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Foreword to Electrochemical Nanotechnology

The advent of nanotechnology has prompted an unprecedented revolution in many 
fields of science and technology. Outstanding progress in medicine, biology, and 
energy, just to cite a few, became feasible only by passing from bulk to nano dimen-
sions. Thus, we can safely state that nanotechnology has led to the achievement of 
a fundamental step forwards in the understanding of life, in the benefit of human 
kind and in the renewal of our energy scenario.

Books that critically review these advances are obviously of valuable importance 
to the scientific community. This particularly holds for the present monograph, 
which is focused on a special and key branch of nanotechnology, namely electro-
chemical nanotechnology. Indeed, electrochemistry has particularly benefited from 
nanotechnology. Reduction to the nano size has allowed researchers to achieve 
results otherwise impossible to imagine. By reducing the size of materials, e.g., 
battery materials, to the nanodimension, jumps in power density and in cycle life 
have been obtained, finally upgrading devices which were limited to modest uses 
to highly sophisticated applications. Nanotechnology has also helped to reach 
unheard of goals in energy conversion by improving the efficiency of solar cells, in 
medicine by allowing the development of drug dispensers, and in electronics, by 
opening the route to nanofabrication techniques.

Thus, there is no doubt that this book is timely and necessary; and one could 
not imagine better editors for its assemblage and completion than the three sci-
entists involved. The great experience and authority of Professor Osaka, 
Professor Shacham-Diamand, and Dr. Datta is a guarantee of excellence for this 
book. They selected key topics in the field and called for outstanding co-authors 
to complete their description and evaluation. The reader will in fact be very 
pleased by the clear yet rigorous writing, and quite interested by the description 
and evaluation, as well as by the scientific and technological implications of the 
topics treated here.

The content of this book reflects the experience of the Editors who decided to 
focus on those areas that are expected to play a key role in the advancing science 
and technology. The interested reader will learn from this book how to use 
 nanotechnology to fabricate and evaluate electrochemical energy conversion and 
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storage devices, such as lithium batteries, fuel cells and supercapacitors; mag-
netic storage devices, i.e., soft and alloy films; bio-chips for sensing genetic 
changes and water toxicity; and MEMS/NEMS devices for a variety of important 
applications.

Really, a book that nobody involved in the field or interested in entering it 
should miss.

Bruno Scrosati
Full Professor of Electrochemistry

University of Rome
Sapienza, Italy
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Preface

Nanotechnology is now the foundation for advances in many fields of science and 
technology. In this monograph, the term “Electrochemical Nanotechnology 
(ECNT)” is defined as Nanoprocessing by Means of Electrochemical Techniques. 
The use of ECNT is increasing in various electronics applications, and in some 
cases, it is extended for applications in other fields. Understanding processes for the 
fabrication of nano-sized films and structures is essential for the development of 
new precision nanofabrication techniques. This introductory book reviews selected 
topics of the application of ECNT with the aim of understanding the wider appli-
cability of ECNT in evolving nanoindustries and thus facilitating the creation of 
new applications in the future.

The idea of writing this book evolved as a result of a series of symposia. The 
first symposium was on “Electrochemical Microsystem Technologies (EMT)” held 
in 1996 in Düsseldorf-Grevenbroich, Germany, followed by the second held in 
1998 at Waseda University, Tokyo, the third held in 2000 in Garmisch-Partenkirchen, 
Germany, and the fourth symposium in Düsseldorf, Germany held in 2002. Because 
of the evolving importance of nanotechnology, the title of the fifth symposium at 
Waseda University, Tokyo in 2004 was changed to “International Symposium on 
Electrochemical Micro & Nanosystem Technologies (EMNT),” which was fol-
lowed by the sixth symposium held in Bonn in 2006. The 2008 symposium was 
held in Israel. During the period of more than a decade, micro/nano technologies 
have grown not only in the electrochemical field but also in several interdisciplin-
ary areas. These advances have impacted microelectronics, sensors, materials sci-
ence, and corrosion, and new fields of research have been generated to promote 
interaction between biology, medicine, and microelectronics. Such interactions 
have led to novel approaches to miniaturization with an increased ability to fabri-
cate structures with high lateral and vertical resolution.

The content of this book is focused mainly on research activities in nanotechnol-
ogy at Waseda University. Accordingly, a majority of contributors were selected 
from the members of Waseda University, although experts from other organizations 
also contributed chapters on specific subjects of their expertise. As indicated ear-
lier, this volume provides an overview of nanotechnology applications in selected 
high technology areas with particular emphasis on the near-term and future 
advances in these fields. The chapters in the book are classified under four different 
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headings: Nanotechnology for energy devices, Nanotechnology for magnetic stor-
age devices, Nanotechnology for bio-chip applications, and Nanotechnology for 
MEMS/Packaging.

We express our thanks to all authors, referees and advisors for their help and 
support in making the publication of this book possible.

Shinjuku-ku, Tokyo Prof. Tetsuya Osaka
Mountain View, CA Dr. Madhav Datta
Tel Aviv, Israel Prof. Yosi Shacham-Diamand
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Electrochemical nanotechnology utilizes electrochemical processes and techniques. 
We have been publishing several books in series, on electrochemical nanotech-
nologies. [1–6] This book deals mainly with applications of electrochemical nano-
technology in the fields of magnetic recording, ULSI interconnection, energy 
devices, bio-analysis, and bio-electrochemistry.

Nanotechnologies, in general, are concerned not only with downsizing and 
miniaturization of products, but also with ideas for creating new systems and new 
materials involving the scale of nanometers. A typical example is the invention of 
GMR, for which Fert and Gruenberg received the 2007 Nobel Prize in Physics. The 
system is based exactly on the nano-order combination of magnetic materials with 
thin films.

Figure 1.1 shows the change in areal density of magnetic recording device with 
time, in which the areal density of hard disk drive (HDD) is plotted against the 
calendar year. The areal density of 1 terabit/in2 was thought to be the achievable 
limit in view of the physical limitation of super paramagnetism. However, recent 
assessment assumes the possibility of achieving higher densities on new systems of 
DTR (discrete track recording), BPR (bit patterned recording), and TAMR (thermal-
assisted magnetic recording). This example shows that nano-order arrangements 
and relevant ideas are becoming increasingly important in recent years.

Needless to say, highly functional magnetic film is a key component of future 
magnetic recording devices, and the development of new magnetic films will 
contribute to the fabrication of new magnetic devices, as has been demonstrated in 
the past. For example, the growth rate of the areal density in the past was controlled 
mainly by the development of head core material of soft magnetic film with a high-
saturation magnetic flux density. To meet the demand for the GHz response, it was 
neces sary for the soft magnetic film to possess properties of low magnetostriction, high 
electrical resistivity, high thermal stability, low film stress, and high corrosion resistance. 

T. Osaka ( ) 
Faculty of Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjuku-ku, Tokyo, 
169-8555, Japan 
e-mail: osakatets@waseda.jp

Chapter 1
Introduction

Tetsuya Osaka
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One approach to meet these requirements was to prepare the film with the structure 
composed of nanocrystal domains dispersed in an amorphous matrix. This structure is 
called “nanocrystalline soft/hard magnetic material”. Although the preparation 
method using a heating-quenching technique was reported, it was not suitable as a 
magnetic head manufacturing process because of the damage caused in other head 
components. We proposed an electrochemical method consisting of a new concept 
that is different from the thermal method. The electrodeposited CoNiFe film led to 
the development of an ultra small GMR head. In this section, we first introduce the 
new concept based on electrochemical nanotechnology, which was developed 
through research on electro- and electroless-deposited CoNiFe alloy films. 
Subsequently we introduce its application to the fabrication of cusp-field single-
pole type (CF-SPT) head, which is considered to be promising as a next generation 
magnetic head, and recent research on the enhanced concept for the magnetic 
domain control of films.

The energy density of portable batteries will be considered next. The changing 
trend of energy devices is illustrated in Fig. 1.2 with portable battery energy devices 
in mind. The idea of electrochemical nanotechnology has been adopted for devel-
oping energy systems for portable electric devices to enhance their energy density. 
Currently, Li ion battery is used for high-end electric devices such as cellular 
phones, portable computers, and PDAs. The demand for higher capacity and higher 
power for the energy systems comes from the requirement for future enhanced IT 
technologies and for the welfare of our society. While the energy density of a bat-
tery pack is limited primarily by the materials used in the battery, the nanometer-
scale design of the electrode leads to an improved capacity and power output of the 
battery. The conventional electrode materials are prepared at a high temperature. 
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The homogeneity in structure and composition of those materials are advantageous 
for mass production of the batteries. On the other hand, electrochemical methods 
for the preparation of new electrode materials permit the control of the phase, the 
amount of impurities/additives, and the nanometer-scale structure of the product. 
Controlling those aspects of materials led to the development of Sn–Sx, Ni–Sn, and 
mesoporous Sn as new candidates for the electrode material of future Li batteries. 
With these technologies, it is anticipated that further progress will be made in the 
performance of batteries in the future. Electrochemical nanotechnology is also 
powerful for developing fuel cells. New materials and new processes for synthesiz-
ing catalysts by wet procedures based on electrochemical nanotechnology have 
been proposed. Furthermore, with MEMS technologies, the construction and opera-
tion of miniaturized fuel cells have been demonstrated.

Finally, we describe results of studies of bioanalysis and bioelectrochemistry 
based on nanotechnology. For example, magnetic nanoparticles offer some attrac-
tive possibilities for applications in the fields of bioanalysis and biomedicine as 
shown in Fig. 1.3 [7]. Magnetic nanoparticles can be used as a magnetic marker for 
the detection of biorelevant materials such as a cell (10–100 m), a virus (20–
450 nm), a protein (5–50 nm), or a gene (2 nm wide and 10–100 nm long). These 
materials are comparable in size to magnetic nanoparticles. Also, iron-oxide nano-
particles of magnetite (Fe

3
O

4
) and maghemite ( -Fe

2
O

3
), which are reported to be 

nontoxic to the human body, are applied as a magnetic carrier for drug delivery 
systems (DDS), as a heating element in hypothermia, and as a contrasting agent for 
magnetic resonance imaging (MRI). In these cases, magnetic properties of iron-oxide 
nanoparticles, which are very different from those of the bulk material, are utilized for 
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biomedical treatment. Thus, special magnetic properties in addition to the biologically 
advantageous size of magnetic nanoparticles are utilized in their bioanalytical and 
medical applications such as bioassays, biomedicine, ultrasensitive biodetection, 
and bioimaging. This book introduces the present status of nanotechnologies for 
bio-chip applications, electrochemical field effect transistor (FET) micro pH and 
biosensors, electrochemical and magnetic technologies for bioapplications, and 
nano bioelectrochemical interfacing.

References

1. Masuko N, Osaka T, Fukunaka Y (eds) (1993) New trends and approaches in electrochemical 
technology. Kodansha and VCH, Tokyo and Weinheim

2. Masuko N, Osaka T, Ito Y (1996) Electrochemical technology: innovation and new develop-
ment. Kodansha and Gordon & Breach, Tokyo and Amsterdam

3. Osaka T, Datta M (eds) (2000), New trends in electrochemical technology, Energy storage 
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4. Schultze JW, Osaka T, Datta M (eds) (2002) New trends in electrochemical technology, 
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5. Datta M, Osaka T, Schultze JW (eds) (2005) New trends in electrochemical technology, 
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D. C.

6. Shacham-Diamand Y, Osaka T, Datta M, Ohba T (eds) (2009), Advanced nanoscale ULSI 
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7. Osaka T, Matsunaga T, Nakanishi T, Arakaki A, Niwa D, Iida H (2006) Syntheis of magnetic 
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2.1  Introduction

Batteries store chemical energy, which is converted into electric energy by electrochemical 
reactions. Those that cannot be used once the electric energy is totally discharged 
are called primary cell. Batteries that can induce chemical reaction by charging 
electric energy to reactivate the electrode material and be used many times are 
called secondary batteries.

Due to the rapid growth of electrical and mechanical integration technologies 
such as wireless telecommunications, emerging integrated optoelectronic circuits, 
and rapidly growing microelectromechanical systems (MEMS), secondary batteries 
that are mounted on semiconductor tips are attracting attention throughout the world. 
In Table 2.1, conventional batteries have been classified according to their applica-
tion. The expected power of the microbatteries is between 102 and 103 W cm−2 in 
the temperature range −20 to 80°C, and a capacity of up to 103 Ah cm−2 with a 
required operating voltage range of 2–3 V . The number of cycles depends on appli-
cations: primary cell may be sufficient for smart cards whereas applications in aero-
space require more than 104 cycles. The battery proximity to microelectronic 
components is required to prevent any liquid leakage. The thickness of the battery 
should not exceed 0.3–3 mm including packaging. The battery surface area depends 
on the power requirement and may vary from 10−2 to 20 cm2 [1].

Within the different types of secondary batteries such as the lead–acid battery, 
cadmium–nickel battery, and nickel–hydroxide battery, the Li battery has outstanding 
features of high capacity (realizes smaller size and lighter weight of the battery 
itself), high operating voltage (allows large power with few batteries; realizing 
smaller size and lighter weight of the appliances), no memory effect (allows inter-
mittent charging), higher safety (stable against overcharging and high temperature), 

H. Mukaibo and T. Momma ( ) 
Faculty of Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjuku-ku, Tokyo, 
169-8555, Japan 
e-mail: momma@waseda.jp

Chapter 2
Nanotechnologies for Li Batteries

Hitomi Mukaibo and Toshiyuki Momma

T. Osaka et al. (eds.), Electrochemical Nanotechnologies,  
Nanostructure Science and Technology, DOI 10.1007/978-1-4419-1424-8_2,  
© Springer Science+Business Media, LLC 2010
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and long cycle life. The application of this battery to the microbattery system is one 
of the key developments for today’s market requirements.

Solid-state batteries which have been studied for about forty years are attractive 
electrochemical systems because these batteries avoid the problems involved in 
classical batteries with liquid electrolyte: i.e., ease of utilization, resistance to 
shocks and vibrations, absence of possible pollution due to liquid electrolyte, ther-
mal stability, absence of self discharge, and possible miniaturization. The use of 
conventional thin-film technology for the formation of solid-state microbatteries 
offers various advantages [3]: (1) thin-film technology is widely used in advanced 
microelectronics, (2) lower electrical resistance in the transverse direction of the 
layers can be achieved by the thinning of its thickness, (3) the interface resistance 
could be reduced by improved electrode–electrolyte interface contact achieved by 
the thin-film technology, which provides clean surface of the compound and very 
good adhesion between layers, (4) possible moisture problems are avoided by the 
deposition of fast ionic conductor in vacuum chambers, (5) convenient substrate 
materials such as silicon wafers can be used and (6) encapsulation of the battery 
can be achieved by the deposition of an insulating layer on the top of the device.

Naturally, such conditions require different criteria for the thin-film microbatteries 
cell design compared to the larger batteries systems. This section will briefly review 
the achievements reported on the design and fabrication of Li microbatteries.

2.2  Structure of Microbatteries

A chemical battery consists of a cathode and an anode electrode, separated by an 
electrolyte. The schematic figure of the construction of a solid-state micro battery 
is represented in Fig. 2.1. Once these electrodes are connected externally, the dis-
charge of the battery occurs and the chemical reactions proceed simultaneously at 
both electrodes. Electrons flow through the external circuit, and ions transfer 
through the electrolyte solution counterbalancing the charge deviation. The charge 
transfer is schematically represented in Fig. 2.2.

The amount of electrical energy produced from this reaction is expressed either 
by per unit of weight (Wh kg−1) or by per unit of volume (Wh l−1). This is a function 

Table 2.1 Classification of batteries according to application. [2]

Applications Capacity/mAh Type

Sensors, CMOS memories, credit cards, implantable 
medical devices, MEMS

200 Microbatteries

Electric watches, calculators, medical devices 200 Miniature batteries
Power tools, toys, radio, portable TVs, flash lights 2,000 Portable batteries
Cars, tractors, trucks, electrical vehicles 50,000 SLI batteries
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of the cell voltage (V) and capacity (Ah kg−1 or Ah l−1), both of which are linked 
directly to the chemistry of the system.

 [Wh kg 1]  [V]  [Ah kg 1] (2.1)

The voltage of the battery cell is defined as the difference between the reaction 
potential of cathode and anode electrode. The capacity is the amount of electrons 
stored in or released from the electrodes.

2.3  Fabrication Technologies for Microbatteries

Thin film deposition technologies are widely used for the fabrication of microbatteries. 
They can be divided into two main categories: Physical Vapor Deposition (PVD) 
and Chemical Vapor Deposition (CVD).

anode
fast-ion conductor

cathode

substrate

Fig. 2.1 Schematic representation of the construction of a solid-state microbattery. Reprinted 
from [4], with permission from Elsevier
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Fig. 2.2 Charge transfer in a solid-state battery. Reprinted from [4], with permission from Elsevier
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2.3.1  Physical Formation Processes of Thin Films [2, 5]

2.3.1.1  Evaporative Methods

To control the properties of the fabricated thin films, it is necessary to operate under 
vacuum to minimize the interaction between residual gases and the surface of growing 
films. The thin films can be obtained in the crystalline or amorphous state by 
controlling the concentration of the vapor. The process of the film formation by this 
method involves the following three stages; (1) evaporation or sublimation of the 
charge to form vapor, (2) transfer of atoms or molecules from evaporation source 
to the substrate, and (3) condensation of vapor on the substrate.

For evaporative or sublimation process, correct selection of evaporation method, 
the evaporation source, and the evaporation temperature is required to surmount the 
attractive intermolecular forces existing within the starting material. The parame-
ters depend primarily on the materials used and the film purity required. Indirect 
resistance heating, flash evaporation , and electron beam heating techniques are 
used for this purpose.

 Flash-Evaporation Method 

Flash evaporation is another technique for the deposition of films whose constituents 
have different vapor pressures. Small quantities of the constituents in the desired 
ratio are continuously dropped at a predetermined rate from a vibration feeder into 
a sufficiently heated crucible or boat so that they are evaporated instantly. The 
temperature must be sufficiently high to evaporate the less volatile material. 
Figure 2.3 shows the flash-evaporation apparatus used to grow the different layers 
that compose a microbattery: metallic contacts, cathode, electrolyte, lithium anode 
deposited under vacuum of 10–100 mPa pressure. This system has two vacuum 
chambers. Vacuum chamber A is devoted to evaporation of In-Se films while 
lithium and glass films are formed in chamber B. Two interlock mechanisms are 
used: the first one transfers the grown In-Se film to the chamber B and the second 
interlock system is utilized to carry lithium pieces from an inert-gas glove box to 
the evaporation boat.

Reactive Evaporation Method

This process involves a chemical reaction between the evaporated constituent and 
the residual gas atmosphere. The technology of reactive evaporation is applied in 
all cases where direct evaporation of a chemical compound is not possible because 
of thermal dissociation or very low vapor pressure. Stoichiometric oxide films can 
be obtained with a relatively high controlled oxygen partial pressure and a slow 
metal atom condensation rate.
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Condensation and Film Formation

In condensation there exists a relation between a critical deposition rate and the 
substrate temperature.

Even at room temperature, most deposited films are in a nonequilibrium state 
and contain vacancies, dislocations, stacking faults, and grain boundaries. The 
movement of atoms in and on the surface layers is the key factor to approach equi-
librium state of the deposited film. The most important parameter controlling the 
mobility of atoms in a solid film is diffusion. Therefore a better-ordered solid film 
is formed when the condensation process occurs closer to the melting point of the 
film material. This can be achieved, for example, by increasing the substrate tem-
perature. In addition to influencing surface mobility and ordering processes, the 
substrate temperature will also affect the grain size. In contrast, films deposited on 
cooled substrate favor the formation of amorphous structures.

2.3.1.2  Sputtering Methods

An important advantage of the sputtering technique over evaporative methods is 
that high quality films with good adhesion can be obtained. However, it has a draw-
back of low (10–100 nm min−1) deposition rate.

This process takes place in a vacuum chamber where the starting pressure is 10−4 
Pa or lower to prevent contamination of the deposited films. The working pressure 
is then achieved with the working gas (generally argon). The sputtering process is 
the bombardment of the negative target by the accelerated positive ions produced 
upon gas discharge. They cause ejection mainly of neutral particles by pulse trans-
fer phenomena, and the ejected particles fly through the working gas and condense 
on the substrate. Figure 2.4 shows a schematic drawing of a general set-up for the 
sputtering method. Two electrodes are installed in the chamber. One of them, the 

substrate

vacuum

vacuum

vacuum

vacuum

boat

quartz

monitor
sample transfer line

Chanber A
gauge

boat

litium

transfer line

substrate
Cryostat

Chanber B

Fig. 2.3 Schematic representation of a flash evaporation system used to fabricate microbatteries. 
Reprinted from [3], Copyright Elsevier
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target, serves as the source of material for the films to be produced and is at a negative 
potential. A substrate holder is situated opposite the target which can be earthed or 
applied to a floating potential. This holder can be heated or cooled, according to the 
desired property of the deposited thin film.

It is possible to use a high frequency electric field instead of a direct current 
(d.c.) field explained above. This process is called the radio-frequency (r.f.) sputtering. 
The electrons oscillate in the plasma and gain sufficient energy for the higher 
ionizing collisions. This process leads to the formation of a pulsating negative 
charge on the target surface, allowing an efficient ion bombardment only on the 
target electrode. This method is mainly used for depositing thin films from insulating 
targets such as glass.

Another way to increase ionization efficiency of the electrons during gas discharge 
is to apply a magnetic field perpendicular to the target surface, where the electrons 
will be forced in spiral paths parallel to the target surface. This magnetron set-up can 
be used for both d.c. and r.f. discharges and gives very high sputtering yield.

2.3.1.3  Ion Plating Methods

Ion plating method is a combination of the evaporation process and the sputtering 
technique. Although the apparatus is similar to that used in evaporation, the 
substrate holder is electrically insulated and the substrates are biased negatively so 
that an electric field exists between the target source and the substrate. Under adequate 
gas pressure and voltage gradient, a glow discharge is generated, an argon or a reactive 
gas (O

2
, N

2
, etc.) atmosphere. Evaporation is performed in the presence of the argon 

gas discharge and material ions are formed and accelerated in the electric field so 

Target

Grounded Screen

High Voltage

Glow Discharge

Sputtered

material

valve

Gas inlet

– M

Pump

Fig. 2.4 Simple diode-type sputtering system. Reprinted from [5], with permission from Elsevier
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that condensation and film formation take place under the influence of ion 
bombardment. This technique gives highly dense films (often the same density as 
the bulk material), good adhesion of the film to the substrate, and a high evapo-
ration rate.

2.3.2  Chemical Formation Processes of Thin Films [2, 5]

2.3.2.1  Chemical Vapor Deposition Methods

In the Chemical Vapor Deposition (CVD) methods, the starting material undergoes 
specific chemical reactions at the hot surface of the substrate to form thin layers of 
the desired material. The reaction can be stimulated by various energy sources, e.g. 
plasma, giving plasma enhanced CVD (PECVD), or a laser, giving laser CVD.

Several conditions are necessary to achieve this process. Firstly, the reactants 
must be volatile and stable so that they can be transported to and from the deposi-
tion zone. Secondly, the solid product should have low vapor pressure under the 
deposition condition. The film properties (such as the film thickness and purity) 
depend strongly on the process parameters such as the reactor geometry, gas flow 
rate, gas composition, substrate temperature, and pressure. The CVD performed 
under low pressure, is especially referred to as the low pressure CVD (LP-CVD).

2.4  System and Cell Designing for Li Microbattery 
Fabrication

Conventional batteries are 2-D cells with a parallel (or pseudo-parallel) arrange-
ment of planar cathode and anode separated by an electrolyte (Fig. 2.1). On the 
other hand, three-dimensional (3D) configuration (such as those discussed in sec-
tion 2.6) offers decreased diffusion lengths and increased cell capacity due to the 
higher surface area under the same areal footprint (i.e., square footage) on the sur-
face of the device. Such structure offers the merit of obtaining both high energy 
density and high power density. In order to maximize energy and power density, 
3-D microbatteries will comprise a large number of closely packed cathodes and 
anodes (as in Fig. 2.9). However, in contrast to a 2-D battery, in which uniform 
current density is naturally obtained over the surface of the electrodes, the current 
density in 3-D microbattery is inherently non-uniform. In general, non-uniform 
currents result in poor utilization of the electrode materials, and are thus associated 
with lower cell efficiencies, reduced electrode stability due to non-uniform stresses, 
and non-uniform heat dissipation [6–8]. The simulations of the current and poten-
tial distributions demonstrate the tremendous effect of the electrode geometry on 
the current distribution (Figs. 2.5, 2.6, and 2.7) [9].
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Parallel Alternating Anode/Cathode

90° 90°

0° 0°

Fig. 2.5 Schematic diagram of 3-D cylindrical battery arrays in parallel row (left) and alternating 
anode/cathode (right) configurations. (Bottom panels) Isopotential lines between cathode (C) and 
anode (A) for unit battery cells. Reprinted from [9], with permission from Elsevier

Hexagonal 2:1 Cathode/Anode

Fig. 2.6 (Top panel) Schematic diagram of hexago-
nal 2:1 cathode/anode battery array. (Bottom panel) 
Isopotential lines between cathode (C) and anode 
(A) for unit battery cell. Reprinted from [9], with 
permission from Elsevier

Fabrication of an array of such Li microbatteries improves the limited capacity 
and current rating of the microbattery and enables their use in miniaturized systems 
which require higher capacities and voltages than what a single microbattery can 
provide. In such cases, the development of the design criteria of the management 
systems such as the switch matrices that enable the control of multiple microbatter-
ies to charge and discharge as designated [10] is also a critical issue.
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TriangularFig. 2.7 (Top) Schematic diagram of triangular 
battery array. (Bottom) Isopotential lines between 
cathode (C) and anode (A) for unit battery cell. 
Reprinted from [9], with permission from Elsevier

For power sources with reduced size, increased flexibility, longer lifetime, and 
increased reliability, there are also some approaches concerning the hybridization 
of the Li microbatteries with energy conversion devices (i.e. solar cells and 
piezo-electric generator) [11, 12]. This is claimed to be particularly feasible for 
autonomous sensors that do not have a direct connection to a host for either power 
or communication.

