottom. In this film

transition from 0.5 to 1.0 ppm NO2 surprisingly results in a decrease of the current,

i.e. a damping of the sensitivity induced by the high NO2 concentration takes place.

Figure 40.11 depicts the sensitivity versus gas concentration in the range 0.15–

0.5 ppm NO2 (limited by our experimental set-up). It can be seen that in these limits

of NO2 concentrations the sensitivity of the sensor is near linearly damped with

increasing gas concentration.

The concentration-induced damping of the sensitivity, i.e. the decrease of the

conductivity may be due to a nitrogen dioxide catalytic gate created since the film

surface may be NO2 covered in excess [20]. The initial reactions for different

concentrations of nitrogen dioxide take therefore place on different types of sur-

faces. Moreover, it seems that during the transient the switching phenomenon

predicted by Lundström [20] occurs (Fig. 40.10b), where one type of coverage is

rapidly transformed to another.

Fig. 40.10 Transient characteristics of gas-induced current by exposure of Te films to various

concentrations of NO2 according to the profile shown as dotted lines at the bottom. The film

thicknesses were (a) 110 nm and (b) 30 nm
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From our experiments it follows that the other factors determining the damping

effect are the thickness of the film and its phase/structural state (or compactness).

SEM and XRD spectra show the tellurium films, physically grown in the present

work by high rate thermal deposition in vacuum on glass substrates, to be amorphous.

This is obviously due to the increase the of pressure of the tellurium vapor in the

substrate area, which lowers the lifetime of atoms migrating on the substrate surface

before being trapped in a suitable position with a minimal surface energy. The density

of tellurium films strongly increases with the deposition rate; for deposition rates

larger than 8,6 nm/s the density does not depend on the film thickness [18]. As in the

present work the Te films were prepared with much higher rates (~ 30 nm/s) they

definitely should be regarded as compact layers. In such a layer, the current flows

through two parallel channels [17]: (a) the surface channel, which is strongly affected

by the gas reaction, and (b) the bulk channel, in which the gas reaction is controlled

by diffusion processes. Electrically this means two parallel resistors Rs (surface) and

Rb (bulk) differently affected by the pollutant gas in question, although the micro-

scopic mechanism of the gas interaction may be the same. Obviously, the bulk

channel can be removed by reducing the film thickness to the nanoscale (<30 nm).

In such a case, the reaction sites of the film are fully involved in the sensing response

even at very low concentrations of nitrogen dioxide. An excess of NO2 results in the

formation of a catalytic gate that damps the sensitivity.

40.5.1 Work Function Operating Gas Sensors

The work function operating gas sensitive devises exhibit a good stability as the

sensitive layer is not electrically treated; that is, in contrast to conductive sensors,

electromigration cannot take place. The ability of a sensitive layer to be used in a

work function operating devise can be tested with the Kelvin probe method, which

is based on detection of the ac current induced in a dc voltage supplied circuit by a

mechanical change of the capacitance value of a capacitor. The capacitor plates

Fig. 40.11 Sensitivity of an

ultrathin Te sensor vs. NO2

gas concentration
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consist of two materials; one is a reference material and other the material for which

the work function has to be evaluated during the adsorption process. The current in

such a circuit is given as:

I tð Þ ¼ dQ

dt
¼ d

dt

�
V0 � ΔΦð Þ�C ¼ V0 � ΔΦð Þ dC

dt
ð40:1Þ

were ΔΦ is the work function difference between the two materials.

The Kelvin probe equipment usually consists of a gold grid reference electrode,

oscillating by a piezoelectric transducer normal to the sample surface. In the present

work, a commercial Kelvin probe (Besocke GmbH, Julich, Germany) was used for

the work function measurements. Its gold grid reference electrode oscillates at a

frequency of about 170 Hz. By use of this technique, the relative change of the work

function ΔΦ of the tellurium films was measured in the presence of a carrier gas

(ambient air with different degree of humidification) and during exposure to a vapor

with different concentration of pollutants:

ΔΦ ¼ Φvapour �Φair ð40:2Þ

where Φair and Φvapour are the work functions of the sensitive film measured in air

and in the presence of the vapor of interest, respectively.

40.6 Effect of NO2 and Water Vapor. Cross Sensitivity
to Other Gases

Figure 40.12 shows the work function variation ΔΦ on exposing a Te thin film to

different concentrations of nitrogen dioxide. The measurements were performed

with repeated on/off switching of the NO2 gas mixture. The dotted line gives the

switching schedule.

Fig. 40.12 Work function

variation of a tellurium

layer exposed to NO2

according to the profiles

shown at the bottom
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It can be observed that the NO2 vapor results in an increase of the work function

of the tellurium film, but after switching off the pollutant gas, the ΔΦ curves return

to their initial position. A NO2 gas concentrations of 1.9 ppm lead to an increase of

the work function by about 120 mV.

Such a remarkable response makes tellurium films attractive to be used as basic

functional elements in gas sensitive field-effect transistors (GSFET) for the detec-

tion low concentrations of nitrogen dioxide, which is a highly toxic gas released by

combustion, plants, automobiles etc. However, this application requires a low cross

sensitivity to other possible harmful or toxic gases from the environment as well as

to humidity. That is why we have investigated the work function variation exposing

Te films to sequence of pulses of different gases (NO2, CO, NH3, C2H5OH, H2S

et al.). Figure 40.13 depicts the results of the work function response to a number of

the species mentioned. It can be seen that the Te films manifest a strong cross

sensitivity to ammonia and humidity but low cross sensitivity to CO and ethanol.

The effect of water vapor was investigated in this work more detailed.

Figure 40.14 shows the temporal evolution of the work function as the surface of

a Te layer is exposed to air with different relative humidities. An increase in the

humidity of the carrier gas (air) leads to a nonmonotonic increase of the work

function variation (ΔΦ> 0). Saturation occurs for applied relative humidities

higher than 45 %. The work function change ΔΦ is very high, reaching approxi-

mately 200 mV. The response and the recovery timeτ90 are only a few minutes.

40.7 Mechanism of Gas Induced Work Function Variation

The contact potential difference (CPD) measured in the present work vs. a vibrating

gold grid reference electrode is

Fig. 40.13 Response of a

Te film towards different

gaseous pulses. The species

and their concentrations are

indicated in the picture
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CPD ¼ Φ�ΦAuð Þ=e ð40:3Þ

where Φ is the work function of the sample, ΦAu the work function of the gold

grid reference electrode, and e is the elemental charge. On the other hand, the work

function value in a semiconductor material is the sum of several terms:

Φ ¼ μþ ϕ0 þ φ ð40:4Þ

where μ is a bulk chemical potential, ϕ0 is the surface dipole potential and φ is the

(eventual) band bending. Considering gold as an inert reference material, the work

function variation ΔΦ due to gas adsorption can be caused by variation of ϕ0 or/and

φ of the Te film, which depends on the nature and number of adsorbed particles,

whiles μ is independent on adsorption, being determined by the nature and state

(nature and concentration of impurities, temperature, etc.) of the semiconductor,

that is,

ΔΦ ¼ Δϕ0 þ Δφ ð40:5Þ

Consequently, it is necessary to additionally investigate the presence of either

ϕ0 or /and φ contributions in to the work function variations caused by gas

adsorption.

The investigation of influence of nitrogen dioxide or/and water vapor adsorption

on the electrical conductivity can help to determine the possible contributions of

band bending or of a surface dipole potential to changes of ΔΦ, which cause CPD

variation. Above (Fig. 40.3) it was shown that the current flow through a tellurium

film exposed to NO2 increases when the gas is applied and depends on its concen-

tration. Thus, the adsorption of NO2 results in an increase of both the work function

Fig. 40.14 Work function variation for a sequence of pulses of humid air (15, 30, 45, 52, and 60 %

RH) for an operating temperature of 23 �C
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difference (ΔΦ> 0) and the electrical conductivity (Δρ> 0) of the films under

discussion.

As far as the influence of water vapor is concerned, the film behavior is

particular. Earlier, we have shown [10] that the humidity decreases the electrical

conductivity of the film. A relative humidity of 58 % in air at 23 �C diminishes the

conductance of the film by ~ 15 % in approximately 45 min. Thus, the effect of

water vapor on the electrical conductivity appears to be opposite to that of nitrogen

dioxide: the adsorption of water vapor leads also to an increase in the work function

change (ΔΦ> 0) but diminishes the electrical conductivity of the film (Δρ< 0).

Note, that the humidity response of the sensor heated to 70 �C becomes

negligible [10].

Such a behavior can be understood by considering the peculiarities of tellurium,

which belongs to so-called lone-pair (LP) semiconductor materials [21]. The main

feature of lone-pair semiconductors is that the upper part of the valence band is

formed by p-state lone-pair electrons. If the network of a LP glassy or crystalline

semiconductor contains defects, such as unsaturated chemical bonds (dangling

bonds), an interaction between these defects and lone-pair electrons takes place.

The dangling bonds interact with a neighboring lone-pair, bond to it and distort its

environment (Fig. 40.15a). This interaction results in the formation of lattice

defects and release about 1013–1015 holes/cm3, which causes p-type conductivity.
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Fig. 40.15 Model of the dangling bonds – lone pair electrons interactions and the surface state

bands at the tellurium surface, before (a, b) and after (c, d) adsorption of acceptor-like gas

molecules (NO2)
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Since the maximum concentration of dangling bonds is situated on the surface, a

hole enriched (accumulation) region is formed there; as a consequence the, the

bands bend up (Fig. 40.15b). This region includes also the grain boundaries. In this

respect, the gas sensing is due to variation of hole density or/and their mobility in

the accumulation region (surface and grain boundary) in the presence of gaseous

media.

When a tellurium film is exposed to a gaseous environment adsorption of gas

molecules takes place, which can create either donor or acceptor levels. As far as

the adsorption of nitrogen dioxide is concerned, its molecule possesses an odd

electron [22]; that is, after covalently bonding of the nitrogen to the oxygen, one of

the atoms remains with a single unpaired electron. Being adsorbed on the surface of

the Te (grain) surface, the NO2 molecule acts as a dangling bond (Fig. 40.15c)

which can accept a LP electron to form an electron pair via the reaction:

NO2 þ e� ! NO�
2 þ h ð40:6Þ

Thus, the capture of a LP electron, i.e., the transition of an electron from the

upper part of the valence band to a NO2 acceptor level is accompanied by the

release of an additional hole at the surface. As a result, both the band bending (φ)
and electrical conductivity ρ increase (Fig. 40.15d), which gives rise to an increase

of the work function (ΔΦ> 0) and the dc current, which is indeed observed in

experiments. It is obvious that chemisorption of others gases implies other surface

reactions, which can lead either to an increase or a decrease of the majority carrier

density in the grain boundary region and hence to an increase or a decrease of the

work function and conductivity of the film. In fact, the response of tellurium films to

ammonia was shown [13] to result in a reduction of tellurium oxide atoms present

on the surface and the intergrain regions, which also act as acceptors. Note that in

this experiment the influence of the dipole component of the work function, which

can arise from the existence of an electrical double layer at the surface, does not

manifest itself evidently. Therefore, the potential drop across such a possible

double charged layer is omitted in Fig. 40.15d.

On the other hand, an electrical double layer can be easily created and controlled

by the adsorption of dipole molecules such as water. The water increases the work

function change (ΔΦ> 0) but diminishes the electrical conductivity of the film

(Δρ< 0) which can be related to the peculiarities of water molecules. It is well-

known that a water molecule is an unusual molecule. Being threefold coordinated,

it exhibits a high dipole moment (15 � 10�30C �m). As a H2O molecule approaches

the surface of a positively charged tellurium film, it rotates and orientates its dipole

moment perpendicular to this surface with a negative pole inward.

At the same time, the free lattice hole becomes more and more localized at the

point of the surface that water molecule approaches, and a very weak bond due to

electrostatic polarization forces is formed. Localization of these free holes

diminishes the electrical conductivity of the film; that is, the opposite as in the

case of NO2 can be observed. Figure 40.16a, b schematically illustrate how a

decrease of the conductivity and an increase of the work function are produced
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by surface hole localization resulting from the preferential alignment of the water

dipoles.

40.8 Conclusions

Due to its special chemistry and physical properties, nanostructured tellurium

becomes one of the most attractive functional materials in advanced sensor tech-

nology. They are very suitable for the development of both conductive and work

function room temperature operating gas sensitive devices, with short response/

recovery times and a good sensitivity in the ppm and sub-ppm concentration range.

The phase/structural state and the thickness of the Te films control the adsorption/

desorption processes and the basic parameters of gas sensitive devices. In ultra thin

telluriumfilms a concentration increase of gaseous analyte damps the sensitivity, which

should be taken into consideration in the development of gas sensors.

The NO2 sensing mechanism involves “strong” chemisorption, which results in

increasing of both work function (band bending) as well as the electrical conductivity

of the films.

The effect of water vapour is due to simple physical adsorption of dipole

molecules, accompanied by an increase of the potential drop across the electric

dipole layer, which results in an increase of the work function as well, but the

electrical conductivity of the film decreases, due to hole localization at the

surface.
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Fig. 40.16 Formation of an electric double layer by water physisorption (a) and its effect on the

work function (b)
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Chapter 41

Technology for a Highly Sensitive Sensor
System Based on Competing Modes
in Semiconductor Lasers

S. Blom, J. Shreshta, N. Storch, J. Sonksen, and H. Hillmer

Abstract A semiconductor laser-based optical sensor concept is presented which

allows the implementation of highly sensitive measurement systems to monitor

trace gases. The sensors are based on a highly sensitive detection principle that uses

mode degeneracy in dual mode lasers to enhance the sensitivity of the sensor

system. Fiber based macroscopic set-ups to prove the concept are presented includ-

ing first measurements with liquids showing a direct sensor response for propofol.

The influence of the mode intensity ratio on relative intensity noise (RIN) is shown

which enables RIN as a suitable readout method.

Keywords Sensor • Tunable laser • Intracavity Laser Absorption Spectroscopy

(ICLAS) • Mode competition • Relative Intensity Noise (RIN)

41.1 Introduction

To maintain constant high quality in modern industrial applications requires precise

knowledge of any physical parameter involved in a fabrication process. Also

in many medical applications it is necessary to detect trace gases to ensure the

health of patients. As a non contaminative system to detect trace gases in many

application fields, optical spectroscopy has shown great potential.

Many techniques specially tailored for high sensitivity have been invented,

i.e. opto thermal spectroscopy [1], multi-reflection cells [2, 3], cavity ring down
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spectroscopy [4] and intra cavity laser absorption spectroscopy (ICLAS) [5]. The

ICLAS principle is the most sensitive approach from these methods due to the

exploitation of multi mode competition. The exploitation of a multimode laser leads

to the necessity of costly and highly complex readout methods. The use of a single

mode laser for ICLAS allows a cheap and fast readout but limits the sensitivity due

to the missing mode competition.

A suitable solution for a cost effective and highly sensitive device is an ICLAS

setup that operates with two modes. Such a setup would also benefit from the mode

competition [6]. The high cost and complexity of an optical readout is significantly

reduced by using an electrical readout by means of relative intensity noise (RIN)

[7]. The main idea [8] is to have a laser setup that operates with two modes in

degeneracy by using two independent operation currents to influence the tuning

mechanisms (e.g. plasma effect and thermal tuning).

The sensing process is separated in two steps: (i) without a fluid or gas in the

system the two modes are tuned over a spectral range of a few nm while keeping

both modes in degeneracy. This step gives the precise relation of the two indepen-

dent operation currents to keep the mode degeneracy for each reached spectral

position. In step (ii) the liquid or gas is added to the system and the currents are

varied again in the same way. By this a characteristic deviation from the mode

degeneracy is recorded which is based on the characteristic of the absorption

fingerprint of the fluid or gas. The optical absorption of a liquid or gas is changing

the gain profile of the system by spectral hole burning. The information about the

special absorption and the concentration of the fluid or gas inside the system is

included in the side mode suppression ratio (SMSR).

41.2 Results

A first fiber based setup (see Fig. 41.1) was implemented to proof the concept of the

idea. The system consists of a fixed 50/50 optical fiber coupler, a semiconductor

optical amplifier (SOA), loop mirror, optical spectrum analyzer (OSA) and two

tuneable Fiber Bragg gratings (FBG). These components are grouped to form a

laser resonator with two Fabry-Pérot cavities sharing a common active medium.

This initial setup had some major disadvantages by means of low SMSR, low

output power and no tuneability of the two lasing modes. To overcome these

problems the FBG’s were arranged in a serial configuration, and tunable optical

fiber couplers were added to the setup (see Fig. 41.2).

This setup can be described as a laser (loop mirror – FBG 1) with an additional

external cavity (FBG 2). The two variable couplers enable a mode degeneracy at

all possible wavelength by adding broadband losses to the associated cavity. In a

last improvement step a collimation range has been implemented in the setup

(see Fig. 41.3) to enable the introduction of a test substance in the resonator and

optical isolators to inhibit back reflections.
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The FBG’s are placed on metal blocks that can be heated to change the Bragg

wavelength. By this mechanism the system can emit a two mode spectrum within

the operation range of the FBG’s between 1,541 and 1,545 nm with a SMSR of

55 dB and a FWHM <0,06 nm [9]. The impact of the changes is illustrated in

Fig. 41.4 were (b) shows the spectral output of the setup in Fig. 41.3 compared to

Fig. 41.1 First fiber based setup. Two FBG’s in parallel with a 50/50 optical fiber coupler

Fig. 41.2 Improved setup with two FBG’s in series and two variable optical couplers to control

the mode intensity ratio by adding broadband losses to the according cavity

Fig. 41.3 Setup for proof of concept with an implemented collimation range to introduce absorber

in the cavity and isolators to prevent back reflections
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(a) the spectral output of the setup in Fig. 41.2 without using the variable couplers to

maintain mode degeneracy.

After a holder for liquid cells was implemented in the setup measurements with

propofol were performed in different solvents at different mode spacings to eval-

uate the impact of the mode separation on the detection. Figure 41.5 shows

normalized output spectra of the laser system for different propofol concentrations

with (a) 1 nm mode spacing and (b) 0.5 nm mode spacing.

Both measurements start at mode degeneracy without propofol. Adding propofol

results in a decrease of the outer mode (corresponding to FBG 2). The sensor system

responds directly to the targeted test substance.

To use RIN as sensor readout the intensity ratio between the two modes needs to

be related to the RIN spectra. Figure 41.6 illustrates the measured RIN spectra at

Fig. 41.4 Output spectrum showing the tuning capability of the setup with (a) usage of variable
optical coupler to keep mode intensity equal and (b) without tuning the variable optical couplers to
maintain mode degeneracy

Fig. 41.5 Normalized output spectra of the setup with absorption from propofol with

dichloromethane (DCM) as solvent as solvent for two different mode spacing’s (a) 1 nm and

(b) 0.5 nm
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Fig. 41.6 (a) RIN spectra of the setup for different mode intensity ratios. (b) The corresponding
optical output spectra
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different mode intensity ratios for the setup shown in Fig. 41.3. Changing the mode

intensity ratio from degeneracy (see Fig. 41.6: D) results in a direct change of the

RIN spectra. Further measurements have shown that the mode spacing has no

influence on the average RIN. This means that the sensor can operate at the smallest

possible mode spacing to achieve the highest sensitivity without influencing the

usability of RIN for the read out of the intensity ratio.

41.3 Conclusions

The influence of the modes intensity ration on RIN has been shown making RIN a

suitable and cost efficient tool for the read out. The system reacts directly on

Propofol in the resonating cavity. The sensor response depends up on the mode

spacing which indicates the influence of mode competition. These results show that

the concept of using a two mode laser with RIN as readout is valid.
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Chapter 42

Development of Nanocomposite
Alpha-Detectors Based on Silica Matrices
and Organic Scintillators

V.V. Seminko, A.A. Masalov, O.G. Viagin, I.I. Bespalova, L.I. Voloshina,
O.V. Zelenskaya, V.A. Tarasov, and Yu. V. Malyukin

Abstract New materials based on highly-porous SiO2 matrices with incorporated

molecules of organic scintillators (POPOP, PPO) were fabricated. The composite

scintillators are characterized by decay times in the nanosecond range, a high

transparency in the visible region (about 70 %) and an intensive photolumi-

nescence. At excitation by 5.46 MeV alpha particles the light yield of SiO2

(POPOP, PPO) was equal to 4,400–5,100 photon/MeV, the resolution was

27–32 %.

Keywords Scintillators • Nanocomposites • Silica

42.1 Introduction

Recent developments of the scintillation technique have shown a number of

principal limitations of bulk crystals as detectors for ionizing radiation [1–5]. So,

one of the most important challenges of modern high-energy physics is to find an

alternative to the extremely expensive production of bulk scintillators and to obtain

commercially available and low resource demanding materials with a high effec-

tiveness for the detection of ionizing radiation. To overcome the restrictions of bulk

scintillators nanodispersed materials (nanocrystals, thin films, nanocomposites) can

be used [2–5]. As the low resource demand of the methods to fabricate such

materials, the simplicity to produce such systems allows to consider these systems

as a perspective material for soft X-rays and charged particles registration.

For the most practical applications of scintillating nanocrystals, an assembly to

bulk detectors is required. This assembling can be achieved by sintering of
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nanopowders to high-dense ceramics, but also by incorporation of nanocrystals into

various porous matrices.

The interest for porous inorganic compounds obtained by sol-gel method

has sufficiently grown recently. The high pore concentrations obtained in such

materials allows the incorporation of different scintillating and luminescent addi-

tives [6, 7]. Sol-gel matrices also possess a wide range of transparency, high

mechanical durability and chemical stability. As was shown in [8], the

photostability of organic luminophors in silica matrices is higher than that in

solutions and polymer matrices.

In our work we have used silica matrices as a base for the creation of

nanocomposite scintillation materials. As scintillation additives, well-known

organic scintillators widely used for creation of alpha detectors, namely POPOP

(1,4-bis(5-phenyloxazol-2-yl) benzene) and PPO (2,5-diphenyloxazole) were used.

42.2 Experimental

The SiO2 matrices were synthesized according to the following method

[9]. To 3.15 ml of methanol (CH3OH) 3.75 ml of tetramethoxysilane (TMOS)

were added, the resulting mixture was stirred for 5 min. Then 4.5 ml of distilled

water were added to the mixture which was again stirred. To increase the rate of

hydrolysis, 0.525 ml of hydrochloric acid were added. The mixture obtained was

poured to Petri dishes of 35� 10 mm and sealed. The process of gel formation took

24 h, followed by drying at 45 �С during for 5 days. Annealing of the dried samples

took place at 250 �С, 500 �С and 750 �С with 60 min exposure at each temperature.