2.5  Li Metal Microbatteries

Li metal is attractive as an anode material for batteries as it is the most electronega-
tive metal (−3.04 V vs. SHE) that benefits the high cell voltage, as well as the 
lightest (equivalent weight M = 46.94 g mol−1, and density  = 40.53 g cm−3) which 
facilitates the design of lighter and smaller batteries.

The rechargeable thin film battery based on a lithium anode was first designed 
in the 1980s [13–16]. In 1983 Levasseur et al. proposed a lithium battery where 
1 m thick lithium borosilicate electrolyte film was deposited onto a positive elec-
trode made from a thin pressed pellet of TiS

2
. This cell could deliver 10 A for 30 h 

with an average voltage of 2 V, but the system had poor rechargeability [16]. An 
evaporated thin film of lithium served as the negative electrode. During the same 



16 H. Mukaibo and T. Momma

Fig. 2.8 Cross section of the thin film EBC microbattery configuration. Total thickness about 
10 m. Reprinted from [18], with permission from Elsevier

period, Kanehori et al. reported the fabrication of a battery having phosphosilicate 
electrolyte and a TiS

2
 cathode [14, 17]. They fabricated 1–3 m thick film of TiS

2
 

film by CVD at a substrate temperature of 450°C using a gas composed of TiC1
4
 

and H
2
S diluted with helium. An amorphous lithium phosphosilicate electrolyte and 

a lithium negative electrode were evaporated on this layer. The CVD process allows 
the TiS

2
 crystals to orient with the c axis parallel to the substrate plane, resulting in 

a good reversible intercalation of the lithium into the TiS
2
 electrode. This cell gives 

a capacity of more than 100 A h cm−2, and by controlling the current density and 
the depth of discharge, it retained its capacity for 100–1,500 cycles [17].

The project developed at the Eveready Battery Company (EBC) reported thin 
film solid state Li/oxysulfide glass/TiS

2
 microbatteries fabricated by sputtered 

depositions [18, 19]. It has been found that the metallic lithium anode reacts with 
this electrolyte to form a high resistive layer, which is assumed to be Li

2
S. To avoid 

direct contact between lithium and the electrolyte, an intermediate LiI layer is 
deposited by vacuum evaporation (Fig. 2.8). Although the LiI layer limits the cathodes 
which can be used due to its restricted stability window of about 2.8 V and the ionic 
conductivity falls from 2 × 10−5 S cm−1 to 2 × 10−6 S cm−1, excellent performance 
over thousands of charge-discharge cycles was obtained. Several of the Eveready 
cells have undergone more than 10,000 cycles at current densities of up to 
100 A cm−2 with little change in performance, while others stored at room tem-
perature for nearly two years have retained 98% of their initial voltage.

2.6  Li Ion Microbatteries

2.6.1  Fundamental Principles of Li ion Battery System

When Li+ is reduced to metallic Li on the Li metal anode surface during the 
recharge of the cell, it forms a deposit more porous than the original metal (i.e. the 
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dendritic growth). Hence the area of contact between the Li metal and the electro-
lyte increases with cycling. Since this interface is not thermodynamically stable, the 
cells become increasingly sensitive to thermal, mechanical, and electrical abuse.

One of the approaches to circumvent these safety issues concerning the use of Li 
metal was to substitute the metallic Li for layer-structured Li ion intercalating materials. 
Because of the presence of Li in its ionic rather than metallic state, Li ion cells solve 
the dendrite problem and are, in principle, inherently safer than Li-metal cells.

The discovery and research of the highly reversible, low-potential Li+ intercalation–
deintercalation process in carbonaceous material attracted strong interest as the 
anode material for Li ion batteries [20–24], finally leading to the creation of C 
anode / LiCoO

2
 cathode rocking-chair cell commercialized by Sony Corporation in 

1991 [25]. This type of Li ion cell, having a voltage exceeding 3.6 V (three times 
that of conventional alkaline systems) and gravimetric energy densities as high as 
120–150 W h kg−1 (two to three times those of usual Ni-Cd batteries), is found in 
most of current high-performance portable electronic devices.

2.6.2  Strategy for 3-D Integrated Microbattery

Innovative advancements in microbatteries are intimately linked to the availability 
of new materials and the development of novel battery designs. In recent years there 
has been the realization that improved battery performance can be achieved by 
reconfiguring the electrode materials currently implied in 2-dimentional (2-D) bat-
teries into 3-D architectures [26]. The general strategy of this approach is to design 
cell structures that maximize power and energy density per unit area and realize 
high-rate discharge capabilities. This goal can be achieved from a 3-D matrix of 
electrodes (in a periodic array or an aperiodic ensemble, see Fig. 2.9) with short 
transport lengths and large energy capacity within the footprint area. For example, 
according to White et al., in 3-D microbattery with electrode arrays of 50:1 aspect 
ratio (height/width ratio), the expected capacity may become larger by 3.5 times 
than the conventional 2-D battery design with the same areal footprint [9].

2.6.3  Micromachining Process for 3-D Li Ion Microbattery

Micromachining methods such as photolithographic patterning and selective 
etching that evolved from the realm of integrated circuits have enabled the fabrication 
of 3-D Microsystems.

Two very different micromachining methods are applied for the fabrication of 
3-D electrode arrays. One approach named carbon MEMS or C-MEMS is based on 
the pyrolysis of photoresists. The use of photoresist as the precursor material is a 
key consideration, since photolithiography can be used to pattern these materials 
into appropriate structures. The second approach involves the micromachining of 
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Fig. 2.9 Examples of prospective 3-D architectures for charge-insertion batteries: (a) array of 
interdigitated cylindrical cathodes and anodes; (b) interdigitated plate array of cathodes and 
anodes; (c) rod array of cylindrical anodes coated with a thin layer of ion-conducting dielectric 
(electrolyte) with the remaining free volume filled with the cathode material; (d) aperiodic 
“sponge” architectures in which the solid network of the sponge serves as the charge insertion 
cathode, which is coated with an ultra thin layer of ion-conducting dielectric (electrolyte), and the 
remaining free volume is filled with an interpenetrating, continuous anode. Reprinted from [26] 
with permission. Copyright 2004, American Chemical Society

silicon molds that are then filled with electrode material. Successful construction of 
both anode and cathode electrode arrays has been demonstrated using these micro-
fabrication methods.

2.6.3.1  Carbon MEMS (C-MEMS)

In Carbon-Microelectromechanical system (C-MEMS), carbon interdigitated elec-
trodes are fabricated from positive photoresist spin coated on a silicon substrate. 
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This photoresist is patterned by photolithography and pyrolyzed in an inert environ-
ment at high temperature to form the carbon electrode [27–30]. In a more recent 
work, laser excitation has been used to both pyrolyze the film and to write the elec-
trode pattern. [31]. Figure 2.9 shows an example of the 3-D microbattery that has 
been actually fabricated using the C-MEMS process [32].

Galvanostatic measurements on the C-MEMS array in a half-cell with lithium as 
both the counter and reference electrode [32] show a large irreversible capacity loss 
on first discharge followed by good cycling properties consistent with the behavior 
of conventional bulk coke electrodes. The lithium capacity normalized to the foot 
print area of the electrode array is 0.125 mAh cm−2. This value is nearly twice that 
of an unpatterned pyrolyzed film of SU-8 photoresist [32]. The higher capacity is 
due to the greater active volume, contributed by the carbon posts over the footprint 
area (Fig. 2.10).

2.6.3.2  Micromachining of Silicon Molds

A second approach for fabricating electrode arrays has involved micromachining of 
silicon molds, which, for example, could be filled with electrode material by col-
loidal processing methods. In contrast to C-MEMS, this fabrication approach is 
suitable for both anodes and cathodes. The process flow for such electrode array 

negative

positive

carbon electrode arrays
Carbon current collector

a

Fig. 2.10 Design of C-MEMS 3-D microbattery and a typical SEM of low aspect ratio C-MEMS 
battery arrays. Both the electrodes and contact fingers are made of carbon. Reproduced from [32] 
with permission from ECS – The Electrochemical Society
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Fig. 2.11 Processing flow for 3-D electrode array fabrication using silicon micromachining with 
colloidal filling of the electrode material. The six steps are identified as the following: (i) patterned 
photoresist (PR) on silicon substrate, (ii) PR removal after DIRE micromachining, (iii) insulate 
silicon mold by oxidation, (iv) colloidal electrode filling material centrifuged into the mold, (v) 
silver epoxy added to provide mechanical stability and electrical contact, (vi) the electrode flipped 
over and released from the mold by immersion in a TEAOH solution. Reprinted with permission 
from [26]. Copyright 2004, American Chemical Society

fabrication is depicted in Fig. 2.11. Recent works by D. Golodnitsky et al., reports 
on the manufacturing of 3-D rechargeable Li ion microbattery cell applying this 
silicon mold method [33, 34]. The cell has a sandwich-like structure of conformal 
thin-film electrodes, electrolyte, and current collectors. One cell with a roughly 
1 m thick cathode ran at C/10–2 C charge/discharge rates at room temperature for 
200 cycles with 0.2 % per cycle capacity loss and about 100 % Faradaic efficiency. 
The cell exhibited a capacity of 2 mAh cm−2, which is about 30 times higher than 
the capacity of a similarly built planar (2-D) cell with the same foot print and same 
cathode thickness [33].

The micromachining of silicon molds is one key factor that determines the 
dimensions of the electrode array and therefore the energy of the 3-D battery. The 
use of electrochemical etching in HF to fabricate high-aspect ratio trenches in silicon 
was introduced in 1990 [35]. Recently, Chamran et al. reported the use of this 
technique for 3-D microbattery fabrication [36]. Silicon etched by the photo 
assisted process can yield an array of holes of 5 m in diameter with depths of 
~100 m and the center to center distance between holes being 10 mm. Calculations 
indicate that 3-D batteries constructed from such dimensions will be capable of 
providing over 2 mWh in a 5 mm3 package, an appropriate size and energy for 
powering MEMS devices [26].
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Fig. 2.12 Towards a glassy monolithic solid state cell: a common network is used for the electro-
lyte and electrode materials. The electrodes contain two different redox couples using two differ-
ent transition metals, and are separated by an electrolytic zone obtained by the addition of a 
network modifier. Reprinted from [1], with permission from Elsevier

As a future development, realization of monolithic rocking chair cells may be 
one option [1]. A common network between the electrolyte and electrode materials 
would provide a continuous matrix for the lithium cation transfer from the electrode 
to the electrolyte or vice versa, and would consequently reduce the interfacial 
charge transfer resistance (Fig. 2.12).

References

 1. Souquet JL, Duclot M (2002) Solid State Ionics 148:375
 2. Julien C, Nazri G-A (1994) Solid state batteries: materials design and operation. Kluwer 

Academic Publishers, Massachusetts, USA
 3. Julien C (1994) In: Pistoia G (ed) Lithium batteries new materials, developments and perspec-

tives. In Industrial Chemistry Library. Volume 5. Elsevier Science, Amsterdam, Netherlands
 4. Balkanski M (2000) Solar energy mater. Solar Cells 62:21
 5. Levasseur A, Menetrier M, Dormoy R, Meunier G (1989) Mat Sci Eng B3:5
 6. West AC, Matlosz M, Landolt D (1991) J Electrochem Soc 138:728
 7. Orazem M, Newman J (1984) J Electrochem Soc 131:2857
 8. Mao Z, White RE, Jay B (1991) J Electrochem Soc 138:1615
 9. Hart RW, White HS, Dunn R, Rolison DR (2003) Electrochem Comm 5:120
 10. Sukumar V, Alahmad M, Buck K, Hess H, Li H, Cox D, Zghoul FN, Jackson J, Terry S, 

Blalock B, Mojarradi MM, West WC, Whitacre JF (2004) J Power Sourc 136:401
 11. Koeneman PB, Busch-Vishniac IJ, Wood KL (1997) J Microelectromech Syst 6:355
 12. Harb JN, LaFollette RM, Selfridge RH, Howell LL (2002) J Power Sourc 104:46
 13. Meunier G, Dormoy R, Levasseur A (1989) Mater Sci Eng B3:19



22 H. Mukaibo and T. Momma

 14. Kanehori K, Matsumoto K, Miyauchi K, Kudo J (1983) Solid State Ionics 9–10:1445
 15. Creus R, Sarradin J, Astier R, Pradel A, Ribes M (1989) Mater Sci Eng B3:109
 16. Levasseur A, Kbala M, Hagenmuller P, Couturier G, Danto Y (1983) Solid State Ionics 

9–10:1439
 17. Miyauchi K, Matsumoto K, Kanehori K, Kudo T (1983) Solid State Ionics 9–10:1469
 18. Jones SD, Akridge JR (1995) J Power Sourc 54:63
 19. Jones SD, Akridge JR (1993) J Power Sourc 43–44:505
 20. Hèrold A (1955) Bull Soc Chim 187:999
 21. Guèrard D, Hèrold A (1975) Carbon 13:337
 22. Besenhard JO, Fritz HP (1974) J Electroanal Chem 53:329
 23. Besenhard JO (1976) Carbon 14:111
 24. Mohri M, Yanagisawa N, Tajima Y, Tanaka H, Mitate T, Nakajima S, Yoshida M, Yoshimoto Y,  

Suzuki T, Wada H (1989) J Power Sourc 26:545
 25. Nagaura T, Tozawa K (1990) Prog Batt Solar Cells 9:209
 26. Long JW, Dunn B, Rolison DR, White HS (2004) Chem Rev 104:4463
 27. Kinoshita K, Song X, Kim J, Inaba M (1999) J Power Sourc 81–82:170
 28. Kim J, Song X, Kinoshita K, Madou M, White B (1998) J Electrochem Soc 145:2314
 29. Kostecki R, Song XY, Kinoshita K (2000) J Electrochem Soc 147:1878
 30. Ranganathan S, McCreery R, Majji SM, Madou M (2000) J Electrochem Soc 147:277
 31. Kostecki R, Song XY, Kinoshita K (2002) Electrochem Solid-State Lett 5:E29
 32. Wang C, Taherabadi L, Jia G, Madou M, Yeh Y, Dunn B (2004) Electrochem Solid-State Lett 

7:A435
 33. Nathan M, Golodnitsky D, Yufit V, Strauss E, Ripenbein T, Shechtman I, Menkin S, Peled E 

(2005) J Microelectromech Syst 14:879
 34. Golodnitsky D, Yufit V, Nathan M, Shechtman I, Ripenbein T, Strauss E, Menkin S, Peled E 

(2006) J Power Sourc 153:281
 35. Lehmann V, Foll H (1990) J Electrochem Soc 137:653
 36. Chamran F, Christophersen M, Kim C-J, In Abstracts of the 204th Meeting of the 

Electrochemical Society, Electrochemical Society: Pennington, NJ, 2003; Abst. #1292



23

3.1  Introduction

Fuel cells, which convert chemical energy directly into electrical energy with high 
efficiency and low emission, are currently attracting interest because of their huge 
potential for power generation in stationary and portable devices, transport applica-
tions, and sustainable energy production. Direct methanol fuel cells (DMFCs) are 
especially attractive as portable power sources because of characteristics such as 
simple construction, easy operation, liquid fuel, and high efficiency [1, 2].

DMFCs use methanol as fuel and generate electricity through the electrochemical 
reaction of methanol in the presence of catalyst. They are similar to polymer elec-
trolyte membrane fuel cells (PEMFCs) as both types of cells use a polymer membrane 
as the electrolyte. The structure of DMFCs is simple because the system does not 
require fuel reforming steps to take protons out of alcohol or fossil fuel, which are 
required for hydrogen–oxygen fuel cells [3]. In addition, methanol, commonly used 
alcohol, has the advantage of high energy density, offering the consumer the potential 
for longer operating time and system with increased functionality.

Table 3.1 shows the thermodynamic energy densities and practical energy densities 
for several battery systems and fuel cells. Fuel cells potentially offer 5–10 times 
greater energy densities than rechargeable batteries [4].

Recently, there has been a growing interest in miniaturizing DMFCs and exploring 
their potential as a long-life and charge-free power source for portable and mobile 
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Fig. 3.1 Illustration of a micro-direct methanol fuel cell: (a) top view of a planer cell and (b) 
cross-sectional view with working principle

Table 3.1 Comparison of thermodynamic energy densities and practical energy densities for 
rechargeable batteries and fuel cells

Rechargeable 
batteries Electrochemical reaction

Energy density 
(W h/L)

Practical energy 
density (W h/L)

Li-ion battery C
6
 + 2LiCoO

2
  LiC

6
 + 2Li

0.5
CoO

2
1,350 360

Ni-MH NiOOH + MH  Ni(OH)
2
 + M 988 205

Ni-Cd battery 2NiOOH + Cd + 2H
2
O   

2Ni(OH)
2
 + Cd(OH)

2

439 120

Fuel Cells

PEMFC H
2
 + 1/2O

2
  H

2
O (gaseous H

2
 and air) 2.8 1.4

PEMFC Liguid H
2
 and air 4,632 2,316

DMFC 2CH
3
OH + 3O

2
  2CO

2
 + 4 H

2
O (100% 

MeOH)
4,767 1,906

DMFC 2 M MeOH (7%) in water 334 134

electronic devices [5, 6]. For this purpose, micro electro mechanical system (MEMS) 
technology is a promising approach for fabricating micro-devices or systems inte-
grated on a silicon substrate such as miniaturized fuel cells, the so-called micro-fuel 
cells, i.e., micro-direct methanol fuel cells (μ-DMFCs). Micro power sources are 
important for future integrated MEMS devices, such as micro-sensors, micro-actua-
tors, and single-chip communication devices. Medical application is also a fertile 
field for micro power source: if implantable, they are critical for medical devices such 
as cerebrospinal fluid shunt pumps and micro-insulin pumps. Thus, μ-DMFCs with 
various degrees of micro fabrication have been reported in the literature [7–15].

This chapter reviews selected topics related to μ-DMFCs and MEMS technologies 
for portable power sources; emphasis is on the results of recent studies carried out to 
clarify the factors affecting the performance of μ-DMFC as a new power source.

3.2  Concept and Design of Micro-Fuel Cell

An example of the micro-direct methanol fuel cell ( -DMFC) is illustrated in 
Fig. 3.1. The cell is equipped with two parallel micro channels to supply fuel 
(CH

3
OH/H

2
SO

4
/H

2
O) and oxidant (saturated O

2
/H

2
SO

4
/H

2
O) [16–18]. At the 
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anode, where Pt–Ru is employed as catalyst, the methanol reacts with water to 
produce electrons, carbon dioxide, and protons. The protons transfer from the anode 
to the cathode through an electrolyte membrane that covers over the micro channels. 
At the cathode, where Pt is employed as catalyst, oxygen is reduced and then it 
recombines with the protons to form water. In order to enhance the proton conduc-
tivity between the electrode and the membrane, sulfuric acid aqueous solution is 
employed as a supporting electrolyte that does not only carry the fuel and oxidant 
but also reject the carbon dioxide produced during the electro-oxidation of metha-
nol. In short, the overall process in the methanol/air fuel cell is the direct conversion 
of methanol to electric power, only with carbon dioxide and water as byproducts.

The concept of this novel structure is that the anodic and cathodic micro-channels 
are arranged in parallel on a planer single silicon substrate, unlike the arrangement 
in the conventional bipolar design. The parallel-planar electrodes along the channels 
allow for increased power generation as a result of the large interface between solid 
electrode and liquid fuel/oxidant. The catalyst layers directly supported on the micro 
channels also contribute to highly efficient current collection. In addition, the planer 
design does not require a conventional hot-pressing process to form a membrane 
electrode assembly (MEA) because the electrolyte membrane is placed on 
the patterned electrode. Therefore the design realizes a future possibility that this 
micro-patterned cell can be easily piled up to form a tiny energy device.

3.3  Fabrication of the Micro-DMFC

The micro DMFC as mentioned above is fabricated onto a silicon (100) substrate 
through a series of steps tailored from MEMS techniques [16–18]. This procedure 
is shown in Fig. 3.2. A 500 nm layer of silicon dioxide, formed on the polished (110) 
oriented silicon (p-type, 1–10  cm, 200 m thick) substrate is used and the surface 
is cleaned with acidic solution (H

2
SO

4
:H

2
O

2
). Then a pattern was made on the surface 

by photolithography (Fig. 3.2a), followed by buffered hydrogen fluoride (BHF) 
etching (Fig. 3.2b). A slope type channel with an angle of 54.7 degrees to the surface 
was formed by the anisotropic chemical etching process in a 30 wt% aqueous KOH 
solution at 80°C. The Si (111) plane was etched selectively, while the (100) plane 
remained stable (Fig. 3.2c). [19, 20] To complete the fabrication pattern, the feed-
holes were etched by deep reactive ion etching (D-RIE) process (Fig. 3.2d). The 
holes have diameter of 1 mm diameter with a hole spacing of 8 mm and 10 mm hori-
zontally and vertically, respectively. The width and the depth of the microchannel are 
100 m and 50 m, respectively, while the clearance between channels is 50 m. 
The silicon dioxide layer was removed by BHF etching and the silicon layer was 
cleaned by the SPM method (Fig 3.2e). Subsequently, a 100 nm layer of silicon 
oxide was grown thermally (dry oxidation at 1,100°C for 12 min) on the entire 
surface of the silicon wafer (Fig. 3.2f). Finally, a photosensitive resistor for printed 
wiring boards was applied to prepare for selective deposition of metal film using the 
spray coating method and lithography (Fig. 3.2g, h). Titanium/gold (Ti/Au) layer for 
current collectors was formed by electron-beam deposition and the lift-off method 
(Fig. 3.2i, j). A 100 nm gold layer was deposited in an electron beam evaporation 
chamber, preceded by a 20 nm Ti layer just beneath the gold to promote adhesion.
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3.4  Formation of Catalysts and Cell Assembly

The catalyst layers of the anode and the cathode were prepared by electroplating 
either PtRu or Pt, respectively onto the Ti/Au electrodes. Table 3.2 shows the elec-
troplating process [18]. The electroplating process produced a uniform coating of 
the surface exposed sidewalls, and bottom of the microchannel electrodes 
(Fig. 3.3a). The structure and surface morphology of PtRu and Pt showed spherical 
shape with a uniform size distribution (Fig. 3.3b and c).

The channels, which had catalyzed electrodes on the surfaces, were covered with 
Nafion 112 (thickness: 50 m, equivalent weight: 1,100 g mol−1, ionic conductivity: 
0.083 S cm−1) to provide ionic conductivity between the anode and the cathode. The 
Nafion membrane was pressed with a glass plate to avoid solution leakage 
(Fig. 3.4a). Voltage-current measurements were performed at room temperature 
with a mass flow control system of fuel and oxidant as shown in Fig. 3.4b. The fuel 
and oxidant solutions were supplied to the electrodes with the micro-syringe pumps 
from the outlet of each channel. The flow rate of both the fuel and oxidant solutions 
was 80 L min−1. Composition of the fuel solution was 2M methanol solution 

Fig. 3.2 Process steps for the fabrication of the micro-DMFC chip on a silicon wafer
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Table 3.2 Bath compositions and electroplating conditions for the electroplating of Pt and PtRu 
catalysts

H
2
PtCl

6
· 

6H
2
O/mM

RuCl
3
· 

3H
2
O/mM

(CH
3
COO)

2
 

Pb/mM
Mass loading/
mg cm-2

Pulse depositiona 
(ip = 50 mA/cm2)

Pt 20 – 0.5 2.4 t
on

 = 100 ms,
off

 = 500 ms
T

charge
: 2 C/cm2PtRu 20 20 – 2.85

ai
p
 Peak current density, t

on
 On-time, t

off
 Off-time, T

charge
 Applied charge

b c

a

Fig. 3.3 SEM images of (a) catalysts layer in micro-DMFCs channels, (b) PtRu at the anode, and 
(c) Pt at the cathode

containing 0.5 M H
2
SO

4
, while that of the oxidant solutions was 0.5 M H

2
SO

4
 solu-

tions saturated with oxygen.

3.5  Evaluation of the Performance of a μ-DMFC with Oxygen 
Saturated Solution as oxidant

Figure 3.5 shows a plot of cell voltage and power density for the micro-DMFC at the 
flow rate of 80 L min−1. A maximum power density of 1.4 mW cm−2 at 0.25 V was 
obtained for the 2 M methanol-saturated oxygen. In the voltage-current curve, an 
abrupt drop of the cell voltage at approximately 8 mA cm−2 was confirmed, suggesting 
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Fig. 3.5 Voltage-current curve ( ) and power-current curve of the whole cell. ( ) Oxidant solution 
was O

2
 saturated aqueous solution containing 0.5 M H

2
SO

4

Fig. 3.4 A prototype of micro-DMFC cell: (a) pictures of a planer cell (left) and its holder with 
terminal pins (right), and (b) a diagram of experimental apparatus for electrochemical measure-
ments [16, 17]. Reproduced with permission of the Electrochemical Society of Japan and Elsevier

an existence of concentration polarization at the anode and/or the cathode. In order 
to clarify which side of the electrode mainly causes the significant loss of cell volt-
age, individual potential profiles of the anode and cathode during cell polarization 
were examined as shown in Fig. 3.6. The results indicated that the gradient of the 
curves significantly changed only at the cathode in the high current density region. 
The drop of the cathode potential above 8 mA cm−2 was similar to the voltage drop 
of the whole cell shown in Fig. 3.5. Therefore, the main cause of the concentration 
polarization at high current region was attributed to the cathode. It was partly 
because the concentration of oxygen in water (approximately 1.5 mM) was remarkably 
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small compared with that of methanol (2 M), which also indicated the larger concen-
tration polarization at the cathode. Taking these into consideration, Fig. 3.5 and 3.6 
demonstrate the oxygen transport limit at the cathode, for the -DMFC was operated 
with the oxygen dissolved into the fuel solution [21]. It can be concluded that the 
amount of oxidant supplied to the electrode was a critical issue for μ-DMFC. This 
conclusion is also supported by the literature describing that the maximum of power 
density could be limited by the concentration polarization [22, 23]. If the concentra-
tion of oxygen and/or oxidant can be maintained enough for the reaction, then a 
significant improvement will be expected in the μ-DMFC performance.

3.6  Thermodynamic Aspects of a Fuel Cell

The performance of a DMFC is directly related to oxygen concentration when the 
cell performance is cathode-limited as described previously: the higher the concen-
tration, the better the performance of the cell. Therefore, an alternative to use oxy-
gen is considered to get higher performance; one solution is to use hydrogen 
peroxide or other peroxides as the oxidant. Figure 3.7 shows the thermodynamic 
potentials expected for acidic single electrolyte methanol/O

2
 and methanol/H

2
O

2
 

systems at room temperature [24]. The acidic single electrolyte is the most exten-
sively researched methanol/O

2
 system because it is employed in polymer electro-

lyte membrane (PEM) fuel cells [25–27]. The maximum thermodynamically 
attainable voltage from these systems is 1.20 V; this voltage was calculated using 
0.5 M H

2
SO

4
 (pH 0) for the acid and assuming a concentration of 1.0 M for metha-

nol and oxygen. On the other hand, the maximum thermodynamically attainable 
voltage from these systems is 1.74 V when the voltage is calculated using 0.5 M 
H

2
SO

4
 (pH 0) for the acid and assuming a concentration of 1.0 M for methanol and 

hydrogen peroxide. Experimentally, the open circuit voltage (OCV) for a methanol/

0

0.1

0.2

0.3

0.4

0.5

0.6

0 2 4 6 8 10
Current density [mA/cm2]

P
ot

en
ti
al

 [
V

 v
s.
 A

g/
A

gC
l]

Fig. 3.6 Potential-current curves of each electrode (anode: , cathode: ) in the cell. Oxidant 
solution was O

2
 saturated aqueous solution containing 0.5 M H

2
SO

4
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Fig. 3.7 Thermodynamic potentials of methanol/O
2
 and methanol/hydrogen peroxide in acid 

systems [24]. Potentials vs. are referred against standard hydrogen electrode (SHE) at 25°C

O
2
 (Air) fuel cell is ca. 0.5–0.6 V [28, 29]. This deviation is primarily caused by the 

large overpotential associated with the reduction of O
2
, but the decrease also can be 

attributed to other resistances in the fuel cell itself, including solution resistance and 
electrical contact resistance.

3.7  Evaluation of the Performance of a μ-DMFC with 
Hydrogen Peroxide

To increase the cathode potential, hydrogen peroxide was examined as an oxidant 
according to the concentration of oxygen and the electron number of reactions 
[30–32]. The concentration of oxygen saturated aqueous solution is roughly 1.5 mM 
at room temperature. Thus, the same volume of the 3 mM hydrogen peroxide solu-
tion possibly generates almost the same electron quantity as the quantity generated 
by the oxygen dissolved solution, and the 30 mM hydrogen peroxide solution pos-
sibly generates ten times as much electron quantity as that generated by the oxygen 
dissolved solution [21]. Figure 3.8 shows the micro-fuel cell polarization curves 
taken of two different oxidants (dissolved O

2
 and various H

2
O

2
 in 0.5 M H

2
SO

4
 

solution) with 2 M methanol. A maximum power density of 8.5 mW cm−2 was 
obtained for the 2 M methanol-30 mM hydrogen peroxide solution. This result was 
much better than that of oxygen, 1.4 mW cm−2. The increase in power density with 
hydrogen peroxide as the oxidant can be attributed to a significant increase of cur-
rent density within the potential range of fuel cells. In the current region higher than 
80 mA cm−2, the voltage drop gradient of hydrogen peroxide increased, while the 
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Fig. 3.8 Performance of the -DMFC with various oxidant solutions (a) voltage-current curves 
and (b) power-current curves Oxidant solution was O

2
 saturated ( ), 3 mM H

2
O

2
 ( ), or 30 mM 

H
2
O

2
 ( ) aqueous solution containing 0.5 M H

2
SO

4
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extent was modest compared with the case of oxygen saturated solution at the same 
cell voltage. The better performance of the μ-DMFC operated with hydrogen per-
oxide could be attributed to a higher amount of oxidant, indicating that the perfor-
mances of electrode and membrane were sufficient for high power operation.

As for the effect of concentration of the oxidant, we speculate that the difference 
of concentration polarization between oxygen and 3 mM hydrogen peroxide can be 
attributed to the difference between their diffusion coefficients or the concentration 
decrease of hydrogen peroxide caused by non-electrochemical decomposition. This 
is because the total electron quantities of the oxygen saturated solution and the 3 mM 
hydrogen peroxide solution are almost the same. [21, 33]

In order to confirm from another aspect that the resulting cell was cathode-lim-
ited and to clarify the mechanism of the increase of cell performance with hydrogen 
peroxide as an oxidant, individual potential profiles of the anode and the cathode 
during cell polarization were examined. Figure 3.9 shows the cathode current den-
sity increased in the following order: 3 mM hydrogen peroxide <oxygen <30 mM 
hydrogen peroxide. Also, the application of 30 mM hydrogen peroxide reduced the 
concentration polarization on the cathode. However, the anode currents did not 
change with the variation of oxidant solutions, which means the cell performance 
is cathode-limited. In addition to the changes of current, the open circuit voltages 
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(OCVs) were also different as shown in Fig. 3.8. In the case of oxygen and 3 mM 
hydrogen peroxide, the OCV was approximately 0.44 V, while it was approxi-
mately 0.37 V in the case of 30 mM hydrogen peroxide. We hypothesized that this 
decrease of OCV was the result of oxidant crossover from the cathode to the anode. 
Based on the fact that the open circuit potentials of the cathode were almost the 
same for all the solutions, the OCVs should be determined by those of the anode. 
The open circuit potentials of the anode were 0.13 V for oxygen and 3 mM hydro-
gen peroxide, and 0.2 V for 30 mM hydrogen peroxide as shown in Fig. 3.9). The 
concentration of the fuel was 2 M and the same for all the experiment, consequently 
the increase of the anode potential could be explained by the mixed potential due 
to the crossed-over oxidant to the anode in addition to the overpotential stemmed 
from polarization resistance. From all the above considerations, we can conclude 
that given present catalyst technology, methanol/hydrogen peroxide cells are appli-
cable primarily in low-power, long-duration systems.

3.8  Conclusion

Microfabrication processes have been used successfully to form micro-fuel cells on 
silicon wafers. Aspects of the design, materials, and forming of a micro-fabricated 
methanol fuel cell have been presented. The processes yielded reproducible, con-
trolled structures that performed well for liquid feed, direct methanol/O

2
 saturated 

solution (1.4 mW cm−2) and direct methanol/H
2
O

2
 systems (8 mA cm−2). In addition 

to optimizing micro-fuel cell operating performance, there are many system-level 
issues to be considered when developing a complete micro power system. These 
issues include: electro-deposition procedure, catalyst loading, channel depth, oxi-
dants supply, and system integration. The micro-fabrication processes that have 
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Fig. 3.9 Potentials against current density for the anode and the cathode corresponding to Fig. 3.8a. 
Oxidant solution was O

2
 saturated (anode: , cathode: ), 3 mM H

2
O

2
 (anode: , cathode: ), or 
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been developed with the progress of MEMS technology provide new prospects for 
the design of micro-fuel cells. This MEMS technology may improve the perfor-
mance of the fuel cells of various sizes. It is also expected that the improvement of 
MEMS-based small reformers will make possible high power density and multi-
fuel micro-fuel cells.
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4.1  Introduction

Various kinds of energy devices have been developed as power sources for portable 
electronic devices and electric vehicles. Fuel cell, rechargeable lithium ion battery, 
and super capacitor are the most interesting devices, and they have been extensively 
studied to improve their electrochemical performance around the world [1, 2]. In 
these electrochemical devices, chemical energy is directly converted to electric 
energy through charge transfer process occurring at an interface between electrode 
and electrolyte. The electrochemical reactions take place at the interface and their 
reaction rates strongly depend on the nature of interface consisting of electrode and 
electrolyte materials. In some case, the electrode reaction is so slow that the electrode 
reaction kinetics should be carefully investigated in order to improve charge transfer 
reaction rate. On the other hand, the slow electrode reaction can be technically over-
come by a large interface area for the electrode reaction, leading to an improvement 
of apparent reaction rate. For example, the true surface area of the porous electrode 
used in practical battery and fuel cell is much larger than that of flat electrode. When 
the surface area is 100 times larger than that of flat electrode, the apparent electrode 
reaction rate is also 100 times. However, this is too simple to estimate the advantage 
of the porous electrode. The porous electrode has so many problems that the reaction 
rate may not become 100 times [3]. Figure 4.1 shows the electrode reaction occurring 
on flat electrode and porous electrode. In the case of the flat electrode, the electrode 
reaction takes place uniformly on an entire electrode surface. On the other hand, the 
electrode reaction taking place on the porous electrode surface has a distribution of 
electrode reaction rate depending on its porous nature and a kind of electrode mate-
rial. For example, both electronic and ionic conductivities of porous electrode are 
very important properties to establish an electrochemical interface and to realize 
apparently high charge transfer rate. One of the key technologies for porous 
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electrodes used in electrochemical energy conversion system is a fabrication process 
of porous electrode with three-dimensionally ordered porous structures. Recently, 
three-dimensionally ordered macroporous materials have been extensively studied on 
various application fields, such as catalyst, photonic material, sensor, and so on  
[4–11]. At first silica porous materials have been prepared by using colloidal crystal 
templating method. This study has inspired a lot of scientists working in the field of 
material science. So far, many kinds of macroporous materials, such as zirconia, 
titania, carbon, and so on, have been successfully prepared and applied to various 
applications. In this section, three applications of three-dimensionally ordered mate-
rials to electrochemical energy conversion systems are introduced.

4.2  Rechargeable Lithium Ion Battery

Three-dimensionally ordered macroporous ceramic with high Li+ ion conductivity 
was prepared by colloidal crystal templating method using monodispersed polysty-
rene beads [12]. Monodispersed polystyrene beads with 3 m diameter were 
dispersed in water and then filtrated by using a membrane filter under a small 
pressure difference. After this treatment, polystyrene beads were accumulated on 
the membrane filter with closed pack structure, as shown in Fig. 4.2. Then, the 
membrane consisting of accumulated polystyrene beads was removed from the 
membrane filter and put on a glass substrate. After drying at room temperature, the 

Uniform electrochemical reaction
(Small current distribution)

Large distribution of electrochemical reaction
(Large current distribution)

Flat electrode Porous electrode

Reaction current

Large reaction current

Small reaction current

Fig. 4.1 Schematic illustration of an electrochemical reaction taking place on flat and porous 
electrodes
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polystyrene beads were heated at 110°C for 1 h to connect each polystyrene bead to 
improve the mechanical strength of the membrane consisting of polystyrene beads. 
Using this membrane as template, three-dimensionally ordered macroporous 
ceramic membrane was prepared.

A sol or nanoparticle for Li+ ion conductive ceramic is necessary for preparing 
the three-dimensionally ordered macroporous structure of Li+ ion conductive 
ceramic. For example, a sol for Li

0.35
La

0.55
TiO

3
 has been prepared by using LiOH, 

La(CH
3
COO)

3
, and Ti(C

3
H

7
O) as starting materials [13]. The membrane consisting 

of polystyrene beads was immersed in this sol under reduced pressure. Through this 
vacuum impregnation process, the sol was put into free volume between polystyrene 
beads and was converted to gel. The composite membrane consisting of polysty-
rene and gel was heated at 450°C to remove polystyrene and convert the gel to 
amorphous ceramic. Finally, the porous amorphous ceramic was crystallized by a 
heat treatment at 1,000°C. Figure 4.3 shows the scanning electron micrographs of 
surface and cross section of the prepared, three-dimensionally ordered, macroporous 
Li

0.35
La

0.55
TiO

3
. This ceramic has a highly uniform porous structure and a high ionic 

Fig. 4.2 Scanning electron micrograph of three-dimensionally ordered monodispersed polystyrene 
beads

Fig. 4.3 Scanning electron micrographs of surface and cross section for prepared three-
dimensionally ordered macroporous Li

0.35
La

0.55
TiO

3
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conductivity of 4 × 10−4 S cm−1. Each macropore is connected by small connecting 
through pores. This membrane is an electrolyte for all solid state electrode system. 
When this porous material is filled with active materials for rechargeable lithium 
ion battery, all ceramic electrode system is constructed. In order to fill active 
material, nanoparticle or sol for active material has to be prepared. For example, a 
sol for LiCoO

2
 active material was obtained from Li(C

3
H

7
O) and Co(CH

3
COO)

2
 as 

starting materials [14]. This sol was injected into three-dimensionally ordered 
macroporous Li

0.35
La

0.55
TiO

3
 ceramic membrane by vacuum impregnation method. 

The injected sol was converted to the Li-Co-O gel during the following drying 
process. The composite membrane consisting of Li-Co-O gel and three-dimensionally 
ordered macroporous Li

0.35
La

0.55
TiO

3
 was heated at 450°C to form amorphous 

LiCoO
2
 inside of pores. This process should be repeated to increase amount of 

LiCoO
2
 injected into three-dimensionally ordered macropores.

Finally, the composite membrane consisting of Li-Co-O gel and three-dimensionally 
ordered macroporous Li

0.35
La

0.55
TiO

3
 was heated at 700–800°C to crystallize amor-

phous LiCoO
2
. In the course of this heat treatment, electrolyte material might react 

with LiCoO
2
. However, X-ray diffraction pattern of this composite membrane 

shows no reaction between Li
0.35

La
0.55

TiO
3
 electrolyte and LiCoO

2
 active material. 

Figure 4.4 shows the scanning electron micrograph of the prepared composite 
membrane consisting of LiCoO

2
 and Li

0.35
La

0.55
TiO

3
. Some of pores were fully 

occupied by LiCoO
2
, but other pores were still open. This means that the impregnation 

of LiCoO
2
 is not perfect. Probably, nanoparticle of LiCoO

2
 is more suitable for 

injection of active material into macropores. From a density measurement of this 
membrane, the occupancy of LiCoO

2
 was estimated to be 60%. Figure 4.5 shows 

the discharge and charge curves of all ceramic electrode system consisting of 
LiCoO

2
 and Li

0.35
La

0.55
TiO

3.

The obtained curves were similar to those reported in literature [15]. This indi-
cates that all solid state LiCoO

2
 electrode functions as cathode of rechargeable 

lithium ion battery at relatively high discharge and charge rates. The thickness of 

Fig. 4.4 Scanning electron micrograph of three-dimensionally ordered composite membrane 
consisting of Li

0.35
La

0.55
TiO

3
 and LiCoO

2
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this electrode was 100 m which was thicker than that of standard electrode. 
Nevertheless, the discharge capacity of 108 mAh g−1 was obtained in this test. 
Thus, the three-dimensionally ordered macroporous solid electrolyte matrix is very 
useful in constructing all solid state rechargeable lithium ion battery. This is due to 
highly uniform structure which provides excellent ionic and electronic conductivi-
ties of all solid state electrode system.

In the above paragraphs, three-dimensionally ordered solid electrolyte was pre-
pared for a construction of all solid state rechargeable lithium ion battery. On the 
other hand, various kinds of three-dimensionally ordered structures consisting of 
electrochemically active material have been prepared in order to realize extremely 
high rate capability of rechargeable lithium ion batteries with liquid electrolyte. In 
addition, such types of active materials have been prepared to establish three- 
dimensional batteries which is a new category of future lithium ion battery. 
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Figure 4.6 shows the schematic illustration of Three-Dimensional Battery (3D battery) 
consisting of three-dimensionally ordered macroporous materials. This is a very 
interesting concept for battery technology, and some groups are researching on this 
subject [16]. When 3D battery is constructed, the energy density and power density 
of rechargeable lithium ion batteries will be surprisingly improved.

4.3  Polymer Electrolyte Membrane Fuel Cell

As you know, the polymer electrolyte membrane fuel cell (PEMFC) has gained 
much attention around the world, due to its excellent characteristics, such as clean 
energy conversion system, high power density, and high energy density. In fuel 
cells, chemical energy is directly converted to electric energy with high efficiency 
in theory. This high efficiency is very attractive for electric vehicle and also for 
electronic devices, such as portable computer, cellular phone, and other small 
devices [2]. In fact, research and development of PEMFC are now very active. One 
of the key materials in PEMFC is a proton conductive membrane. The most famous 
membrane is Nafion® which has been produced by Dupont Company. Nafion® is a 
kind of perfluorinated polymer with ion exchange groups in its side chains, so that 
it is chemically and thermally more stable than hydrocarbon polymer [17, 18]. 
Nafion® easily swells by water or methanol absorption, leading to low stability of 
PEMFC operation and cross over flow of fuel [19]. Both problems result in lower-
ing of energy conversion efficiency and power of fuel cell. Another important point 
is the cost of a membrane. Of course, perfluorinated polymer is more expensive 
than hydrocarbon polymer. In order to overcome these disadvantages, some new 
polymer electrolyte membranes have been prepared by using nanoparticles and 
nano-structured materials. Silica nanoparticles have been used as fillers for polymer 
membrane to realize high mechanical strength and thermal stability [20, 21]. In the 
case of polymer electrolyte membrane, the same method has been applied in order 
to improve mechanical strength and suppress the expansion of polymer by absorp-
tion of methanol or water. Another interesting method of suppressing the expansion 
of proton conductive polymer is the pore filling membrane technology [22, 23]. In 
this case, a mechanically strong polymer membrane is used as porous matrix and 
highly proton conductive polymer is utilized as proton conductive phase filled in 
pores. Many kinds of polymers have been used in various practical fields. Some of 
the polymers have high mechanical strength and no absorption of methanol and 
water. Polyethylene or polypropylene is classified as this type of polymer. Using 
this kind of polymer, nano-porous material has been prepared and applied to pore 
filling membrane. Figure 4.7 shows the schematic illustration of pore filling mem-
brane for proton conductive polymer applied to PEMFC. The polymer for matrix 
should have a mechanical strength to prevent an expansion of polymer. The poly-
mers filled in this matrix only have high proton conductivities, so that their high 
mechanical strength is not necessary due to mechanical hardness of matrix poly-
mer. The same concept has been applied to composite membrane consisting of 
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porous silica and proton conductive polymer [24]. There are many kinds of porous 
silica. Some silica matrix has been prepared and applied to proton conductive mate-
rial. One such interesting material is sulfonated nano-porous silica.

Silica has a lot of OH groups on its surface which can react with silane coupling 
agents. Using this reaction scheme, the surface of silica has been modified for vari-
ous applications. The nano porous silica with surface modification has been pre-
pared by sulfonation of surface silanol groups, which exhibits relatively high proton 
conductivity at high temperatures without moisture. However, its proton conductiv-
ity is still lower than that of Nafion®. Another interesting material is macroporous 
silica with proton conductive polymer. Some research groups have reported a 
preparation of three-dimensionally ordered macroporous silica using a colloidal 
crystal templating method [25, 26]. Most of macroporous silica materials are too 
small to be applied to real materials, such as electrolyte membranes for fuel cells. 
In order to prepare a large size porous silica matrix with reasonable uniformity of 
macropores, the preparation method has been modified as shown in Fig. 4.8. In this 
preparation process, polystyrene beads (1,000 nm–100 nm in diameter) were mixed 
with silica beads (100 nm–10 nm in diameter) to prepare a stable suspension con-
taining composite particles between polystyrene beads and silica beads. This sus-
pension was filtrated with membrane filter equipment and both beads were 
accumulated on the membrane filter with ordered structure. After the filtration, the 
filter with thin membrane consisting of both beads was carefully removed and 
dried. After the drying process, the filter was removed to separate the membrane 
consisting of both beads. This membrane was heated at 450°C and then 800–1000°C 
in order to remove polystyrene beads and sinter colloidal silica particles. During the 

Pore-filling type

substrate

Polymer
electrolyte

pore

Fig. 4.7 Schematic illustration of pore filling polymer membrane
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sintering process, a proper weight was added to the porous silica membrane to 
obtain a flat silica membrane. After this heat treatment process, a proton conductive 
polymer was injected into all pores in the porous silica membrane. In Fig. 4.9, a 
photograph of the obtained composite membrane and a scanning electron micrograph 
of the composite membrane are shown.

3DOM Silica membrane

Polystyrene (PS) beads
( =100~1000 nm)

Colloidal silica
( =10~100 nm)

Calcination
Membrane filter

Mixing of two suspensions

Filtration by membrane filter

890 C, 1h

890 C, 1h 

980 C, 10min 

Pressed by
plane porous sheet

8 g cm-2

450 C, 1h 

2 C min–1

20 C min–1

Condition of 
burning out of PS

Condition of 
sintering of Silica

Calcination condition

20 C min–1

20 C min–1

Fig. 4.8 Preparation process of three-dimensionally ordered macroporous silica membrane

Injection of gel polymer

1μm

Fig. 4.9 Photograph of composite membrane between 2-acrylamido-2-methyl propane sulfonic 
acid and three-dimensionally ordered macroporous silica
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Here, 2-acrylamido-2-methyl propane sulfonic acid (AMPS) and water were 
used to form proton conductive gel polymer in pores of macroporous silica mem-
brane. A polymerization of monomer took place inside pores of porous silica 
matrix. After the polymerization, all pores were completely occupied by AMPS 
polymer. Both proton conductivity and methanol permeability of this composite 
membrane are summarized in Table 4.1 with data for Nafion® membrane. The pro-
ton conductivity of the composite membrane was slightly higher than that of 
Nafion, even though the nonconductive silica matrix occupied 30% of the compos-
ite membrane. This is due to a higher proton conductivity of AMPS polymer. On 
the other hand, methanol permeability of the composite membrane was strongly 
suppressed compared with original AMPS polymer and also smaller than that for 
Nafion® membrane. From these data, it can be said that the composite membrane is 
useful to improve the performance of proton conductive polymer. This technology 
can be applied to various kinds of composite membrane. Figure 4.10 shows the 
photograph and scanning electron micrograph of the composite membrane consist-
ing of three-dimensionally ordered macroporous polyimide and proton conductive 
polymer and macroporous polyimide membrane. Three-dimensionally ordered 
macroporous polyimide was prepared by using the silica template with opal struc-
ture. In this case, mono-dispersed silica spherical beads can be used as template 
material. A suspension of mono-dispersed silica beads was ordered by using filtra-
tion process or solvent evaporation process. A polyamic acid or other kinds of 
precursor for polyimide was injected into free volume between silica particles and 
then polymerized to prepare the composite membrane between silica and polyimide. 
After that, the silica particles were removed by an etching process with HF solution 
to obtain three-dimensionally ordered macroporous polyimide.