The samples obtained were transparent colorless disks with a diameter of 20 mm

and a thickness of 1 mm (Fig. 42.1a).

According to XRD (Fig. 42.1b) and AFM (Fig. 42.1c) the silica matrices had

an amorphous structure and consisted of sintered spherical nanoparticles with

average sizes of 35 nm. Density and porosity of the silica matrices determined by

Fig. 42.1 (a) SiO2 matrix, (b) XRD of the SiO2 matrix (c) AFM image of surface of SiO2 matrix
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the method of hydrostatic weighing were 1.40 g/cm3 and 54 vol.%, respectively.

The average value of the microhardness was 170 kg/mm2, which is practically two

times higher than the values reported by different authors [10, 11].

The incorporation of organic scintillators was performed by impregnation of the

silica matrices. Two series of PPO and POPOP solutions in toluene with concen-

trations of 0.1 mass.%, 1 mass.% and 10 mass.% were prepared. The matrices were

placed in solutions for 2 h, 24 h and 48 h, then they were dried at 50 �С until the

mass was constant. Experimentally it was shown that the most intensive lumines-

cence is observed for matrices with about 4 mass.% of the activator.

Optical transmission spectra were measured by means of a spectrophotometer

SPECORD 200 (Analytik Jenа, Germany). Luminescence spectra were registered

by a spectrofluorimeter based on a grating monochromator. Luminescence was

excited by a He-Cd laser (325 nm). Decay curves were measured by means of a

picosecond spectrofluorimeter FluoTime 200 (PicoQuant, Germany), as excitation

source semiconductor laser with wavelength of 330 nm was used.

Pulse height spectra were measured by means of standard spectrometric path,

consisting of preamplifier, linear amplifier and multi-channel pulse-height analyzer.

As a photodetector R1307 (Hamamatsu, Japan) photomultiplier tube (PMT)

was used. scintillations were excited by alpha-particles with energy of 5.46 MeV

(238Рu source).

42.3 Results

In Fig. 42.2 optical transmission spectra (a), luminescence spectra (b), and

luminescence decay curves (c) of obtained composite scintillators are shown.

The pure SiO2 matrix is transparent from 250 to 700 nm, while the transmission

at 450 nm is about 85 %. For SiO2:PPO and SiO2:POPOP, the edge of fundamental

absorption shifts to 370 nm and 420 nm, respectively; and the transmission at

450 nm is about 75 %. The luminescence spectra of SiO2 matrices consist of

wide intensive bands with peaks at 415 nm for SiO2:PPO and at 485 nm for SiO2:

POPOP (Fig. 42.2b). The luminescence spectra of the organic scintillators in SiO2

matrix are red-shifted as compared with spectra of the same scintillators in toluene

(~30–35 nm). Such a shift was previously observed for composite materials and

is connected with a change of microenvironment of molecules in the pores

[12, 13]. The decay of the photoluminescence lies in the nanosecond range; the

decay curves are well fitted by the sum of two exponents (Fig. 42.2с, Table 42.1).
In Fig. 42.3 pulse height spectra on excitation of the nanocomposites by alpha-

particles (5.46 MeV) are shown. Both spectra are symmetrical and have a typical

gaussian form. The symmetry of spectra indicates a low dependence of the pulse

height on the position of scintillation, so the activator is distributed uniformly

within the volume of the silica matrix. The pulse height resolution R was about

27 % for SiO2:PPO and 32 % for SiO2: POPOP (Table 42.1).
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One of the main characteristics of a scintillator is the absolute light yield (the

number of photons emitted per 1 MeV). The absolute light yield of the composites

obtained was determined by calculating the number of scintillation photons from

number of photoelectrons collected on the anode of the PMT [14]. the light

collection coefficient in scintillators was determined by means of mathematical

Monte Carlo simulations [15], taking into account the optical properties of the

Fig. 42.2 (a) Transmission spectra: 1 – SiO2 pure, 2 – SiO2:PPO, 3 – SiO2:POPOP, (b) Lumi-

nescence spectra (λexc¼ 325 nm): 1 – SiO2:PPO, 2 – SiO2:POPOP, (c) Decay curves

(λexc¼ 330 nm): 1 – SiO2:PPO, 2 – SiO2:POPOP

Table 42.1 Characteristics of obtained composite scintillators: edge of fundamental absorption

(λFA), maximum of luminescence spectrum (λem), decay times (τ1; τ2), energy resolution (R) and

absolute light yield (Nph)

Sample λFA [nm] λem [nm] τ1; τ2 [ns] R [%] Nph [photon/MeV]

SiO2: PPO 370 415 2.1; 8.2 31.6 4,400

SiO2: POPOP 420 485 2.2; 6.1 27.3 5,100

Fig. 42.3 Pulse height

spectra of composite

scintillators at excitation by

alpha particles

(Eα¼ 5.46 MeV).

Experimental data are

shown by dots, the gaussian
fitting by solid lines. 1 –

SiO2:PPO, 2 – SiO2:POPOP
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composites (refraction and reflection coefficients) and also the experimental

conditions (absence of a reflector, no optical contact of the sample with the PMT,

penetration depth of alpha particles) and was determined to be equal to 0.14 for both

samples. Thus, the values of the absolute light yield are equal to 4,400 photons/

MeV for SiO2:PPO and 5,100 photons/MeV for SiO2:POPOP (Table 42.1).

42.4 Conclusions

Composite samples obtained by incorporation of PPO and POPOP to porous SiO2

matrices possess a high intensity of photoluminescence, a relatively high transpar-

ency in the visible region and a decay in the range of nanoseconds. However,

the light yield of the samples is rather low. Probably, this is connected with the

presence of non-radiative relaxation channels of high energy excitations in the

matrices. A determination of the nature of quenching in such composites would

allow to optimize the synthesis technology and to improve the scintillation param-

eters. Also the field of application of the composites obtained can be extended by

incorporation of ions with high thermal neutron cross-sections (such as Gd, B, Li,

Cd) that will make possible its application as neutron detectors.
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Chapter 43

Nanoparticles Containing a Copper
Chelator: A Possible Instrument
for Radiation Protection

V.V. Vasilieva, M. Alyakov, and M.D. Apostolova

Abstract Nanotechnologyisconsideredasanemerging technologywithgreatpotential

in awide range of applications. In addition to various industrial uses, several innovations

are foreseen in biotechnology, medicine and medical technology. The application of

nanotechnology to medicine also provides an innovative approach that can enhance the

effectiveness of radiotherapies or radioprotection. The aim of the present study was to

investigate the radioprotective effect of neocuproine-nanodiamond nanoparticles on

gamma irradiated human hepatocellular carcinoma cells. We revealed a significant

increase in the radioprotection efficacy against gamma irradiation of HepG2 cells

pre-exposed to nanodiamonds or nanodiamonds-neocuproine nanoparticles. The results

showed that the protective effect of nanoparticles is connected with decreasing free

radicals released during the irradiation and with cytokinesis-blocked micronucleous

formation, does protecting cells from cyto- and genotoxic effect of gamma irradiation.

Keywords Nanodiamonds • Neocuproine • Radioprotection • In vitro

43.1 Introduction

Nanotechnology is considered as an emerging technology with great potential in a

wide range of applications. In addition to various industrial uses, several innovations

are foreseen in biotechnology, medicine and medical technology. Manufactured
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nanoparticles can have physicochemical characteristics and coatings that give them

unique electrical, thermal, mechanical, biochemical, and imaging properties. The

application of nanotechnology to medicine also provides an innovative approach that

can enhance the effectiveness of radiotherapy [1] or radioprotection [2, 3]. Targeted

and non-targeted tissues and cells are, in general, damaged along an indirect pathway

during radiation treatment and exposure as a result of the production of free radicals

[4]. Radiation also interacts with other atoms or molecules in the cell (particularly

water) to produce different reactive oxygen species (ROS) that are able to diffuse

over distances sufficient to interact with, and cause damage to, critical targets –

enzymes, proteins, peptides, lipids, membranes and DNA [5].

The free radicals formed during water radiolysis include *O-O*, H*, O*, and

HO*. They are highly reactive, very short-living species, which may kill or seriously

damage any cells and lead to serious long-term injury such as cancer [5]. In addition,

some free radicals can interact with each other to form oxidizing species such as

H2O2 or other peroxides that may also cause tissue damage. It is generally assumed

that DNA damage, mediated by hydroxyl radicals (HO*) that are formed by radio-

lytic cleavage of water, is responsible for cell death caused by ionizing radiation.

Superoxides exert their toxicity through their ability to reduce metal ions in vivo,
for example Cu(II) to Cu(I) and to form OH* radicals which combine to form toxic

H2O2. Copper (I) and copper (II) are also highly reactive microelements and cofactor

of many enzymes, transcription factors, and intracellular mediators which can react

with various cell signal pathways [6]. When the levels of Cu are slightly above the

normal physiological amounts, it can be toxic. Because of Cu reduction properties

expressed in vivo, copper ions maybe the cause of most oxidative damage, resulting

in the generation of ROS by the action of various factors, including ionizing radiation

(IR) [7].

Metal chelators were also found to alter metal catalyzed oxidation. Copper or iron

atoms that are close to DNA can interact with highly diffusible, but weak free radicals

H2O2 in metal-catalyzed Fenton/Haber–Weiss type reactions to produce OH*-/O2*-

mediated DNA damage, strand breaks and DNA mutations [8]. On the other hand,

chelating agents may protect DNA from hydroxyl radicals and prevent damage of

enzymes which are responsible for the enzymatic DNA repair system [8].

Neocuproine (NeoC) is a membrane permeable Cu(I) specific chelator. It is

frequently used as a protective agent against oxidative stress caused by Cu

[9]. This chelator suppress thermally induced H2O2 production. The influence of

NeoC on the H2O2 production upon heating indicates that copper ions are predom-

inant electrondonors leading to superoxide anion formation from singlet oxygen

[10]. It has also been shown that in lymphocytes NeoC can inhibit DNA degrada-

tion, indicating that a copper redox cycle and reactive oxygen generation are two

major determinants involved in DNA damage caused by gamma radiation [11].

In an effort to combat the harmful effects of radiation, various nanoparticles

and/or free-radical scavengers have been tested for their ability to protect normal

cells and tissues [12]. Composites containing nanodiamonds (NDs) can enhance

mechanical properties, provide improved bonding of certain biological materials,

and protect subjects from ultraviolet (UV) radiation [13]. NDs can also reduce and

prevent the formation of free radicals. It was established that oral administrations of
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NDs in suspension to rats before x-ray exposure or gamma irradiation reduce

radiation sickness and manifestations of the gastrointestinal syndrome, and signifi-

cantly decrease the mortality, thus possessing a possible radio-protective effect [14].

In this study we have explored the ability of ND and NDNeoC nanoparticles to

protect DNA from the damages caused by gamma irradiation.

43.2 Experimental

43.2.1 Production and Modifications of Nanodiamonds

NDs were produce, purified and characterized according Ivanova

et al. [15]. Neocuproine hydrochloride hydrate and all chemicals used were

obtained from Sigma.

The synthesis of NDNeoC was achieved as follows: NDs with average sizes of

3–7 nm produced by the detonation method [15] were used in the chemical

synthesis illustrated in Fig. 43.1. At first, NeoC was functionalized at the

5-position via bromination. It was carried out with bromine in the presence of

fuming H2SO4 (min 20 % SO3). Replacement of the bromine with a 4-aminophenil

linking group was successfully achieved via Suzuki coupling with

Fig. 43.1 Synthesis scheme for modified neocuproine (mNeoC, a) and nanodiamond-neocuprone

(NDNeoC, b)
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4-aminophenylboronic acid (Fig. 43.1a). The modified NeoC (mNeoC) was then

chemically immobilized onto the surface of ND particles using a zero-length

crosslinker 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC,

Scheme 1). In details: 0.5 g of mNeoC dissolved in 20 ml of 2-(N-morpholino)

ethanesulfonic acid (MES) buffer (pH 6.5) was mixed with 0.15 g of ND dispersed

in 30 ml of MES buffer and sonicated for three cycles of 5 min with a cell disruptor

(W-375, Ultrasonics Inc., USA). The dispersed solution was than mixed with 0.35 g

of N-hydroxysuccinimide (NHS) followed by the addition of 0.30 g of EDC

(Fig. 43.1b). Following the adjustment of the pH to 6.5 by 1.0 M NaOH, the

solution was agitated at 4 �C for 30 min. The reaction mixture was agitated at

4 �C for another 12 h; then the produced NDNeoC was centrifuged and rinsed

repeatedly with deionized nanopure water until the supernatant approaches a

neutral pH.

43.2.2 Fourier Transform Infrared Spectroscopy

The functional groups of the sample surface, before and after the different modi-

fications, were registered by Fourier transform infrared spectroscopy (FTIR). The

spectra were obtained with a micro FTIR spectrometer (TENSOR 37, Bruker).

43.2.3 Dynamic Light Scattering

For all nanoparticles studied dynamic light scattering (DLS) was used to evaluate

the dispersion quality. The particle size distribution was determined at 657 nm and

90� with a Dynamic Laser Scatter Bi-90 plus equipped with a correlator and an

avalanche photo detector (Brookhaven Instruments Corporation, USA). Data were

analyzed using the BIC Particle sizing Software version 5.23. Samples were

measured at 37 �C in 4 ml disposable polystyrene cuvettes following different

dilutions in a cell culture medium. For calculations of the hydrodynamic size, a

refractive index of 2.41 for NDs and standard properties for H2O and the solvents

were used. The measurements were performed in triplicate (one run consists of

three cycles of 3 min).

43.2.4 Cell Culture and Treatment

The human hepatoma HepG2 cell line (ATCC, HB-8065) was cultured in DMEM

(Dilbecco’s Modified Eagle Medium, Applichem, Germany) supplemented with

10 % (v/v) fetal bovine serum (FBS, Lonza, Switzerland), penicillin (100 μg/ml),

streptomycin (100 μg/ml) and 4 mM L-glutamine (Lonza, Switzerland) at 37 �C in a
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humidified atmosphere of 5 % CO2 and 95 % air. The cells were routinely checked

for mycoplasma contamination, by DAPI staining (Roche Diagnostics, Mannheim,

Germany) and found free of it.

The cells (1� 105 cells/ml) were treated with different concentrations of NDs,

NeoC or NDNeoC in the complete cell culture medium 3 h prior to exposure to

irradiation.

43.2.5 Irradiation

A portable research irradiator GOU-3 M with 137Cs was used as a source of

irradiation at a dose rate of 0.03 Gy/s. After the cells were treated with NDs,

NeoC or NDNeoC, they were irradiated with 0, 1, 3, 5, 7 or 9 Gy. The cell viability

was determined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) colorimetric assay [16]. The MTT-formazan product was dissolved in

isopropanol and the absorption at 550/630 nm was measured on an ELISA plate

reader (Bio-Tek Instruments Inc., USA). The cytotoxic effect of the compounds

was expressed as percentage of viable cells with respect to the controls.

43.2.6 Colony Formation Assay

Immediately after the cell treatment or irradiation, the nonadherent cells were

removed, and the attached ones were seeded on 12-well plates with a density of

400 cells/cm2. Colony-forming units (CFU), defined as a central core of round cells

with a minimum of 50 sprouting cells at the periphery, were counted on day 9 after

staining with 0.5 % crystal violet.

The plating efficiency (PE) of the cell population was calculated by dividing the

number of colonies formed by the number of cells plated. The ratio of the PE for the

irradiated cells to the PE for control cells showed the fraction of cells that have

survived (SF) [17].

43.2.7 Micronucleus Assay

A micronucleus assay was performed following the OECD 487 protocol with the

application of Cytochelasin B (CytoB). The 5 μg/ml CytoB (Sigma) was added 6 h

after irradiation to block cells at cytokinesis. Following 48 h incubation period,

cells and supernatant were collected by centrifugation (800 rpm for 5 min) and fixed

with a solution containing methanol:acetic acid (3:1 v/v) with 1 % formaldehyde.

All procedures for cells preparation were in accordance to [18]. At the last step, the

cells were gently re-suspended, dropped onto wet clean glass slides and dried at room
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temperature. The slides were embedded in UltraCruz mounting media containing

DAPI (SantaCruz Biotechnology, USA). The slides were pictured with an Axiovert

200 M (Zeiss). Nuclei in close proximity with similar staining intensity, staining

pattern (distribution of eu- and hetero-chromatin), and of approximately the same

size were considered as originating from one cell and therefore scored. For scoring, the

modified criteria presented by [19] and the IAEA manual [20] were used.

43.2.8 Intracellular ROS Detection and Flow Cytometry

The HepG2 cells exposed to different concentrations of NDs, NeoC or NDNeoC

and the one irradiated were washed twice with 37 �C pre-warmed phosphate buffer,

trypsinized with trypsin/EDTA solution (Lonza) for 10 min, re-suspended in

DMEM at approximately 106 cells/ml and centrifuged at 800� g for 10 min.

Pelleted cells were re-suspended in corresponding cell culture media (500 μl) and
transferred into Eppendorf tubes. Each sample was incubated with 10 μM H2DCF-

DA solution (10 mM H2DCF-DA-Stock Solution, Invitrogen) for 30 min in the

dark. Following centrifugation at 800� g for 10 min the pellets were collected and

re-suspended in 0.5 ml ice cold phosphate buffer prior to analysis.

The samples were measured with a FACS Calibur flow cytometer (Becton

Dickinson, USA) equipped with the Cellquest software. The cell doublets were

removed by gating the left area of FL2-W/FL2-A plot for analyses. The green

fluorescence of DCF was monitored using a 525 nm long pass filter. For statistical

significance, 10,000 HepG2 cells were recorded. Non-stained cells also served as

autofluorescence control.

43.2.9 Statistical Analysis

The data were evaluated by analysis of variance (ANOVA) followed by Tukey’s
post-hock test. A F-test followed by an one-way Kruskal-Wallis test (unequal

variances) was applied to the data obtained from micronucleus test. Differences

in the results at the level of p< 0.05 were considered statistically significant.

The statistical analysis was carried out using the PASW 18.0 statistical software

package (IBM) for Windows.

43.3 Results and Discussion

In recent years, the complexity of some of the nanomaterials prepared has

necessitated the development of a variety of chemical-coupling procedures for

their modification. These procedures are also very useful in terms of efficiency
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leading to high yields and easily purified materials. In this paper we described a

simple method for modification of ND surfaces with NeoC, which can be used as a

radioprotector.

To confirm the introduction of NeoC onto the ND surface FTIR was performed.

A transformation of functional surface groups of ND during the synthesis of

NDNeoC was observed in the FTIR spectra as shown in Fig. 43.2. The absorption

peaks at 2,923 and 2,855 cm�1 in the ND spectrum correspond to asymmetric and

symmetric C–H stretching vibrations, respectively. The absorption peaks at 3,259

and 3,436 cm�1 corresponds to the O–H stretching vibration, while that at

1,118 cm�1 correspond to the O–H deformation vibration. It is also obvious that

NDs are rich in carboxyl surface groups as evident from the carbonyl stretching

vibration (1,721–1,730 cm�1) in Fig. 43.2. These surface groups were conjugated

with amines on mNeoC with the aid of EDC. After introducing mNeoC onto the

NDs, the obtained derivative (NDNeoC) is characterized by the appearance of a

strong signal at 1,608 cm�1 characteristic of aromatic C¼C vibrations, a strong

signal at 1,386 cm�1 characteristic of C-H bending, a signal at 1,688 cm�1 char-

acteristic of amid C¼O stretching, and a very broad signal N-H (amide) at 3,100–

3,600 cm�1 overlapping the O-H and C-H (stretching) signals in the same area. The

presence of all these bands is indicative for a covalent incorporation of NeoC onto

the NDs.

Since we aimed to test the radioprotective effect of NDs and NDNeoC in in vitro
studies by using a cell culture, it was very important to characterize the behavior of

Fig. 43.2 IR Spectra of ND and NDNeoC
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the nanoparticles in solution before further investigations. The characterization of

the nanoparticles (size, distribution, state of dispersion) was evaluated by DLS in

the cell culture medium used (DMEM with FBS) at 37 �C. It was observed that the

dispersion of the nanomaterials in the cell culture medium leads to a distribution

around a primary particle size (Fig. 43.3) with less than 5 % agglomeration within

the first 3 h following the preparation. Further incubation of these nanomaterials in

the cell culture medium (Fig. 43.3b, d) considerably increased the presence of

agglomerates. As seen in Fig. 43.3, ND and NDNeoC particles exhibited a similar

pattern by agglomerating to nearly the same size when dispersed in the medium.

The PdI values for each sample varied slightly within these 3 h and did not increase

significantly. Since the agglomeration raises concern when considering size- and

dose-dependent treatment of in vitro experiments, we decided to use only treat-

ments with ND or NDNeoC nanoparticles not longer than 3 h to avoid the effect of

agglomeration.

The next step in our investigation was to test the possible radioprotective effect

of both nanoparticles. For this reason, parallel cell viability assays on HepG2

pre-treated with NDs or NDNeoC for 3 h in combination with gamma irradiation

were conducted. MTT assays showed that treatment with NDs or NDNeoC for 3 h

Fig. 43.3 Hydrodynamic size-distributions in dispersions obtained with ND (a, b) and NDNeoC

(c, d) in complete cell cultured medium at 37 �C (n¼ 6). (a) and (c) represent the data obtained at
3 h, (b) and (d) show the results at 6 h after the preparation of the dispersions. PdI: polydispersivity

index
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did not have a toxic effect compared to the untreated control cells (Fig. 43.4a).

Since there is no cytotoxic effect of the nanoparticles studied within the concen-

tration range used, for all further investigations we selected the concentration of

250 ng/ml ND and NDNeoC. There was also no effect on the cell viability

following treatment with NeoC for 3 h in the concentration range of 0.075–1 μM
(data not shown).

Gamma irradiation of HepG2 cells treated with doses from 1 to 9 Gy lead to a

significant dose-dependent decrease of the cell viability, with LD50¼ 4.17 Gy

(Fig. 43.4b) at 24 h and LD50¼ 0.8 Gy at 72 h. The pretreatment of HepG2 cells

Fig. 43.4 Viability of HepG2 cells shown as percentage of the control following different

treatments. (a) 3 h after treatment with nanodiamonds (ND) or nanodiamond-neocuproine

nanoparticles (NDNeoC). The bars in (b) represent the cell viability at 24 h following 3 h

pretreatment with 250 ng/ml NDs or NDNeoC and the indicated radiation. Each data set is the

mean value of three independent experiments with the standard deviation shown. #: p< 0.05

compared to the control
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for 3 h with 250 ng/ml ND or NDNeoC has a significant protective effect on cell

survival 24 h after the irradiation (Fig. 43.4b).

To look for long lasting cytotoxic effects on HepG2 cells following irradiation

we performed a colonogenic assay. Cell survival factors up to 9 days following

irradiation were calculated using this assay. The technique used enabled any effect

caused by the presence of the nanoparticles and/or the irradiation to be observed

and quantified. The results show that HepG2 cells show a response varying with the

treatment dose (Fig. 43.5). It is evident that 250 ng/ml ND and NDNeoC exhibit a

protective effect to HepG2 cells when irradiated up to 5 Gy (Fig. 43.5). A higher

surviving fraction was observed in the presence of both nanoparticles relative to the

control sample for all doses. The radiosensitivity of HepG2 cells increases without

the presence of NDs or NDNeoC with a corresponding increase in the damage.

The observed cell damage was probably due to free radical formation. Several

studies have provided strong evidence for a link between irradiation with gamma

rays and subsequent generation of oxidative stress and cyto- and geno-toxicity.

Oxidative stress plays an important role in many types of cellular injury caused by

gamma irradiation, which resulted in DNA damage and apoptotic cell death. ROS

are chemical species which are produced by cellular oxygen metabolism, which

occurs via mitochondrial respirations [21–24]. To know the effect of NDs and

NDNeoC particle pretreatment on the oxidative stress produced following gamma

irradiation, we measured ROS generation using the H2DCF-DA assay, where the

intracellular peroxide-dependent oxidation of DCFH-DA forms fluorescent DCF.

Fig. 43.5 Survival curves of HepG2 cells 9 days after treatment. HepG2 cells were pretreated or

not with 250 ng/ml NDs or NDNeoC nanoparticles for 3 h, irradiated with the indicated doses, and

seeded at 400 cells/cm2 in complete culture medium to form colonies. The colonies were then

fixed, stained and counted. The surviving fraction was calculated as indicated in the experimental

section
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The level of ROS generation was markedly increased within 1 h in HepG2 cells

treated with 3 Gy (Fig. 43.6). These results confirmed that ROS induced by gamma

rays is a significant factor for cell injuries. As shown in Fig. 43.6, the ROS levels

generated in response to pretreatment of HepG2 with NDs and NDNeoC were

significantly smaller than the irradiated one. Thus the cytotoxic effects induced by

irradiation were effectively reduced by NDs and NDNeoC at two different concen-

trations (Fig. 43.6), suggesting that the intrinsic mechanisms of gamma rays and

cytotoxicity are associated with oxidative damage-dependent pathways. These

mechanisms are also altered by NDs and NDNeoC probably by neutralization of

the free radicals formed.

To examine the genotoxicity protection from gamma irradiation following

pre-treatment of HepG2 cells with ND and NDNeoC, we analyzed the micronu-

cleus formation. Figure 43.7a shows that there was no significant difference within

the number of micronuclei formed in binucleated cells following treatment with

NDs, NeoC or NDNeoC for 3 h compared to the control untreated cells. Gamma

irradiation of HepG2 cells with 3 Gy resulted in an significant increase (15 times) in

micronucleated binucleated cells formed in comparison with the controls

(Fig. 43.7a). Pretreatment with the compounds studied showed a marked decrease

in the micronuclei formation – 24 % for NeoC, 50 % for NDs, and 59 % for

NDNeoC. The results showed that pretreatment with the compounds studied con-

tributes to a decreased level of genotoxic DNA damage, expressed by the number of

micronuclei in irradiated cells (number of MN/1,000 binucleated cell). We did not

observe any effect of ND, NeoC, and NDNeoC on the proliferation index (data not

shown). The frequency of mononuclear cells containing at least one micronucleus

Fig. 43.6 Flow cytometry analysis of intracellular reactive oxygen species. (a) HepG2 cells

pretreated with 250 ng/ml and 500 ng/ml ND (1 and 2) and irradiated with 3 Gy. (b) HepG2
cells pretreated with 250 ng/ml and 500 ng/ml NDNeoC (1 and 2) and irradiated with 3 Gy. Con:
Control, untreated cells; 3Gy: Cells irradiated with 3 Gy only; DCF: dichlorofluorescein
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Fig. 43.7 Micronucleus induction in HepG2 cells. (a) The frequency of micronucleated HepG2

cells is expressed per 1,000 binucleated cells. The cells were treated with 250 ng/ml nanodiamonds

(ND) and nanodiamonds-neocuproine (NDNeoC) nanoparticles or 1 μMneocuproine (NeoC) for 3 h

followed by irradiation with 3 Gy. Each data set mean value of three independent experiments with

SD shown. *p< 0.001 compare to the control untreated cells; # p< 0.05 compare to the cells

irradiated with 3 Gy. (b) Localization of micronuclei in HepG2 cells. The cells were treated as

indicated in (a) and the formations of micronuclei (MN) were counted 48 h later. The pictures show

cells with intact nuclear membrane and MN. Solid arrows: MN laying over a nucleoplasmic bridge;

dashed arrows: intact micronuclei; circle: Binucleated cell with 3 MN. Magnification 630�



was not statistically increased after nanoparicles treatment (Fig. 43.7b). The results

showed that the pretreatment with the compounds studied contributes to a

decreased level of genotoxic DNA damage.

43.4 Conclusions

The present study showed that pretreatment of HepG2 cells with NDs or NCNeoC

reduce the formation of ROS and indicates its ability to protect from radiation

induced damages. These nanoparticles effectively protect DNA against ionizing

radiation probably affecting the system of replication machinery. The protection of

DNA damages shown by ND and NDNeoC is also possibly due to the scavenging of

radiation-derived primary as well as secondary reactive oxygen species.

Our data provide the first experimental evidence that NDNeoC nanoparticles can

effectively block the cyto- and genotoxic effect of gamma irradiation in cell

cultures. Extended investigations will be needed to further characterize the mech-

anisms underlying the protection activity of NDNeoC.
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Chapter 44

Determination of the Distribution of Inhaled
Drugs in Human Airways by Raman
Spectroscopy

A. Kerekes, M. Veres, L. Himics, S. T�oth, A. Czitrovszky, A. Nagy,
D. Oszetzky, Sz. Kugler, and M. Ko�os

Abstract A novel Raman spectroscopic method has been developed to study the

distribution of inhaled drugs and other airborn substances in human airway replicas.

A drug from a metered dose inhaler was introduced into a realistic human respira-

tory tract prepared by 3D printing from computer tomographic data recorded on

humans, and the deposited material was collected on silicon substrates fixed to the

hollow airway’s walls. The analysis of the covered area was performed by mapping

the characteristic Raman peak intensity of the drug over the substrate surface; the

amount was determined by integration of the total intensity measured at different

points. The Raman mapping method was verified by comparison with optical

microscopic images of the same surface area.

Keywords Inhaled drug distribution • Raman mapping • Realistic human airway

models

44.1 Introduction

Investigation of the deposition of aerosol drugs and other materials in the human

respiratory system constitutes an intensively studied area of aerosol and medical

sciences nowadays. It is particularly of great importance in the fields of develop-

ment and approval of inhaled drugs, where the delivery of the required dose to the

targeted area and a possible overdose has to be controlled precisely. In addition to

the properties of the inhaled particles, the characteristics of the inhalation itself also

effect how and in which tracts of the respiratory system the deposition of a given

drug will take place. Therefore the knowledge of the aerodynamic parameters of an
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aerosol drug alone is not sufficient to determine how it will be deposited in the

airways. A more comprehensive approach is required that takes into account the

physiological factors and breathing conditions of the patient, too.

Obviously, in vivo determination of inhaled drugs in human lung is not a trivial

task. The methods used so far include gamma scintigraphy involving the introduc-

tion of radioisotopes [1], photon emission computer tomography [2] or positron

emission tomography [3] of radiolabeled particles on humans, as well as magnetic

resonance imaging [4] and fluorescence imaging [5] on animals. Because of the use

of markers these methods influence the drug deposition process itself to some

extent.

Recently we have developed a new experimental setup for the investigation of

the inhalation of aerosol drugs. It consists of an actuator for metered dose inhalers

that can be used to time the initiation of the drug delivery; a sealed chamber where

the hollow airways can be placed and which is connected to a pulmonary waveform

generator. The latter is able to reproduce different breathing patterns, including

simulated ones and others created by recording the breathing of healthy people and

patients having different respiratory diseases (asthma, COPD etc.) for example. The

airways are produced by 3D printing of real human respiratory tracts constructed

from computer tomographic data recorded on different patients. This system allows

synchronization of the delay of the actuation of the metered dose inhaler compared

to the inhalation phase produced by the waveform generator. It can be used to study

the delivery and deposition of inhalation drugs (and other materials) into realistic

human airways and other models and to determine the effect of different factors

(like the relative timing of the drug introduction to the breath, the presence of

obstructions in the airways, physiological differences etc.) on the effectiveness of

the drug delivery.

After an inhalation experiment is made, one of the main tasks is to determine the

amount of the drug deposited in different tracts of the hollow airway. Since one

dose from a metered dose inhaler contains only milligrams of active material, and

just a part of it is spread over a relatively large internal surface of the artificial lung,

this can be achieved only by using a highly sensitive method which is easy to

use, has the require spatial resolution and is preferably substance-specific (it can

distinguish different components of a combined medication). The addition of

marker molecules to the drug is not to be preferred, since it could affect the

aerodynamic properties of the aerosol. Among other techniques micro-Raman

mapping was found to be best suitable for this purpose.

44.2 Experimental Details

Different drugs were tested with the method; the one the Raman mapping results of

which presented here is a metered dose inhaler delivering 100 mg of salbutamol per

actuation. Other medications were based on beclometasone dipropionate and

formoterol fumarate dehydrate, as well as ciclesonide.
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The drug deposited inside the hollow airway was collected by attaching

1 mm� 2 mm size silicon wafers to the inner surface of the airway wall with

double-sided tape. After the inhalation experiments the substrates were collected

and used for Raman mapping measurements. A typical 3D printed realistic respi-

ratory tract is shown on Fig. 44.1.

Raman measurements were performed on a Renishaw 1,000 Raman spectrom-

eter attached to a Leica DM/LM microscope. Preliminary measurements were

carried out using different excitation energies (488, 532 and 785 nm), in order to

determine the optimal measurement conditions for a given medication.

Mapping Raman spectra were recorded over a 30� 30 or 40� 40 micron area

with 2 micron lateral resolution. Raman maps were created for the intensity of a

Raman band specific for the drug. In addition, optical microscopic images of the

mapped area were also recorded for comparison.

44.3 Results and Discussion

44.3.1 Determination of Optimal Raman Measurement
Conditions

Small sample amounts require highly sensitive Raman measurement conditions.

This usually means finding laser wavelength(s) exciting resonant Raman scattering,

which occurs when the energy of the incident photons is equal or close to the energy

of an electronic transition of the sample and results an increase of the Raman

scattering cross-section by 3–5 orders of magnitude [6]. Another factor to be taken

into account is the photoluminescence (PL) that could be excited by the incident

light and that could be so intense that it will overlap the Raman lines. Figure 44.2a

compares the Raman spectra of salbutamol recorded with three different excitation

wavelengths. It can be seen that the spectrum recorded with 785 nm excitation has a

very poor signal to noise ratio and a relatively intense PL background. The 532 nm

excited spectrum is much better, with clearly detectable characteristic peaks and a

low PL background, while the use of a 488 nm laser results in a higher PL

Fig. 44.1 Realistic hollow

airway prepared by 3D

printing from computer

tomographic data. The two

numbers indicate the places

where the silicon substrates

were placed
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background, but still good peaks around 3,000 cm�1. Accordingly, in case of this

medication the use of 532 nm excitation is preferred, but 488 nm is still acceptable.

Figure 44.2b demonstrates the selectivity of the method by comparison of the

Raman spectrum of three different drugs. It can be seen that there are specific peaks in

the spectrum of each sample which can be used to identify it (this is important for map

creation using the peak intensity). For example, the band at 3,060 cm�1 can be used for

sample 1, the one at 1,660 cm�1 for sample 2 and the peak at 2,240 cm�1 for sample

3. By selecting the appropriate peaks mapping Raman spectroscopy allows determi-

nation of the spatial distribution of each constituents of a combined medication.

Precise mapping of the Raman peak intensity requires the subtraction of the PL

baseline and fitting of the required part of the resulted spectrum with an appropriate

peak function, as shown in the inset of Fig. 44.2b for sample 1.

44.3.2 Mapping Raman Measurements of Deposited
Aerosol Drug

Raman intensity maps were created for two silicon substrates placed at different

points of the hollow airway, corresponding to the thracea and lob bronchus (marked
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Fig. 44.2 (a) Raman spectra of a salbutamol containing inhalation drug recorded with different

excitation energies. (b) Comparison of the 488 nm excited Raman spectra of inhalation drugs

containing (1) salbutamol, (2) beclometasone dipropionate and formoterol fumarate dehydrate and

(3) ciclesonide
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as points 1 and 2 in Fig. 44.1). The maps are shown on Fig. 44.3, together with

optical microscopic images of the parts of the substrates where the maps were

recorded.

Optical microscopic images clearly show the deposited drug on the silicon

surface. It can be seen that the coverage is non-uniform; stains of different size

and shape are found on the substrate surface. As expected, the coverage of the

substrate placed in the thraceal region is higher than that of the other. The patterns

observable on the Raman intensity maps march those of stains in the optical

microscopic images indicating the possibility of determination of the distribution

of the deposited material on the substrates using Raman spectroscopy.

Although Raman intensity maps provide information on the distribution of

the medication, the total amount of material deposited per unit area has also to be

determined. In order to test if Raman spectrosopy is suitable for this purpose, the

Fig. 44.3 Optical microscopic images (left) and Raman peak intensity maps (right) of silicon
substrates used to collect aerosol drug deposited on the wall of an artificial lung in points 1 (upper
row) and 2 (lower row) in Fig. 44.1. The black squares indicate the areas of the Raman mapping
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relationship between the Raman peak intensity and the number of activations of the

metered dose inhaler was determined (Fig. 44.4) and was found to be nearly linear.

Our ongoing experiments are aimed to find the correlation between the Raman peak

intensity and the mass of the deposited material, the last step to provide precise

information on the deposition of inhaled drugs in realistic hollow airway samples.

44.4 Conclusions

A novel Raman spectroscopic method has been developed that can be used to study

the deposition of aerosol drugs and other airborn substances in realistic human

airway replicas. Silicon substrates attached to the internal surface of 3D printed

hollow airway walls were used to collect the deposited drug and their surface was

analyzed by mapping Raman spectroscopy. Intensity maps of characteristic Raman

peak of the medication were found to be in good agreement with optical micro-

scopic images of the scanned areas.
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Chapter 45

Synthetic Micro- and Nanocrystalline
Zeolites for Environmental Protection
Systems

Silviya Boycheva, Denitza Zgureva, Borislav Barbov, and Yuri Kalvachev

Abstract Coal combustion ash with a 2.25 ratio of SiO2/Al2O3 was used to

synthesize an X-type zeolite by alkaline fusion followed by hydrothermal treat-

ment. The reaction products were investigated for phase identification by X-ray

diffraction analysis. The surface morphology and the elemental composition were

determined by scanning electron microscopy with an energy-dispersive X-ray

analyzer. The vibrations of the structural units in the zeolite framework were

revealed by IR spectroscopy. Zeolite X obtained from pure initial materials was

used as a reference sample for comparison. The results confirmed the conversion of

coal ash into a zeolite possessing a dominant Na-X phase of micro- or

nanocrsystalline morphology depending on the synthesis conditions. The coal ash

Na-X zeolite was studied for adsorption of carbon dioxide under static conditions.

Keywords Synthetic zeolites • Environmental protection systems

45.1 Introduction

Due to their highly developed microporous structure with a defined pore size

synthetic and natural zeolites have been successfully applied as gas dryers, adsor-

bents of polar gaseous molecules and molecular sieves in gas cleaning systems

[1]. Zeolites are also adsorptive materials and ion-exchangers for effective removal

of pollutants from contaminated waters, enabled by the presence of replaceable

cations in their structural network [2]. The development of nanocrystalline zeolites

has been a new trend in materials sciences because of their unique surface reactivity
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and ability to functionalization which make them advanced materials for catalytic

and photocatalitic reduction processes [3]. Zeolite synthesis is usually performed by

hydrothermal crystallization of silica gel, alkaline activators and aluminium salts at

elevated temperatures in strong alkaline media. Recently, low-cost sorbents have

been produced by conversion of mineral aluminosilicate wastes that can replace

successfully their natural analogues in the systems for environment protection. Coal

ash is mainly composed of silica and alumina oxides obtained by thermal decom-

position of fuel mineral constituents. The chemical composition of this abundant

resource makes it suitable for processing of synthetic zeolites [4]. The fusion of the

alkaline–ash mixture facilitates the formation of soluble Na-aluminate and silicate,

what enhances the zeolite formation and leads to a full utilization of the raw

material [5]. X-type zeolite, which is an analog on the natural faujasite, is charac-

terized by an extremely developed surface and a structure with large size pores.

Therefore it is extensively used for gas adsorption. Fusion followed by hydrother-

mal treatment has been reported to be the most reliable method to selectively obtain

the Na-X type zeolite from coal ash of different compositions [1].

The present study reports on the conversion of coal combustion aluminosilicate

by-products into synthetic zeolites of the Na-X type and on initial studies of their

potential to act as adsorbents for carbon dioxide.

45.2 Materials and Methods

Ash residues, containing 52.66 wt% SiO2 and 23.37 wt% Al2O3, were subjected to a

double stage fusion-hydrothermal conversion. Coal ash and NaOH mixtures with

different ratios were sintered at 550 �C; after dilution in water under continuous

stirring, the reaction mixture was charged into an autoclave for hydrothermal

reaction. The product morphology was observed by scanning electron microscopy

(SEM) with a JEOL JSM6390 microscope coupled with an energy-dispersive X-ray

(EDX) analyser (Oxford Instruments). Phase identification was performed by X-ray

diffraction (XRD) with a Brucker D2 Phaser diffractometer with CuKα-radiation

and a Ni filter. Na-X zeolite was exposed for carbon dioxide adsorption under static

conditions. The experiment was performed in an autoclave at 0.1 MPa. The

framework structure of the synthesized materials and the possibility of CO2 adsorp-

tion were studied by Fourier Transform Infrared Spectroscopy (FT-IR) with a

Brucker Tensor 37. The referent zeolite X was synthesized by hydrothermal

treatment of pure starting materials with a stoichiometric ratio.

45.3 Results and Discussions

The conditions under which the coal ash zeolitization experiments were performed

are listed in Table 45.1.
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XRD patterns of the synthesized samples and the reference zeolite X are plotted

in Fig. 45.1.

It is evident that the coal ash zeolites are X type, as the characteristic diffraction

reflexes are present in the patterns of all samples. Sample 18 is characterized by low

crystallinity, while samples 12 and 13 are dominantly crystalline, but their peaks

are less intensive in comparison to those of the referent zeolite. The coal ash

zeolites consist of octahedral crystals typical for zeolite X, as revealed by SEM

analysis (Fig. 45.2).

The reference zeolite X and sample 13 consists of particles with micrometer

sizes, while nano-sized crystallites are predominant for the structure of samples

12 and 18. The elemental composition of coal ash zeolites, studied by integral EDX

analyses, is presented in Table 45.2.

It can be seen, that the content of Si and Al in the coal ash zeolites is very similar

to that of the reference composition of zeolite X, while it has a deficit of Na+-ions.

In general, there are three stages in alkaline hydrothermal conversion of coal ash

into zeolites: (1) dissolution of Si4+ and Al3+ ions from the raw aluminosilicates into

Table 45.1 Experimental conditions of coal ash zeolitization

Sample NaOH/coal ash ratio Fusion [�C]
Hydrothermal synthesis

Temperature [�C] Duration [h]

12 2.0 550 90 2

13 2.4 550 90 2

18 2.0 550 90 4
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Zeolite X

Sample 12

Sample 13

Sample 18

Fig. 45.1 XRD pattern of the reference and synthesized zeolites
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the alkaline solution; (2) condensation of the aluminosilicate hydrogel; (3) crystal-

lization of the zeolite phase from the aluminosilicate gel. The OH� ions contribute

to the dissolution stage, while Na+ ions play a role in the zeolite crystallization. Na+

ions are stabilizers of zeolite structure as they compensate the negative charges of

AlO4/2-tetrahedra. It could be expected that cations from the raw ash acting as

charge compensators in coal ash zeolites also contribute to keep their overall

framework neutral. Hence, coal ash zeolites could not be obtained in a defined

ionic form corresponding to the alkaline activator due to drawback ions present in

the starting composition. A typical IR spectrum of a coal ash zeolite is presented in

Fig. 45.3. The IR spectra of zeolites possess common features as their framework is

composed of TO4 tetrahedra (T¼ Si/Al). However, each zeolite type is character-

ized by its own specifics. The framework type and the basic structural units of

Fig. 45.2 SEMmicrographs of the reference sample (a) and coal ash zeolite samples 12 (b), 13 (c)
and 18 (d)

Table 45.2 Elemental composition of zeolite samples (in wt. %)

Sample O Na Mg Al Si Fe Ca

12 42.06 12.61 1.03 11.57 16.43 11.08 5.22

13 41.91 13.02 0.67 12.81 17.37 9.623 3.653

18 46.39 12.01 0.94 10.67 13.77 11.47 4.348

X 37.67 34.33 – 11.57 16.43 – –
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zeolite X are presented in Fig. 45.4, while the vibration modes and their assign-

ments are summarized in Table 45.3.

The framework of zeolite X is built of sodalite cages connected by double six

rings (DR6). The characteristic internal and external sodalite cages vibrations,

which are typical for zeolite X, are shown in the experimental spectrum of the

coal ash zeolite (Fig. 45.3).
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Fig. 45.3 FT-IR spectrum of the synthesized coal ash zeolite

Fig. 45.4 Schematic presentation and structural units of zeolite X. SOD sodalite cage, SR-single-
and DR-double rings composed of the indicated number of atoms
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Recently, the greenhouse effect has provoked greater attention to carbon dioxide

capture and storage technologies (CCS) and their compatibility with thermal power

plants (TPPs) [6]. Three approaches for carbon dioxide (CO2) removal during

energy generation have been outlined: pre-combustion capture, oxy-fuel combus-

tion and post-combustion capture. The last technologies are the most compatible to

the existing TPPs; theirs cost- and energy-efficiency depends mainly on the cap-

turing mechanism. A variety of methods exists for the post-combustion capture,

such as chemical or physical sorption as well as membrane or cryogenic separation.