The membrane shown in Fig. 4.10 was prepared using this three-dimensionally 
ordered macroporous polyimide obtained according to the above process with 
AMPS polymer. The proton conductivity and methanol permeability of the com-
posite membrane are summarized in Table 4.2. The proton conductivity of the 
composite membrane was higher than that of Nafion® and the methanol permeabil-
ity of the composite membrane was slightly lower than that of Nafion®. Both 
 tendencies are good for membrane for direct methanol fuel cell. In this way, three-
dimensionally ordered macroporous materials are suitable for matrix of soft proton 
conductive polymer with higher proton conductivity.

Table 4.1 Proton conductivity and methanol permeability of the composite membrane with 
three-dimensionally ordered macroporous silica matrix. Measurement temperature: 30°C, 
Methanol concentration: 10 mol dm-3

Membranes
Conductivity (S 
cm−1)

Permeability 
(10−6 cm2s−1)

 = conductivity/
permeability (104 S 
cm−3s)

AMPS 0.24 5.4 4.4
Nafion® 0.062 3.3 1.9
Silica composite 0.081 0.82 9.9
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4.4  Capacitor Material

Capacitor has been extensively investigated due to its high rate discharge and charge 
performance. Electrochemical double layer capacitor (EDLC) is now more interest-
ing especially due to its relatively high capacity and high rate capability [27]. Usually, 
materials with very high surface area have been utilized to EDLC and their porous 
nature optimized to obtain high electric capacity. Most of the standard materials are 
carbon with macro, meso, and micro pores. The surface area of such kind of carbons 
ranges from 1,000 m2 g−1 to 2,000 m2 g−1. This is more or less very large surface area. 
However, electrochemical active pore is limited by the size of the pore. In general, 
micropores in carbon material cannot be utilized in EDLC devices. Mesopores are the 
most important in carbon materials to realize high electric capacity of EDLC [28]. So 
far, various kinds of methods and activation processes of carbon materials have been 
proposed to optimize pore size distribution which is a key issue for high electric 
capacity and high rate capability [29, 30]. For controlling pore size distribution in 

1cm

Fig. 4.10 Photograph and scanning electron micrograph of three-dimensionally ordered macro-
porous polyimide and composite membrane consisting of macroporous polyimide and proton 
conductive polymer

Table 4.2 Proton conductivity and methanol permeability of the composite membrane with 
three-dimensionally ordered macroporous polyimide matrix. Measurement temperature: 30°C, 
Methanol concentration: 10 mol dm-3

Membranes
Conductivity (S 
cm−1)

Permeability 
(10−6cm2 s−1)

 = conductivity/
permeability (104 S 
cm−3 s)

AMPS 0.24 5.4 4.4
Nafion 0.062 3.3 1.9
Polyimide composite 0.12 1.3 9.0
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carbon materials, three-dimensionally ordered macroporous structure has been 
applied to EDLC material. Three dimensionally ordered macroporous carbon can be 
prepared by using colloidal crystal template consisting of silica mono-dispersed par-
ticles [31]. Figure 4.11 shows the schematic illustration of the preparation procedure 
for three-dimensionally ordered macroporous carbon. Firstly, mono-dispersed silica 
particles were assembled in ordered structure, which was an opal one, using mem-
brane filter equipment. After that, the obtained silica membrane was slightly sintered 
to improve mechanical strength of the assembled silica particles. Then, organic com-
pound, such as furfural alcohol, sugar, and precursor of polymers, was injected into the 
free space of silica matrix to prepare composite membrane consisting of organic com-
pound and silica. This composite membrane was heated at a proper temperature of 
800–1,000°C, under inert atmosphere to convert organic compound to carbon. After this 
heat treatment, the membrane consisting of carbon and silica was obtained. Finally, silica 
matrix was removed by using etching process with HF aqueous solution. Figure 4.12 
shows the scanning electron micrograph of the prepared three-dimensionally ordered 
macroporous carbon which is synthesized from polyimide polymer.

The size of membrane was larger than 1 cm2 and through-hole between macrop-
ores was clearly observed. This material has been applied to materials for EDLC 
and exhibits an interesting electrochemical property. The surface area of this carbon 
was much higher than that calculated from the size of the macropore, indicating 

Colloidal Silica 
Template

Polymer-Silica 
Composite

Carbon-Silica 
Composite

Macroporous
Carbon

Composition 
with precursor

Carbonization
under inert gas

Elimination 
of template

Fig. 4.11 Three-dimensionally ordered macroporous carbon by using monodispersed silica template 
and polyimide

Fig. 4.12 Scanning electron micrograph of three-dimensionally macroporous carbon prepared by 
three-dimensionally macroporous polyimide
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that both meso and micro pores are present in this carbon. Probably, such small 
pores exist in the walls of macropores. This is one of the interesting materials. 
Another interesting process for preparation of three-dimensionally ordered porous 
carbon is shown in Fig. 4.13. Polystyrene beads of relatively large size (for example 
200 nm) and silica beads of small size (10–20 nm) are mixed and filtrated on mem-
brane filter to prepare a composite between polystyrene beads and colloidal silica. 
In this process, the size of polystyrene beads and colloidal silica is vice versa. The 
composite membrane was heated at 450°C and then heated at 1,000°C under inert 
atmosphere. During the heat treatment, polystyrene beads were melted and pene-
trated into free space between colloidal silica particles. Probably, the colloidal silica 
particles are covered with melted polymer. After the heat treatment, three-dimensionally 
ordered macroporous material was obtained, which consisted of colloidal silica and 
carbon. This composite macroporous membrane is treated with HF aqueous solution 
to remove the silica part. Finally, the three-dimensionally ordered macroporous 
carbon was obtained. Figure 4.14 shows the scanning electron micrograph of the 
prepared carbon. A porous nature of this carbon is measured by B.E.T. method. 

polymer particle
silica sphere

mesosized
carbon sphere

carbonization

& etching

interconnected 
macropores

interconnected 
polymer particles

silica sphere

carbonization

of polymer

removal

of silica

polymer particle
carbon deposit

mesosized
carbon sphere

~100 °C 

Fig. 4.13 Preparation process of three-dimensionally ordered macroporous carbon with 
 controlled pore size distribution by using monodispersed polystyrene and silica beads

Fig. 4.14 Scanning electron micrograph of three-dimensionally ordered macroporous carbon 
with controlled pore size distribution
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This carbon membrane consisted of 10–20 nm pores and 200 nm pores. The pore 
size of 200 nm corresponds to the size of polystyrene used in this preparation pro-
cess and the pore size of 10–20 nm reflects the size of colloidal silica. This carbon 
had high surface area, which was 1,004 m2 g−1. Such high surface area is suitable 
for capacitor application.

Figure 4.15 shows the discharge and charge curves of the prepared three- 
dimensionally ordered macroporous carbon with controlled meso pores in Et

4
NBF

4
/

PC at various currents. From the results, the electric capacity of this carbon was 
estimated to be 90 F g−1.

4.5  Summary

Three-dimensionally ordered porous materials have been applied to electrochemical 
energy conversion systems, such as lithium battery, fuel cell, and electrochemical double 
layer capacitor. Based on this technique, functional materials for other applications 
can be produced. The advantages of three-dimensionally ordered materials are based 
on micro or nano size ordered pores.

Such a structure provides highly uniform porous nature. This is the most important 
point. For example, the uniform reaction may occur in all the pores. A higher mechan-
ical strength may be realized from ordered structure. Especially, two-dimensional 
electrochemical reactions are strongly enhanced by using three-dimensionally ordered 
porous materials, as mentioned above. In other words, two-dimensional electrochemi-
cal reactions are converted to pseudo three-dimensional ones. This procedure is useful 
for practical applications. Presently, preparation of three-dimensionally ordered 
macroporous materials is not so easy due to low mechanical strength and the presence 
of minor defects. More extensive research will be carried out in the near future.
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6.1  Introduction

Figure 6.1 shows how rapidly the areal density of hard disk drives (HDD) has been 
increasing over the past 20 years [1]. Several critical innovations were necessary to 
bring about such rapid progress in the field of magnetic recording [2]. One of the 
most significant innovations from the viewpoint of material improvement was 
the electrodeposition of permalloy (Ni

80
Fe

20
), which was introduced by IBM in 

1979 as the core material of a thin-film inductive head to increase the magnetic 
recording density [3]. After the introduction of the magneto-resistive (MR) element 
as the read head and the electrodeposited permalloy as the write head by IBM in 
1991 [4], the rate of increase in the recording density of HDDs jumped from 30% 
per year to 60% per year. Recently, a giant magneto-resistive (GMR) element has 
been used for the read element instead of the MR element. The rate of increase in 
the recording density jumped to over 100% per year in 1999, which is an incredible 
rate of increase. Since 2002, however, the rate of increase has decreased to 30%; thus, 
new innovations are required to maintain the rate of increase. In 2004, the practical 
use of perpendicular magnetic recording instead of longitudinal magnetic recording 
was announced [5]. This system is a critical innovation for developing high-performance 
HDD systems with high-recording density. The design of the magnetic recording 
head was changed because of the change of the recording system.

The development of a new magnetic recording head with higher performance 
and smaller dimensions is a key requirement for realizing high-density magnetic 
recording. Furthermore, to meet the demand for the rapid increase in magnetic recording 
density, the soft magnetic film in the core must have low magnetostriction, l

s
, high 

electrical resistivity, r, high thermal stability, low film stress, and high corrosion 
resistance, as well as high saturation magnetic flux density, B

s
. The recording 

heads, using higher magnetic materials with high value of B
s
 can write to a high-H

c
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medium because of the high magnetic field generated. On the other hand, for 
higher-frequency recording, the soft magnetic film should have higher resistivity 
while maintaining a high value of B

s
 to suppress the eddy-current loss. Therefore, 

B
s
 and r of the soft magnetic thin film used for the recording head should be much 

higher than those of the conventional Ni
80

Fe
20

 permalloy, for which B
s
 = 9–10 kG 

and r = 15–20 cm. So, permalloy with the composition of Ni
45

Fe
55

 was used 
instead of Ni

80
Fe

20
. Recently, CoNiFe has been used instead of permalloys. 

However, the development of a new magnetic recording head with smaller dimen-
sions is strongly required for realizing a higher-density magnetic recording device. 
An SEM image and a schematic of a GMR head are shown in Fig. 6.2 [1].

Fig. 6.1 Areal density of hard disk drives has been increasing over the past 20 years [1]

GMR element

Coil (Cu)

Lower shield (NiFe)

Upper core (NiFe)

Upper shield (NiFe)

Lead (Au)
CoNiFe film

CoNiFe film

Fig. 6.2 SEM image and a sche-
matic of a GMR head [1]
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6.2  Thin-Film Head

6.2.1  Mechanism of Magnetic Recording

Figure 6.3 shows system of magnetic recording of HDD. A recording bit is a small 
area of the recording layer, and the bit is magnetized. The magnetized bit pattern is 
made by magnetic flux, which is formed by an exciting current in the coil of the 
recording head. The recording bit is read by the read-head element by measuring 
the magnetic flux from the recording layer on the medium, which is rotated. 
Ferromagnetic material is used as the core of the magnetic-electric converter. 
Generally, soft magnetic materials that have high permeability (m) and low coercivity 
(H

c
) are used. Contact heads, which are in contact with the medium, and flying 

heads, which are not in contact with the medium, can be used for the magnetic 
recording. Magnetic tapes and floppy disks use contact heads, and HDDs use flying 
heads. The distance between the surface of the flying head and the medium is less 
than 10 nm, and the distance is maintained by an air flow between the medium and 
the slider on which the head is installed.

6.2.2  Thin-Film Inductive Head

A magnetic recording head that uses magnetic flux flowing from and into the coil 
for read–write operations, is called an “inductive head”. Figure 6.4 shows a sche-
matic illustration of an inductive head.

Fig. 6.3 System of magnetic recording of HDD
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In the case of bit writing, the magnetization of a small area of the magnetic layer is 
changed to produce a recording bit by the leakage of magnetic flux through a gap of 
the core, resulting from magnetic flux produced from coils by an exciting current. 
In the case of bit reading, an electric signal generated by electromagnetic induction in 
the coil is read by measuring the leakage of magnetic flux through the coil from the 
gap to the core. In 1960, inductive heads with a ferrite core and Cu wire coils were 
used. In 1979, a thin-film inductive head was developed by IBM Corporation [3], and 
the recording density increased rapidly as a result of this innovation. The development 
of the earlier inductive heads had involved the machine-tooling of the ferrite and the 
manual twisting of Cu-wire. However, the thin-film inductive head was not developed 
mechanically but by sputtering, evaporating, and plating. Since the core and the coil 
were produced by a thin-film process involving photolithography without using 
machine tools, a thin and fine core and coil could be realized. Thus, the read–write 
characteristics improved rapidly, and the rate of production increased dramatically. 
Since the core material was changed from ferrite to a metal-thin film, a high B

s
 was 

achieved. As a result, the read–write characteristics improved dramatically and the 
magnetic flux available for writing increased. During that time, soft magnetic permalloy 
(Ni

80
Fe

20
) thin film became the core material in practical use. The B

s
 values of ferrite 

and Ni
80

Fe
20

 permalloy are 3–5 kG and B
s
 = 9–10 kG, respectively. A variety of methods 

have been used for realizing the head core.

6.2.3  Magnetoresistive (MR) Head

In 1991, IBM Corporation developed an MR head for practical use: a thin-film head 
with magnetoresistive element. The magnetoresistance effect is the phenomenon in 
which the resistance of a magnetic material changes with the magnetic field. The effect 
is also called an anisotropic magnetoresistive effect (AMR) to distinguish it from the 
giant magnetoresistive effect (GMR). The MR device in the head is used for reading, 
and a common inductive head is used for writing. A head in which a soft magnetic thin 

Lower core
Medium

Upper core

Coil

Fig. 6.4 Schematic illustration of an inductive 
head
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film is used, both as a lower core and an upper shield of the MR element, is called a 
merged-type MR head. Figure 6.5 shows the structure of an MR element.

When the direction of the current that flows in a thin film is the same as the direc-
tion of magnetization of the thin film, the resistance of the film increases. On the 
other hand, when the direction of magnetization of a thin film and the direction of 
the current that flows in the film are perpendicular, the resistance of the film 
decreases. Since the voltage in an MR element changes upon changing the soft 
magnetic thin films in the MR element due to the leakage of flux from the recording 
bit on the recording layer, the recording bit can be detected. The output signal is 
proportional to the change in magnetic flux density with respect to time because the 
electromagnetic induction of the inductive head is used for writing. The relative 
speed of the head relative to the medium must be high. On the other hand, the output 
signal depends on magnetic flux density in the MR element. Thus, the relative speed 
of the head to the medium, i.e., the rotation speed, does not have to be high.

A request of properties of the inductive head could be altered because the read 
and write elements were divided. Since the intuitive element is not used as the read 
element, the high sensitivity of the inductive element is unnecessary. Therefore, the 
number of turns of coil could be decreased, and furthermore, the recording head 
could become smaller. The soft magnetic thin films with very low hysteresis loss, 
that is the films with very low coercivity, is not required. So, some soft magnetic 
films, except for commonly used permalloy, could be used for core materials. Now, 
high B

s
 soft magnetic thin films are in practical use for realizing high-recording 

density.
In 1999, a GMR head, applying a giant magnetoresistive effect instead of an MR 

element came into practical use. The GMR effect is of very high sensitivity com-
pared with the MR effect, and this resulted in the rate of increase in recording 
density jumping to over 100% per year. In 2005, a TMR head applying the 
Tunneling Magnetoresistance(TMR) effect came into practical use. TMR and GMR 
heads have been in practical use ever since.

6.2.4  Development of Thin-Film Head

The process flow for the thin-film head is shown in Fig. 6.6 [6]. The Cu coils, Cu 
lead, Au pad, and the core of the soft magnetic thin films in the head are prepared 
by electrodeposition. These metal parts require a high-aspect ratio. Also, the method 

lead

magnet

SAL

Soft magnetic film separatorFig. 6.5 Structure of an MR element
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of electrodeposition with photolithography is advantageous for selective deposition 
and the easy formation of thick films. In particular, the head core of the magnetic 
thin films is very fine with a width of less than 1 m. Electrodeposition has a serious 
problem with the distribution of current density because the distributions of film 
thickness and metal composition occur often. pH modification near the deposition 
surface occurred by a side reaction that generated H

2
. The alloy composition was 

changed markedly by this slight modification of pH during electrodeposition. In 
particular, the electrodeposition of NiFe alloy is very easily changed by pH modifi-
cation during electrodeposition. Furthermore, obtaining a constant film composition 
is very difficult in Fe-based plating because of “anomalous codeposition”. It is nec-
essary to maintain a deviation of film composition of less than 0.1% because the 
magnetic properties of permalloy films depend on the film composition.

This serious problem was solved by two new plating developments: the paddle 
plating cell system and the frame plating method. Figure 6.7 shows a schematic 
illustration of the paddle plating cell system [7]. This method of plating surfaces 
allows the formation of films with constant composition because the plating solu-
tion near the deposition surface is agitated by a “paddle”. This agitation also 
removes bubbles on the deposition surface and unwanted products formed during 
electrodeposition. Effective agitation suppresses pH modification during electrode-
position, thus ensuring a constant film composition. Figure 6.8 shows the process 
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flow of the frame-plating method [8]. This method suppresses the distribution of 
the current density on a fine pattern. In this method, a line resist pattern called a 
“frame” is used to suppress the distribution of current density at the edge of the 
pattern. After electrodeposition, the metal pattern in the frame pattern is covered 
with a resist pattern. The film deposited outside the frame pattern is removed by 

Cathode:substrate

anode

paddle

Power supply
Fig. 6.7 Schematic illustration of the 
paddle plating cell system
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Fig. 6.8 Process flow of the frame plating method
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chemical etching. Thus, a metal pattern is obtained inside the frame pattern. Since 
a resist pattern having a narrow width and a small area is used, distribution of cur-
rent density can be suppressed. The composition of the film pattern is consistently 
uniform, so that permalloy with homogeneous magnetic properties can be obtained. 
These methods have been widely used for development of the other soft magnetic 
films, such as CoNiFe and CoFe.

6.3  Design of High-Performance Soft Magnetic Films

6.3.1  Theoretical Concept of Soft Magnetic Properties

Because of the requirement of new soft magnetic thin films with a high value of B
s
 

and high resistivity, high-performance soft magnetic thin films are overviewed. 
Only Ni, Co, Fe, and their alloys and some of their oxides show ferromagnetism at 
room temperature, and Fe has the highest magnetic moment of a single element. 
Materials with soft magnetic properties have a low value of H

c
 and a high m. H

c
, 

and the grain size are related by the following equation: [9]

 
4 6

1
3c

s

K D
H =

A M
 (6.1)

where, K
1
 is the constant of magnetocrystalline anisotropy, D is the crystal grain 

size, and A is the exchange stiffness constant. M
s
 and K

1
 mainly depend on the com-

position of metals in the film. From this equation, decreasing the grain size is an 
effective means of obtaining soft magnetic properties for films with high magne-
tocrystalline anisotropy. On the other hand, K

eff
 is given by the following equation:

 
eff

K
K

n
μ  (6.2)

where, K is the constant of magnetocrystalline anisotropy, and n is the number of 
crystal grains. This equation shows that an increase in the number of grains, that is, 
a decrease in the grain size, is an effective means of obtaining low K; therefore, 
decreasing the grain size is very effective for obtaining soft magnetic thin films.

6.3.2  Design of Soft Magnetic Thin Films with High B
s

Since the 1980s, many researchers have discovered new, soft magnetic materials 
with high values of B

s
 . Figure 6.9 shows the composition – B

s
 and H

c
 diagrams for 

CoNiFe bulk ternary alloy published by Bozorth [10]. Fe has the highest magnetic 
moment of a single element, and Fe

60
Co

40
 is the magnetic alloy with the highest 
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known B
s
 value of 24 kG. However, these materials do not show the soft magnetic 

properties that only Ni
80

Fe
20

 and Ni
45

Fe
55

 films have. Therefore, the CoFe- and 
Fe-based alloys have been studied with the aim of obtaining new soft magnetic 
materials. Figure 6.10 shows the design of a microstructure for soft magnetic films 
with a high B

s
 value. The ideal high-B

s
 soft magnetic film has small and fine grains 

having high B
s
 value. Various techniques for forming high-B

s
 soft magnetic thin 

films are shown below.
The films are in amorphous state under the as-deposited condition; however, if 

they are annealed above the crystallization temperature, nano Fe or CoFe grains are 
deposited, and other components inhibit the grain growth. This basic concept is 
used for the preparation of Fe-based nano-crystalline alloys, such as Fe-Cu-M 
(M = Nb, Zr, Hf, Ta)-Si-B; (B

s
 = 12–13 kG) [11] and Fe-M (M = Ta, Nb, Hf)-N(C) 

(B
s
 = 15–16 kG) [12]. These films are mainly prepared by sputtering or evaporation. 

Rapidly quenched ribbons such as Fe-Cu-M (M = Nb, Zr, Hf, Ta)-Si-B (B
s
 = 12–13 kG) 

[13] are formed by the same technique. Furthermore, sputtered CoAlO, FeAlN, and 
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Fig. 6.9 The composition – B
s
 and H

c
 diagrams for CoNiFe bulk ternary alloy

Fine grain with High s 

Fig. 6.10 Design of a microstructure for soft magnetic films with a high B
s
 value. Small and fine 

grains that have a high B
s
, such as Fe, are included in the thin films
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Fe(CoFe)HfN [14, 15] alloys with granular structure are reported to be high-B
s
 and 

high-r materials with r = 150–3,500 cm.
The film contains an impurity to inhibit grain growth during film deposition. 

Therefore, the film is in the nanocrystalline state under as-deposited condition. The 
additive is used during electrodeposition, whereas during electroless deposition, 
codeposited atoms from the reducing agent are used as the inhibitor. This basic 
concept is used for the preparation of electrodeposited CoFe (18–19 kG) [16] and 
CoNiFe (16–19 kG) [17–21]-based alloys, and electroless-deposited NiFeB 
(7–10 kG) [22, 23], CoB (14 kG) [24], CoFeB (16–18 kG) [25, 26], and CoNiFeB 
(15–20 kG) [27]. Electrodeposited CoNiFe with a very high B

s
 value of 20 kG is 

also reported [28–33]. This film has a bcc-fcc mixed crystalline structure; therefore, 
it is suggested that crystal grains with different crystalline structures act as the 
inhibitors. Furthermore, Fe-M-N (M = Mo, Rh, Zr, Ta, Al) films prepared by sput-
tering have higher B

s
 values of nearly 20 kG [34], and sputtered granular oxide soft 

magnetic thin films, such as Fe-M-O (M = Mg, Al, Hf) [35, 36], Co-M-O (M = Al, 
Zr, Cr) [37, 38], CoFe-M-O (M = Al, Mg, Hf) [39], formed without annealing have 
very high B

s
 value of 16–20 kG. Recently, CoFeN [40, 41] and CoFeAlO [42] were 

reported to have the highest B
s
 value of 24 kG. These films have a nanocrystalline 

structure in the as-deposited state, and grain growth was inhibited by very small 
amount of metal nitride.

The film contains an intermediate layer as the inhibitor for grain growth during 
film deposition. Fe/FeC and Fe/CoNbZr, multiplayer films have been produced 
with such an intermediated layer [43].

6.3.3  Design of Soft Magnetic Thin Films with High  
B

s
 and High r

Since 1995, new, soft magnetic materials with high B
s
 and high resistivity have 

been discovered. Co-based amorphous alloys (CoTaZr, CoNbZr, CoPdHf, etc.) 
have high B

s
 values of 11–14 kG and a high r of 100–200 cm compared with 

the values for permalloy. However, the B
s
 value of these Co-based amorphous 

alloys is not sufficient to realize high-density recording. Therefore, fine grain-based 
soft magnetic thin films are required.

Figures 6.11 and 6.12 show microstructure designs for soft magnetic films with 
high values of B

s
 and high r. In Fig. 6.11, the ideal soft magnetic film, with a high 

B
s
 and a high r, has small and fine grains with a high B

s
 value, surrounded and sepa-

rated by a high-r region. Sputtered (Co,Fe,CoFe)-M-O (M = Al, Mg, Hf, Cr, Zr) 
[35–38] alloys with a granular structure have been reported to be high-B

s
 and high-

r materials with r values of 150–3,500 cm. Using Al–O and Mg–O for grain 
boundary, these films have a high B

s
 and high resistivity because Fe or Co grains 

are separated by the insulating grain boundary of Al–O and Mg–O. High-r soft 
magnetic thin films prepared by electro- and electroless deposition have also been 
reported. The high value of r was realized by the codeposition of impurities such 
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as Mo, Cr, and S; however, the details of this mechanism by which a high value of 
r has been achieved have not been reported.

In Fig. 6.12, the film contains an intermediate layer for suppressing the eddy current 
loss. Insulators such as SiO

2
 and Al

2
O

3
 are widely used for the intermediate layer, and 

the formation of films such as FeAlN/Al
2
O

3
 [44], FeTaN/AlN [45], have been reported. 

Soft magnetic thin films with high resistivity and a low B
s
 value are used for the inter-

mediate layer instead of an insulator, because of the small decrease in value of B
s.
 

Fe(Fe-C)/CoNbZr [43, 46] and FeRhN/CoZrCr [47] films have also been reported.

6.4  High-Performance Soft Magnetic Alloy Films Prepared  
by Electrodeposition

Soft magnetic thin films with high B
s
 and/or high r prepared by electrodeposition 

are shown in Fig. 6.13. Soft magnetic films prepared by electroless deposition are 
also discussed in this section.

6.4.1  NiFe Alloy and NiFe-Based Alloy Films

Electroplated permalloy films for use as thin-film heads are based on the technology 
of magnetic wire memory developed in the 1950s. Ever since IBM applied the 

High r materials Fine grain with High 

Fig. 6.11 Design of a microstructure for soft 
magnetic thin films with high B

s
 and high r. 

Fine grain with high B
s
 is separated by high 

r materials

Intermediate layer

Soft magnetic layer
with high s

Fig. 6.12 Design of a microstructure for soft magnetic thin films with high B
s
 and high r. Soft 

magnetic film is separated by intermediate layer with high r
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electroplated Ni
80

Fe
20

 permalloy to the thin-film head, electrodeposited permalloy 
films are being widely used , even though alternative soft magnetic films are avail-
able with high values of B

s
 [3]. This is because the electrodeposited permalloy film 

has several advantages, such as a high B
s
 (=10 kG), high permeability (3,000–

5,000), near-zero magnetostriction, and high corrosion resistance. However, it is 
difficult to prepare the electrodeposited NiFe alloy films because their magnetic 
properties are very sensitive to the composition. Furthermore, maintaining constant 
composition is very difficult because of the serious problem of Fe-based plating, 
known as anomalous co-deposition [48–50]. Romankiw solved this problem by 
using the paddle plating cell system and the frame plating method [7, 8].

Though Ni
80

Fe
20

 permalloy has superior properties for magnetic recording head 
core, the film has low resistivity (20 cm). Therefore, some researchers have 
reported permalloys with high resistivity, such as Moco-deposition permalloys 
[51]. Reports also indicate that an increase in the resistivity can be achieved by co-
deposition with metalloid-forming elements, such as sulfur, carbon, or phosphorus 
[52, 53]. The inclusion of impurities is said to result in an increase in resistivity. 
Ni

45
Fe

55
 permalloy had been widely used for write head core because the film has 

high B
s
 value (14–16 kG). Ni

45
Fe

55
 permalloy co-deposited Mo or Cr is also report-

edly in use [54].

6.4.2  CoNiFe Alloy Films

CoFe alloy has a high B
s
 value; and Co

90
Fe

10
 bulk alloy shows both a high B

s
 

(=19 kG) and a low H
c
 (<2 Oe) [16]. There have been several reports on the prepara-

tion of soft magnetic CoFe films and the development of a magnetic recording head 
using CoFe alloy. However, CoFe alloy has poor corrosion resistance; thus, CoNiFe 
ternary alloy has been the focus of research because of its high value of B

s
 and high 
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Fig. 6.13 Soft magnetic thin films with high B
s
 and/or high r prepared by electrodeposition
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corrosion resistance. For the composition used, CoNiFe alloys do not have a low H
c
, 

and it is believed that the use of additives is necessary for decreasing H
c
. Preparation 

of CoNiFe films deposited from the saccharin contained bath had been reported in 
1994 [18]. There have been several reports on the preparation of CoNiFe soft mag-
netic thin films using the baths containing additives [17–19]. CoNiFe films prepared 
from the bath containing thiourea have a high B

s
 = 17 kG and low H

c
 = 0.7 Oe 

because of small grains cased by sulfur impurities from thiourea (Fig. 6.14) [20, 21]. 
The first CoNiFe soft magnetic thin films with the highest reported B

s
 value of 

20 kG, and developed using a bath without additives were reported (Fig. 6.14) [28]. 
These new films had a fine bcc-fcc mixed crystal structure, and a low value of H

c
 

was realized by this crystal structure (Fig. 6.15) [28–31]. This film has bcc-fcc 
mixed crystalline structure, and therefore, it is suggested that crystal grains with dif-
ferent crystalline structure from each other act as the inhibitor. Moreover, new heads 
using these high-B

s
 CoNiFe films show superior write performance compared with 

heads using conventional magnetic thin films [28, 30, 55, 56]. Therefore, some 
researchers have reported soft magnetic CoNiFe film with high resistivity. 
Mo-codeposition CoNiFe are also reported [57, 58]. Moreover, it has been reported 
that an increase in the resistivity can be achieved by co-deposition with a metalloid-
forming element such as sulfur [20, 21] or carbon [59, 60]. It is suggested that the 
inclusion of impurities can result in an increase in resistivity [61].
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6.4.3  CoFe Alloy Films and its Preparation Technology

Co
35

Fe
55

 binary alloy is known as a material with B
s
 of about 24 kG, which is close to 

the limiting value achievable with ferromagnetic alloys. Several soft magnetic thin 
films with the highest B

s
 value of 24 kG have recently been prepared by using a dry 

sputtering process, e.g., NiFe/CoFeN/NiFe trilayer film [40, 41] and Co–Fe–Al–O 
granular film [42]. However, thin films containing only Co and Fe do not exhibit soft 
magnetic properties. Electrodeposited soft magnetic thin films of CoFe binary alloy 
with the highest B

s
 of 24 kG are now in strong demand. However, CoFe films with a 

value of B
s
 as same as that of bulk alloy cannot be obtained using the conventional 

electrodeposition method (Fig. 6.16) [62, 63]. To clarify the reason for the low B
s
 value 

of the electrodeposited CoFe films compared with that of the bulk alloy, the state of Fe 
ions was analyzed [62, 63]. As a result, the ratio increased dramatically after electrode-
position in the conventional bath and Fe2+ could be oxidized to Fe3+ at the potential of 
the anode during electrodeposition [64]. Thus, it is suggested that Fe3+ was produced by 
the anodic reaction. Moreover, the solubility product constant, K

sp
 of Fe(OH)

3
 is very 

low, 66 × 10−38 [65]; therefore, Fe3+ must have formed Fe(OH)
3
 at the surface during 

electrodeposition because the pH near the surface during electrodeposition increased to 
a value above 2.3. Thus, Fe(OH)

3
 is assumed to be present in the outer shell of the 

deposit, and it is suggested that the adsorbed Fe(OH)
3
 is included into the film, and that 

the inclusion causes the decrease in B
s
 value. Confirmation of the presence of Fe3+ is 

important for understanding the electrodeposition of Fe and Fe alloy films.
A Co

35
Fe

65
 film was electrodeposited from a bath containing trimethylaminebo-

rane, TMAB to suppress the oxidation of Fe2+ in the plating bath. It is suggested 
that the addition of TMAB completely suppressed the formation of Fe3+ in the bath 
before and after the electrodeposition. As shown in Table 6.1, the Co

35
Fe

65
 thin 

film deposited from the TMAB bath exhibited a B
s
 value of 23 kG, which was 

higher than that of the film deposited from the conventional bath. It is suggested 
that Fe(OH)

3
 inclusion was suppressed with the decrease in Fe3+ concentration. 

Fig. 6.15 High-resolution transmission electron micrograph of the electrodeposited high B
s
 

CoNiFe thin film [28]
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However, the B
s
 value of this film was still lower than 24 kG. This result is attributed 

to the presence of about 0.3% of boron in the film.
An improved electrodeposition cell system was investigated for suppressing the 

oxidization of Fe2+. A separated compartment dual cell system was used, in which 
the anode and cathode cells were separated from each other but electrochemically 
connected using a salt bridge. A 0.1 mol dm−3 H

2
SO

4
 solution was used in the 

anodic cell. With this cell system, the oxidization of Fe2+ could not occur at anode 
because the anode cell did not contain any metal ions. From the result of iodometric 
analysis, it is seen that the concentration of Fe3+ ion did not increase after electrode-
position. As shown in Table 6.1, the B

s
 value of the Co

35
Fe

65
 thin film was about 

24 kG, which was equal to that of bulk Co
35

Fe
65

 alloy. This result indicates that the 
film did not contain Fe(OH)

3
 because of the low Fe3+ concentration. As shown in 

Fig. 6.16, the B
s
 values of the CoFe thin film with various Fe content were equal to 

that of bulk CoFe alloy. This result also indicates that the film did not contain 
Fe(OH)

3
 because of the low Fe3+ concentration.

6.4.4  High-Performance Soft Magnetic Alloy Films Prepared  
by Electroless Deposition

Electroless deposition has been widely used for preparing magnetic thin films as 
described above. Note that this process is advantageous for depositing films onto a 

Fig. 6.16 B
s
 value of electrodeposited Co-Fe thin films as a function of Fe content

Table 6.1 B
s
 and H

c
 values of electrodeposited high moment 

CoFe thin films

Conventional 
bath TMAB bath

Bath used with 
dual cell system

B
s
/kG 20 23 24

H
c
/Oe 15 14 15
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fine, selective area of a non-conductive surface. Magnetic and electrical properties 
of electroless-deposited soft magnetic thin films are shown in Table 6.2. Compared 
with electroless soft magnetic thin films such as NiFeP, CoNiP and CoP [66, 67] 
prepared from baths containing NaHPO

2
 as the reducing agent, the films such as 

NiFeB [22, 23], CoB [24], CoFeB [25, 26] and CoNiFeB [27] prepared from baths 
containing dimethylamine-borane (DMAB) have higher B

s
 values, because of the 

difference in crystalline structure and codeposited elements between the two differ-
ent classes of films. It is suggested that the formation of a fine crystalline micro-
structure or an amorphous-like phase results in a low H

c
 value, which probably is 

caused by the co-deposition of boron in the film. Soft magnetic thin films with 
magnetic properties similar to those of electrodeposited NiFe and CoFe can thus be 
obtained by electroless deposition using DMAB as the reducing agent. In particular, 
the CoNiFeB film has good magnetic properties and is suitable for use in a mag-
netic recording head. Electroless CoNiFeB films with high resistivity were also 
reported [68]. It is suggested that the inclusion of impurities such as carbon can 
result in an increase in resistivity.
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7.1  Introduction

In the advanced information society of today, information storage technology, which 
helps to store a mass of electronic data and offers high-speed random access to the 
data, is indispensable. Against this background, hard disk drives (HDD), which are 
magnetic recording devices, have gained in importance because of their advantages 
in capacity, speed, reliability, and production cost. These days, the uses of HDD 
extend not only to personal computers and network servers but also to consumer 
electronics products such as personal video recorders, portable music players, car 
navigation systems, video games, video cameras, and personal digital assistances.

IBM introduced the first HDD of the IBM 350 Disk File in 1956, which was the stor-
age unit of the IBM RAMAC 305 computer [1]. It was composed of fifty 61 cm alumi-
num disks coated with iron oxide paint, and provided an areal density of 0.002 Mbit/
inch2; in the last half century, the density has been increasing to beat the band.

Such an increase in the density was achieved through epochal developments in 
the magnetic thin film materials used in magnetic recording media and heads. After 
a magnetic thin film had been made by using electroless deposition in place of coating, 
a rapid rise in the density was achieved. Product PATTY@ by Nippon Telegraph 
and Telephone (NTT), which used electroless Co-Ni-P film reached a density of 
9 Mbit/inch2 [2]. NEC Corp. had continuously developed higher level of 24.5 Mbit/
inch2. In a disk-manufacturing process, an electroless Ni-P film with amorphous 
structure was also used for the underlayer plated on the aluminum alloy substrate. 
A higher system of perpendicular magnetic recording media was being developed 
by electroless Co-Ni-Re-P and Co-Ni-P alloy films [3, 4].
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In this section, our recent study on a challenge of new materials for the next 
generation of magnetic recording approaching an ultra high areal recording density 
(beyond 1 Tbit/inch2 ) is overviewed.

7.2  Soft Magnetic Underlayer by Electroless-Deposition  
for Perpendicular Magnetic Recording

A double-layered perpendicular magnetic recording medium [5–7], which is com-
posed of a hard magnetic recording layer with perpendicular magnetic anisotropy 
and a soft magnetic underlayer (SUL), is a promising system for realizing an ultra 
high areal recording density. Therefore, we should pay attention not only to the 
recording layer but also the SUL in order to develop high performance perpendicu-
lar magnetic recording media. Concerning the SULs, a large value of B

s
d, where d 

is the thickness of the SUL, is required for making the most of the writing ability 
of the magnetic recording head, and various sputter-deposited SULs with the 
thickness of more than a 100 nm have been reported [8–11]. However, we face the 
following critical issues in developing the SULs for practical use. First, mass pro-
ductivity is a rather low when such a thick SUL is sputter-deposited. Second, pecu-
liar layered structures are needed to suppress the “spike noise” caused by magnetic 
domain boundaries in the SUL [12–14].

We have investigated the possibility of the application of Co–Ni–Fe-based alloy 
thin films electroless-deposited on a disk substrate to the SUL, as a trial to solve the 
above-mentioned issues. We succeeded in electroless-depositing the SULs of a 
Co–Ni–Fe–P or Co–Ni–Fe–B alloy without marked macroscopic magnetic domain 
boundaries [15–17]. Figures 7.1a and b show magnetic domain images observed 
through the Kerr effect for the Co–Ni–Fe–P SULs, which were prepared without and 
with the applied magnetic field of ca. 800 Oe during electroless-deposition, respectively. 

Fig. 7.1 Magnetic domain images were observed through the Kerr effect of Co–Ni–Fe–P soft 
magnetic underlayer on a disk substrate electroless-deposited (a) without and (b) with an external 
applied magnetic field. The thickness of each sample is 1 m [15]. © 2004 IEEE
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The magnetic field was applied in the direction parallel to the surface of disk substrate 
while the disk substrate was rotated. The Co–Ni–Fe–P SUL deposited without 
the magnetic field tends to show clear and complicated magnetic domain bound-
aries, whereas, the SUL deposited with the magnetic field has no marked domain 
boundaries. The magnetic domain boundaries of the former are readily moved by 
an imposition of an external magnetic field, and the domain boundaries cause an 
problem of spike noise. On the other hand, no domain boundaries are induced in 
the latter even when the external magnetic field was imposed.

Figures 7.2a and b show in-plane M–H hysteresis loops of the Co–Ni–Fe–P 
SULs in Figs. 7.1a and b, respectively. The SUL deposited without the magnetic 
field had a good soft magnetic property, and it exhibited magnetic anisotropy with 
the easy axis in the film plane. On the other hand, we obtained an interesting result 
that the Co–Ni–Fe–P SUL deposited with the magnetic field exhibited almost 
isotropic magnetic property in the film plane, but slightly perpendicular magnetic 
anisotropy, which is likely to be induced by fine stripe magnetic domains. The 
stripe magnetic domains of ca. 1 m in width were actually observed by precise 
magnetic force microscopy in this kind of SUL [18].We consider that the compli-
cated fine stripe domains make macroscopic magnetic domain boundaries incon-
spicuous. This phenomenon is similar in the case of the so-called anomalous 
magnetic thin films, e.g., permalloy thin films with a large Ni composition more 
than 85 wt.% [19]. From read and write experiments, it was confirmed that the 
double-layered perpendicular magnetic recording medium with the SUL shown in 
Fig. 7.1b generated no spike noise, whereas, that with the SUL shown in Fig. 7.1a 
showed, explicitly, the spike noise.

However, in a magnitude of root-mean-square noise amplitude, i.e. DC noise, 
the SUL without the generation of spike noise takes poor level. Figure 7.3 shows a 
variation in DC noise voltage of the Co-Ni-Fe-B SUL with in-plane coercivity. DC 
noise was increased with increasing the value of coercivity [18]. Since the coercivity 

Fig. 7.2 M–H hysteresis loops of the samples shown in Fig. 7.1(a) Co–Ni–Fe–P soft magnetic 
underlayer electroless-deposited, (a) without and (b) with an external applied magnetic field [15]. 
© 2004 IEEE



90 A. Sugiyama et al.

0 5 10 15
0

1

2

3

4

5

6

spike−noise
and no stripe domain

no spike−noise
and stripe domain

Hc (Oe)

t = ca.0.5 m

t = ca.1.6 m

t = ca.1 m

D
C

−
N

o
is

e
  

(m
V

rm
s)

Fig. 7.3 DC noise voltage of Co–Ni–Fe–B films as a function of in-plane coercivity [18]. © 2005 
IEEE

of the SUL without the generation of spike noises inevitably takes a large value by 
the perpendicular magnetic leakage of striped magnetic domains, then DC noise of 
the SUL without spike noise cannot be reduced more than that of SUL with the 
generation of spike noise.

In order to solve this problem, we proposed that the dual-layered SUL consists 
of two layers having different magnetic domains [20]. The schematic of the double-
layered SUL is shown in Fig. 7.4. The lower layer is the film with the stripe domain 
layer, and the upper layer is the film with the both of small coercivities and no stripe 
domain. The upper layer works as a return-path layer, i.e., the perpendicular 
magnetic leakage generated from the lower layer is refluxed into the SUL through 
the upper layer. The optimized thickness of the upper layer is the height of the 
magnetic leakage on the surface, and Favieres reported that the height becomes 
equal to the width of the striped magnetic domains [21]. Figure 7.5 shows the noise 
spectra for these SULs, which were measured by using a spin-stand tester with a 
merged GMR head. The double-layered SUL has allowed the noise to be reduced 
to the same level as in the SUL without the striped magnetic domain. Thus, we have 
successfully developed a double-layered medium with the SUL fabricated by 
electroless-deposition, which generates no spike noise. This study has just opened 
up a new way to manufacture SULs with high mass productivity.

7.3  Control of Characteristics of Magnetic Recording Media 
by Metal Clusters Formed by Electrochemical Process

In a double-layered perpendicular magnetic medium, an intermediate layer between 
a recording layer and an SUL plays an important role as a seed to control the crystal 
growth of the recording layer and to reduce the magnetic domain size of the recording 
layer. Moreover, the intermediate layer should be as thin as possible to minimize the 
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magnetic spacing loss between the recording layer and the SUL for high recording 
efficiency. The intermediate layers meeting these demands have been developed by 
sputtering for various perpendicular magnetic recording media.

For instance, in the case of the medium with Co/Pd multilayered perpendicular 
magnetization film [22, 23], Pd-based intermediate layers such as Pd/ITO [24], 
Pt–B/Pd/MgO [25], Pd–Si–N [26], and Pd/Si [27–29] were reported to successfully 
improve magnetic properties of the Co/Pd multilayered films. In these intermediate 
layers, fine Pd grains provide the suitable nucleation site for the magnetically iso-
lated Co/Pd crystal grains, leading to weak intergranular exchange coupling and 
good read and write characteristics. On the other hand, we have focused on an elec-
trochemical substitution deposition technique as a novel method to prepare the metal 
seed for the double-layered media. Electrochemical process is useful to modify a 
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film surface and to form uniformly nanoscopic structure on the surfaces. Since the 
electrochemical substitution reaction takes place only at the interface between the 
surface and the electrolyte solution, a deposited metal is expected to form a very thin 
film or island-like clusters rather than a thick continuous film, which could be appli-
cable to the seed for the double-layered media. In this section, the Pd formation on 
a Co-based Co–Zr–Nb SUL as the seed for the sputter-deposited Co/Pd perpendicu-
lar magnetization film using the substitution reaction caused by the difference in 
redox potential between Pd and Co is mainly described [30, 31].

Figures 7.6a and b show high resolution SEM images of the Co–Zr–Nb SUL 
surface without any treatment and that treated with PdCl

2
 solution, respectively. An 

island-like structure with the mean diameter of ca. 9 nm was formed on the SUL 
with a high density, where the mean distance between adjacent clusters was ca. 
18 nm. From X-ray photospectroscopy and diffractometry, the island-like structure 
was identified as the Pd metal with fcc structure [30], which is hereafter called “Pd 
cluster seeds”.

Figures 7.7a and b show MFM images at an ac-demagnetized states of the Co/
Pd multilayered films with a sputter-deposited continuous Pd seedlayer (film I) and 
with the Pd cluster seeds (film II). The maze-like domain pattern with large mag-
netic domains was observed in the former, whereas, smaller magnetic domains with 
a diameter of ca. 100 nm were observed in the latter [31]. These results indicated 
that the Pd cluster seeds formed by the electrochemical process were quite effective 
to suppress the intergranular exchange coupling, leading to the reduction of mag-
netic domain size. To elucidate the effect of the Pd cluster seeds, TEM observations 
were carried out. Figures 7.7c and d show the plan-view TEM bright field images 
of films I and II. Well-defined grain boundaries were observed in film II, providing 
the Co/Pd grains with the mean diameter of 15.8 nm, while the boundaries were 
hardly seen in film I [31]. From this result, it is found that the electrochemically 
formed Pd cluster seeds worked as nucleation sites for the Co/Pd multilayered film, 
and enhanced the columnar grain growth of the Co/Pd multilayered film with wide 
grain boundaries. Apparently, in the Co/Pd multilayered film, the grain boundaries 

Fig. 7.6 SEM images of: (a) Co–Zr–Nb soft magnetic underlayer surface without any treatment 
and (b) that treated with PdCl

2
 solution [31]
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of voids with low material density contributed to the reduction of intergranular 
exchange coupling in the lateral direction, resulting in a fine magnetic domain 
structure as shown in Fig. 7.7b.

Figure 7.8 shows the dependence of normalized medium noise (N/S
0
) on the 

linear recording density for the recording media consisting of films I and II, where 
the medium noise (N) was normalized to the reproduced voltage at the low recording 
density of 2 kFRPI (S

0
). Medium II with the Pd cluster seeds exhibited lower 

medium noise than medium I with the sputter-deposited Pd seed layer. This result 
suggested that the transition noise caused by the fluctuation of the magnetization 
transition region between recorded bits was suppressed by employing the Pd cluster 

Fig. 7.7 MFM images at the ac-demagnetized states of the Co/Pd multilayered films: (a) with the 
sputter-deposited 10 nm-thick Pd seedlayer (film I) and (b) with the Pd cluster seeds (film II). 
Plan-view TEM bright field images of (c) film I and (d) film II [31]

Fig. 7.8 Dependence of normalized medium noise on the linear recording density for the record-
ing media consisting of film I (squares) and film II (circles) [31]
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seeds, which bring about weak intergranular exchange coupling and fine magnetic 
domains [31].

Our study clarified that the size and nucleation density of the Pd cluster seeds 
were controlled by applying a pretreatment with a SnCl

2
 solution, which mostly 

produced the finer Pd cluster seeds with a higher density and further decreased the 
intergranular exchange coupling, magnetic domain size, and medium noise. 
Moreover, the Pd cluster seeds formed on the electroless-deposited Co–Ni–Fe 
based SUL, mentioned in the previous section, were also effective for improving 
the magnetic properties of Co/Pd multilayered films [32]. This is a promising way 
to improve not only the magnetic properties but also the mass productivity of 
double-layered perpendicular magnetic recording media. Through these studies, we 
have demonstrated that the combination of wet and dry processes is useful in fab-
ricating perpendicular magnetic recording media.

7.4  Development of Permanent Magnet Thin Films with Very 
High Perpendicular Magnetic Anisotropy

From the viewpoint of the materials of recording layer, thin films exhibiting high 
perpendicular magnetic anisotropy are indispensable for increasing areal recording 
density against superparamagnetism. Various attempts have been initiated to achieve 
the goal of ultra high areal density beyond 1 Tbit/inch2, and, in particular, a thin film 
with high perpendicular magnetic anisotropy with an anisotropy constant, K

u
, greater 

than 1.2×107 erg/cm3 is required to maintain the stability of magnetization in exceed-
ingly small crystal grains less than 5 nm in diameter against thermal agitation [33, 
34]. The SmCo

5
 alloy, a representative permanent magnet material, is a promising 

candidate for the materials because of its extremely high uniaxial magnetocrystalline 
anisotropy, whose K

u
 value is 1.1×108 erg/cm3 or greater in the form of bulk alloy 

[34]. However, an SmCo
5
 thin film exhibiting distinct perpendicular magnetic 

anisotropy had not been prepared, although the film with in-plane anisotropy is rela-
tively easy to prepare, for instance, by using a Cr underlayer [35–39]. Recently, we 
succeeded in developing sputter-deposited SmCo

5
 thin films with very high perpen-

dicular magnetic anisotropy [40–45]; it will be stated in detail in this section.
The introduction of appropriate underlayer is a key to controlling the magnetic 

properties. First, various materials were examined as an underlayer of Sm–Co thin 
films in order to impart perpendicular magnetic anisotropy. As a result, it was found 
that the Sm–Co thin films deposited on a glass substrate coated with a (111)-oriented 
fcc-Cu underlayer with a large thickness of 100 nm or more exhibited distinct per-
pendicular magnetic anisotropy. The Sm–Co thin films with the Cu underlayer 
contained the hexagonal SmCo

5
 phase with (00l) orientation, revealed by an X-ray 

diffractometry. Thus, the Cu underlayer was found to be useful for affording 
perpendicular magnetic anisotropy to SmCo

5
 thin films [40]. This was the first time 

when the SmCo
5
 thin films exhibiting perpendicular magnetic anisotropy were 

developed. Takei et al. almost simultaneously reported a similar result [46].
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Fig. 7.9 M–H hysteresis loops of SmCo
5
 thin films with perpendicular magnetic anisotropy. 