Adsorption on solids as a CO2 capture technology has a number of advantages

compared to others, due to the reusable adsorbents, simple reactors, low capital

investments, and adsorption/desorption enhancement by pressure and temperature

variation.

The highest adsorption potential toward CO2 has been reported for zeolite 13X

which is a commercial artificial faujasite prototype [7]. In this context, the synthe-

sized coal ash Na-X zeolites have been investigated with respect to their adsorption

ability toward carbon dioxide. Tests were performed under static conditions in a

stainless steel autoclave filled with СО2 through a gas transportation line to reach

pressure of 0.1 MPa. The required pressure was adjusted using a booster pump and а
channel for inert gas (N2). The experimental set-up is presented in Fig. 45.5. A

powder zeolite sample was packed in a gas permeable bag, dried at 105 �C and

exposed immediately to a CO2 atmosphere for 2 h.

The adsorption of CO2 onto the zeolite was confirmed by IR spectroscopy. The

IR spectra of samples exposed to CO2 are plotted in Fig. 45.6. The IR active modes

of physically adsorbed CO2 which are O-C-O bending and C-O asymmetric

stretching, are found at 667 and 2,350 cm�1, respectively. The IR vibration of

free CO2 can be observed clearly in the spectrum of the zeolite after CO2 capture.

This result is indicative for physical surface adsorption of CO2 onto the zeolite

tested. It has been reported that chemisorptions of CO2 onto zeolites yield carbonate

species, whose signals appear as a pair of bands at 1,711 and 1,365 cm�1, assigned

to the bicoordinated CO2 (type I) with both a T atom and a cation (Fig. 45.7).

The bicoordinated species can be converted into a true carbonate structure (type

II) characterized by bands at 1,488 and 1,431 cm�1. The chemisorption character-

istic lines fall into the vibration regions of the zeolite groups. Such a chemisorption

Table 45.3 IR modes for zeolite X and their assignments

No. IR vibrations Wavenumber, cm�1

1 Water region, H-O-H 3,467, 1,643

Internal tetrahedral vibrations

2 Asymmetric stretching mode in TO4/2 tetrahedra 1,048, 977

3 Symmetric stretching mode in TO4/2 tetrahedra 744,666

4 T-O bending mode in TO4/2 tetrahedra 460

External linkages vibrations

5 Double rings (DR6) 560

6 Asymmetric T-O stretching mode 1,070
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Fig. 45.6 FT-IR spectra of coal ash zeolites after exposition to CO2

Fig. 45.7 Species yielded

from the chemisorptions of

CO2 onto zeolite X [8]

Fig. 45.5 Picture (a) and a schematic diagram (b) of the adsorption test set-up
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mechanism can not be confirmed by IR spectroscopy in the case of weak

appearance.

Thus, it could be supposed that CO2 physisorption is the dominant adsorption

process at a pressure of 0.1 MPa.

45.4 Conclusions

Coal ash was converted into zeolite X by a double stage fusion-hydrothermal

synthesis, which is confirmed by structural and morphological studies. Coal ash

zeolites can be obtained as micro- or nanocrystalline materials by varying the

synthesis conditions. These zeolites are CO2 adsorptive materials which will be

further studied under dynamic conditions and at higher pressures to elucidate their

morphology. The utilization of coal ash after its zeolitization for carbon capture is

an environment-friendly method for zero emissions and end of pipe technologies in

energy generation plants.
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Chapter 46

Nano- and Microsized Phases
in the WO3-ZnO-Nd2O3-Al2O3 System
for Applications in Environmental
Monitoring

M. Ataalla, M. Milanova, M. Hassan, Ahmed S. Afify, J.M. Tulliani,

and Y. Dimitriev

Abstract WO3 andWO3-based materials in the form of thin films, either as bulk or

as nanostructures, have been widely used for the detection of a variety of gases,

such as NO2, H2, NH3 and Cl2. The purpose of this study was to prepare materials

from the WO3-ZnO-Nd2O3-Al2O3 system containing high amount of WO3 for

applications in environmental monitoring by applying the melt quenching method.

Homogenized batches of the starting oxides were melted for 20 min at 1,240 �C in

platinum crucibles in air atmosphere. The melts were quenched by pouring and

pressing between two copper plates (cooling rates 101–102 K/s). Glassy-crystalline

samples containing the monophase AlW12O37.5 was produced by quenching a melt

with the composition of 80WO3�10Nd2O3�10Al2O3. Glassy-crystalline sample

containing nanosized W18O49 (~60 nm) was obtained after cooling of a melt with

the composition 76WO3�9.5ZnO�9.5Nd2O3-5Al2O3. A mixture of WO3 and

AlW12O37.5 in the amorphous matrix was prepared by crystallization of a quenched

sample with the composition 75WO3�10Nd2O3�5ZnO�10Al2O3. Samples were pre-

pared by the screen printing technique as gas sensor s; thereafter dc resistance

measurements were performed in the presence of relative humidity and ammonia. It

was established that the glassy-crystalline sample containing the monophase

AlW12O37.5 exhibits a significant sensitivity towards ammonia and relative humid-

ity, while other phases show a good sensitivity only towards relative humidity.
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Keywords Crystallization • Gas sensors • Melt quenching • Nanosized materials •

Screen-printing technique

46.1 Introduction

WO3 and ZnO are well-known transition metal-oxide materials that show a prom-

ising gas-sensing performance due to their catalytic properties. WO3 and WO3-

based materials in the form of thin films, either as bulk or nanostructures, have been

widely used for detecting of variety of gasses, such as NO2, CO, H2, SO2, H2, H2S,

NH3 and Cl2 [1–6]. The gas sensing properties of WO3 was investigated in many

studies by preparing it as a pure material [7–11] or by doping it with other oxides

such as ZnO, SnO2 and Co3O4 [2, 12, 13] or with other metals such as Au and Pd [4,

14]. The ammonia sensing properties of W18O49 nanowires synthesized by a low

temperature solvothermal technique have been investigated by Zhao

et al. [15]. Ammonia is both caustic and hazardous to humans especially when its

concentration exceeds the TLV (toxicity and threshold limit) value of 25 ppm

[6]. Many techniques such as electrospinning [7], solvothermal methods [14],

modified thermal evaporation [8], precipitation [9], flame spray pyrolysis [2] and

sol-gel methods [11, 12] have been used for the preparation ofWO3 andWO3-based

gas sensing materials. The sensing properties of ZnO have been investigated by

many researches [1, 2, 16, 17]. ZnO thin films gas sensor showed a high sensitivity

towards methanol, ethanol, propyl alcohol and methane [1, 18, 19]. Many metal

ions such as Al, In, Cu, Fe, Sn and Ru have been used as dopants in ZnO gas sensors

in order to improve their gas sensing properties [1, 2]. Recently it has been found

that the combination of ZnO andWO3 with an appropriate ratio is a useful approach

to enhance the gas-sensing performance. The preparation technique can consider-

ably affect the physical, chemical and gas sensing properties of mixed oxide

sensors. Developments of a new preparative routes and as well as compositional

variations are two perspective approaches for the design of new highly-sensitive

and selective gas sensor materials.

The purpose of this study is to investigate the possibility to prepare materials

from a multi-component WO3-ZnO-Nd2O3-Al2O3 system for application in envi-

ronmental monitoring such as gas sensors for ammonia and the relative humidity.

New techniques as melt quenching and crystallization from glasses will be applied

for the preparation of different phases.

46.2 Experimental

Batches with the nominal compositions (A) 76WO3�9.5ZnO�9.5Nd2O3�5Al2O3,

(B) 80WO3�10Nd2O3 �10Al2O3, and (C) 75WO3�5ZnO.10Nd2O3�10Al2O3 were

prepared using reagent grade WO3, Al2O3, Nd2O3 and ZnO as starting compounds.
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The homogenized batches were melted for 20 min. at 1,240 �C in platinum

crucibles in air. The melts were quenched by pouring and pressing them between

two copper plates (cooling rates 101–102 K/s). The glass sample (B) and (C) were

subjected to heat treatment at 530 �C and 550 �C after estimation crystallization

temperature by (DTA) Differential thermal analysis (STA PT1600 TG-DTA/DSC)

(Table 46.1). The phase formation of the samples was established by X-ray analysis

with a Bruker D8 Advance diffractometer, using Cu Kα radiation in the range

10� < 2Ө< 80�. The microstructure and morphology of the crystalline products

were studied by scanning electron microscopy (SEM) (Jeol-357).

Three sensors were prepared by using a screen printing technique [20, 21] as

follows: firstly interdigitated gold electrodes (ESLEUROPE 8835) were screen-

printed onto planar α-Al2O3 substrates (Coors Tek, USA, ADS-96 R, 96 % alumina,

0.85 cm� 5 cm) by using a rubber squeegee and a 270 mesh steel screen. After

drying overnight, these substrates were heated at 520 �C for 18 min with a 2 �C/min

heating ramp to optimize the electrical conductivity of the electrodes, according to

the recommendations of the ink manufacturer. The second step of the sensor

preparation included the preparation of the so-called first ink, containing 2 g of

the sensing material mixed with a suitable amount of ethyleneglycolmonobu-

tyalether (Emflow, Emca Remex, USA) in which poly-(vinyl butyral-co-vinyl

alcohol-co-vinyl acetate) (PVB, Aldrich, USA) acts as a binder to produce the

ink. The first ink was manually screen printed through a 270 mesh steel screen onto

the gold electrodes. The thick-films formed were porous with thicknesses of about

30–40 μm and areas of about 1 cm2.

In order to improve the adhesion to the electrode, WO3 was applied to the

samples prepared by sol-gel technique. Tungsten oxide was synthesized as follows:

0.294 g of WCl6 was dissolved in 4 ml ethanol, then stirred for 30 min; subse-

quently 1.5 mL monoethanolamine (MEA) was added under stirring for 24 h

(pH around 7). Then 2.25 ml EMFLOW was slowly added to the solution.

All humidity and ammonia (NH3) tests of the sensors were carried out by using a

laboratory apparatus consisting of a thermo stated chamber operating at 25 �C, in
which the relative humidity (RH) could be varied between 0 and 96 %, the NH3

Table 46.1 Investigated compositions in the system WO3-ZnO-Nd2O3-Al2O3

Nominal composition

Phases before heat

treatment

Sample

symbol

Phases after heat

treatment

Sample

symbol

76WO3�9.5ZnO9�5Nd2O3

�5Al2O3

W18O49 crystals

+ amorphous

matrix

A – –

80WO3�10Nd2O3

�10Al2O3

AlW12O37.5

crystals

+ amorphous

matrix

B AlW12O37.5 crystals

+ amorphous matrix

D

75WO3�10Nd2O3 �5ZnO.
10Al2O3

Amorphous matrix C WO3 AlW12O37.5

crystals + amorphous

matrix

E
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concentration between 0 and about 75 ppm [22]. The apparatus was calibrated to

ensure a constant air flow during the electrical measurements; relative humidity was

varied in steps of 3 min each. An external alternating voltage (V¼ 3.6 V at 1 kHz)

was applied to each tested sensor, acting as a variable resistance of the electrical

circuit described above. The sensor response SR, expressed in %, is defined as the

relative variation of the starting resistance compared with the resistance measured

in the gas atmosphere:

SR %ð Þ ¼ 100 � R0 � Rg

�
�

�
�

R0

ð46:1Þ

Here R0 is the original resistance in the presence of air flow and Rg is the

resistance after gas exposure until equilibrium, i.e. at saturation of the active

surfaces.

46.3 Results and Discussions

As seen from the XRD data shown in Fig. 46.1 for compositions containing high

amounts of WO3 glassy and glassy-crystalline materials obtained by applying the

melt quenching technique. The glassy-crystalline sample containing W18O49 as

crystalline phase (Sample A) was obtained after cooling melt with the nominal

composition 76WO3�9.5ZnO�9.5Nd2O3�5Al2O3. The average size of the W18O49

crystals calculated from the broadening of the diffraction lines using Scherrer’s
equation is about 60 nm. AlW12O37.5 (Sample B) was detected in the diffraction

pattern of the glassy-crystalline sample obtained by quenching melt with the

nominal composition 80WO3.10Nd2O3.10Al2O3. The quenched sample C

(75WO3�10Nd2O3�5ZnO.10Al2O3) was fully X-ray amorphous. Figure 46.2

shows DTA curves of the samples up to 800 �C with a heating rate of 10 �C/min.

The crystallization time was 6 h at temperatures of 530 �C (Sample B) and 550 �C
(Sample C) in air. Figure 46.3 shows XRD patterns of samples D and E. After heat

treatment a mixture of WO3 and AlW12O37.5 appeared in the amorphous matrix

(Sample E).

According to SEM images (Figs. 46.4 and 46.5) the crystal aggregates are

dispersed randomly in the amorphous matrix with dimensions between 0.5 and

1 μm.

Figure 46.6 presents the response of the humidity sensors at room temperature as

a function of RH for all samples investigated. It can be seen that the sensors based

on the samples A and E react to water vapour over 50 % RH, while the response of

sample D started already started at 10 % RH thus showing the best sensitivity for

relative humidity. The sensors based on glassy-crystalline the sample containing

monophase AlW12O37.5 (sample D) was the only one able to detect ammonia with a

good response (Fig. 46.7).
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Fig. 46.1 XRD patterns of

glassy and glassy-crystalline

samples A, B, and C

Fig. 46.2 DTA curves for samples B and C
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Fig. 46.3 XRD patterns of glassy-crystalline samples after heat treatment D and E

Fig. 46.4 SEM images of sample D with low and high magnifications
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46.4 Conclusions

A new method was used for the preparation of active phases such as WO3, W18O49

and AlW12O37.5 embedded as small crystal aggregates in an amorphous matrix. The

preliminary results showed that the materials may be used as ammonia and relative

humidity sensors. The advantages of this method are low costs and faster prepara-

tion compared to other methods.

Fig. 46.5 SEM images of sample E with low and high magnifications

Fig. 46.6 Sensor response for samples A, D and E as a function of relative humidity
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The problem which has to be solved in the future is the selection of an appro-

priate heat treatment scheme to control the amount of active phases and the

distribution of particles in the volume of the materials.
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Chapter 47

Nanoecological Threats of Nanofood
and Nanoparticles

Ganna Kharlamova, Oleksii Kharlamov, and Marina Bondarenko

Abstract After the recent discovery and synthesis of nanodimensional

nanochemical objects (nanostructures, nanophases and nanoparticles) and their

extensive application, in particular in food, water, different sensors, suncreams,

cosmetics and nanotextiles, new nanotoxicological threats have essentially

appeared. Nanodimensional objects are capable to penetrate into internal organs

of living organism by all possible routes (gastrointestinal, respiratory, dermal,

auditory and ocular) and to destroy or change their functional features. The evolu-

tion has not created yet any natural protection mechanisms against nanoobjects.

Nanoparticles are capable to easily overcome biological barriers of human organ-

isms, to change their physiological and biochemical properties, and to cause various

pathologies.

Keywords Nanomaterials • Nanoparticles • Nanoobjects • Nanothreats •

Nanofood

47.1 Introduction

At the end of the last century two important developments in biochemistry and

nanochemistry were invented which had essentially changed the structure and

quality of modern food industry. In the years 1981–1982 the first living transgenic

essences (mouse and Drosophila fly) and genetically modified (GM) agricultural

crops were created, and somewhat later a new state of matter, namely

nanodimensional objects (NDО) and materials was developed, in particular as

components (additives) of diversified food stuff. The main feature of agricultural

GM cultures is that they have an increased productivity and stability to droughts,
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herbicides, insects and viruses. It is important to note that NDOs are widely used for

various external decorations and additives in food stuff and food packaging. The

creation of the first genetically modified organisms (GMO) (microorganisms, plants

and animals), the development and subsequent large scale manufacture of

nanodimensional objects have, as a matter of fact, opened new era of preparation

of artificial food modified by GMO and NDО, as already millions inhabitants of the

planet perish from a lack of organic food perish.

The main feature of this new state of matter (nanomatter) as closed spheroidal

molecules and nanostructures, nanodimensional аnisotropic 1D and 2D structures

and of isotropic 3D nanoparticles is that the properties of the new substances

depend not only on structure and composition (as it is characteristic for already

known substances), but also on the size and morphology of nanoparticles and

nanostructures. First of all, it is necessary to understand that chemical and toxico-

logical behavior of these new objects essentially differs from that of known sub-

stances. However such nanosized particles and structures, the toxic properties of

which have only begun to be studied, are distributed everywhere: in air, water,

various creams and clothes. These nanoobjects can easily penetrate into human

organism through skin, nose and mouth, in particular with food products.

One of the objectives of this publication is to present experimental results about

the harmful influence of nanochemical nanoobjects and to discuss in more detail

possible nanoecological threats related with large scale manufacture and use in

particular in nanofood and various creams.

47.2 Routes of Penetration of Nanodimensional Objects
into Human Organisms

After their recent (1985) the development of NDOs already find wide applications

in various manufactures: more than 1,000 products in the market are made on the

basis of nanomaterials and nanotechnologies [1]. Therefore it is extremely impor-

tant to know the influence of nanoobjects as carriers of new unknown properties on

human organisms. An extremely aggressive and unpredictable behavior of NDO

was marked earlier [2, 3] and may be stipulated by:

• The dependence of the properties of nanoparticle on size and morphology;

• A small size comparable with the size of some molecules;

• A high surface area and the presence of huge amounts of free valences on them

resulting in an extremely high reactivity comparable to that of radicals;

• The difficulty of detection and removal of nanoparticles from the environment

with the help of traditional filtration method;

• The possibility to penetrate easily into human organisms, interact very quickly

with their different components and catalyze the formation of unusual toxic

substances.
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The penetration of nanoparticles into the biosphere may cause many problems

which are similar to the influence of genetically modified products. The evolution

has not created yet natural mechanisms of protection from these carriers of new

properties, which are produced and applied already in large amounts for different

sensors, suncreams, cosmetics, nanotextiles, and foods. Nanoparticles are capable

to easily overcome biological barriers of the human organism, to change their

physiological and biochemical mechanisms and to cause various pathologies.

The penetration of nanoobjects into human organism (Fig. 47.1) can take place

by all possible routes [2–4], i.e. gastrointestinal, respiratory, dermal, auditory and

ocular routes.

Nanoparticles get in the gastrointestinal tract (GT) by water, food stuff (Fig. 47.2),

cosmetics, medicines and means of the delivery of medicaments. So, cytotoxic

copper nanoparticles (сopper NPs), after penetration in lymph, stomach, liver, spleen

or the kidneys of mice, cause defects of these bodies [5]. Besides copper NPs, getting

through gastrointestinal tract, cause tremors and hunchbacks of mice.

Zhang et al. [6] investigated the toxic influence of gold nanoparticles (nanogold

or AuNPs) covered by polyethylene glycol on organs of mice depending on the size

of the AuNPs: 5, 10, 30 and 60 nm. They established that under natural conditions

(in vivo) within 28 days and a concentration of 4,000 μg/kg AuNPs with sizes of

5 and 10 nm collect in the liver while particles of 30 nm size collect in the spleen.

By means of transmission electron microscopy it was shown that nanogold with

sizes of 5, 10, 30 and 60 nm are located in the blood and the bone marrow cells

while nanogold with sizes of 5 and 60 nm mainly aggregate in blood cells. 10 nm

Fig. 47.1 Five routes of penetration of nanoobjects into the human body
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AuNPs cause an increase of white blood cells while AuNPs with sizes of 5 nm and

30 nm cause the reduction of leukocytes and erythrocytes.

Silver nanoparticles (nanosilver) have a strong antibacterial activity and are

widely used today in the textile industry, food packagings, household devices and

bioapplications. However it is necessary always to remember that nanosilver is

extremely toxic to the liver of rats [2, 3].
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Fig. 47.2 The use of nanoparticles as food additive

464 G. Kharlamova et al.



Nanoparticles penetrating in organism through respiratory ways not only destroy

the breath organs but also easily penetrate through alveolar cells into blood circu-

lation organs and get with the bloodstream in other organs [7]. Moreover, discrete

NPs from the nasal area (of experimental animals) penetrate into the brain through

the olfactory nerve [8]. According to [9], inhaled MnO2 NPs (30 nm) in the

olfactory nerve of experimental rats are penetrated during 7 days of texposure.

In contrast to normal-scale titanium oxide (TiO2) particles, TiO2 nanoparticles

(TiO2NPs), frequently used in cosmetic means, easily penetrate through the pores

of the skin (Fig. 47.3) into various organs of animals [10]. It was established [10]

that in all groups of mice exposed to the influence of TiO2 NPs, serious damages of

the skin are observed. Considerably higher concentrations of ZnO nanoparticles

were found in a skin treated by suncream [10] in a study with a diffusion cell with

human epidermal membranes.

Iron and iron oxide nanoparticles penetrated through a skin caused swelling of

the stratum corneum [10]. Fullerene nanoparticles superficially functionalized with

peptide penetrate the epidermis and dermis of a pig skin already after 8-h exposi-

tion. For longer exposition (24 h) the penetration of such functionalized fullerenes

through the skin has considerably increased. Nanoparticles containing cadmium

and selenium with a nucleus of cadmium sulfite penetrate through the pores of pig

Hair

Bacteria

Circulatory and lymphatic system,
gastrointestinal tract

heart liver spleen lungs brain

Viruses

Sweat pore

Sweat-
gland

Blood
vessels

Fig. 47.3 Peculiarities of the penetration of nanosized objects through a skin and their impact on

different organs
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skin and in neonatal human epidermal kerationcytes and cause inflammatory

reaction [11]. It is considered [10] that NP can cause toxic reactions in a viable

skin layer. In industrial enterprises up to 82 % of the workers show damages of the

epidermal barrier [12] which essentially rise the probability of penetration of

nanoparticles in human organisms.

There are researches showing that nanoparticles are capable to penetrate into

living organism through the acoustical pass (Fig. 47.1). So, according to investiga-

tions [13], iron oxide NP with a polymeric covering of polylactic/glycolic acid

(PLGA) penetrates through the eardrum of chinchillas into the internal ear and in

the tissue of the snails located there. By electron microscopy it was shown [14] that

superparamagnetic nanoparticles (SPION) easily penetrate through a membrane in

the eardrum of anesthetized guinea pigs.

Investigations of the ocular route (Fig. 47.1) of penetration of NP in human

organisms are innumerous today [15]. Aniruddha et al. [16] studied an opportunity

of the use of nanoparticles as a mean of delivery of a medicine into the eye. The

penetration of luminescent nanoparticles (Fluospheres ТМ, 20 nm) containing

sodium fluorescein, through the subconjunctival administrations of male rats

(Sprague-Dawley) was completed in 15 min. In [17] is shown that DNA NPs

penetrate into the mouse retina.

Jani et al. [18] reported that nanoparticles of encapsulating albumin after intro-

duction in the intact cornea of mice were found in the corneal keratocyte cytoplasm.

The toxicity of molecules and nanostructures of carbon [19–21] and hetero-

carbon [22–25] is basically caused by their ability to induce active forms of oxygen

(oxygen ions, free radicals and different kinds of peroxides), which cause apoptosis

and necrosis of the cells of lungs [10] and kidneys [11] (Fig. 47.4).

47.3 Conclusions

The threats connected to manufacture and application NDO in food, cosmetics,

packages, clothes, goods, medicine can be compared by the influence with the

weapon of a mass defeat of the slowed down action. NDO containing GМО in food

are especially dangerous: they destroy the organism, naturally, only that majority of

the people, which uses them, whereas the manufacturers of these products should

not only observe but to study their harmful possible impact.

It is necessary especially to note the role of the blood system as a transit route of

penetration of nanoparticles in any internal human organs. Nanoparticles in organ-

isms reach by the bloodstream any internal organ of the man and cause his health of

an irreparable damage.
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Chapter 48

Artificial Neural Network Modeling
of Cd(II) Ions Adsorption on Nano-porous
Inorganic Sorbents

Stefan Kuvendziev, Mirko Marinkovski, Kiril Lisichkov,
and Perica Paunović

Abstract A three-layer artificial neural network (ANN) model was developed to

predict the efficiency of Cd(II) ion removal from aqueous solutions by nano-porous

zeolite, based on 105 experimental sets obtained in an experimental kinetic study.

The effects of operational parameters such as the initial concentration of Cd(II) ions

in the aqueous solution, the mass of the nano-porous adsorbent and the contact

time were studied to optimize the conditions for maximum removal of Cd(II) ions.

On the basis of the results of this kinetic test, optimal operating conditions were

determined to a contact time of 1,700 min and an initial concentration of Cd(II) ions

in aqueous solution of 200 mg/dm3 for a constant mass of the adsorbent of 3 g.

The second set of experiments resulted in an optimal contact time of 1,600 min and

an adsorbent mass of 3 g for an initial concentration of Cd(II) ion of 50 mg/dm3.

After supervisory backpropagation (BP) training, the ANN model was able to

predict the adsorption efficiency. The ANN model consisted of a hidden layer

with 4 neurons and a tangent sigmoid transfer function (tansig) and an output

layer with a linear transfer function (purelin). The Levenberg–Marquardt algorithm

(LMA) was found to provide a minimum mean squared error (MSE) of 0.0695

compared to other BP algorithms. The linear regression between the network

outputs and the corresponding targets was proven to be satisfactory with a corre-

lation coefficient of 0.936 for the three model variables used in this study.
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network
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48.1 Introduction

Fresh water supply is a necessity for the modern world and nowadays becomes a

concerning issue for many countries [1]. Excessive levels of heavy metals may be

harmful to human health and therefore the US Environmental Protection Agency

established a maximal permitted concentration of cadmium of 0.005 mg/L [2, 3].

Several processing techniques are available to reduce the concentrations of

heavy metals in wastewater, including precipitation, ion exchange, membrane

separation, adsorption, electrochemical deposition, ozonation etc. [4–8].

Several low cost adsorbents, including nano-porous natural zeolites, have been

investigated to study the adsorption performance for the removal of heavy metals

such as Cadmium from aqueous solutions [9–13].

In fixed bed systems, the adsorbate is continuously in contact with a given

quantity of fresh adsorbent, thus providing the required concentration gradients

between adsorbent and adsorbate for adsorption. The performance of packed beds is

described through the concept of the breakthrough point [14, 15].

The fixed bed is the most frequently used operation for ion exchange, and

adsorption is the predominant way of conducting such sorption separations [15].

Although direct addition of adsorbent to wastewater to remove heavy metals is

quiet efficient, separation of the adsorbent from wastewater for repeated use is very

time- and resource-consuming [12].

Currently, artificial neural networks (ANNs) have been widely used to solve

environmental problems including cleaning of water resources modeling and man-

agement problems. Therefore, this study implemented ANNs to determine the most

significant water quality variables that contribute to the water pollution [16].

48.2 Materials and Methods

48.2.1 Preparation of the Adsorbate

The adsorbate used within the experimental analysis is hydrated cadmium sulphate

salt (CdSO4�7H2O) with different initial concentrations of cadmium ions in the

aqueous solution.

48.2.2 Adsorbents Characteristics

Natural zeolite (NZ) was used as adsorbent in the dynamic experiments in the

frames of this work. Natural zeolite (90 % clinoptilolite) was supplied by

“Nemetali”, Vranjska Banja, Serbia. Prior to the performances of the experiments

the NZ was dried at 330 �C for 48 h. The chemical composition of natural zeolite is

given in Table 48.1.
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48.2.3 Working Conditions

For the purpose of dynamics experiments, the initial concentrations of cadmium

in aqueous solution were set to 50, 100, 150, 200 and 250 mg/dm3. The flow rate of

adsorbate in the fixed bed column was set to 10, 15 and 20 cm3/min, and the bed

height of the adsorbent to 8, 16 and 23 cm of nano-porous natural zeolite (NZ).

All dynamic experiments were conducted under continuous conditions. The pre-

pared solution was passed through the fixed bed column (Fig. 48.1).

The concentration of cadmium ions at the output of the fixed bed column was

measured using an AERL 3520 Atomic Absorption Spectrophotometer.

48.2.4 Definition of the Artificial Neural
Network (ANN) Model

In this study, the MATLAB software Neural Network Toolbox V6.0 was used to

predict the concentration of cadmium in the effluent. To develop the ANN model

4� 196 experimental sets were used. The input parameters were the contact time,

the initial concentration of Cd(II) ions, the adsorbate flow rate and the adsorbent

Table 48.1 Chemical composition of natural zeolite (NZ)

Ingredients SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O Ignition loss

NZ (mass %) 64.88 12.99 2.00 0.37 3.26 1.07 0.95 0.89 13.59

Fig. 48.1 Fixed bed column adsorption system
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bed height. The effluent concentration of Cd(II) ions was studied as an output

(target) parameter (Fig. 48.1). 136, 30 and 30 samples were used for the training,

validation and test subsets, respectively.

48.3 Results and Discussion

48.3.1 Selection of the Feed Forward
Backpropagation (BP) Algorithm

Considering the type of conducted experiments, a feed forward back-propagation

(BP) model of the ANN network was determined as the most appropriate model for

neural network fitting. The Levenberg-Marquart algorithm produced the highest

correlation coefficient R2¼ 0.99888 (mean squared error MSE¼ 0.0033). This

algorithm was used in the further analysis (Table 48.2).

48.3.2 Optimization of the ANN Structure

The optimal architecture of the ANN model and its parameter variations were

determined based on the minimum value of the MSE of the training and prediction

sets. Table 48.3 and subsequently Fig. 48.2 illustrate the dependence of the MSE

from the number of neurons in the hidden layer.

Figure 48.2 shows that the MSE of the network possesses three local minimums.

Generally, the overall minimum was found for 10 hidden neurons (MSE 0.0033).

Finally, the optimized ANN, with a flowchart of the BP algorithm presented on

Fig. 48.3, consisted of a three-layer ANN.

Table 48.2 Comparison of FF BP algorithms with 10 neurons in the hidden layer

BP algorithms Function MSE R2 BLE

Resilient backpropagation trainrp 0.252 0.94566 y¼ 0.92x + 11

Polak-Ribiere conjugate gradient BP traincgp 0.187 0.96685 y¼ 0.93x

+ 5.5

Powell-Beale conjugate gradient BP traincgb 0.0245 0.9967 y¼ 0.99x

+ 1.3

Levenberg-Marquardt BP trainlm 0.0033 0.99888 y¼ 1x�0.038

Scaled conjugate gradient BP trainscg 0.498 0.88187 y¼ 0.82x + 11

Bayesian regularization BP trainbr 0.617 0.98966 y¼ 0.98x

+ 0.16

Gradient descent with adaptive learning

rate BP

traingda 8.076 0.42097 y¼ 66x + 26
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48.3.3 Sensitivity Analysis

Figure 48.4a presents the mean squared error of the training, validation and test

subsets of data for the chosen ANN model. The best obtained value relates to the

optimal number of hidden neurons (MSE¼ 0.0033).

Figure 48.4b presents the correlation between the output values predicted by the

ANN model and the experimentally obtained output concentrations of Cd (II) ions.

Table 48.3 Dependence of the mean squared error (MSE) on the number of neurons

No. of neurons 7 8 9 10 11 12 13

MSE 10.014 0.022 10.623 0.0033 11.803 3.752 20.994

Fig. 48.2 Dependence of

the MSE on the number of

neurons in the hidden layer

for the LMA (Levenberg-

Marquart algorithm)

Fig. 48.3 Optimal ANN structure combined with a flowchart of the BP algorithm for the

prediction of the adsorption dynamics
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Fig. 48.4 (a) Training, validation and test mean squared errors (MSE) for the Levenber-Marquart

algorithm (LMA); (b) Regression of training, validation, test and total correlation of target and

output values
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48.3.4 Effect of the Initial Concentration of Pb(II) Ions
on the Output Pb(II) Ion Concentration

From Fig. 48.5 it can be concluded that the increase of the initial concentration

of Cd(II) ions in the aqueous solution has a significant effect on the removal of

Cd(II) ions. By increasing the initial Cd(II) ion concentration the breakthrough

point is achieved faster.

48.3.5 Effect of the Adsorate Flow Rate on the Output
Pb(II) Ion Concentration

From Fig. 48.6 it can be concluded that the increase of the adsorbate flow rate in

a fixed bed column has a less significant effect on the removal of Cd(II) ions.

By increasing the rate the breakthrough point is achieved in a reduced contact time.

48.3.6 Effect of the Bed Height of the Zeolite Adsorbent
on the Output Pb(II) Ion Concentration

From Fig. 48.7 it can be concluded that the increase of the bed height of natural

zeolite in a fixed bed column has a significant effect on the removal of Cd(II) ions.

By increasing the bed height of the adsorbent the breakthrough point is achieved for

a prolonged contact time, which means longer utilization of the adsorbent.

Fig. 48.5 Fitting between

experimental data of the

initial Cd(II) concentration

and ANN data for a flow

rate F¼ 10 cm3/min and

a zeolite bed height of

L¼ 23 cm

Fig. 48.6 Fitting between

experimental data of the

adsorbate flow rate and

ANN data for a bed height

of L¼ 23 cm and an initial

Cd(II) ion concentration

C0¼ 50 mg/dm3
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48.4 Conclusions

The effect of various operating parameters on the adsorption of Cd(II) ions onto

a nano-porous adsorbent (natural zeolite NZ) was investigated and optimized.

The increase of the adsorbent bed height of the analyzed fixed bed system from

8 to 23 cm at a constant adsorbate flow rate (10 cm3/min) resulted in an increase of

the total purification time from 45 to 50 min. At an initial Cd(II) ion concentration

of 50 mg/dm3 the breakthrough point is detected after 45–50 min. For an initial

Cd(II) ion concentration of 250 mg/dm3 the breakthrough point of the fixed bed

column is achieved after 90 min of operation.

A three layer ANNwas proposed to predict the efficiency of Cd(II) ions removal.

The benchmark comparisons conducted with 10 hidden neurons and the LM

learning algorithm provided the lowest MSE values compared to other BP algo-

rithms. The proposed ANN model showed a precise and effective prediction of

the experimental data with a satisfactory correlation coefficient of 0.99888.
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Applications: Energy and Quantum
Information Technology



Chapter 49

Nanostructured Diamond Electrodes
for Energy Conversion Applications

S. Pehlivanova, Ch. Petkov, C. Popov, P. Petkov, V. Boev, and T. Petkova

Abstract The subject of our work is the investigation of boron doped nanocrystalline

diamond (NCD) layers functionalized with photosensitive molecules of manganese

phthalocyanine. The functionalized NCD sample was used as a working electrode in a

three electrode cell and electrochemically studied. The two methods applied were

stationary volt-ampere (VA) measurements and cyclic voltammetry (CV) in dark and

under illumination. The VA and CV measurements showed that the electrode has a

wide potential range and a high photosensitivity. The results obtained are promising

for future application of functionalized diamond electrodes in light conversion

systems.

Keywords Diamond electrode • Photoelectrochemistry

49.1 Introduction

Diamond thin films have been proven to be excellent materials for electrochemical

applications since the performance of diamond electrodes can be much superior to

that of alternative materials, such as glassy carbon and graphite. Boron doped
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diamond (BDD) electrodes possess many outstanding properties, including a

wide electrochemical potential window in aqueous solutions (ca. 3 V), low and

stable background currents, electrochemical stability, and corrosion resistance in

aggressive media [1, 2].

For electrochemical applications, the diamond thin films must possess a

significant conductivity, and the majority of work in this area has been carried

out using very heavily doped boron diamond layers, which display almost metal-

like properties.

The increasing energy demand and the environmental pollutions have led to a

need for clean renewable energy. The photosynthesis is a well-known process for

many years, and scientists are trying to mimic it, because of its possible application

for energy harvesting. For electrocatalysis in reactive environments, such as those

taking place in solar energy conversion processes, it is important to attach electro-

chemically active molecules to the surface of inert electrodes. Electrochemical

polymerization of metal phthalocyanine (MePc) complexes onto electrodes is one

of the most effective means of developing active surfaces for electrocatalytic

purposes.

The metal phthalocyanines have attracted significant attention due to their

diverse electronic, optical and structural properties, which make them very good

candidates for photosensitizers, photoconducting agents and photovoltaic cells.

Due to their extraordinary thermal stability, MePcs can capture or harvest more

sun light than many conjugated polymers [2].

In the present work we studied NCD electrodes functionalized with manganese

phthalocyanine (MnPc). The structure and the optical properties of the MnPc

solution in dichloromethane were analyzed and the functionalized electrodes

were electrochemically tested. We demonstrate differences in the electrochemical

properties due to electrode illumination; the results indicate that the NCD films

may be a preferred choice for a number of photoelectrochemical applications.

49.2 Experimental Details

49.2.1 Synthesis of Nanocrystalline Diamond (NCD) Films

Nanocrystalline diamond films were grown on silicon substrates using the chemical

vapor deposition (CVD) technique from a mixture of methane and hydrogen. Typical

CVD diamond synthesis includes activation of a gas mixture, gas phase reactions

and a subsequent transfer of the diamond forming gas species onto the substrate

surface [3]. To obtain conducting material boron was introduced in the reactions

chamber during the growth process. NCD surfaces are chemically inert and have a

hydrogen termination after the deposition. The surface can be modified by plasma- or

photo-chemical processes in order to achieve a desired surface termination. In this

work the samples were subjected to oxygen plasma modification (2.45 GHz) in an

oxygen asher (TePla 200-G) for 5 min at 200 W discharge power and 0.67 mbar

working pressure [4].
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49.2.2 Characterization of Manganese (III) Phthalocyanines

The manganese (III) phthalocyaninato complex (C128H208ClMnN8S8), MnPc,

synthesized in the group of Prof. Siemeling, Institute of Chemistry, University of

Kassel, Germany has a molecular structure with a square-planar configuration with

a central metal atom of manganese, as shown in Fig. 49.1

The MnPc powder was dissolved in CH2Cl2 to a concentration of 1 μM.

The structure of the MnPc in the solution was characterized by FT-IR spectrometry

(VARIAN 660-IR). The spectra were recorded in the spectral region of 500–

5,000 cm�1.

The optical behavior of the MnPc solution was studied by UV-VIS spectroscopy

using a Cary 100 instrument in the double beam mode. The samples were scanned

in the region of 200–900 nm with a scan rate of 600 nm/min; CH2Cl2 was used as a

reference solution.

The NCD films were kept in the MnPc solution for 12 h for attachment of

the photosensitive molecules, afterwards electrodes were prepared from the

functionalized NCD films.

49.2.3 Electrochemical Tests of the Diamond Electrode

The BDD layers deposited on silicon substrates were assembled as electrodes by

covering the substrate backs and attaching a Pt wire.

The electrochemical tests were carried out in a three-electrode cell with a

buffered electrolyte (a water-based salt solution containing sodium phosphate,

sodium chloride and, in some cases, potassium chloride and potassium phosphate

with pH 7.4). The working active surface area of the electrode was ~0.5 cm2.

Platinum served as a counter electrode, a reversible hydrogen electrode (RHE) was

chosen as a reference.
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The electrochemical behavior of the BDD electrodes were studied in dark

and under illumination with a light-emitting diode (LED) with a wavelength of

~720 nm:

1. By measuring the change of the electrochemical potential with the time in

dark and after short illumination (volt-ampere characteristics) and

2. By cyclic voltammetry at different experimental conditions.

The electrochemical variations due to light illumination were recorded with an

experimental set-up consisting of a light chopper and a computerized UT 60 A

measuring system.

The cyclic voltammetry experiments were carried out in a Faraday cell with a

rate of 100 mV/s at room temperature.

49.3 Results and Discussion

The IR spectrum of manganese phthalocyanine (Fig. 49.2) displays a high number

of bands which originate from the relatively large and complex molecule. Most of

the peaks of phthalocyanine are located in the middle IR region since peaks

associated with the central metal atom are not visible in this spectral range.

The IR spectra, however, should reflect the changes in the configuration of phtha-

locyanine macrocycles due to the introduction of a template metal.
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The sharp band at about 1,700 cm�1 is due to stretching deformations of

the aromatic rings consisting of carbon-carbon bonds. Deformation vibrations

associated with carbon-hydrogen interactions stemming from the Pc rings and

out-of-plane bending of the carbon-hydrogen bonds in the ring system are detected

at 740 and 1,170 cm�1. The broad bands of valence vibrations related to the same

bonds are situated in the region 2,700–2,950 cm�1. The valence vibrations observed

at 1,450 and 1,360 cm�1 are due to C¼C and C-N bonds typical for Pc rings.

Some carbon-oxygen bonds around 2,500 cm�1 are also observed as well as

complex C-O-OH vibrations at 1,750 cm�1 [5].

Figure 49.3 shows the absorption spectra of MnPc dissolved in CH2Cl2 in the

spectral region of 300–900 nm. The UV–VIS spectra of MePcs strongly depend on

the central metal atom; the absorption spectra can be shifted to the IR or UV region

by changing the central metal atom in the phtalocyanine molecule. The MnPc

complex shows strong absorption regions in the UV region at about 346 nm

(B band) and in the visible region at 719 nm (Q band), respectively (Fig. 49.3).

In the region from 450 to 600 nm the solution transmits the light to a large extent.

The intense absorption peak at 719 nm and the shoulder with a lower intensity at

684 nm are very typical for phthalocyanines containing S and O, or S, O and N

cyclic substituents [6].

The electrochemical studies under illumination were performed with a LED

emitting at a wavelength of about 720 nm close to the absorption maximum of the

MnPc under study. The surface properties of the BDD electrodes are important for

the electrochemical reactions occuring at the interface between the electrolyte and

the electrode surface. The functionalized BDD electrodes measured in dark
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and under illumination show a potential difference of several mV due to the

photocurrent generated at the interface (Fig. 49.4). These measurements prove

that the phthalocyanine molecules were successfully attached on the diamond

electrode surface.

The diamond electrode was electrochemically studied also with cyclic

voltammetry in the region between hydrogen and oxygen evolution with a scan

rate of 100 mV/s in dark (1), under illumination (2) and after illumination

(3) (Fig. 49.5). The four main peaks observed in curve 1 are labeled as I, II, III,

IV. These peaks are due both to oxidation and reduction processes. The peak I is

observed at about �50 mV and it is most probably related to the reduction from

Mn3+ to Mn2+ of the central atom of the MnPc complex. The next peak is associated

with a further reduction of the atom to Mn1+ (peak II). The phthalocyanine

reduction is observed at about �650 mV associated with valence transition from

Pc2� to Pc3� (peak III). The reverse reaction of the phthalocyanine oxidation is

clearly seen at about �500 mV where most probably the phthalocyanine part of the

complex changes the valence from Pc3� to Pc2� (peak IV).

The illumination with a LED modifies the curve (curve 2) increasing the

intensity of the peaks. The light removes an electron from the phthalocyanine

(the photosensitive part of the complex) and catalyzes the process. As a result an

increase of the current is registered. After the illumination the current decreases

(a relaxation of the system is observed).

The peak positions are slightly shifted in negative direction after the illumination.

This may be attributed to modification and reconstruction of the phthalocyanine

structure after the illumination [7].
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49.4 Conclusions

Thin boron doped NCD films were deposited on silicon substrates using the CVD

technique, and photosensitive MnPc molecules were successfully immobilized

on the diamond surface.

The IR spectra of the MnPc showed stretching deformations of the aromatic

rings consisting of carbon-carbon bonds, deformation vibrations associated with

carbon-hydrogen interactions stemming from the Pc rings and vibrations due to

C¼C and C-N bonds typical for the Pc rings.

The complex exhibits a strong absorption at 719 nm in the UV-VIS spectra.

The electrochemical measurements revealed that the light catalyzes the process

of oxidation and reduction. The process is associated with electron transfers

between the central manganese atom and the phthalocyanine complex resulting in

an increase of the current.

The experiments suggest that the NCD films functionalized with MnPc are

suitable as catalyst for electrochemical reactions.
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Chapter 50

Structural Study of Perovskite Materials
for SOFCs Applications

O. Koleva, S. Simeonov, S. Kozhukharov, and M. Machkova

Abstract Solid oxide fuel cells (SOFCs) are a forward-looking approach for

highly efficient, environmentally friendly power generation. Economically com-

petitive SOFC systems appear suited for commercialization, but widespread market

penetration requires continuous innovation of materials and fabrication processes to

enhance system lifetime and reduce costs. A very effective way for enhancing the

cell efficiency is to the improve properties of the cathode by achieving conductivity

through oxygen ions while at the same time the material maintains the electronic

one. As it is known, revealing the microstructure of a material opens the door

for improving its macroscopic properties and consequently its practical use.