(a) Sample A, (b) sample B, and (c) sample C correspond to those in Table 7.1. Thick and thin 
lines represent the loops measured in the directions perpendicular and parallel to the film plane, 
respectively [45]

Table 7.1 Magnetic properties and values of full width at half maximum of 
SmCo

5
(002) reflection ( q

50
) for samples A, B and C shown in Fig. 7.9

Sample Underlayer H
c
 (kOe) SQR

K
u
 (× 107  

erg/cm3)
q

50
 

SmCo
5
(002)

A Cu 7.7 0.72 1.7 Undetectable
B Cu 8.2 0.85 2.2 10.1
C Cu/Ti 12.0 1 4.0 3.1

Figure 7.9a shows M–H hysteresis loops for a typical sample with the Cu underlayer 
(sample A). The substrate temperature was set at an elevated temperature of 345°C 
for the deposition of all layers. The values of H

c
 and squareness ratio (SQR) mea-

sured in the perpendicular direction are listed in Table 7.1 together with the values 
of K

u
 and q

50
 of the SmCo

5
(002) reflection in an X-ray diffractometry, defined as 

the values of full width at half maximum obtained from the rocking curves. Both 
H

c
 and SQR in the perpendicular direction were greater than those in the film plane, 

indicating that perpendicular magnetic anisotropy was clearly generated. The K
u
 value 

of 1.7×107 erg/cm3 is greater by a factor of 10 than a conventional material for 
recording layer, such as a Co–Cr–Pt-based alloy. Figure 7.9b shows M–H hysteresis 
loops for sample B, which has the same layer configuration with sample A deposited 
under a different condition; namely, the substrate temperature was set at a room 
temperature of 20°C for the deposition of the underlayer, followed by the deposition 
of the Sm–Co layer at 325°. The values of H

c
, SQR, and K

u
 were greater than those 

of sample A. The enhancement of perpendicular magnetic anisotropy was revealed 
to be attributable to the suppression of the surface roughness of Cu underlayer 
[42, 43]. The surface roughness was attempted to decrease further by introducing 
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a Ti layer prior to depositing the Cu underlayer. The Ti layer was expected to make 
smoother the Cu layer deposited upon it, because the melting point and the surface 
energy of Ti are higher than those of Cu. Indeed, the surface roughness of under-
layer for sample C became smaller than that for sample B [42]. The q

50
 values for 

samples B and C were 10.1° and 3.1°, respectively. This indicates that the higher 
degree of preferred orientation of the c-axis (easy axis) of hexagonal SmCo

5
 was 

achieved with samples having a smoother underlayer surface. The M–H hysteresis 
loop for sample C is shown in Fig. 7.9c. The magnetic properties of sample C were 
significantly improved; the values of H

c
 and SQR became 12.0 kOe and unity, 

respectively. The K
u
 value reached an extremely high value of 4.0 × 107 erg/cm3. We 

estimate the minimal stable grain diameter of sample C to be 3.7 nm from the K
u
 

value, which is a value highly advantageous for an ultra high-density magnetic 
recording medium.

In summary, we developed, by using a conventional sputtering process, the 
SmCo

5
 thin film with very high perpendicular magnetic anisotropy. This result 

contributes to the progress in applications of the SmCo
5
 thin films to various mag-

netic devices, especially to magnetic recording media with ultra high areal 
recording density.
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8.1  Introduction of CF-SPT Head

Maintaining the thermal stability of small magnetic grains is important for perpen-
dicular magnetic recording; for achieving higher recording densities, it is inperative 
to continue to increase the strength and sharpness of the magnetic recording field 
of single-pole-type (SPT) heads because the anisotropy energy of the recording 
media becomes large, thereby threatening the thermal stability. Development of soft 
magnetic pole material with a high saturation magnetic flux density, B

s
, is the first 

requirement. Furthermore, improvement of the head structure is important because 
little room is left for the B

s
 increasing to its practical limit of 2.45 T.

The first single-pole head was developed as an auxiliary-pole-driven-type head 
[1]. This head underscored the importance of the head-energizing method for real-
izing a strong and sharp recording field in which the coil created the strongest field 
at the top in the main pole located at the air-bearing surface (ABS). This concept 
was inherited by the thin film SPT head [2] depicted in Fig. 8.1a. In the head, the 
coil of the helical structure is wound closely around the main pole throat to excite 
the pole tip directly with the strongest coil field. As depicted in Fig. 8.1b, field 
calculations reveal that the highest head field was obtained when the coil recession 
height, h, from the ABS was zero.

The cusp-field single-pole type (CF-SPT) head [3] was proposed recently as a 
modification of the head described above to meet the requirements for practical use. 
As illustrated in Fig. 8.2, the head structure has a novel coil and a dual return yoke. 
The coil consists of a pair of windings in mutually opposite current directions, 
generating a cusped field. The main pole is placed in an off-center arrangement of 
the axisymmetric coil field to be energized strongly. The recession height of the 
outermost conductor of each winding is set at zero. For this coil configuration, it is 
easy to increase the number of coil turns so that the coil is useful at sufficiently low 
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a
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Slider(Al2O3·TiC)

Main pole

Conductors

b

Fig. 8.1 (a) Schematic illustration of thin film head with a helical coil at the main pole tip. (b) 
Dependence of field distribution on coil recession height, h [2]. © 1999 IEEE

Top return yoke
Bottom return yoke

Current

Bottom Coil

Slider (Al2O3·TiC)

Top Coil

Main pole

Fig. 8.2 Schematic illustration of CF-SPT head

current for practical use. The return yoke consists of two planar magnetic films. The 
main pole must be centered between these two films. This configuration has 
resolved the problem preventing its practical use; previously used conventional 
single pole heads having a one-side return yoke are vulnerable to stray fields. The 
CF-SPT head is anticipated for use in future high-density recording, although SPT 
heads modified from ring type heads for longitudinal recording have been used in 
first-generation commercial perpendicular recording systems.

In figures, use italic for variables.

8.2  Feasibility of Head Fabrication

The CF-SPT head has a simply stacked structure comprising planar films of mag-
netic, conductive and insulating materials, except for the connection part between 
the two coil windings. Therefore, the fabrication process of this head uses simpler 
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techniques than those used for conventional heads. The CF-SPT head is fabricated 
using wet processes. The electrodeposition technique has been widely used for 
manufacturing conventional recording heads because it presents distinct advantages 
such as a high aspect ratio deposition, precise definition of pattern width, and a high 
deposition rate. To increase the track density, the critical dimension of the pole tip 
has been reduced by adopting advanced lithography techniques, reaching 40 nm, 
which corresponds to more than 500 Gbit/in2 [4]. Electrodeposition will continue 
to be an important technology for manufacturing heads in the future also.

The head fabrication procedure involving wet processes is described below. As 
depicted in Fig. 8.3, a bottom-return yoke is first formed using electrodeposition. A 
soft magnetic material, e.g. CoNiFe, is electrodeposited on a sputter-deposited seed 
layer such as NiFe/Ti (Fig. 8.3a), which will be described later in detail together 
with the main pole fabrication. A SiO

2
 insulating layer is then sputter-deposited on 

it. In the next step, a bottom coil is fabricated using a damascene process (Fig. 8.3b), 
which will also be described later in detail. After deposition of the insulating layer, 
the main pole material is electrodeposited on a sputter-deposited seed layer 
(Fig. 8.3c). Next, a Cu stud is made to connect the bottom and the top coils at their 
center and an insulating layer is deposited to planarize the surface. Then, a top coil 
is formed in the same manner as that of the bottom coil (Fig. 8.3d), which is fol-
lowed by deposition of an insulating layer. At the final step, a top-return yoke is 
formed by electrodeposition (Fig. 8.3e), then, an insulating material as a protective 
layer is sputter-deposited. After completion of these wafer processes, the head 
wafer is cut into individual pieces and the ABS is formed by polishing (Fig. 8.3f).

In the test fabrication, the soft magnetic material of CoNiFe [5], with B
s
 of 2 T 

as developed by the Osaka group of Waseda University, was used for both the main 
pole and the return yoke. The CoNiFe film, with a target composition of 
Co

63
Ni

13
Fe

24
, was electrodeposited using a paddle plating system, as depicted in 

Fig. 8.4, with the plating bath of the composition presented in Table 8.1. In addition, 
a frame plating method in a magnetic field to induce magnetic anisotropy was 
applied to form the main pole and the return yoke. The deposited film exhibited 

a b c

d e
Top return yoke
Top coil

Bottom return yoke
Bottom coil

Main polef

Substrate

Fig. 8.3 Main process steps of CF-SPT head fabrication; (a) bottom return yoke, (b) bottom coil, 
(c) main pole, (d) top coil, (e) top return yoke, and (f) ABS
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anode

cathode

paddle

Power supply

Fig. 8.4 Paddle plating system

Table 8.1 Plating bath composition for CoNiFe soft magnetic material

Chemicals Concentration (mol/dm3)

H
3
BO

3
0.4

NH4Cl 0.28
CoSO

4
·7H

2
O 0.064

NiSO
4
·6H

2
O 0.2

FeSO
4
·7H

2
O 0.011

SDS 10 ppm
pH 2.8
Current density 20 mA/cm2

Agitation speed 144 cpm
Bath temperature 18–21°C
Counter electrode Co plate
Magnetic field 100 Oe
Working electrode Cu/Ti/glass (1 inch square)

uniaxial anisotropy, whose easy axis is aligned in the field direction, with low coercivity 
for widely varying film thicknesses, as depicted in Fig. 8.5.

The top and the bottom coils were fabricated using a damascene process. Coil 
trenches were formed in a SiO

2-
insulating layer using reactive ion etching. A seed 

layer for electrodeposition such as a Cu/Ti stacked layer was sputter-deposited onto 
the etched surface. Then, the Cu electrically conductive material was electrodeposited 
on the seed layer using generic copper sulfate solution. Finally, lapping was performed 
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to remove the excess Cu layer material. Coil pitch is an important parameter that 
influences the head efficiency because it governs the effective coil recession. The coil 
pitch is expected to be reduced. In very narrow pitches required for future high-density 
recording heads, forming the seed layer in the trenches with high aspect ratio will 
become problematic. For this issue, the new process technique developed for inter-
connects in ULSI [6] is useful for seed layer deposition. In the process, the NiB seed 
layer electroless-deposited on the self-assembled-monolayer (SAM) can be formed in 
high-aspect-trench patterns with excellent uniformity and conformability. Figure 8.6 
shows the cross section of the Cu-filled trench pattern formed with the NiB/SAM 
seed layer. From this result, a narrow pitch of less than 1 m is expected.

8.3  Performance of CF-SPT Head

In the CF-SPT head, the main pole is energized using a part of the cusped field 
generated by the opposing coil conductors. Field calculations using finite element 
method (FEM) revealed that the fields created at the main pole by the cusp coil and 
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Fig. 8.6 Cu-filled coil trench using a NiB/SAM seed layer

the helical coil wrapped around the pole tip like that depicted in Fig. 8.2, are almost 
identical [7]. This similarity reflects that the cusp coil is equivalent in terms of main 
pole excitation to a helical coil with half the number of physical coil turns of the 
cusp coil. Therefore, the highest field applicable to the main pole tip located 
between the coil conductors and the field rapidly decreases with distance from the 
conductors [8]. This coil field scheme provides a stronger head field than that of the 
conventional SPT head with a recessed coil, as depicted in Fig. 8.7.

In addition to the head field strength, the coil field distribution confined between 
the opposing conductors uses a different pole-energizing method from the conven-
tional head. The main pole tip region is magnetized preferentially. Therefore, only 
a small amount of flux generation is required, and it is localized at the main pole 
tip region. In contrast, for the conventional head, whole magnetic yokes are mag-
netized because of a closed magnetic circuit and a widely distributed coil field. 
Consequently, the CF-SPT head exhibits little field underneath the return yoke [7] 
that would affect the wide-area track erasure causing data loss by erasure of 
recorded information over a large area. In addition, the head inductance is small, 
helping to operate in the high data rate. An example of measured inductance as a 
function of frequency for the heads with effective two and three turn coils is 
depicted in Fig. 8.8 [9]. The resonance frequencies of the heads are much higher 
than that for the conventional ring-type head with seven turn coil, as shown in the 
figure. Therefore, superior performance of the CF-SPT head is expected.

Early SPT heads had a fatal flaw by which the head occasionally erased recorded 
signals without a writing operation when the head was exposed to an external stray field 
[10]. That phenomenon was a difficult issue for practical head implementation because 
the stray field easily magnetizes the main pole. For the head of a conventional yoke 
structure, the externally applied field, as depicted in Fig. 8.9, significantly degrades the 
signal output. In contrast, because the CF-SPT has a return yoke structure that sand-
wiches the main pole, the main pole can be shielded against a stray field. Consequently, 
the CF-SPT head has good stray field immunity, as depicted in Fig. 8.9.

As the head track width decreases, remanent magnetization of the main pole tip 
is likely to occur because of stress-induced anisotropy and increased shape anisotropy 
in the normal direction to the ABS. The field from this remanent magnetization can 
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Fig. 8.9 Schematic illustration of (a) conventional SPT head and (b) CF-SPT head. (c) Experi-
mental setup for stray field immunity. (d) Influence of the stray field on signal decay for CF-SPT 
head and conventional head

cause another type of head-induced erasure or pole erasure of recorded signals, 
even in an environment with no stray field [10]. The pole erasure can be eliminated 
through several means to align the magnetization in the track width direction. These 
solutions are a multilayer film structure [11], high anisotropy material [12], control-
ling stress-induced anisotropy [13], and the proper aspect ratio of the pole tip [14]. 
In addition, optimization of the main pole shape is a countermeasure for avoiding 
pole erasure. As depicted in Fig. 8.10, the main poles with different flare angles 
display different domain structures. The conventional flare angle of 45° exhibits an 
irregular domain structure containing a wall at the center running in the direction 
parallel to the flux propagation. In contrast, for 14°, a regular closed domain struc-
ture is realized by which the magnetization in the center domains lies in the track-
width direction, as depicted in Fig. 8.10a. These domain structures show different 
signal decay over time. As depicted in Fig. 8.10b, the output signal decreases sig-
nificantly for a 45° flare angle, although no signal deterioration is observed for the 
14° flare angle. This difference suggests that the irregular domain structure causes 
the remanence of the pole tip. Consequently, domain control by optimizing the pole 
shape is an effective means to eliminate the pole erasure.

8.4  Advanced CF-SPT Head

Introduction of controlled inter-granular exchange coupling and hard/soft 
stacked layer design with inter-layer exchange coupling has been considered for 
granular media to alleviate writability problems for increased media anisotropy. 
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Moreover, discrete track media, which enable the use of larger track-width writing 
heads, thereby providing a stronger head field than that for continuous media and 
bit-patterned media that have large switching volume, have been proposed as prom-
ising candidates for future high-density recording media. Nevertheless, a still larger 
head field will be necessary because the head track width will be continuously nar-
rowed for an increased recording density. Furthermore, a higher field gradient is 
required because reduction of transition noise of granular media including discrete 
track media and an increased write-timing margin for bit-patterned media are 
responsible for the head field gradient and for the media property.

A shield structure has been proposed to improve the field gradient where the 
shield yoke is placed near the main pole [15, 16]. An example of a shielded SPT 
head based on a CF-SPT head [17] is depicted in Fig. 8.11a. The shield yoke absorbs 
the magnetic flux emanating from the side of the main-pole and prevents it from 
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flowing into the medium. Consequently, the field gradient observed at the medium 
position is improved at the cost of the deterioration of recording flux, or head field 
strength, as depicted in Fig. 8.11b. Field strength loss occurs because the shield is 
small for an optimized shield design and the head exhibits no negative under-shoot 
observed for a shielded head modified from a conventional ring type head.

Shield design optimization for the CF-SPT head shows that critical dimensions 
such as shield gap length and shield height are expected to be in the order of a few 
tens of nanometers, as shown in Fig. 8.12. It is difficult to realize such a small 
shield structure using normal head fabrication techniques. However, the fabrication 
of a shielded CF-SPT head by a unique process has been demonstrated [17]. This 
process is as follows: a soft magnetic material is deposited on the head surface 
followed by focused ion bead (FIB) milling to form the shield gap, as depicted in 
Fig. 8.13. Improvement in writing resolution was actually obtained for the fabri-
cated shield head.

On the analogy of a pole piece of an electromagnet, a main pole with a tapered 
structure is expected to produce a large field in association with the medium soft 
underlayer, thereby surpassing the material’s limitation. The results of analytical 
calculations, depicted in Fig. 8.14, show that a tapered pole with a pyramidal shape 
generates a larger field for a larger base core size, W

2
 and Tm

2
, which engenders the 

possibility of a field beyond the saturation magnetization of the pole material 
[18–20]. In the figure, the stepped type of main pole is also shown to exhibit a large 
field, but the field is low compared to the tapered pole, especially for a large base 
core size. The reason for the strong fields of these heads, a so-called multi-surface 
pole head [19], is that the field from the charge appearing on the tapered surfaces 
is superimposed on the field from the charge on the pole tip surface. This mecha-
nism suggests that the head field depends on the area of the tapered surface. 
Figure 8.15 compares the fields for the three different pole structures: tapered struc-
tures in both the down track and cross track directions, tapered structure only in the 
down track direction and no tapered structure [21]. The all-round tapered pole 
exhibits a much stronger field than the others. The tapered and the stepped pole 
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configurations fundamentally produce a large fringing field, especially at large 
magneto-motive forces, because of the field from the charge on the recessed sur-
faces. For that reason, the shield structure described previously must be combined 
with the main pole to obtain a sharp and strong field.

With a combination of the tapered pole structure and the shield structure, an 
advanced CF-SPT head has been proposed for 1 Tbit/in2 recording [22]. As 
depicted in Fig. 8.16, the head has shields not only in the down track direction but 
also in the cross track direction to reduce the fringing field at adjacent tracks for 
achieving a high track density. The head exhibits high field strength and sharpness. 
Therefore, the CF-SPT head is a promising candidate as a writing head for future 
high-density recording. This advanced head is challenging in terms of its manufac-
ture because of its structural complexity and nanoscale dimensions. It is expected 
to be a breakthrough development in resolving issues with the help of advanced 
nanoscale electro-deposition and electroless-deposition techniques.
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9.1  Necessity of Patterned Media

Perpendicular magnetic recording was proposed by Professor S. Iwasaki in 1977 
[1] as a scheme superior to that of longitudinal recording in terms of high density 
recording performances. The new HDD (hard disk drive) system of perpendicular 
recording was commercialized in 2005. The area recording density started at 
133 Gbit/inch2 [2], which far surpassed the achieved density of the conventional 
HDD of longitudinal recording. In 2006, successful demonstrations of the highest 
density at around 350–420 Gbit/inch2 were announced, one after another, by HDD 
manufacturers [3]; no other new information storage technology superior to mag-
netic recording has been proposed as yet. Thus, perpendicular recording is expected 
to dominate over the existing information storage technology in the near future.

Perpendicular magnetic recording (PMR) has the great advantages of a single pole 
high writeability of recording in the gap between the head and the medium soft under 
layer, a high recording resolution of anti-parallel magnetization transition with no 
demagnetizing field, and a high thermal stability with a rather thick recording layer, 
when compared with the longitudinal magnetic recording (LMR) used so far . These 
advantages in PMR and the lately diagnosed limitation of thermal stability of the 
LMR media accelerated the commercialization of PMR at around a density of over 
100 Gbits/inch2,where the PMR media have a large-enough margin for the limit of 
thermal stability. Construction of the commercialized PMR system is based on the 
original principle of PMR, in which the combination of a single pole head and a 
composite medium with a soft magnetic back layer was essential. Presumably, how-
ever, as long as granular type media are used, even the PMR system would face thermal 
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instability of the media or the restriction of writing by single pole heads when a high 
density over 1 Tera bits/inch2 is designed. The former issue can be answered by 
employing very high anisotropy energy materials such as Fe–Pt, Sm–Co, Fe–Nd–B, 
etc. But it means an extremely high switching field of such media; thus, the latter 
issue of head writeability would, in the final outcome, become very serious.

In order to solve the dilemma of the PMR system design, heat-assisted magnetic 
recording (HAMR) [4], discrete track or bit-patterned media have been proposed 
[5]. HAMR is inevitably based on perpendicular magnetic recording that makes 
magnetization switching easy with the aid of thermal energy provided by some 
probe light beams irradiated bit by bit locally or over a wider area. However, there 
is neither a proper light beam source of 10 nm spot nor practical media with the 
required thermal properties. Furthermore, a medium of lower coercivity due to an 
increased temperature may, in principle, show a slower switching speed. Thus, a 
high speed and a high density may hardly coexist by HAMR.

A discrete track medium has been successfully developed in order to form a very 
narrow recording track without any adjacent track interference even for a fairly wide 
track head [6, 7]. However, it has been reported that the discrete media can improve 
the track margin by around 10% when compared with the conventional media [8]. 
Furthermore, the technologies to fabricate a few ten nanometer grooves on the disk 
media have almost the same difficulties as those for a so-called patterned medium. 
Therefore, it may be necessary to think that bit-patterned array media, rather than 
the discrete track media, should take over the granular recording layer, as the sec-
ond-generation perpendicular recording media; hence, introduction of HAMR 
should preferentially be taken up after the development of patterned media.

The fundamental idea of bit-patterned media was first proposed by I. Nakatani 
et al. in 1991 [9] followed by a demonstration of the fabrication of 65 Gbits/inch2 
columnar dots by S. Y. Chow et al. in 1994 [10]. However, its superiority in the area 
density when compared to conventional recording media has not yet been proved. 
Around the same period, Y. Nakamura [11] proposed a “Tera bit spinic storage” 
that stores a bit per grain, indicating preferred perpendicular anisotropy in terms of 
magnetostatic interactions between bits, but with no suggestions for fabrication and 
design of the media. In 1997, R. L. White et al. [12] refocused attention on pat-
terned media in terms of thermal stability after the suggestion of the thermal stabil-
ity limit of conventional longitudinal magnetic recording at around 100 Gbit/inch2 
by S. H. Charap [13]. Early studies on patterned media [14, 15], with the exception 
of the study by Y. Nakamura, had not focused on the media with perpendicular 
anisotropy. Although many papers on the fabrication of magnetic dot arrays have 
been published [16, 17], few have focused either on the thermal stability design, the 
influence of magneto-static interaction between dots, or the recording conditions 
such as writability of heads. Especially, write conditions without a bit interference 
with neighbor dots, which may determine the dot array configuration, such as dot 
separation, shape and magnetic properties have not been discussed. Fundamental 
read-write simulations were first performed by G. H. Hughes [18], aiming at 
recording on a 100 Gbits/inch2 patterned bits array, which had a large margin of the 
energy ratio of more than 500 for thermal stability of recorded bits. Hence, thermal 
stability issues were not taken up for discussion. However, since an area density of 
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more than 300 Gbits/inch2 has become possible with conventional perpendicular 
media of a granular type, the target area density should be increased to more than 
1 Tera bits/inch2, where the bit size is roughly within 25 × 25 nm square or less.

9.2  Materials for Patterned PMR Medium

The medium design for a patterned-medium should be reconsidered because the fine 
granular structure used in the recent PMR system will no longer be required even 
though the same perpendicular recording scheme will be used. Since the patterned-dot 
is used for recording a bit unit, the individual dot itself should show very ideal single 
domain behavior without any magnetic defects for a high-quality signal bit. Moreover, 
the dot array should be precisely fabricated in terms of the arrangement, the dot pitch, 
and the dot size. Hence, the original thin film for the patterning of either a single crys-
tal, amorphous or multilayered, should show very high homogeneity without any 
imperfection. Even where a self-organized dot array is concerned, the individual dots 
must show exactly the same shape and magnetic properties. The candidate materials 
have to be chosen from the view point of conditions to simultaneously satisfy the long-
term thermal stability of magnetization, a large saturation moment, and the magnetiza-
tion switching feasibility. For practical use, chemical stability, namely, a high corrosion 
resistance and mechanical strength are also very essential.

Figure 9.1 shows the relationship between saturation moment M
s
 and anisotropy 

energy K
u
 for various candidate magnetic materials. The larger anisotropy energy 

Fig. 9.1 Various candidate materials for perpendicular patterned media on the map of M
s
 vs. K

u
 

[37]. (2003@IEEE)
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provides a smaller critical particle diameter for superparamagnetic behavior 
independently from the saturation moment M

s
. Hence, smaller single domain dots 

can be realized for materials of a large anisotropy energy constant, K
u
, such as 

Sm–Fe, Sm–Co, Fe–Pt, Co–Pt and so on. Among them, Co–Pt or Fe–Pt alloy would 
be much better for the patterned-media because of not only a large K

u
 with high 

saturation moment M
s
 but also a high corrosion resistance as a thin film state, 

differing from Sm–Co, Nd–Fe–B, etc.
It has been reported, for example, that a dot pattern array of Co–Pt films, whose 

deposited film state showed a maze-pattern-like domain structure implying a single 
crystal-like structure, has been tentatively fabricated by a focused ion beam (FIB) 
technique [19].

9.3  Dot Shape and Arrangement

Dot shape of the bit-patterned media could be generally a circular plate, a columnar 
type or a square type. The shape depends principally upon the fabrication process and 
the method. A columnar type of Ni dot array is typically obtained by using micro-
photolithography [10]. A column-like dot array has been realized by a self-organized 
chemical synthesis method for Fe–Pt nanometer-scale particles [20, 21]. This type can 
also be fabricated by an electro-deposition method in the hole of the anodic oxidized 
layer of Al [22]. The size of the alumite hole can be easily controlled by the conditions 
of anodic oxidation [23]. A further improved technique, which is based on Si wafer 
holes etched by electron beam lithography with electroless deposited Co–Ni–P or 
electrodeposited CoPt, FePt, has been developed recently [24, 25]. The square dot is 
the most popular shape as in the original patterned medium [9]. This shape has been 
fabricated by electron beam lithography. Two types of arrangements have been thought 
of for the bit-patterned media. One is a honeycomb-like arrangement with hexagonally 
close packed dots obtained for plated dots or self-organized dot patterns. This hexagonal 
dot array has been found to have the most efficient arrangement to achieve the high-
est area density in terms of reproducing S/N ratio [26]. However, as far as the writing 
process is concerned, the hexagonal array is inconvenient to discriminate the neigh-
bor tracks with proper timing, while the influence of the write head on the adjacent 
tracks is the same. Thus, in the case of e-beam lithography or FIB fabrication, the 
square-shaped dot might be preferred for either the cost or the fabrication feasibility. 
The transition width can be small enough for the square-shaped dots when compared 
with the other shapes in the down track direction.

9.4  Demagnetizing Field Effects of Magnetic Dots Array

Patterned-media have non-magnetic boundaries between the dots so as to discriminately 
switch and detect the magnetization of each individual dot as an information bit. The 
localized demagnetizing field around the dots is a very important factor to determine the 
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write margin as well as the writing feasibility. Therefore, micromagnetic demagnetizing 
field or magnetostatic interaction effect on the M–H loop is considered first [27].

The media were assumed to consist of a monolayer of hexagonal dots with 
 saturation magnetization of 300 emu/cc, a perpendicular magnetic anisotropy field 
H

k
 of 6.5 kOe, a hexagon size of 10 nm, and a height of 20 nm as shown in Fig. 9.2. 

This model has been used for the design of a perpendicular granular type medium 
[27]. However, the results can be applicable to the fundamental demagnetization 
effect on the M–H loops of the patterned-media if we assume that the exchange 
interaction between the grains, that is, the patterned dots, is neglected. It is to be 
noted that the M

s
 and the H

k
 are smaller than those required for a patterned-medium, 

suggesting a slightly underestimated interaction compared to the practical case.
The hysteresis loops of the dot arrays with the net demagnetizing field are simulated 

as shown in Fig. 9.3. Figure 9.3a shows the net M–H loops of the array indicating that 
the net smaller saturation magnetization is observed for a larger separation d. The 
loop inclination, a, does not seem to change so much with the separation d changes. 
This means that the change in the net M–H loop can be understood by the packing 
fraction change with the d variations. On the contrary, if we pay attention to mag-
netization reversal of the individual dot, each dot should have the same M

s
 as that 

of the original material for any value of d, while the loop inclination a
g
 changes 

drastically with the increase in the dot separation, d, as shown in Fig. 9.3b. 
Consequently, the magnetization of each dot switch obeys the grain M–H loop but 
not the net M–H loop.

A dramatic increase in the M–H loop slope, a
g
, is seen with increase in the grain 

separation, d, while H
c
 and a change a little. According to the increase in a

g
, the 

required maximum magnetic field, namely, the saturation field, H
s
, to reverse the dot 

magnetization in the hardest case becomes small. This can be explained by the 
reduced magneto-static interaction between the dots as the separation d increases. 
This means that even for a rectangular-shaped M–H loop in a state of isolated dots, the 
M–H loop for the dot array is sheared by the dot by dot magnetostatic interaction, 
indicating the dispersion of the switching field. The slope a

g
 is the major factor to 

determine the writing feasibility of the patterned media. Therefore, a very important 
design factor is paying attention to the separation d between dots. It is also implied 
that the higher M

s
 of dot material induces much larger magnetostatic interaction 

while it increases the stored magnetic energy of the dot.

Fig. 9.2 Simulated model for evaluation of the demagnetizing effect on M–H loops assumed for 
a highly packed dots array [27]. © 2002 IEEE
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9.5  Thermal Stability and Write Feasibility

Let us consider the condition for thermal stability of the patterned-media with 
perpendicular anisotropy, based on a perpendicular M–H loop [28]. The net M–H 
loop for a dot array is the statistic result of small Stoner–Wohlfarth model like 
square M–H loops of each magnetic dot. The thermally stable condition for a magnetic 
dot array is just that of the condition for a dot, which is the easiest to reverse among 
the whole dots. Using the beginning field of the reversal, namely, the nucleation 
field of the magnetic dot array, H

n
, the condition is expressed as,

 m B n s B

1
2

E / T = H M V / T 60K K  (9.1)
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where, E
m
, M

s
, V, k

B
 and T represent magnetic energy, saturation magnetization of 

dot, dot volume, Boltzmann constant, and temperature in K, respectively. The 
nucleation field H

n
 is defined as the value at the time of zero second in the present 

study. Equation (9.1) assumes the error rate of less than 10−7 in 30 years for the 
weakest dot according to the thermal decay theory of magnetic particles proposed 
by M. P. Sharrock [29]. The energy ratio E

m
/k

B
T was set at 70 for T = 300 K so that 

it can maintain the value to be greater than 60 even at +70°C.
The value of H

n
 is always smaller than the coercivity, H

c
, for a dot array as 

shown in Fig. 9.4. The fact comes from (1) dispersion in H
c
 of individual dot and/

or   (2) the magnetostatic interaction between dots. In case (1), the estimation of the 
magnetic energy by (9.1) is reasonable. However, in case (2), the estimated value 
may include error because the magnetic energy should be reduced by (1 − H

d
/H

c
)2, 

where H
d
 is the demagnetizing field from the neighboring dot magnetization. 

Nevertheless, the error is estimated as less than −10% for  patterned-media with 
substantial separation between dots, because H

d
/H

c
 < 1/10. The other case of the 

error may come from incoherent reversal of the magnetization of the dots. The 
extreme incoherent reversal for the exchange-coupled composite (ECC) medium 
[30] would cause a 50% error in the estimation of the magnetic energy. However, 
the error is estimated to be less than 10% even if the dot is stacked on a halved 
anisotropy softer dot. When the M

s
 is assumed as 600 emu/cc, the smallest nucle-

ation field – H
n
 = 15 kOe is sufficient to keep thermal stability of magnetization for 

square dots with 7 × 7 nm and 11 nm height. The saturation field H
s
 is estimated as 

more than 21 kOe. Therefore, the required head field strength is more than 21 kOe 
on track position and less than 15 kOe on the position of neighbor track of 25 nm 
distance from the center of pole surface. A field gradient of 240 Oe/nm is, accord-
ingly, sufficient to write on the aimed dot without any interruption against the other 
dot. This type of head field distribution could be realized only by the multisurface 
pole head [31].
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Finally, typical solution to keep thermal stability of the magnetization, together 
with write feasibility by a perpendicular single pole head is to set the square dot, 
placed on a soft magnetic underlayer (SUL), in a size of 7.5 × 7.5 × 10 nm with 
M

s
 = 1,000 emu/cm3. Then, magnetic field strength to saturate the dot, H

s,
 is pros-

pected as 18 kOe with the nucleation field, H
n
, of 11 kOe, where H

k
 of 15 kOe is 

required for the dot material under the consideration of magnetostatic interaction 
between dots. The H

k
 value of 15 kOe corresponds to an anisotropy energy 

constant, K
u
, of 7.5 × 106 erg/cc for M

s
 = 1,000 emu/cm3.

These magnetic properties are easily obtainable with presently well-known high 
K

u
 materials such as FePt [32] and Co–Pt alloy [33] as described in the previous 

section. Consequently, it is very much possible to design a medium for a density of 
1 Tera bits/inch2 in terms of thermal stability, recording feasibility and applicable 
materials without any corrosion problems.

9.6  Simulation Analysis on Basic Recording Conditions

The authors first simulated the recording process for a model of bit-patterned media 
of 1 Tera bits/inch2 as shown in Fig. 9.5. The single pole head main pole has 
25 × 25 nm2 square surface area. Karlqvist-type field distribution is assumed and the 
perpendicular field H

y
 exhibited a half-height width of 42.5 nm with the maximum 

field of 12.5 kOe in both down and cross track directions at a spacing of 25 nm 
between the head pole surface and the soft magnetic underlayer (SUL). Various dot 
models from M1 to M13, shown in Table 9.1, were examined in order to investigate 
the dot shape effect in terms of recording feasibility and recording characteristics. 
Each magnetic dot is constituted with 2.5 nm size cubic elements. The elements are 
exchange-coupled with the nearest neighbor elements with each other. Therefore,  

25 nm
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2.5-17.5  nm
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25x25 nm

Pole 
head
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25x25 nm
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Fig. 9.5 Model scheme used for simulation of recording process on a patterned perpendicular 
medium with a soft magnetic under layer by a single pole head
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an in coherent rotation mode of magnetization reversal in the dot can be treated by 
this model. Each element has a saturation magnetization of M

s
 = 1,000 emu/cm3, an 

exchange stiffness of 0.98 × 10−6 erg/cm, dispersion in H
k
 and perpendicular orienta-

tion of 15%, and 1.5°, respectively. A non-magnetic intermediate layer of 5 or 1 nm 
thick is assumed on the analytic SUL.

Series of M1–M4 are square dot arrays of various sizes of edge and dot thick-
ness. Media of M5–M9 have the same edge size of D

1
 but different sizes of D

2
 with 

the same thickness of 5 nm except M5 of 10 nm for comparison. Series of M10–
M13 are for investigation of the elongation effect with an increased D

1
. The dot size 

variety is from 7 nm to 22.5 nm, and the thickness is from 2.5 nm to 10 nm.
For these models, thermal stability conditions were first discussed as the abso-

lute prerequisite condition. Consequently, the nucleation field of the each dot arrays 
H

n
 has been determined to satisfy the stability conditions of E

m
/kT > 70 at room 

temperature, where the required perpendicular anisotropy indicated by anisotropy 
field H

k
 has been, beforehand, decided by the simulation of the remanence curve 

for the objective variety of the dots. Every patterned-medium has a soft magnetic 
backlayer of infinite permeability. It is noted that the remanence coercivity H

cr
 is 

substantially smaller than the averaged anisotropy field H
k
 as seen in Table 9.1. 

This is caused by the shape anisotropy of the dots and assumed dispersion of 1.5° 
in orientation. Hence, every dot has slightly different magnetic properties in com-
parison with the others. This implies occasional error of writing in some critical 
conditions. Every dot pattern is, needless to say, designed to accommodate 
1 Tera bits/inch2 in terms of thermal stability.

Table 9.1 Simulated patterned dot array media of various shapes, sizes, magnetic properties

Media a [nm] b [nm] t [nm]
Volume 
[nm3] H

k
 [kOe] H

nr
 [kOe] H

cr
 [kOe]

H
sr
 

[kOe]

M-1 7.5 7.5 10 563 15 12.0 14.8 18.0
M-2 12.5 12.5 5 781 15 84 9.9 12.0
M-3 15 15 2.5 563 22 11.4 13.2 15.0
M-4 17.5 17.5 2.5 766 19 84 9.9 11.7
M-5 75 12.5 10 938 10 72 8.4 10.5
M-6 7.5 15 5 563 19 11.4 13.8 16.5
M-7 7.5 17.5 5 656 18 10.2 12.4 15.0
M-8 75 20 5 750 17 9.6 11.0 13.5
M-9 7.5 22.5 5 844 16 8.1 9.7 12.3
M-10 12.5 15 5 938 15 7.8 9.5 11.1
M-11 12.5 20 5 1,250 13 5.1 6.3 8.7
M-12 12.5 20 2.5 625 21 10.2 12.0 14.1
M-13 12.5 22.5 2.5 703 20 9.0 10.8 12.6

KV/k
B
T > 70

25 nm period array
Element: 2.5 × 2.5 × 2.5 nm3, M

s
 = 1,000 emu/cm3, A ~ 1 × 10−6 erg/cm, sH

k
 = l5%, sq = 2°, 

t
IL

 = 5 nm, Analytic SUL
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9.7  Recording with Karlqvist Head Field

The model media has three tracks of dots and the center track is just the recorded 
track in the simulation. All the tracks are initially DC erased before recording. Only 
the center track is written with all 1’s signal. The on-track write error rates for 25 
recorded bits with a linear density of 1,016 k FCI (flux reversal per inch, namely, 
25 nm bit length) were evaluated by shifting the reverse timing (position) of the 
recording head field in the down track direction keeping the on-track condition. 
Evaluation was performed for the four media (M1–M4) of different sizes but simi-
lar volume. The remanence nucleation field H

nr
 value for thermal stability is also 

not so much different among them. The maximum magnetic field required for 
enough write-ability was at around from 9.6 to 13.7 kOe.

The write shift margin or the write window was 17.5 nm for dots less than 
12.5 nm. However, error-free recording was not possible for a large dot of 17.5 nm 
where the H

s
 value was larger than the maximum head field of 12.5 kOe. Generally 

speaking, the ideal shift margin should be 25 nm for a dot array with a period of 
25 nm like this case. The write shift margin, W

w
, is roughly estimated using 

(H
sr
 − H

nr
) and perpendicular write field gradient, dH

y
/dx, as W

w
 = 25 − (H

sr
 − H

cr
)/

(dH
y
/dx). As (H

sr
 − H

rc
) = 3.6 kOe and dH

y
(eff.)/dx = 370 Oe/nm for M-2, where 

effective field, H
y
(eff.), compensating for the angular dependence of the switching 

field of S–W particle, [35] was used instead of H
y
, W

w
 was estimated as small as 

15.3 nm for the simulation value of 17.5 nm. The difference between the estimated 
and simulated values would be caused by the reduced saturation field in the record-
ing process. As decrease in the field gradient by averaging over the dot width was 
estimated at about only 10%, the observed reduced W

w
 for larger dots would be 

caused by another reason such as, for instance, the incoherent reversal of magneti-
zation in large dots with a small thickness of 2.5 nm.

The reverse rates at an adjacent track, when the head was shifted in the cross 
track direction, have been also simulated. The error occurrence in this case was 
different from that in down track writing where the field gradient determines the 
discriminability of bit writing. The full shift margin in the cross track direction was 
less than 1/3 of that in the down track direction. The small shift margin in the cross 
track direction is mainly attributed to the broad field distribution in the cross track 
direction. Therefore, it is essential to use a write head with a high field gradient in 
the down track direction and a narrow field distribution in the cross track direction. 
One of the solutions would be to use shield type heads.

The shift margins were investigated for media in Table 9.1 including dots with 
elongated shapes in the down track direction as summarized in Fig. 9.6.

It was found that less decreased or even increased shift margin in the down track 
direction was obtained for the dots with the elongated shape compared with the 
square dots (solid line indicated by D

1
 = D

2
). The dot length in down track direction, 

D
2
, could be elongated to over 20 nm for dots with the size in the cross track direc-

tion, D
1
, of less than 12.5 nm. At the same time, the shift margin in cross track 

direction is larger than that of the square dots. In this case, the dot volume can be 
increased so that the required H

n
 for thermal stability could be reduced. In order to 



understand the effect of elongation of the dot, angular dependence of the remanent 
coercivity for the M-6 medium was calculated for both in the cross track and the 
down track directions comparing with a so-called Stoner–Wohlfarth model as 
shown in Fig. 9.7. The angular dependences in f direction (DT) are similar to that 
of S–W model. However, the variation of the remanence coercivity is larger for f 
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Fig. 9.7 Difference in angular dependence of the switching field, H
rc
, in the two typical applied 

field angle directions of the anisotropic shape dot medium, M-6
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direction (DT) than that for theta direction (CT), meaning that CT direction is 
harder to reverse the dot magnetization than that of DT. The fact makes the dot to 
show a larger shift margin in the cross track direction compared with square dots. 
It could be concluded that the elongated dot shapes are useful for obtaining pat-
terned-media with larger shift margins in the cross track direction than square dots 
in terms of the head design.

9.8  Recording with Multi Surface Pole Head

Recording simulation has been carried out using the head field distribution obtained 
by 3 D-FEM analysis for a multisurface pole head proposed by S. Takahashi et al 
[36]. The head has a front side shield to make the head field narrower in the cross 
track direction than conventional single pole heads. The head core and the shield 
material are assumed to have a saturation flux of 2.4 T. Needless to say, combina-
tion with a soft magnetic backlayer of the medium is essentially assumed. The 
bump core size is 14 × 45 nm and the head-medium magnetic spacing is assumed as 
6 nm. The half-height width of the field in the cross track direction was 34 nm, 
which was smaller than the field for Karlqvist one by 8.5 nm. This multisurface 
pole head can provide the very strong maximum magnetic field by the flux concen-
tration effect and/or back- side core field superposition effect of the pole shape even 
for a very narrow track width. This is a large discriminatory property in the cross 
track direction compared with the conventional single pole head.

The shift margin is wider than that obtained for Karlqvist type head field in both 
directions. The elongation effect of dots to increase the shift margin in the cross 
track direction has also been verified for the multisurface head with side shields.

Although our simulation does not include the dynamic reversal of magnetization 
of the dot, the result means that bit-patterned media of variety of size and shape can 
realize, principally, an area density of at least 1 Tera bits/inch2. Furthermore, it is 
important that considering the shift margins in both cross and down track direc-
tions, the size and pitch of the patterned-dot are very much essential for the design 
of array. In order to make a large margin of healthy recording scheme, the spacing 
of the dot has some critical conditions from the view point of write feasibility 
implied by larger M–H loop slope of the dot arrays through the reduction of interac-
tion field from the neighboring dots.

9.9  Experiments on Patterned Media

There are many reports on fabrication of patterned-media. However, few papers have 
discussed the dot-spacing effect in terms of the M–H loop shape. From the view point 
of importance of write feasibility of media, we have investigated experimentally 
effect of the dot spacing on magnetization reversal. A typical machined pattern 
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observed by magnetic force microscopy is shown in Fig. 9.8. The source material is 
Co–Pt as has been mentioned in Sects. 9.1 and 9.4 [19]. The original Co–Pt film 
showed a continuous structure, which has a maze like domain structure and very low 
coercivity compared with the anisotropy field, suggesting that wall motion reversal of 
magnetization is dominant. The 1 mm square was patterned as an array of 16 dots of 
70 nm in edge size. The dot shape should be square but seems an edge-rounded 
shape due to the resolution limit of the used MFM (magnetic force microscopy). 
The designed size of the dots is at around 70 nm with a dot-by-dot spacing of 200 nm. 
The bright dots, for instance, represent the reversed domains from the original direction 
of magnetization of the dark dots by applying external field.

Multiple patterned array areas were formed on the same Co
80

–Pt
20

 perpendicular 
anisotropy film to evaluate the DC remanence curve by counting the number of 
reversed dots with changing applied magnetic field. The Co–Pt film thickness is 
15 nm.

Figure 9.9 shows remanent magnetization curves of dot arrays with the same 
size of 70 nm and various spacing of 20–200 nm. In case of the composite-patterned 
dots array with a soft magnetic backlayer of Co–Zr–Nb, when the spacing changes 
from 200 nm to 20 nm, the inclination of the curve decreased as shown in Fig. 9.9a, 
while the remanence coercivity changed a little. According to these facts, the nucle-
ation field H

n
 decreases and the saturation field H

s
 increases when the dot spacing 

becomes small. The tendency coincides with that of the simulation results shown in 
Fig. 9.3. Therefore, recording feasibility becomes worse for the high packing of dot 
arrays of small spacing, while thermal stability of magnetization of the dots also 
decreases although situation at the recording scheme by a head must differ from 
that in this experiment of a uniform applied field. On the other hand, the dot array 
of 200 nm spacing still exhibits a finite inclination and not like S–W model even 
though, the spacing seems large enough to isolate magnetostatically each dot. 

Fig. 9.8 Co
80

–Pt
20

 patterned dots 
array fabricated by focused ion beam 
technique. Pitch of the dots is 200 nm 
and the dot size is 70 nm [38]
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Hence, it was thought that anisotropy distribution for the dots might still be broad 
presumably by the non-uniformity or fluctuation of machining process by the FIB 
technique.

On the other hand, in case of single layer of Co–Pt without a soft magnetic back 
layer, showed different remanent coercivity H

cr
 when the spacing changes, while H

n
 

does not changes but H
s
 dramatically increases for a larger spacing. According to the 

calculation considering the surface charges of dots, the magnetostatic interaction 
from the neighbors is 80 Oe, and 430 Oe for the dot with a soft magnetic backlayer, 
and without the layer, respectively, for a dot spacing of 200 nm. Consequently, it is 
suggested that the slope of the curve is larger in the former case than the latter case. 
However, the experimental results showed similar inclination for both the cases. This 
discrepancy of the results may come from the too-thick intermediate layer between 
Co–Pt and Co–Zr–Nb layers. When we aim at 1 Tera bits/inch2, the intermediate layer 

Fig. 9.9 Remanent magnetization curves for (a) with SMBL and (b) without SMBL [38]
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should be thinner than present. The other reasons for imperfection in fabrication and 
so on would also possibly exist. Hence, further study in this direction is very much 
necessary in the future. In any case, the present experimental study implies that 
magnetostatic interaction is the key factor to design a proper dot array for the devel-
opment of a high density recording media.

9.10  Future Issues for 1 Tera bits/inch2 Density

Patterned dots should be an ideal information-recording medium in terms of ther-
mal stability and write feasibility. This article has discussed writing possibility and 
thermal stability simultaneously for the patterned media of various dot shapes and 
sizes, considering interaction effects on the magnetization reversal of the dot. 
Finally, it was concluded that 1 Tera bits/inch2 could be realized by using the proper 
size and shape of dots combined with an advanced head design.

The main phenomena to govern the recording performance of the media are 
magnetostatic interaction and head medium separation. Both should be reduced to 
achieve a higher density in perpendicular scheme of recording. It is also concluded 
that perpendicular recording seems the best to make easy writing on thermally 
stable high anisotropy dot media. The most important breakthrough in the future 
should be nano order fabrication technology since the candidate materials with a 
high thermal stability are very realistic. The head structure is also an important 
issue to be improved so as to have higher field strength and gradient. A planar type 
head proposed recently would have great advantages in this regard.

Because we have not yet found out a hopeful information storage system with a 
low cost and a high capacity except HDD systems, magnetic recording technology 
should be advanced more than 20 years at least to answer the demands in the informa-
tion society in the future. If the manufacturing method is enhanced, patterned-media 
will be the most hopeful media to realize a density higher than 1 Tera bits/inch2.
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10.1  Fabrication of On-Chip FET pH Sensor

10.1.1  Introduction

A study on ion-sensing using field effect transistor (FET) was begun by Bergveld in 
the 1970s [1–3]. The ion-sensitive (IS) FET is now widely used as a miniaturized pH 
sensor, commercialized by some companies. First, the principle and structure of 
the ISFET are introduced in this section. A basic design of ISFET is shown in 
Fig. 10.1a. ISFET has silicon substrate with field-effect structures such as electro-
lyte/IS layer/(insulator)/semiconductor structures; the space charge region in the 
semiconductor is modulated depending on the gate voltage (V

g
), same as a typical 

metal-oxide-semiconductor (MOS) FET. A typical bias V
g
 versus drain-source cur-

rent (I
ds

) characteristic of the device that has silicon nitride/silicon dioxide/silicon is 
shown in Fig. 10.1b. This characteristic is quite similar to the MOSFET. A promi-
nent difference between ISFET and MOSFET is that the gate voltage for the opera-
tion of the device is applied by an electrochemical reference electrode through the 
electrolyte in contact with the gate insulator. The threshold voltage (V

th
) could shift 

according to the value of the pH of the solution. In the MOSFET, the V
th
 would shift 
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depending on the change in the space charge region in the MOS capacitor structure 
by the application of V

g
. On the other hand, the V

th
 in ISFET would shift according 

to the change in the surface potential in the electrolyte/IS layer interface. Therefore, 
the IS layers and their interfaces in ISFET play an important role in the performance 
of pH responsibility. It is well-known that the silicon nitride surface shows a good 
pH response in solution. The silicon nitride layer is often formed by plasma-
enhanced chemical vapor deposition (PECVD), which is generally formed at the 
thickness of 100–500 nm. The V

g
 vs. I

ds,
 characteristics of the silicon nitride-based 

ISFET indicate a good pH responsibility of 58 mV/decade that shows Nernstian 
response (Fig. 10.1c). The shift of the V

th
 depends on the changes of surface potential 

at electrolyte/silicon nitride interface. On the silicon nitride surface immersed in 
aqueous solution, both amphoteric Si–OH sites and basic Si–NH

2
 sites (Fig. 10.1d) 

are produced by hydrolysis. These sites directly interact with the solution to either 
bind or release hydrogen ions, leading to bear a certain surface charge on the nitride 
surface that was opposed to an ionic charge in the solution. This formed a double-
layer capacitance across which the potential drop occurs. Therefore, the threshold 
voltage shifted accompanied by the pH change in solution.