The perovskite family, including Ruddlesden-Popper phases, successfully fulfills

many of the requirements for SOFC cathode materials application. Therefore, in the

present work two different perovskite compositions, i.e., La1.7Sr0.3CuO4, and

Nd1.6Sr0.4NiO4 have been object of structural studies by X-ray diffraction and IR

spectroscopy. An adequate conclusion for each of the spectra is presented.

Keywords SOFC • Cathodes • Perovskite-type materials • IR spectroscopy •

Structural study

50.1 Introduction

Solid oxide fuel cells (SOFCs) are a forward-looking approach for highly efficient,

environmentally friendly power generation. A SOFC is a high-temperature

(800–900 �C) device that converts the chemical energy of fuels (such as hydrogen,
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natural gas or other hydrocarbons) directly into electricity through electrochemical

oxidation of the fuel with an oxidant, typically oxygen from air. Figure 50.1 shows

the basic scheme and work principle of a SOFC. The conversion of chemical into

electrical energy is achieved by separating the chemical reaction into two electro-

chemical reactions (50.1 and 50.2) taking place inside the porous electrodes. At the

negative electrode (anode) the hydrogen and carbon monooxide are oxidized with

oxygen ions from the electrolyte to form water and carbon dioxide, respectively.

The resulting electrons are transported through an external circuit to the positive

electrode (cathode) where they are used to reduce oxygen to oxygen ions which are

subsequently transported through the electrolyte to the negative electrode.

Cathode reaction : ½ O2 � 2e� ! O2� ð50:1Þ
Anode reaction : H2 þ O2� ! H2Oþ 2e� ð50:2Þ

Economically competitive SOFC systems appear poised for commercialization,

but widespread market penetration requires continuous innovation of materials and

fabrication processes to enhance system lifetime and reduce cost [1].

An effective approach to cost reduction is the lowering of the operating

temperature without inferring performance losses [1]. This can be achieved either

by using of thin electrolytes or electrolytes with high ionic conduction (Ce-based

doped electrolyte) [2–4]. In these cases it is necessary to develop cathode materials

which are adapted to the low-temperature electrolyte and which, at the same time,

possess a high conductivity and low cathodic polarization at intermediate

temperatures to diminish energy losses from the ohmic resistivity [5]. It was

found that decreasing the electrolytic membrane width leads to a decrease in
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electrolytic resistivity. This had been attained in SOFCs with planar geometry by

using an additional porous anode, on which firstly an uniform thin film (10 μm)

from the electrolyte material and thereafter a porous cathode material with a

thickness around 50 μm are deposited. For such a type of configuration a very

high energy density at temperatures from 700 to 800 �C were achieved.

On the other hand, a very effective way to improve the cell efficiency is to

change the properties of the cathode by achieving oxygen ion conductivity while at

the same time the material maintains the electronic one. In such a way the process is

influenced into two directions: it is shifted outside to triple-phase boundaries (TPB)

and it is performed on the surface. A TPB is a point where air, electrolyte and

cathode electrode meet each other. It is believed that the cathode properties can be

improved by increasing the number of triple phase boundaries.

From a general viewpoint, mixed electronic and ionic conducting oxides (MEIC)

can be formulated as (A, A0)n(M, M0)mOx � δ, where A and A0 are either rare-earth
or alkaline earth cations of large size and M and M0 are 3d elements, respectively.

Depending on the n/m ratio, various structural types can be formed, for instance

perovskite or derived compounds of the Ruddlesden-Popper type (A2MO4+δ, where

A¼La, Nd, Pr, Sr, and M¼Ni, Cu, Co). Varying the nature of the A and A0 cations
and the A/A0 ratio, as well as the nature of M and M0, results, firstly, in mixed

valences of the M, M0 cations, which confers usually a p-type electronic conduc-

tivity, and secondly either to a sub- or an over-stoichiometry of oxygen, which can

induce ionic conductivity. The perovskite family which form the so-called

Ruddlesden-Popper phases successfully fulfill above mentioned requirements for

SOFCs cathode materials [6]. The main feature of most members of this family is

that they exhibit some oxygen over stoichiometry associated with the mixed

valence of the transition metal M-cations. Their structure (K2NiF4-type) is made

up of sheets of (MO6) elongated corner-sharing octahedra, interleaved by A2O2

layers with a NaCl-type structure in which additional oxygen atoms Oi can be

inserted (Fig. 50.2). The amount of inserted oxygen atoms (δ) may reach values

Fig. 50.2 Structure of A2MO4+δ compounds showing the location of interstitial oxygen atoms [6]
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as high as 0.22 for Nd2NiO4+δ or even 0.25 for electrochemically oxidized

La2NiO4+δ [6]. They are located in tetrahedral sites (OIA)4, as shown in Fig. 50.3.

Compared to the perovskite compounds, the oxygen transport in these materials is

supposed to be quite different with respect to the non-stoichiometric type that

involves interstitial oxygen atoms instead of oxygen vacancies. Basic properties

of these materials have been studied [7, 8] using the 18O/16O isotope exchange/

depth profile (IEDP) method. It has been proven that this family of compounds

exhibit indeed larger oxygen bulk diffusion (D*) and surface exchange

(k) coefficients in comparison to the classical perovskite compounds.

Nevertheless, they exhibit some shortcomings which should be pointed out.

The first one is the fact that they react with the zirconium-based electrolyte and

form unwanted isolating phases. The others are related to the high costs of lantha-

num oxide and the fact that the oxygen conductivity is limited to less than 10 % of

the whole conductivity.

Taking into account the above discussion it becomes clear that it is necessary to

develop new materials and compositions which could overcome these [9]. Therefore,

in this study we synthesized and characterized structurally new compositions of

advanced perovskite-like materials which are directly used as SOFC cathodes.

For structural investigation we employed IR spectroscopy, a technique which is

very powerful and can provide important information on the distinct structural units

that built a material. As it is known, revealing the microstructure opens the door for

improving themacroscopic properties and consequently the practical use of amaterial.

50.2 Experimental

In the present work the investigated compositions are La1.7Sr0.3CuO4 and

Nd1.6Sr0.4NiO4, respectively. The samples origin is CerPoTech AS Company,

Norway. The synthesis followed a standard solid state reaction procedure,

Fig. 50.3 Structure of AMO3- δ perovskite showing the location of the oxygen vacancies [6]
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i.e. thermal treating process at 1,250 �C. In order to reveal the existing phases in the
samples, we performed XRD analysis by a Bruker D8-Advance using Cu Kα
radiation in the 2θ range from 10 to 80�. The measurement took place at ambient

temperature with 0.020� steps and a step time of 17.5 s. IR spectra were measured

with a FT-IR spectrometer model VARIAN 660-IR FT-IR. Test samples were

prepared in KBr tablets and measured at ambient temperature in the spectral

range between 4,000 and 400 cm�1.

50.3 Results and Discussion

Although the method is very useful, the IR spectroscopy bears some limitations. For

instance, one of the reasons for the difficulties in studying the IR-active phonons is

the large in-plane polarizability due to the presence of free carriers. This causes

masking of the phonon-related structure and allows only the c-axis vibrations to be

observed [10, 11]. For this reason, most of IR-active phonon studies of similar

systems were focused on the frequency region from 50 to 520 cm�1 [12–15]. Few

publications have been found about IR study in the frequency region between

600 and 700 cm�1 [11, 16, 17].

50.3.1 Structural Behavior of La1.7Sr0.3CuO4 System

50.3.1.1 X-ray Diffraction Investigation

X-ray diffraction analysis of the La1.7Sr0.3CuO4 system, presented in Fig. 50.4

displays diffraction maxima for only one compound, i.e. La1.7Sr0.3CuO4. This result

suggests that the sample is well-synthesized and homogenous.

50.3.1.2 Infrared Study

The IR spectrum of La1.7Sr0.3CuO4 composition is presented in Fig. 50.5. At lower

frequencies the spectrum contains two modes located at 503 and 668 cm�1,

respectively. Due to above mentioned limitations of the method, their assignment

is not straightforward. While studying a sample from the same system but with

different compositions, i.e. La2�xSrxCuO4, 0� x� 0.125 %, Napoletano et al. [16]

discussed the two most pronounced peaks in their spectra, located at 684 cm�1 and

514 cm�1, respectively. Taking into account the stability of the peak intensity, the

authors attributed the latter band in the undoped La2CuO4 to the La–O asymmetric

stretching mode. This assignment is also supported by its slight shift to lower

frequencies with increasing Sr concentration. Actually, Sr doping causes the apical

50 Structural Study of Perovskite Materials for SOFCs Applications 491



La(Sr)-O bond length to increase significantly resulting in a gradual shift down of

the corresponding stretching modes.

Having in mind that all these findings are valid for a maximum Sr content

x¼ 0.125 %, it seems quite logical to assume that an increase of the Sr concentra-

tion to x¼ 0.3 % as in our case would lead to larger down-shift, reaching

Fig. 50.4 XRD diffraction pattern of a La1.7Sr0.3CuO4 compound
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eventually 503 cm�1. Therefore, taking into account both, the different Sr

concentrations and the band shifting in comparison to the one found in the work

of Napoletano et al. [18], we attributed the mode located at 503 cm�1 in our

spectrum as a contribution from La–O asymmetric stretching vibrations. Assign-

ments of the next higher frequency band found at 668 cm�1 are contradictory. As it

was already mentioned, in the work of Napoletano et al. [16] the authors discuss a

peak located at 684 cm�1. In order to interpret it, they followed the idea that the

random substitution of La ions by alkali earth ions results in increased apical O–Cu

bond lengths and slightly decreased in-plane O–Cu bond lengths.

As it is known, the higher frequency bands should certainly be assigned to

vibrational modes primarily involving the stretching of shorter and stronger

bonds. In the present case such bonds are the basal Cu–O ones with a length of

1.90 Å and perhaps La–O bonds with a length of 2.35 Å. Stretching modes of the

longer apical Cu–O bonds (length 2.5 Å) are expected at lower frequencies.

Following this concept, as a conclusion, the authors suppose that the band situated

at 684 cm�1 is due to the superposition of two asymmetric stretching modes of

CuO4 “squares”. They ascribe the steady reduction of this peak by doping from

0� x� 0.125 %, to the increased symmetry of the unit cell when the latter changes

from orthorhombic to tetragonal. This alteration results in losing the splitting of the

asymmetric Cu–O stretching effect. A similar phenomenon has been observed also

in other works [11, 17]. In the work of Pu et al. [11], where the authors studied

La1.85+xSr0.15�xCu1�xLixOy, they observed the disappearance of the 683 cm�1

absorption band. Although that they observed the same effect as in the work of

Napoletano et al. [16], they give a different explanation. They proposed [11] the

idea that the free carriers can cause IR active phonon in-plane polarization and

mask phonon-related structures in the spectra. These so-called screening effects

have also been reported in other works [15, 18]. Thus, the authors ascribe the

disappearance of the IR vibrational mode at 696 cm�1 in their spectra to screening

effects of charge carriers. With Li content increasing further, Li doping at Cu sites

replaces Cu2+ spins and destroys the Cu2+ spin correlation. This effect inspires the

charge carriers to change from a delocalized state to a localized state. Then this

frequency peak appears again but at a higher frequency of ~ 705 cm�1 when the

dopant concentration exceeds x� 0.2. The authors attributed the newly appearance

of the band to the monotonous decrease of the lattice parameter a which is in good

agreement with the gradual hardening of the Cu–O(1) stretching modes in the

La2Cu1�xLixOy system. Thus, the IR mode at 683 cm�1 shifts to 703 cm�1.

It is known that the Cu–O stretching modes are closely related to the Cu–O bond

length. The shift of the IR modes can be interpreted based on the changes of the

lattice parameters a and c [11]. Hence, an increase of the distance between planar

O and Cu2+ will result in downward shifting of the Cu–O(1) stretching modes to

lower frequencies [17]. We suppose that disappearance of the 684 cm�1 band in the

work of Napoletano et al. [18] might be due to the screening effect that was

described by other authors [11, 15, 18]. Since the Sr content in their study does

not exceeds 0.125 %, the band does not appear again. In our study, adding a

quantity of more than 0.125 % [19] stimulates two effects. The first one is related
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to the appearance of a mode, which is due to planar Cu-O again. The second effect

concerns the shifting of the same mode to lower frequencies. The latter has been

caused by an increase of the planar O and Cu2+ distance.

Turning our attention to higher frequencies, we observe a band located at

977 cm�1. This mode most probably is due to vibrations of water molecules.

In the spectral range between 2,340 and 2,365 cm�1 two vibrational modes appear.

They are related to vibrations of CO2 molecules. In the very high frequency region,

a slight peak appears at 3,415 cm�1. Most probably, this peak is a contribution of

O-H stretching vibration of H2O molecules [20]. Both, water molecules and CO2,

are contribution from absorption effect from the air.

50.3.2 Structural Behavior of Nd1.6Sr0.4NiO4 System

50.3.2.1 X-ray Diffraction Investigation

A X-ray diffraction analysis of the La1.7Sr0.3CuO4 system is shown in Fig. 50.6. The

diffractograms displays diffraction maxima for two compounds, i.e. Nd1.6Sr0.4NiO4

and small amount of Al. Aluminum appears as an impurity. Nevertheless, the sample

is crystalline, without any detectable vitreous phase and homogeneous.

50.3.2.2 Infrared Study

Since this compound is innovative, only few publications have been found during our

detailed searching. An IR spectrum of the investigated composition Nd1.6Sr0.4NiO4 is

presented in Fig. 50.7. Two indicative bands situated at 510 and 710 cm�1 are

Fig. 50.6 XRD analysis of the Nd1.6Sr0.4NiO4 system
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examined. According to Ref. [21], these two modes are characteristic for Ni-O

stretching vibrations.

In addition, two more weak bands positioned at 855 and 1,485 cm �1 are

observed. According to Zhu et al. [22] both peaks are contributions from SrCO3

vibrations. More exactly, they originate from both inorganic carbonate C-O stretch

at 1,510–1,410 cm�1 and C-O out-of-plane bending in the wavenumber range from

880 to 860 cm�1. Following the discussion carried out above, these small absorp-

tion bands may be due to CO2 molecule vibrations. These structural units are typical

for inorganic carbonates and are probably formed after the synthesis of the material

due to CO2 absorption from the air. No contributions from H2O molecules, i.e. O-H

stretching vibrations were registered.

50.4 Conclusions

Two different perovskite-type compositions, i. e. La1.7Sr0.3CuO4 and Nd1.6Sr0.4
NiO4 were structurally investigated by X-ray diffraction and IR spectroscopy.

On the base of X-ray diffraction analysis both samples seem well-synthesized and

homogenous which is the first preliminary condition for the next studies and usage.

Interpretation of the lanthanum-cuprate IR spectrum is not straightforward which

has a two-fold origin: (i) higher La-content and appearance of the so-called

screening effect which is typical for this system. Nevertheless, two characteristic

bands were detected for this system and were attributed to La-O asymmetric

stretching vibrations and to asymmetric Cu-O vibrations in CuO4 squares,
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Fig. 50.7 The infrared spectrum of a Nd1.6Sr0.4NiO4 powder sample
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respectively. The interpretation of IR spectrum of Nd1.6Sr0.4NiO4 powder sample is

simpler. Few vibrational modes were observed. Among them, two were found

indicative and attributed to Ni-O stretching vibrations. Moreover, inorganic

carbonate C-O vibrations from SrCO3 were also observed. In brief, judging from

this preliminary structural investigation, La1.7Sr0.3CuO4 and Nd1.6Sr0.4NiO4 are

appropriate for cathode materials in SOFCs, which is in agreement with our

preliminary results [23].
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14. Humliček J, Litvinchuk AP, Kress W, Lederle B, Thomsen C, Cardona M, Habermeier HU,

Trofimov IE, König W (1993) Physica C 206:345

15. Schutzmann J, Tajima S, Miyamoto S, Sato Y, Hauff R (1995) Phys Rev B 52:13665

16. Napoletano M, Amores JMG, Magnone E, Busca G, Ferretti M (1999) Physica C 319:229

17. Xu G, Pu Q, Zhang Z, Ding Z (2002) Physica C 370:101

18. Heyen ET, Kliche G, Kress W, König W, Cardona M, Rampf E, Prade J, Schröder U, Kulkarni
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Chapter 51

Deposition of Perylene Diimide Derivatives
for Dye-Sensitized Solar Cells

N. Georgiev, H. Nichev, M. Petrov, K. Lovchinov, D. Dimova-Malinovska,

and V. Bojinov

Abstract The aim of this work is to examine the photosensitivity of dye-sensitized

materials. Three types of organic dye sensitizers, i.e. perylene diimide (PDI)

derivatives with different terminal groups were synthesized. The synthesized PDI

derivates were deposited by dipping on a glass/ITO substrate covered with arrays of

ZnO nanorods (NR) grown by an electrochemical process. An Ag grid contact

was deposited on the PDI films on the stack glass/ITO/ZnONR/PDI; then I-V

characteristics of the structures were measured in dark and under illumination

with a halogen lamp. The photosensitivity of the different dye-sensitized materials

is discussed.

Keywords Photoconductivity • Perylene diimide derivatives • ZnO nanorod arrays

51.1 Introduction

The main efforts in the photovoltaic (PV) technology are focused on increasing the

efficiency and decreasing the price of the solar cells and modules. Solar cells on

perylene diimide derivatives (PDI) have attracted the interest of researchers as an

alternative to the high cost Si solar cells. The synthesis and the study of the

characteristics of these materials are of high importance for the fabrication of solar

cells. The increased interest in solar cells based on organic materials is due to their

advantages: a potential low cost thin film PV technology, low toxicity, technological

merits in producing photoconductive compositions, and the possibility of deposition

of large area substrates.
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For the last 10 years increasing efforts have been devoted to the development

of organic sensitizers, and reasonable photo-conversion efficiencies have been

reached with some push-pull type organic chromophores. The representatives of

these materials are perylene diimide derivatives owing to the unique outstanding

chemical, thermal and especially photochemical stability.

The reduction of the dimensions of materials to a nanometer scale gives

rise to several advantages in terms of device applications. Nanomaterials such

as nanowires and nanorods have unique advantages that make them useful in

photovoltaic devices [1]. Nanostructured materials can be produced by

non-vacuum technologies on large area substrates. All these advantages offer

the possibility to increase the efficiency of solar cells and modules and to reduce

their costs. Layers of nanostructured arrays can be deposited with very large

surface area per unit volume and offer a possibility to improve light trapping

properties of solar cell due to the rough interface with increased effective areas

between the films.

The photovoltaic devices based on inorganic semiconductor such as ZnO with

vertically oriented nanowire and nanorod structure [2] have been applied as anti-

reflecting coating (ARC) in Si heterojunction solar cells [3] and used as substrates

for a-Si:H thin film solar cells [4] with improved efficiency. ZnO nanorod arrays

have been integrated in organic photo-active materials, as well [2, 5, 6].

In this work we report on the preparation of three types of PDI layers on

ZnO nanorod arrays grown by electrochemical process on glass/ITO substrates

via dip-ping in a solution. An Ag grid contact was deposited on the structure

glass/ITO/ZnO NR/PDI, and I-V characteristics of the structures were measured

in dark and under illumination with a halogen lamp for assessment of their

photosensitivity.

51.2 Experimental

The three types of perylene diimide derivatives (PDI) were synthesized on the

base of the perylene diimide derivatives (1 in Fig. 51.1). P.a. grade N,

N-dimethylethylenediamine, ethylenediamine, methyl acrylate and perylene-

3,4,9,10-tetracarboxylic (Aldrich) were used without purification. All solvents

(Aldrich, Fisher Chemical) used for the process of synthesis were pure or of

spectroscopy grade.

The properties of the synthesized PDIs were evaluated by FTIR, UV-VIS

and fluorescence spectroscopy. FTIR spectra of were recorded with a Varian

Scimitar 1000 spectrometer. UV-VIS absorption spectra were recorded with a

spectrophotometer Hewlett Packard 8452A. Fluorescence spectra were taken with

a Scinco FS-2 spectrofluorimeter at room temperature (25 �C). The relative

fluorescence quantum yield ФF was determined using Coumarin 6 (Aldrich,

ФF¼ 0.78 in ethanol [7]) as a standard. The I-V characteristics of the structures
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glass/ITO/ZnO NR/PDI/Ag grid were measured using a Keithley 2400

Source Meter in dark and under illumination by a halogen lamp in order to

study their photosensitivity.

51.3 Results and Discussion

51.3.1 Synthesis of PDI 2 and PDI 3

The dyes PDI 2 and PDI 3 were synthesized using by the consecutive refluxing

a suspension of 2 g (5 mmol) perylene-3,4,9,10-tetracarboxy anhydride (1 in

Fig. 51.1) and N,N-dimethylethylenediamine or ethylethylenediamine in water/

propanol. 2.1 ml of the primary amine N,N-dimethylethylenediamine was added

to obtain PDI 2 or 2 ml ethylenediamine to obtain PDI 3. Additionally, a mixture of

50 ml water and 50 ml n-propanol was added.

O O

O

O

O

O

N N

O

O

O

O

N N

O

O

O

O

N

N

1

2

3

Water/Propanol,
Reflux

H2N

H2N

NH2 NH2

N NH2

Water/Propanol,
Reflux

OMe

O

MeOH, 20°CN N

O

O

O

O

N

N
O

OMe

OMe
O

MeO

MeO
O

O

4

N N

O

O

O

O

N

N
O

OH

OH
O

HO

HO
O

O

5

MeOH, Reflux

KOH

Fig. 51.1 Scheme of the procedure of the synthesis of PDIs
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The resulting mixture was heated at 90 �C under reflux for 4 h. After cooling to

room temperature the precipitate was collected by filtration, washed with water and

dried. Then the obtained solid powder was treated with 100 ml of 5 % aqueous

solution of sodium hydroxide to give the pure compounds after filtration, washing

with water and drying. The results of analyses show:

• PDI 2: Yield¼ 2.4 g (91 %). IR (KBr) cm�1: 2,962 and 2,770 (νCH); 1,694
(νasN-C¼O); 1,658(νsN-C¼O). Elemental analysis: Calculated for C32H28N4O4

(MW 532,6): C 72.16, H 5.30, N 10.52 %; measured: C 71.89, H 5.22,

N 10.85 %.

• PDI 3: Yield¼ 2.2 g (94 %). IR (KBr) cm�1: 3,352 (νNH2); 1,696 (νasN-C¼O);

1,659 (νsN-C¼O). Elemental analysis: Calculated for C28H20N4O4 (MW 476,5):

C 70.58, H 4.23, N 11.76 %; measured: C 70.83, H 4.17, N 11.47 %.

51.3.2 Synthesis of Perylene-3,4,9,10-Tetracarboxylic
Diimide (PDI 4)

The synthesis of the novel perylene tetracarboxydiimide PDI 4 is shown in

Fig. 51.1. The dye PDI 4 was synthesized via a divergent strategy, involving initial

Michael-addition of the aminofunctional core PDI 3 with methyl acrylate. The

structure and purities of the prepared products were confirmed by conventional

techniques (elemental analysis, UV-VIS, fluorescence and FTIR spectroscopy).

A mixture of methyl acrylate (2.7 ml, 32 mmol) and 1.5 g of PDR 3 (3.2 mmol)

in 30 ml methanol was stirred for 4 days at room temperature, then the precipitate

was collected by filtration, washed with water and dried. Then the crude solid was

extracted with boiling chloroform to give, after vacuum evaporation of the solvent

and silica-gel chromatography in CH2Cl2, pure PDI 4 as dark-red crystals (melting

point 206–209 �C). The results of the analyses were:

• PDI 4: Yield¼ 0.74 g (28 %). IR (KBr) cm�1: 1,730 (nCOOCH3); 1,688

(νasN-C¼O); 1,660 (νsN-C¼O). Elemental analysis: Calculated for

C44H44N4O12 (MW 820.9): C 64.38, H 5.40, N 6.83 %; measured: C 63.19, H

4.99, N 6.70 %.

51.3.3 Synthesis of Perylene-3,4,9,10-Tetracarboxylic
Diimide (PDI 5)

PDI 5 was obtained by conversion of PDI 4 by hydrolysis. A suspension of PDI

4 (0.5 g, 0.6 mmol) in EtOH (15 mL) was added to NaOH (0.25 g, 6.3 mmol) and

dissolved in hot EtOH (20 mL). The mixture was heated to reflux for 12 h.

The precipitated crude product was filtered off after cooling, washed with water
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and dried. Silica gel chromatography yielded 0.24 g of PDI 5. The results of

analyses were:

• PDI 5:�Yield¼�0.24 g (53 %). IR (KBr) cm�1: 3,052 (nOH); 1,669 and 1,681

(νN-C¼O). Elemental analysis: Calculated for C40H36N4O12 (MW 764.7): C

62.82, H 4.74, N 7.33 %; measured C 62.52, H 4.49, N 7.44 %

The IR spectra of the prepared perylene diimides PDI 2 to PDI 5 show two

absorption bands in the range 1,650–1,690 cm�1 resulting from the presence of

the imide ring. No absorption bands above 1,750–1,800 cm�1 corresponding to

anhydride carbonyl group absorptions were observed. This is evidence that the

starting perylene anhydride (1) was completely converted to the perylene diimides

PDI 2–5.

The dyes under investigation are based on the same chromophoric system, thus

their absorption spectra are identical. In dimethyl formamid (DMF) solution the

examined PDIs demonstrate UV-vis absorption spectra typical for perylene

tetracarboxydiimide [8] with three pronounced peaks at 460, 490 and 526 nm

which corresponds to the 2–0, 1–0 and 0–0 electron transitions, as the highest

intensity was observed for the lowest energy band.

The synthesized PDIs are based on the “fluorophore-spacer-receptor” model,

where the perylene diimides core is the fluorophore and the tertiary amines are the

receptors. For these particular cases it was predicted that a photoinduced electron

transfer (PET) from the receptor to the excited state of the fluorophore would

quench fluorescence emission of the PDI unit [9]. This is why the dyes PDI 2, 4

and 5 show extremely low fluorescence with quantum yields in range between

0.005 and 0.008. We chose the PET based PDIs as dye sensitizers since the PET

process stabilizes the excited dye state and favours the charge separation.

The correct design of the binding groups plays a critical role to prevent aggre-

gation of the chromophores and to tune the properties of the dye layer. It is well

known that carbonyl derivatives are suitable linkers for different metal oxides [10].

That is why the dyes PDI 4 and PDI 5 are ester and carboxylic acid terminated,

respectively. Compound PDI 2 which lacks a linker group was introduced in the

present study in order to receive a more complete comparative picture for the

influence of the dye terminal groups.

51.3.4 Deposition of ZnO Nanorods Arrays

ZnO layers were deposited by mean of an electrochemical process in an aequeous

solution of ZnCl2 and KCl using a electrochemical three-electrode cell with a

saturated calomel electrode (SCE) as reference electrode [11]. The electrolyte

contents ZnCl2 (5� 10�4 M) and KCl (1 M) with pH~ 5. The deposition temper-

ature was 80 �C. The deposition was carried out controlling the potential by a high

power potentiostat system WENKING HP 96. Since the potential of Zn in the

electrolyte is �1.05 V vs. SCE, the deposition process of ZnO was carried out

at �1.0 V vs. SCE to prevent deposition of metallic Zn. Good quality ZnO films
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were obtained at a redox potential within the range between +0.30 and +0.40 V

vs. SCE. At a redox potential higher than +0.4 V zinc peroxide (ZnO2) was formed

on the samples with a poor adhesion to the substrate. A spectrally pure graphite

plate was used as an anode. The electrolyte was agitated by a magnetic stirrer. ITO

on glass was used as conductive substrate for the growth of ZnONR [12].

The growth time was 20 min. The deposition of thin ZnO films at a redox potential

lower than +0.4 V can be explained as a product of the interaction of OH� and Zn2+

on the surface of the electrode [13].

Zn2þ þ 2OH� ! Zn OHð Þ2 ! ZnOþ H2O

After deposition of the ZnO layers on the glass/ITO substrates they were cleaned

with acetone. For coating with the PDIs the cleaned substrates was immersed into a

dye solution in DMF (dye concentration 1� 10�5 mol/L), kept for 24 h and then

dried in air.

51.3.5 I-V Measurements

An Ag grid contact was deposited on the structure glass/ITO/ZnO NR/PDI

(Fig. 51.2). The Ag contact was deposited on the ITO layer. The photocurrent

was measured between the Ag metal electrode on the ITO and the front Ag grid

electrode in dark and under illumination by light from a halogen lamp (�900 W) on

the side of the Ag grid. The positive potential was applied to Ag electrode deposited

on ITO.

The I-V characteristics in dark and under illumination are presented in Fig. 51.3.

The I-V characteristics of the structures with PDI 2 and 4 demonstrate a rectifying

effect. The structures with the three different PDI under investigation demonstrate

photosensitivity. The structure with PDI 4 possesses the highest photosensitivity.

In this case the dye is Probably deposited as monolayer on the surface of the

ZnO NR which results in a decrease of the recombination of the carriers genarated

by the light.

The synthesized dye PDI 2 demonstrates a lower photosensitivity probably

because it possesses no anchor groups which could help to bind the PDI on the

DPI Electrochemical Ag Aggrid

Fig. 51.2 Scheme of the structures with ZnO NR arrays and PDI derivatives for I-V measurement
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rough nanostructured ZnO surface. The samples with PDI 5 shows a very weak

photosensitivy. Due to the poor solubility the synthesized dye forms very easily

aggregates, which prevent formation of a homogeneous continuous PDI film; thus it

is necessary to apply high voltages to obtain a photo-current.

51.4 Conclusions

In this work it was shown that perylene diimide derivatives with different terminal

groups can be synthesized using perylene-3,4,9,10-tetracarboxy anhydride by

adding different primary amines. The synthesized PDI derivatives were deposited

on the surface of ZnO nanorod arrays grown by an electrochemical method on

conductive glass/ITO substrate. The photosensitivity of the structure ITO/ZnO

NR/PDI/Ag grid was studied. The PDI 4 (ester terminated) demonstrated the

highest photosensitivity probably as a result of the formation of a monolayer

which impedes carrier recombination.

Acknowledgement The work has been supported by the Bulgarian Scientific Fund – project

N DDVU 02/97 (20.12.2010)

Fig. 51.3 I-V a characteristics of the structures glass/ITO/ZnO NR/PDI/Ag grid in dark and under
illumination for PDI 2 (a), PDI 4 (b) and PDI 5 (c)
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Chapter 52

Micromirror Arrays for Smart Personal
Environments

A. Tatzel, B. Einwögerer, I. Bergmair, N. Worapattrakul, B. Khudhair,

V. Viereck, and H. Hillmer

Abstract Energy saving potentials of micromirror arrays in active windows

for smart personal environments (SPE) are studied. Such systems enable large

area daylight guiding in buildings by application of electrostatically actuated

micromirror arrays inside the noble gas or vacuum spacer between the panes of

insulation glazings. The working principle in winter and summer scenarii is

described. An alternative fabrication process for micromirror arrays, called transfer

printing, is presented. For the first time we succeeded in fabricating micromirror

arrays applying this novel transfer print.

Keywords Active windows • Smart personal environments • Micromirror •

Micromirror arrays • Energy saving • Transfer printing

52.1 Introduction

Advances in micro-electromechanical system (MEMS) technology lead to increas-

ingly more powerful MEMS-based sensors and actuators. It is accompanied by a

reduction in size and average cost of these devices. The broad availability

of low-cost sensors and actuators allows the creation of new network systems

operating in the background and improving daily life without being noticed by

the user. Such systems work autonomously based on data collected by sensors,

programs or learned rules, and change the environment by actuators. These systems

are referred to as smart systems [1, 2]. By tailoring the system performance

to individual preferences or medical needs, these systems can be personalized.
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B. Einwögerer • I. Bergmair

Functional Surfaces and Nanostructures, PROFACTOR GmbH, Im Stadtgut A2,

4407 Steyr-Gleink, Austria

© Springer Science+Business Media Dordrecht 2015

P. Petkov et al. (eds.), Nanoscience Advances in CBRN Agents Detection,
Information and Energy Security, NATO Science for Peace and Security

Series A: Chemistry and Biology, DOI 10.1007/978-94-017-9697-2_52

505

mailto:tatzel@ina.uni-kassel.de


Therefore, such a system is called smart personal environment (SPE). The SPE

described in this paper, the active window, enables large area guiding of daylight

in buildings by use of a MEMS technology, namely electrostatically actuated

micromirror arrays [3]. They are placed in between the interspace of two window

panes to protect them from external influences. The functional principle of the

micromirror arrays and the active window is described below.

52.2 Active Windows

An active window is a SPE that uses electrostatically actuated micromirror arrays

allows large-area daylight guiding in buildings. Such a micromirror array comprises

several hundred thousand mirrors that can be actuated simultaneously. It is the

smallest light-guiding unit of an activewindow which itself consists of several

independently actuable micromirror arrays. This segmentation allows for very

flexible light-steering that excels any conventional daylight-guiding system on the

market. Enabling the system to tailor the ambience of the room to specific situations

in an unprecedented way, the micromirror array segments of the active window

provide various possibilities to block or guide light. These diverse possibilities

require a SPE to utilize the full potential of such a active window. An example of

such a SPE is depicted in Fig. 52.1. Sensors for temperature, light intensity, sun

position, health-care and motion detection deliver the data to the networked control

unit that manages the active window.

Fig. 52.1 Example of a SPE: The active windows are managed by a networked control unit

processing the data collected by the sensors
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Active windows improve the energy efficiency of buildings in several ways:

Heat control (protection/input) thereby reducing the load on air-conditionings,

support of heating units and reduction of the need of artificial light. In order to

illustrate this, two scenarii are considered in the following.

52.2.1 Summer Scenario

The sunlight is blocked by the major part of the active window, thus keeping

the room cool while the input of natural light can be maintained by opening some

arrays in the upper part of the active window guiding light to the ceiling. The use

of artificial light can be reduced resulting in additional energy saving and an

improvement of the room atmosphere. In addition it has been proven that the

presence of natural light has a positive influence on human physiology.

52.2.2 Winter Scenario

Light incidence is maximized to use the sunlight as a heating source while some

micromirror arrays can be closed which avoids glaring people inside the room.

Keeping the amount of natural light high in winter is also desirable for the

aforementioned reasons. In addition the SPE can improve the room climate by

monitoring the presence of people and their activities. An empty room can be

exclusively optimized under energy saving aspects until a person enters. Then the

human demands stand in the foreground of the automatic control.

A further aspect in favor of such a system is a high life-time, since nowadays

windows are expected to last at least 30 years. This is achieved by placing the

micromirror arrays in the space between the regular insulation or vacuum panes.

The micromirrors themselves are long-term stable due to the well-known advantage

of miniaturization: downscaling causes a change in the influence of fundamental

forces [4]. Furthermore thin film technology requires very little resources in terms of

required material. That makes the active window saving resources in comparison to

e.g. macroscopic lamella systems. Active windows consume very little energy due to

the electrostatic actuation principle of the micromirrors [5, 6]. A life cycle assessment

of the micromirror arrays in comparison with an optimized conventional slat blind

system has shown that the micromirror arrays require less primary energy [7].

52.3 Fabrication Method

The crucial point in designing a MEMS-based daylight guiding system that can

compete with conventional systems on the market is to find a low-cost fabrication

process. This challenge does not only involve the use of low-cost materials but also a
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reduction of the process steps and controllable processes compatible with standard

production lines available in industry. Another big issue is the fact that the windows

have not to be produced in a cleanroom environment which is necessary for the

micromirror array fabrication. By separating micromirror and window production,

introduction of the system to the market will be facilitated. To this end we propose a

novel fabrication method for micromirror arrays called transfer printing.

This method involves transferring a layer stack from a carrier substrate to a

target substrate. In the first step the layer stack is produced on the carrier. The

carrier with the layer stack on it is then ‘glued’ to the glass. After hardening of the

glue the carrier is removed leaving the layer stack on the target substrate [8].

The transfer printing process for the micromirror arrays is shown in Fig. 52.2.

In the first step an aluminum layer is deposited on the carrier substrate. In the

following a photolithography step creates the etch mask. Then wet etching is carried

out; mirrors and electrical interconnections are formed. The sacrificial layer is depos-

ited by spin coating and structured by photolithography (a). Then a diluted ultraviolet

(UV) curable hybrid polymer (Ormocomp) is applied as ‘glue’ by spin-coating.

Finally the whole layer stack is transferred to the target substrate, an ITO glass (b).

After hardening the resist the carrier substrate is pulled off (c) and the layer stack

remains on the ITO glass (d). This is possible due to the different adhesion properties

of the materials. By removing the sacrificial layer the mirrors can be released (e).

52.4 Results

We were able to produce a micromirror layer stack and transfer it from a silicon

wafer to ITO glass by using Ormocomp as a transfer medium. To ensure a

successful transfer print of the whole layer stack the adhesion properties of the

Fig. 52.2 Transfer print process for micromirror arrays: Deposition of a layer stack containing

micromirrors and a sacrificial layer onto a Si-substrate (a), application of an UV-curable material

(glue) and joining with the ITO glass (b), hardening of glue and removal of carrier substrate (c),
transfer of the printed structure (d), release of the micromirror by removal of sacrificial layer (e)
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utilized materials had to be adjusted. This has been achieved by applying an

anti-sticking FDTS (1H,1H,2H,2H-Perfluorodecyltrichlorosilane) layer in order to

reduce the adhesion between the silicon wafer and the mirror layer. Figure 52.3

shows the first result of transfer printed micromirror structures.

52.5 Outlook

The transfer print method is a very promising process to separate the production of

the micromirrors from that of the windows. In future more investigations on the

applicability on large areas (i.e. window size and larger) are required. This will

involve further process optimizations and application of large-area processes

(e. g. spray coating).
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Chapter 53

Synthesis and Characterization of Novel
Oxides as Active Material in Lithium
Ion Batteries

D. Nicheva, T. Stankulov, D. Blyskova-Koshnicharova, E. Lefterova,
O. Koleva, A. Momchilov, and T. Petkova

Abstract The aim of the present work is the synthesis and characterization of

novel oxide materials in view of their potential use as active material in lithium ion

batteries. Bulk materials from (TiO2)x(V2O5)y(P2O5)100-x-y system, where x¼ 5,

10, 15 and y¼ 60, 70, were prepared by means of the melt quenching method. The

materials were characterized by physical chemical and electrochemical methods,

i.e. X-ray diffraction, infrared spectroscopy and cyclic voltammetry measurements.

The electrochemical properties were investigated against metallic lithium as active

materials in a half-cell system.

Keywords Phosphate glasses • Lithium ion batteries

53.1 Introduction

The limited amount of fossil fuels and growing environmental problem associated

with their production and combustion leads to an continuously increasing need for

renewable energy sources and storage methods. Lithium batteries (LIBs) are the

systems of choice, offering high energy densities, flexible, lightweight design

and longer lifespan than comparable battery technologies [1]. Besides high-power

high-energy-density applications and, in addition vehicular transport, LIBs are also

actively being considered for power tools, back-up power supply units, and off-peak

energy storage (load leveling) from the electric grid for civil, but also for military

supplies. For all these uses, LIBs need to satisfy four important criteria [2]:
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(1) cost reduction, (2) improvement of the energy density from ~120 to ~250 Wh/kg,

(3) safety-in-operation and (4) improvements of low- as well as high-temperature

operation.

One way to achieve higher capacities is to use an electrode material in which the

metal ion can change its oxidation state by two or more units. In this study we

present the results of our investigation of the TiO2-V2O5-P2O5 system in view of

electrochemical application.

53.2 Experimental Details

Bulk materials from the (TiO2)x(V2O5)y(P2O5)100-x-y system, where x¼ 5, 10, 15 %

and y¼ 60, 70 %, were prepared by means of the melt quenching method from TiO2

and V2O5 powders and liquid orthophosphoric acid H3PO4 as precursors. The initial

materials were mixed for better homogenization, placed in a quartz crucible and

melted in a high temperature furnace in air. The synthesis was carried out as

follows: the temperature was increased stepwise to 1,200 �C, the melt was kept

for 1.5 h at 1,200 �C and quenched between copper plates.

XRD analyses were performed by using a X-ray diffractometer model Philips

APD-15. The data were collected at ambient temperature with a constant step of

0.02 deg�s�1 from angles 2θ¼ 20� 60� at the wavelength λ¼ 1.54178 Å using a

СuКα tube. The structure of the materials was studied by means of an FTIR

spectrometer model VARIAN 660-IR.

The electrodes were prepared by spreading them (one-side) on an Al foil.

Electrodes consisting of 50 % (w/o) active materials and 50 wt% conductive binder

(TAB2, teflonized acetylene black)were dried at 120 �C in a vacuumoven for 12 h and

then pressed to enhance the contact between the active materials and the conductive

carbons. Galvanostatic tests were carried out in a three-electrode half cell (the

prototype of the 2032 button cell), using a metallic Li foil as both counter and

reference electrode. The electrolyte used was 1 M LiPF6 dissolved in a mixture of

ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 in vol.). The cells

were assembled in a glove box under highly pure dry argon atmosphere. Cyclic

voltammograms (CVs) were measured with an Autolab PSTAT 10 with a scan rate

of 0.05mV/s in the potential range from 1.5 to 3.5 V. Constant current (CC) tests were

performedwith the aid of anArbin Instruments BT2000. The capacitiesC ofmaterials

were based on the experimentally obtained data from the CV tests of the materials.

53.3 Results and Discussion

53.3.1 X-ray Diffraction Analysis

The XRD analyses used to prove the nature of the samples show that

(TiO2)5(V2O5)70(P2O5)25 and (TiO2)15(V2O5)70(P2O5)15 compounds are amorphous

(Fig. 53.1a). The diffractogram of (TiO2)10(V2O5)60(P2O5)30 (Fig. 53.1b) displays
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amorphous an halo and weak peaks indicating crystalline phases distributed in the

amorphous oxide matrix. The peaks positions are very similar to those of Ti4P6O23,

NaTi2(PO4)3 and NaVTi(PO4)3. These peaks validate the presence a NASICON type

structure (Na super ionic conductor) in the samples of this study [3, 4].

53.3.2 Infrared Study

Infrared spectra of (TiO2)x(V2O5)y(P2O5)100-x-y glassy system are presented in

Fig. 53.2. The band at 1,005 cm�1 can be attributed both to VO5-groups and to

isolated PO4
3� (Q0) phosphate groups observed for (TiO2)5(V2O5)70(P2O5)25 and

(TiO2)15(V2O5)70(P2O5)15 glasses. The band splits into two peaks located
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at 990 and 1,020 cm�1 with increasing TiO2 and P2O5 content probably due to

the appearance of VO4 groups that occupy octahedral positions in the NASICON

structure.

The wide absorption band between 600 and 670 cm�1 originates from TiO6

octahedra, while absorption below 600 cm�1 is due to bending vibrations of

VO5-groups and to the network vibrations.

Three other bands located at 640, 575 and 811 cm�1 are indicated. We can very

likely assign the 640 cm�1 band to TiO6 groups as part of the NASICON structure,

the 811 cm�1 mode might be attributed to mixed V-О-Ti bonds.
The structure of phosphate glasses might be considered as a polymeric network

composed of tetrahedral [PO4] groups. The structure is usually determined by Qn

molecules, where n stands for the number of bridged oxygen atoms in a tetrahedron.

Depending on the [O]/[P] ratio phosphor-containing amorphous materials can be

composed of: (a) a network of Q3 tetrahedra (in glassy P2O5) with asymmetric

stretching vibrations of the P¼O bond at ~1,270 cm�1, (b) polymeric metaphos-

phate chains of Q2 tetrahedra (PO2)
� with asymmetric bond vibrations at

~1,280 cm�1 and symmetric stretching vibrations at 1,100 cm�1, (c) “inverted”

glasses, based on Q1 with a structural unit of (PO3)
2� groups with stretching

vibrations at ~1,050 cm�1, and (d) orthophosphate Q0 with the main structural

group of (PO4)
3� tetrahedra the stretching of which is located at 1,000 cm�1.

Addition of TiO2 to the phosphate glasses enhances the glass forming ability,

chemical stability and compactness of the structure. TiO2 as glass modifyer con-

tributes to the appearance of non-bridged oxygen atoms in the glass and
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depolymerization of the phosphate network after distortion of the Р-О-Р bridge

structure. The IR spectra of glassy and crystalline V2O5 are comparable with

difference in the peak sharpness. They consist of deformed trigonal bi-pyramids

of VO5 groups with one vanadium ion in the center of the polyhedron and one

shorter V¼O (vanadyl) bond.

The results of the IR study show that the material is composed of TiO6

octahedron connected to six PO4 tetrahedra building a NASICON structure. They

form 3D interconnected channels with two types of empty positions occupied to

some extent by VO5 groups. The existence of VO5 groups and isolated PO4
3� (Q0)

structural units, as well as TiO6-octahedra was proven for all materials. When the

TiO2 and P2O5 content increases, new structural unit of VO4 groups are formed.

53.3.3 Electrochemical Investigations

The CV-curves of the electrodes under study are presented in Fig. 53.3. The peak

appearing at potentials of about 2.5 V in the CV curve can be assigned to

some structural reorganisation in the compounds. The effect has been ascribed

to different factors, including structural effects after reduction of V5+ to V4+ and

lithium incorporation into the structure (electrochemical lithiation). We assume that

probably lithium ions occupy the empty positions in the NASICON structure or/and

form new bonds.
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The electrochemical lithiation of (TiO2)5(V2O5)70(P2O5)25 shows 38 % increase

during the first CV cycle; the increase is higher after the second (79 %) and the third

cycle (93 %).

The discharge capacity of the (TiO2)5(V2O5)70(P2O5)25 was tested at various

current rates (Fig. 53.4a). The material shows a stable capacity after 15 cycles with

a C/10-rate (the C-rate is a standard charge-discharge regime for electrochemical

power sources, where the current is expressed by means of the electrode capacity).

The capacity increases by 23 %, analogous to that observed in the CV test, and

decreases by 16 % during the further study with a current of C/5 rate.

The CV results of the (TiO2)15(V2O5)70(P2O5)15 compound (Fig. 53.3) shows

electrochemical activity of the material above 4.0 V. To this end CC cycling tests

were carried out with a high current of 7C (Fig. 53.4b). The results reveal a capacity

of 12.5 % obtained from CV test. The material lost 28 % of the capacity

after 50 cycles, 11 % during the next 100–200 cycles, and 20 % during the cycles

200–300.

53.4 Conclusions

Bulk materials from (TiO2)x(V2O5)y(P2O5)100-x-y system, where x¼ 5, 10, 15

and y¼ 60, 70 were synthesized and characterized. It was found that

(TiO2)5(V2O5)70(P2O5)25 and (TiO2)15(V2O5)70(P2O5)15 are amorphous, while

(TiO2)10(V2O5)60(P2O5)30 consists of an amorphous matrix with nanocrystals of

the NASICON type. IR investigation showed the presence of VO5 groups and

0 15 30 45 60 75 90
0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

C/10
C/5

C
ap

ac
it

y 
[m

A
h

]

cycle number

C/10

a

0 50 100 150 200 250 300
0.00

0.05

0.10

0.15

0.20

C
ap

ac
it

y 
[m

A
h

]

cycle number

7C

b

(TiO2)5(V2O5)70(P2O5)25 (TiO2)15(V2O5)70(P2O5)15

Fig. 53.4 Discharge capacity vs. cycle number of (a) (TiO2)5(V2O5)70(P2O5)25 and (b)
(TiO2)15(V2O5)70(P2O5)15 for various C-rates

516 D. Nicheva et al.



isolated PO4
3� (Q0) structural units, as well as TiO6-octahedra in all materials.

When the TiO2 and P2O5 content increases, new structural units of VO4 groups

are formed. The electrochemical properties were investigated against metallic

lithium as active materials in a half-cell system. The results show that the studied

oxides possess rechargeable Li intercalation due to the presence of V2O5. The

(TiO2)15(V2O5)70(P2O5)15 compound has an electrochemical activity at 4 V,

i.e. the material is suitable for application as active element in high voltage

lithium-ion batteries.
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Chapter 54

Quantum Information Technology Based
on Diamond: A Step Towards Secure
Information Transfer

Cyril Popov, Emil Petkov, Christo Petkov, Florian Schnabel,
Johann Peter Reithmaier, Boris Naydenov, and Fedor Jelezko

Abstract The new field of quantum information technology uses qubits (quantum

bits) instead of classical bits to carry out certain computation operations or for secure

transfer of information (quantum cryptography). There are a number of physical

systems that can act as qubits including a wide range of materials and technologies,

e.g. ions in traps, local defect states in crystal lattices, superconducting junctions, etc.

All these material systems offer different challenges and opportunities for the

creation of qubit-based quantum devices. The search for defect states in solids with

a capability to store and manipulate quantum information represents a exciting area

of research. One of the most promising (and maybe the best studied) defects are

the so-called nitrogen-vacancy (NV) centers in diamond, which are perspective

candidates for a number of applications, including quantum computation and cryp-

tography. A NV center represents a nitrogen atom in the diamond crystalline lattice

adjacent to a vacancy, i.e. a site with a missing carbon atom. The attractiveness of this

system stems from the long-lived quantum coherence, which can be initialized, acted

upon, and measured using readily available techniques. A particularly exciting

feature of these defects is the persistence of long coherence times even at room

temperature. Single NV centers can be patterned on demand, and much like atomic

defects surrounded by a stable environment (the crystalline lattice), they have highly

reproducible properties. In order to exploit the outstanding properties of NV centers

by increasing both the photon emission yield and the collection efficiency of the

emitted photons, they should be embedded in an optical cavity, e.g. in all-diamond

devices like nanopillars, photonic crystals, microrings, etc.
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54.1 Cryptography – From Substitution
Ciphers to Flying Qubits

Cryptography (from Greek κρυπτoσ, “hidden, secret”, and γραϕειν, “writing”) is
the practice of techniques for secure communication in the presence of third parties.

Being almost as old as the written language itself, the earliest examples of encryp-

tion, i.e. the conversion of a readable plain text into an apparently meaningless

ciphered one, dated thousands of years ago. One example is the so-called Caesar
cipher used by Julius Caesar to communicate with his generals which represents an

alphabetic substitution cipher, in which each letter is replaced by another one that

follows a given number of places after it in the alphabet. The code (the number of

shifting places) for reading of the encrypted messages was shared only with the

intended recipients. Prior to modern times, the cryptography was based in general

mainly on substitutions and permutations.

Themodern cryptography, starting after the end ofWorldWar II, is predominantly

based on mathematical theory and computer science. Historically it included several

stages, e.g. the application of symmetric-key cryptosystems using the same key for

encryption and decryption of the messages or of asymmetric ones with a public key

for encryption and a private (“secret”) one for decryption. The designed cryptographic

algorithms were becoming more and more complex and considered as computa-

tionally secure, i.e. they are secure due to the limited computational power. Since

the mid-1980s a new era of cryptography started, that of quantum cryptography.

Quantum cryptography implies quantum mechanical effects to perform crypto-

graphic tasks or to break cryptographic keys. The most developed application of

quantum cryptography is the quantum key distribution (QKD), the process of

using quantum communication to establish a shared key between two parties.

Any attempt for reading or copying the quantum key from third parties will change

(disturbed) it and will be noticed by the communicating parties. The quantum

communication uses quantum bits (the so-called “qubits”) in place of the classical

bits. Qubits represent a two-state quantum system, where each state is described by

a wave function. In a coupled two-potential well system the ground state |0> is

symmetric, the higher energy state |1> is asymmetric. Such two-level systems can

be represented by spin states of electrons, nuclear spins in molecules, electronic

states in quantum dots, electron-photon states in resonators, atoms or ions in

magnetic fields (in traps), the charge states in nanostructured superconductors,

etc. The material platforms for qubits include nanostructures of III-V and IV-IV

semiconductors (quantum dots, nanowires), ions in traps, local defect states in

crystal structures (for details see Ref. [1]). Each of them have to address a number

of challenges related e.g. to the coherence time and the ability for coupling, which

are objects of intensive research.

The current contribution is dedicated to one of the most studied defect states,

namely the nitrogen-vacancy (NV) centers in diamond. Single NV centers can be

prepared on demand and exhibit very reproducible properties, like long coherence

times even at room temperature. The quantum coherence can be initialized,

changed and read out with already available techniques.
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54.2 Diamond and Its NV Centers

Diamond possesses various unique properties such as an extreme hardness, a low

friction coefficient, chemical inertness, a high electrical resistance, an excellent

thermal conductivity and good biocompatibility [2]. Upon doping it becomes a

large band-gap semiconductor with extremely high breakdown voltages and high

carrier mobilities. It is transparent over a wide wavelength range from UV to far IR

and can withstand high electromagnetic radiation power fluxes from X-ray or laser

sources. These outstanding properties make diamond of potential interest for a wide

spectrum of applications including wear resistive and transparent protective

coatings for optical components, heat spreaders, novel semiconductor devices,

etc. This holds for all forms of diamond: monocrystalline (natural or artificial)

and poly- (PCD), nano- (NCD) and ultrananocrystalline (UNCD) films. In the last

decade diamond has emerged also as a unique platform for novel applications,

e.g. in quantum information technology (QIT) or in magnetometry on a nanoscale,

using one of the most common luminescent defects in its lattice, namely the

nitrogen–vacancy (NV) color centers.

Pure diamond is composed only of carbon atoms in sp3-hybridization arranged

in a face-centered cubic crystal lattice. However, diamond can include some

impurities, the most important of them being nitrogen and boron since they can

occupy positions in the diamond lattice replacing the carbon atoms. This is the

reason why the diamond type classification is based on the presence or absence

of these elements. There are four major types of diamond: type Ia (with aggregated

N impurities), type Ib (with isolated N impurities), type IIa (without N or B

impurities) and type IIb (with B impurities) [3]. The same classification holds for

synthetic diamonds prepared by the so-called high-pressure high-temperature

(HPHT) method. It is based on the conversion of graphite in the presence of

metal catalysts (Ni, Fe, Co) at pressures of several GPa (i.e. several ten thousands

atmospheres) and temperatures usually on the order of 1,500 �C. Further, diamond

in the form of films can be prepared by chemical vapor deposition (CVD) which is

performed under low-pressure and moderate-temperature conditions. Generally

hydrocarbons, e.g. mixtures of methane (CH4) and hydrogen (H2), are used as

precursors, which are introduced at low pressures (1–30 kPa) into a reactor, and

activated by hot filaments, microwave plasmas, arc discharges or laser beams,

leading to the deposition of diamond films on substrates heated to temperatures of

500–1,000 �C. Depending on the deposition conditions (gas phase composition,

substrate temperature, etc.) and the pre-treatment process (necessary to enhance the

nucleation of diamond on non-diamond substrates), diamond films with different

crystallite sizes (PCD, NCD and UNCD films) can be obtained [4].

The diamond coatings discussed in this chapter, namely NCD films, as well as

single diamond nanocrystallites were grown by hot-filament CVD (HFCVD) from

gas mixtures containing 1 % CH4 in H2. A set-up using seven parallel tungsten

filaments of 0.3 mm was employed which is capable to coat 3-inch silicon wafers

homogeneously; a scheme of the HFCVD set-up is given in Fig. 54.1. The substrate
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temperature was kept at 870–900 �C, the working pressure was 2.5 kPa, the filament

temperature >2,000 �C and the deposition time 180 min for the NCD films and

15 or 30 min for the diamond nanocrystallites. The films deposited under the above

conditions were typically 900–1,000 nm thick. Monocrystalline Si wafers were

used as substrates after ultrasonic pretreatment in a suspension containing diamond

powders with different grain sizes (ultra-disperse diamond powder with a grain size

of 3–5 nm and nanodiamond powder with an average grain size of 250 nm) in order

to control the nucleation density: a high nucleation density (>1010 cm�2) was

achieved for the NCD layers when a mixture of both diamond fractions mentioned

above was used in the pretreatment suspension, and a low one (ca. 108 cm�2) for the

individual diamond nanocrystallites applying only the nanodiamond powder.

The usual duration of the pretreatment was 1 h, followed by ultrasonic cleaning

in acetone and isopropanol.

The quality of the nanocrystalline diamond films prepared by HFCVD were

investigated by atomic force microscopy (AFM), scanning electron microscopy

(SEM), X-ray diffraction (XRD) and Raman spectroscopy. The AFM images

(Fig. 54.2) reveal that the topography is clearly dominated by facetted diamond

crystallites. Owing to the low film thickness and the high nucleation density, the

crystallite size is on the order of a few hundred nm, the rms roughness in the range

of 20–26 nm. The top-view and cross-section SEM micrographs (Fig. 54.3) reveal

well-defined facetted crystals grown upwards from the nucleation sites on the

silicon surface.

Reaction
chamber

Substrate
holder

Rotary
pump

Gas supply

H2 CH4

Tungsten
filaments

U

Fig. 54.1 Scheme of the HFCVD set-up
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The XRD spectrum exhibits the (111) and (220) diffractions peaks of diamond at

2θ¼ 44.0� and 75.4�, respectively, in correspondence with JCPDS card 6-675

(Fig. 54.4) revealing that the films are free of stress. The intensity ration I220/I111
is much lower than 0.25 (according to the JCPDS card) meaning that the films are

dominated by a {111} texture which is in accordance with the pyramidal facets

visible in the SEM images in Fig. 54.3. Finally, the Raman spectrum of the films,

taken with excitation wavelength of 488 nm, shows the characteristic diamond peak

at 1,332 cm�1 together with a broad peak around 1,550 cm�1 originating from a

non-diamond sp2-bonded phase in the grain boundary material (Fig. 54.5).

Since the Raman sensitivity for sp2-carbon is roughly 50 times higher than that

of diamond [5], it can be concluded that although containing some sp2-bonded

carbon material, the deposited films consist predominantly of diamond. Comparing

the results from Figs. 54.3, 54.4, and 54.5 with the definition of diamond films [6],

it is evident that the films deposited under the above mentioned conditions are

polycrystalline diamond films, in our case NCD films due to the relatively high

nucleation density and the reduced lateral size of the crystallites.

The creation of NV centers in diamond can be accomplished by ion implantation

either starting from nitrogen-rich native Ib type diamond implanting for example

Fig. 54.2 Typical AFM

image of NCD film

Fig. 54.3 SEM micrographs of the NCD films: top-view (left) and cross-section (right)
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gallium, carbon or helium to generate vacancies, or from nitrogen-poor IIa type

diamond implanting nitrogen ions, which additionally create vacancies along

their tracks. In both cases, subsequent annealing above 600 �C is required to

enhance the migrations of the vacancies towards the substitutional N sites in the

diamond lattice and hence the formation of NV centers. However, NV centers can

be incorporated in the diamond lattice during the growth relying on the background

nitrogen pressure in the deposition chamber (exploited in our investigations) or

by introduction of nitrogen for a short time during the growth (delta-doping).

The nitrogen incorporation within the diamond films during their growth was

studied by time-of-flight secondary ion mass spectrometry (ToF-SIMS) which

showed an equal distribution through the whole depth (Fig. 54.6).
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54.3 Properties of NV Centers

There are several hundred known optical defect centers in diamond [7], but most

of them have not been yet observed as single sites. One notable exception is the

NV center in diamond, the crystal structure of which is shown in Fig. 54.7(a).

This defect has attracted the attention of many research groups during the last

decade, due to its unique properties. The energy level diagram of the NV is shown

in Fig. 54.7(b).

It consists of a triple ground and excited states, which are connect by an

optical transition. The center can be excited non-resonantly with a green laser

(usually at 532 nm) and a broad red shifted emission is observed [8] (see

Fig. 54.8(a)). The fluorescence is so intense that single NV centers can be observed

even at room temperature. The most interesting feature of this color center is that its

fluorescence depends on the electron spin state ms of the ground state. If the center

is in the state ms¼ 0, the laser will excite it and then fluorescence will be emitted.

However, if the NV center is in the ms¼ 1 (or ms¼�1) state, then there is a certain

probability of decay via the singlet states 1A1 and
1E. From the latter, the population

decays only to the ms¼ 0 state.

Thus we can perform electron spin resonance (ESR) with single spins, in this

case the so-called optically detected magnetic resonance (ODMR) [9]. As the

ODMR transition can be shifted by applying a static magnetic field (see Fig. 54.8

right), the NV center can be used as an atomic sized magnetometer [10, 11].

Its sensitivity is limited by the coherence time, but the latter is very long for this

solid state quantum system [12].

The NV center is a single quantum emitter [13], which makes it a candidate

for a single photon source for QKD and quantum communication applications.

The first commercial device is already available [14]. Although this quantum
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system seems to be very promising, there are still some experimental limitations

part of which have already been solved during the last decade. Firstly, the emission

of the NV is only about 4 % in the zero phonon line (ZPL), so most of the emitted

photons cannot be used for QIT applications. The solution to this problem is to

use photonic devices (see the next section), which can increase the emission in a

desired part of the spectrum. The second disadvantage of the NV centers is that the

optical resonance varies from center to center, so it will be difficult to entangle two

NVs (which is required for QIT protocols) as indistinguishable photons are

required. The latter problem has been solved by tuning the NV resonance by

applying external electric fields and using the Stark shift [15]. Combing these two

methods two photon interference [16] and entanglement between two remote NVs

has been demonstrated [17].

Fig. 54.7 (a) Crystal structure of the NV center in diamond. (b) Energy level scheme of the NV

center

Fig. 54.8 (a) Fluorescence spectrum of a single negatively charged NV center in diamond. (b)
ODMR spectrum of a single NV center. The splitting between the two resonance lines is

proportional to the applied constant magnetic field
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54.4 All-Diamond Photonic Devices

In order to exploit the outstanding properties of the NV centers by increasing the

emission yield of photons and the collection efficiency of the emitted photons, the

NV centers should be embedded in an optical cavity, like nanopillars [18], photonic

crystals [19], microrings [20], etc. The materials of choice for the fabrication of the

cavities are quartz, III-V semiconductors, but also diamond (the so-called

all-diamond devices). In the latter cases either N implantation is implemented

before or after the structuring for the formation of the NV centers or they were

incorporated during diamond growth, like in our case. The fabricated 1-D and 2-D

structures possess the extreme mechanical, thermal, optical and electrical properties

of diamond; they also have the advantage of a great surface-volume ratio, which is

of importance for the quantum information technology [18], but also for other novel

high-tech applications, e.g. in nanobiotechnology.

Most of the diamond nanostructures are fabricated using different “top-down”

techniques including lithography and dry etching. Several studies have been reported

on the dry etching of diamond, including ion-beam etching (IBE) [21, 22] and

reactive ion etching (RIE) [23, 24]; disadvantage of these methods are the low etch

rates. Much higher etch rates of up to ca. 200 nm/min have been achieved by electron

cyclotron resonance plasma (ECR) [25] and inductively coupled plasma (ICP)

etching [26]. In our work we have implemented electron beam lithography (EBL)

and ICP-RIE for the fabrication of diamond nanopillars and two-dimensional

photonic crystals. Diamond nanopillars with different diameters (from 1 μm down

to 50 nm) were etched from nanocrystalline diamond films (thickness on the order of

700–900 nm) using two different hard masks, either SiO2 or gold.

The fabrication process with a SiO2 mask included the following steps (as shown

in Fig. 54.9): (a) deposition of a 250 nm SiO2 layer as a hard mask, (b) deposition of

the resist; (c) electron beam lithography definition of the nanopillars in the resist;

(d) reactive ion etching (RIE) of the SiO2 mask with CHF3 (3 sccm) and Ar (5 sccm)

at a RF power of 230 W and working pressure of 19 mTorr. When a hard Au mask

was used the process included: (a) deposition of the resist; (b) electron beam

lithography definition of the nanopillars in the resist; (c) evaporation of 5 nm Ti

(adhesive layer) and 200 nm Au; (d) lift-off process with N-Methyl-2-pyrrolidone.

After the mask definition, irrespective of the material, ICP-RIE of the diamond

nanopillars with oxygen followed. The experimental conditions for this final step

were optimized with respect to the RF power applied to the substrate holder to

generate a bias voltage (varied between 50 and 300 W), the ICP power (from

500 to 2,000 W), the O2 flow (between 10 and 40 sccm) and the working pressure

(from 5 to 15 mTorr). The etching rate was monitored in situ by an interferometer.

The dependence of the etching rate on the parameters has been also investigated.

The etching rate basically depends on the ICP and RF powers. Higher powers

lead to faster material removal, but on the other hand too high values cause mask

degradation and worsening of the quality of the pillar walls. The etching rate is

proportional to the oxygen flow, i.e. the oxygen concentration, as a result of kinetic
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effects. The etching rate is reverse proportional to the working pressure, because at

higher pressures the mean free path of ions is reduced due to collisions, and they

loose partially their energy. The next factor on which the etching rate depends is the

mask material. The rate for the optimal etching recipe (with respect to the quality of

the nanopillars) was 73 nm/min using SiO2 masks and 112 nm/min for gold masks.

In general, the highest etching rate achieved was 200 nm/min, but in this case the

quality of the pillar walls was low. The larger pillars fabricated with a Au mask

and the optimized etching conditions showed a good quality with smooth and

vertical walls, but with decreasing the diameter the pillars became tapered, espe-

cially with nominal diameters of 100 and 50 nm due to degradation of the hard mask

(Fig. 54.10).

The results obtained by structuring of the diamond nanopillars were used as a

starting point for the fabrication of two-dimensional diamond nanostructures,

Fig. 54.9 Technological steps for fabrication of diamond nanopillars applying SiO2 and Au hard

masks

Fig. 54.10 Array of diamond nanopilars and single nanopillars with a diameter of 500, 200,

100 and 50 nm

528 C. Popov et al.



e.g. photonic crystals (PCs). The integration of NV centers in PCs should increase

both the photon emission yield and the collection efficiency of the emitted photons.

For this purpose the optimized etching process as described above was also applied

for the fabrication of photonic crystals in NCD (Fig. 54.11, left). The process

included the deposition of SiO2 as a hard mask, as the application of gold for this

purpose followed by a lift-off step did not give satisfactory results. The PC structure

was defined in the resist by EBL followed by RIE of the mask with a mixture of

CHF3 and Ar, and ICP-RIE of the underlaying NCD with oxygen. For the fabrica-

tion of a free-standing membrane the NCD film was deposited on sacrificial SiO2

layers with thicknesses from 150 to 1,000 nm. After opening of holes in the NCD

layer using lithography the sacrificial layer was removed by wet chemical etching

in NH4F:HF solution for the formation of the membrane (Fig. 54.11, middle).

The cross-sectional SEM images of the holes in NCD reveal smooth and vertical

sidewalls with a tilt angle of 2.8� (Fig. 54.11, right). The fabricated PC resonators

were optically characterized by fluorescence mapping (Fig. 54.12).

Fig. 54.11 Top-view SEM image of PC in NCD film (left), diamond membrane fabricated from

NCD (middle) and cross-section view of the holes after FIB cut (right)

Fig. 54.12 Fluorescence signal of a PC in diamond membrane with a thickness of 750 nm
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