Based on this principle, ISFET is used gradually for the detector as various sensing 
materials. However, since 1990s, such active research has declined due to various 
problems, such as the stability of the device and the molecular modification on the 
electrode surface. On the other hand, the research of FET has begun to steal the 
limelight again by the progress of the technologies of the semiconductor device 
fabrication and the surface modification. Especially, the development of IS layers 

Fig. 10.1 (a) Basic design of ISFET. (b) I
ds

−V
g
 characteristics of the device. (c) pH responsibility 

of the device. (d) Change in the surface structure and surface potential of silicon nitride layer in 
each pH solution
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and new device processing has been studied for the improvement of the perfor-
mance of ISFET itself. Currently, Ta

2
O

5
 [4] is often used as an insulating layer. 

However, to construct the high-performance FET sensor, it should be necessary to 
improve the device architecture.

In this section, new type FET-based sensors are described focusing mainly on 
the research activities in nanotechnology at Waseda University.

10.1.2  Concept of On-chip pH Sensors Using FETs Modified 
with Self-Assembled Monolayers

The aim of our study is to fabricate an extremely high-performance ion and 
biosensing device. In our work, we have studied the fabrication of FET-based ion 
and biosensor using self-assembled monolayers (SAMs) [5–9]. Our concept and 
details of device architecture are described in the following lines.

In order to realize highly sensitive biosensing system, precise fabrication of the 
electrode parts for molecular recognition is a significant issue. For this purpose, 
development of new detection devices with high sensitivity is strongly demanded. 
It is especially desired that the electrode surfaces have the supramolecular structure 
that mimics cell systems. In order to fabricate such an electrode, application of the 
template for the ordered-arrangement of the molecules is effective. Organic mono-
layers have the ability to self-assemble onto the surfaces [10, 11]; the monolayer-
modified electrode is suitable as the template for orderly immobilization of 
biomolecules. On the other hand, it is preferable that the detection system can 
detect the signal immediately and very sensitively. A FET type electrode can detect 
the response of surface reactions as an electric signal, with capability for on-chip 
integration. Therefore, we have studied the formation of electrodes functionalized 
by the modification of organic monolayer on silicon wafer surfaces and the devel-
opment of the detection system utilizing a semiconductor device such as a FET.

Figure 10.2 shows the basic design of the on-chip integrated biosensing devices 
including reference devices. For the on-chip sensing, reference device as well as 
sensing device is necessary. In general, a glass-based Ag/AgCl electrode is used as 
a reference electrode. However, the glass electrode is hard to miniaturize and is 
easy to break. The use of such a glass electrode acts as a high barrier in the minia-
turization of the sensor chip. Therefore, the development of a small and solid-based 
reference electrode is desired for the realization of the on-chip sensors. Utilizing 
the functionality of an organic monolayer is expected to be one of the solutions to 
the problem. In order to fabricate the sensor and the reference devices, it is required 
that the organic monolayers having different functional groups are area-selectively 
immobilized on each gate electrode. At the sensing electrode, amino-functionalized 
monolayer, which is an active site, is suitable for immobilization of biomaterials, 
enzyme, etc. as well as ion response. For the reference electrode, an alkyl, or per-
fluoro-alkyl functionalized monolayer having inactive functional group is effective 
for preventing any undesired adsorptions and ionic reactions at the surface. Hence, 



136 J. Sasano et al.

the formation of various functionalized monolayers and their patterning are one of 
the key processes for fabricating on-chip biosensing devices.

It is assumed that such an on-chip sensing device has the ability accurately detect 
the single molecule. Especially, formation of very thin monolayer on the electrode 
enables immediate detection of the signal that originates in the bioreaction. 
Moreover, it seems that effective arrangements of molecules, during the bioreaction, 
onto the electrodes are acquired by using the monolayer templates. The multi-
detection of the molecule is expected to be achieved because this device is easy to 
miniaturize and integrate. On the other hand, FETs are required to have a high 
chemical durability because they are exposed to various types of solutions during the 
sensing, the surface cleaning, and the molecular modification processes.

In our work, we have investigated the fabrication of the FET devices with various 
functionalized SiO

2
-gate modified with organosilane monolayers. The pH sensitiv-

ity and chemical durability of the devices are evaluated as the basic characteristic 
of the devices.

Fig. 10.2 Schematic design of on-chip FET sensing device
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10.1.3  Formation of Organosilane Monolayer on Silicon 
Surface

Organosilane SAMs have been widely applied to control physical and chemical 
properties of the surfaces of glass, quartz, SiO

2
/Si wafer, and silica particle [10]. 

Many researchers have studied the formation process of the organosilane monolay-
ers and synthesis of silanization reaction in hydrocarbon solvent, such as toluene, 
bicyclohexyl, hexadecane, etc. [11]. In some cases of the liquid-phase modification, 
microdefects often exist at the modified surface because the SAM formation is 
thought to involve self-assembly of monomer or small oligomer units on the surface 
in a noncovalent manner to give well-ordered monolayer domains or islands on the 
surface surrounded by bare substrate [12–15]. Such a silane formation on silica 
surface shows that island formation occurs leading to a multilayer [16]. Hence, in 
order to achieve complete modification, precise control of the modification proce-
dure is required. On the other hand, more recently, the monolayer modification 
process by quite a simple method of using a gas-phase silanization reaction, that is 
a CVD method, is proposed by Sugimura et.al. for application on ultrahigh resolu-
tion patterning resists and patterned monolayer templates [17–23]. This method has 
proved to have the capability to form homogenous, defect-free monolayer coating 
onto the surfaces [17–20], which is believed to be suitable for our objective.

Si(100) wafers covered with thermally grown silicon oxide were used for the 
work. The silicon oxide film was formed at 950°C at N

2
 atmosphere. Three types 

of organosilanes, that is, octadecyltrimethoxysilane (ODMS), (heptadeca-fluoro-
1,1,2,2-tetrahydro-decyl)trimethoxysilane (FAS), and 3-aminopropyltriethoxysi-
lane (APS), were used as precursors. The wafers were placed together with an 
organosilane (ODMS or FAS) bial, and then heated at a constant temperature of 
110°C. In the case of APS, the wafers were immersed in toluene solvent including 
1 vol% APS liquid at 60°C as the formation of the APS monolayer was found to 
proceed easily in the liquid phase, rather than in the gas phase. It has been reported 
that complete monolayers are used for these modification procedures. The thick-
ness of the organosilane monolayers formed was estimated to be 20 Å (ODMS), 
13 Å (FAS), and 6 Å (APS), respectively. Water-contact angles of these monolayer-
covered SiO

2
/Si substrates were 105° (ODMS), 120° (FAS), 60° (APS), respec-

tively. These values correspond to previous reports [17–19, 24, 25]. Figure 10.3 
shows contact mode AFM images of the modified surfaces measured under a near-
contact condition at low tip-pressure. The RMS and R

a
 values for each modified 

surface are indicated to be similar to those of the bare silicon oxide surface. 
Therefore, it is suggested that the modified surfaces are flat and uniformly formed 
at the monolayer level.

Chemical properties and coverage of the modified surface were characterized 
by XPS. Figure 10.4 shows the carbon (1s) narrow spectra of the modified sur-
faces. The coverage of modified surface was calculated by using the integrated 
peak areas of the carbon (1s) and silicon (2p) XPS narrow scans. Table 10.1 lists 
the ratio of organic adsorbates per all reaction sites of ideal quartz surface, and the 
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Fig. 10.3 Contact mode AFM images of organosilane modified SiO
2
 surfaces
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Table 10.1 Coverage for each monolayer and molecular length of each moeity

C/Si

Adsorbate areal 
density/SiO

2
 areal 

density

Adsorbate areal 
density/maximum 
areal density

Molecular length/Å

Experimental Calculation

ODMS 1.10 0.85 1.02 26.0 25.5
FAS 0.39 0.58 1.02 15.9 15.6
APS 0.22 0.81 1.01  6.8  6.7

areal density of the adsorbate to maximum areal density [5, 26, 27]. The maximum 
areal densities were adapted to the value of the cross-sectional area of each mol-
ecule, which are 18.0 Å2 (ODMS), 27.5 Å2 (FAS), and 20.0 Å2, respectively. The 
areal density of ideal quartz surface is (15.7 Å2)−1. The areal density of the adsor-
bate to the maximum areal density became the effective coverage. The areal den-
sity of each modified surface indicates nearly 1.0. Moreover, we estimated the 
molecular length of each moiety from the integrated peak areas of the carbon and 
silicon. These experimental data show expected values compared with the calcu-
lated ones (Table 10.1). Based on these XPS characterizations, it is considered that 
each modified surface is closely packed and is composed of a single moiety spe-
cies. In addition, as described above, the modified surfaces were indicated to be 
flat and homogeneous from the AFM investigation. Therefore, each modified sur-
face was expected to be formed as a monolayer.

10.1.4  Device Fabrication

A basic design of the organic monolayer-modified SiO
2
 gate FET device is shown 

in Fig. 10.2. We selected a SiO
2
 as a material for gate and protective layers on 

source-drain electrodes, in order to form the SAMs onto the device surface. As for 
the protective and gate layers, high-density, quartz-like SiO

2
 such as a thermally 

grown SiO
2
 is desired for accomplishing an ideal molecular modification (perfect 

coverage), and for preventing a leakage and drift during the device operation in 
aqueous solution. A SiO

2
 as the protective layer is often formed by CVD; however, 

the CVD–SiO
2
 layer generally shows lower density than the thermally grown one. 

Hence, the improvement of the property of CVD–SiO
2
 layer is a critical issue for 

fabricating the organic monolayer-modified FET with high chemical durability. 
Thus, we preliminarily examined various treatments to improve the structural prop-
erty of the CVD layer. In this experiment, the layer was formed by a PECVD with 
tetraethoxysilane (TEOS)/O

2
 gas at 400°C. The property of the layer was evaluated 

from the value of an ellipsometric refractive index and of the etching rate with 
1.0 wt% aqueous HF solution. Each value was listed in Table 10.2. When these 
values of the CVD–SiO

2
 were compared to that of a thermally grown SiO

2
 formed 

by dry oxidation at 950°C, the CVD layer showed a low refractive index and a high 
etching rate. A decrease in the refractive index and an increase in the etching rate 
are brought about by the lowering of the film density. It is thought that the CVD 
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Table 10.2 Properties of the thermally grown and the CVD SiO
2
 layers

Refractive index
Etching rate with 1.0 wt% 
HF (Å/min)

Thermally grown SiO
2

1.462  60
CVD–SiO

2
 (as deposited) 1.449 368

CVD–SiO
2
 (after 800°C 

annealing)
1.460  65

layer formed under the above condition is porous. Then, we carried out a postannealing 
process for the structural improvement of the CVD layer. By annealing the CVD 
layer in an O

2
 atmosphere at over 800°C, the layer shows stable properties com-

pared with the thermally grown one, as shown in Table 10.2. From these results, we 
decided to employ the postannealing process for the CVD–SiO

2
 layers to stabilize 

its properties.
Figure 10.5 illustrates the process step for fabrication of the monolayer-modified 

FETs. Field and gate SiO
2
 layer was formed on p-type Si(100) surface. P+ ions were 

implanted for forming source and drain channels. In order to fabricate the device 
with a high temperature process, we selected a TiSi

2
 as a contact metal. Ti and Pt 

were sequentially evaporated to source and drain regions, and the substrate was 
annealed at 800°C to form the TiSi

2
 electrodes (Fig. 10.5a). Then, the whole surface 

was covered with the SiO
2
 using TEOS–PECVD. After the postannealing for the 

structural improvement of the CVD–SiO
2
 layer described above (Fig. 10.5b), the 

CVD–SiO
2
 layer on the thermally grown gate oxide was positioned selectively 

removed by a reactive ion etching. Modification of organosilane molecules and their 
patterning process were carried out (Fig. 10.5c). The FAS and APS were formed by 
the method described. A position-selective formation of monolayers, having differ-
ent functional groups, onto the substrate was performed by using photo-lithography 
process. The FAS monolayer modified substrate was covered with conventional 
photo-resist, and then patterning was carried out with an ultraviolet (UV) lamp.

This patterned substrate was exposed to O
2
 plasma for removal of the monolayer 

(Fig. 10.5d). The resist pattern was used as the mask for plasma ashing. After this 
process, photo-resist was removed and the amino silane monolayer was formed on 
the exposed clean oxide layer (Fig. 10.5e).

10.1.5  Device Characteristics

The fabricated FET devices that are modified with organosilane monolayers are 
shown in Fig. 10.6. The gate length and width of the devices are 10 μm and 1 mm, 
respectively. The separation between contacts and SiO

2
 gate is 10 μm.

Figure 10.7 shows I
ds

−V
ds

 curves of the amino-monolayer modified FET in pH 
6.86 buffer solution. The characteristics indicated typical FET response, which 
were stable during a long-time immersion of upto 24 h. Also, the I

ds
–V

ds
 profile of the 
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Fig. 10.5 Process steps for fabrication of the 
monolayer modified FETs

Fig. 10.6 Photograph and optical microscopy image of the fabricated monolayer modified FETs

device was reproducible even if the monolayer removing by O
2
 plasma ashing and the 

modification process involving the treatment of strong acid were repeated many times 
using the process described above. Therefore, this device was quite stable in aqueous 
solution, and had a high chemical durability. The I

ds
−V

g
 curves of the amino-modified 

FET in various pH solutions are shown in Fig. 10.8a. The V
th
 shifts depending on the 
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change in the pH value in the solution. As seen in Fig. 10.8b, the V
g
 linearly changes 

depending on pH at the sensitivity of 58 mV/pH. This pH sensitivity is quite similar 
to that of an ISFET such as the Si

3
N

4
 gate FET [1, 4, 28], which shows a good 

Nernstian response. On the contrary, in the case of the FAS monolayer modified FET, 
the potential remains constant, regardless of the pH values in the solution.

The shift of the V
th
 depends on the changes of surface potential at liquid/mono-

layer interface. For the APS-modified surface, both unreacted Si–OH and O–Si–
(CH

2
)

3
–NH

2
 sites exist at the surface. Thus, it is thought that the APS-modified FET 

shows pH response in solution. On the other hand, the FAS-modified surface is a 
well-ordered and highly hydrophobic surface because the perfluoro alkyl moiety is 
long-chain and hydrophobic. Such the surface is expected to block the solution, and 
can inhibit the reaction of the unreacted Si–OH sites with ionic species in the solution, 
resulting in no pH response in the solution. From these investigations, the pH 
response of these surfaces is indicated to significantly affect by a variation in func-
tional group. The APS-modified FET has the capability to be used as an ISFET, and 
the FAS-modified FET is applicable to a reference electrode. It is expected that the 
fabrication of the monolayer-modified FETs is effective for fabrication of on-chip 
ion-sensing devices including reference electrodes.

10.2  FET Biosensor

10.2.1  Introduction

Biosensing systems, such as enzyme, immuno sensors and DNA micro arrays, are 
widely used in the field of medical care and medicine manufacturing [29–31]. In 
particular, recent progress in genome engineering requires high performance integrated 
micromulti-biosensing system, which can be utilized for recognition of individual 
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biomolecule and analysis of bioreaction at single molecular level. In the field of the 
advanced medical care, simple and high accuracy detection systems are essentially 
required for the application of a tailor-made medical diagnosis. The mainstream of 
the present biosensor is fluorescent detection. This technique has contributed to 
several analyses for biomolecule reaction including genome sequences. However, 
since typical biosensing systems based on fluorescent detection, such as DNA 
microarrays consist of lasers and complex optical systems, the instruments tend to 
become quite large-scale and expensive. Also, modification of fluorescent dye to 
the target biomaterials is necessary for the fluorescent detection, leading to a high-
cost and complicated protocol. Therefore, new detection systems designed for 
simplicity and high performance are demanded for future advanced medical care.

Here, we have proposed a detection system utilizing a semiconductor device espe-
cially to FET as a sensing system that enables to achieve both simplicity and high 
sensitivity. Semiconductor device manufacturing technologies enable to integrate and 
miniaturize the device. In addition, it is easy to miniaturize and simplify the system 
for the device control because the system can operate by using an electrical circuit 
instead of an optical one. The detection using FET does not require any label materi-
als and mediators since the surface-potential change caused by an interfacial reaction 
between the solution and the recognition surface can be detected by using FET as an 
electric signal, directly. Such a detection system by using electric signal is expected 
to be applicable to biosensors equipped with small size and high performance.
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10.2.2  Attachment of Biomolecules onto the Recognition Region

Position-selective immobilization of biomolecules has attracted much interest in 
recent years for performing biological recognition and fabricating miniaturized, 
array-based assay devices [32–34]; for example, DNA and protein microarray chips 
are widely used to probe gene sequence and protein level in cells. The miniaturized 
feature of the device makes it possible to achieve a higher integration density of the 
arrays of probe molecules, thus allowing the assay to be performed at a high accuracy. 
The immobilization sites of biomolecules formed precisely in the micro/nano-scopic 
scale can be applied for conducting highly accurate biomolecular analyses, such as 
genotyping of single-nucleotide polymorphisms, analysis of proteins for structure and 
functionality, and recognition of a single molecule. The surfaces for bioanalyses are 
required to have an ordered, supramolecular structure that mimics cell systems. In 
order to form such surfaces, the application of templates for the ordered arrangement 
of the molecules is effective. Surfaces modified with SAMs are suitable for this 
purpose, and the immobilization of biomolecules on bare gold and SiO

2
 surfaces has 

been reported [11, 35–37]. It is generally recognized that the modified surfaces are 
preferable to immobilization of specific molecular species. For patterning of the 
molecules, methods including microcontact printing, ink-jet delivery, dip-pen nano-
lithography, and nano-manipulation using scanning probe microscopy have been 
proposed. On the other hand, we investigated the process for fabricating molecular 
templates at micro and nano scales using UV and electron-beam lithography [5, 38, 39]. 
These processes aid the controlled formation of SAMs having various functional 
groups under self-assembling conditions, with a precise position selectivity to form 
active and passive sites for immobilization of biomolecules.

Figures 10.9b and c show representative fluorescence microscope images of the 
surface patterned with organosilane monolayers after immobilization of the fluorescence-
labeled oligonucleotides. In these images, bright dot-patterns indicating the exis-
tence of oligonucleotides are clearly seen. These regions correspond to the 
APS-patterned regions formed on the surface. In contrast, when patterned surfaces 
without modification by aminosilane were used, no bright regions were observed in 
fluorescence microscope images, indicating thereby that the oligonucleotides were 
not immobilized on the surface. These results show that the oligonucleotides were 
position-selectively immobilized only on APS-modified sites formed on the 
patterned-monolayer surface at micro and nanometer scales, and ODMS-modified 
surfaces acted as a layer for preventing the non-specific attachment of oligonucle-
otides. A similar controlled immobilization was also achieved when a template 
surface cross-linked with biotin molecules was used. Moreover, the specific reaction 
between biotin and streptavidin was detected by using the monolayer template 
surface (Fig. 10.9d, e). These results suggest the usefulness of patterned monolayer 
templates for immobilizing biomolecules and for promoting interaction between 
biomolecules with a high selectivity.
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Fig. 10.9 (a) Schematic illustration of the surface patterned with different monolayers. (b, c) 
Representative fluorescent microscope images of the APS/ODS patterned surface covalently 
immobilized with oligonucleotide (d, e) fluorescence images of the patterned surface modified (d) 
with and (e) without biotin after the reaction

10.2.3  FET Biosensor Using Enzymatic Reaction

As one of the applications of the monolayer-modified FETs to biosensing, we have 
performed urea detection by using an enzymatic reaction. An enzymatic hydrolysis 
reaction of urea by urease, which shifts the pH toward higher values depending on 
the quantity of urea, was focused upon [40].

The quantity of urea was estimated from the shift of the gate voltage of an 
enzyme-immobilized APS FET. Note that the gate voltage of the APS-modified 
FET shifts depending on the change of pH at the interface between a solution and 
the gate surface. Figure 10.10a shows I

ds
−V

g
 curves of the enzyme-modified FET in 

the solutions containing different urea concentrations. The I
ds

−V
g
 profile shifts to 

the positive direction (high pH direction) according to the concentration of urea in 
the solution. The calibration curve is shown in Fig. 10.10b. The gate voltage lin-
early changes toward urea concentration with a high sensitivity of 64 mV/decade in 
the range of 10−9–10−6 M. However, calibration curve shows the tendency to saturate 
in the range of over 10−6 M. Such a difference in the response is thought to be 
related to the amount of enzyme immobilized onto the APS surface. Since the APS 
monolayer surface is quite flat, the amount of enzyme immobilized onto the surface 
could be relatively low. Therefore, in the case of the urea concentration of over 
10−6 M, it seems that an ureolysis ability of the enzyme has been exceeded, resulting 
in the decrease in the voltage shift. From the result, it is indicated that the FET 
device with enzyme immobilized onto the APS monolayer has a high capability for 
the detection of trace concentration of urea.
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Fig. 10.11 Scheme of hybridization reaction between the immobilized DNA (probe DNA) and 
Target DNA

10.2.4  DNA Sensor Using FET

The detection of hybridization reaction of DNA was studied in our active under-
investigation research.(Fig. 10.11). If DNA is attached to the surface, the surface 
potential shifts in the negative direction since DNAs have a negative charge 
originated from deprotonated phosphate esters in aqueous solution. Moreover by 
hybridizing DNA at the surface, the potential shifts to more negative. Based on the 
property of DNA itself, detection of DNA-SNPs was carried out. The V

g
 of the 

probe DNA-immobilized FET shifted due to the negative charge while DNA, on the 
surface, hybridized with complementary DNA. The results revealed that the V

g
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shifted by 53 mV in the case of using 20-mer DNA. It was also noted that no shift 
was observed when using noncomplementary DNA. In addition, the voltage shifts 
depending on the number of mismatches observed in DNA. Therefore, the DNA-
immobilized FET is expected to have a high potential for the detection of SNPs 
with high sensitivity and selectivity.

10.3  Conclusion

The FET device has a high potential for the detection of ions and biomaterials. As 
described in some examples, the application of the FET as a sensor is expected to 
be useful for the next generation high-performance, on-chip sensing system. In 
addition, since the FET sensor enables the miniaturization of the sensor chip itself, 
it is especially expected to apply the advanced medical care and tailor-made medi-
cal diagnosis. Moreover, the combination between nanotechnology and biotechnol-
ogy will accelerate the fusion of various industries such as the semiconductor 
industry and bioventures.
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11.1  Electrochemical and Magnetic Probes for Biochip 
Applications

The electrochemical and magnetic biosensors have an advantage because of the 
easy miniaturization of electric device components as compared with photometric 
instruments. These technologies have been applied to develop portable, compact 
and inexpensive biochip devices. A commercially successful example is the glucose 
sensor using enzyme transducers, which was originally reported by Clark and 
Lyons [1] to measure glucose by detecting the decrease in oxygen by pO

2
 electrode 

when glucose is converted to gluconic acid and hydrogen peroxide. Electrochemical 
biosensors can be separated into three typical assay systems using amperometric, 
potentiometric or conductometric transducers. Furthermore, various magnetosensors 
using magnetic particles have been developed over a decade in place of photometric 
biosensors. In this chapter, recent advances in electrochemical and magnetic bio-
sensors toward development of portable, compact and inexpensive biochip devices 
have been focused.

Electrochemical biosensors have been divided into two basic types: enzyme-based 
sensor and electrochemical probe-based sensor. Alkaline phosphatase (ALP) and horse 
radish peroxidase (HRP) have been often employed for enzyme-based biosensors using 
p-nitrophenyl phosphate (PNP), -naphtyl phosphate, 3–3 ,5,5 -tetramethylbenzidine 
(TMB) and 2,2 -azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) as 
substrates of electrochemically active species, and ferrocene (Fc) and methylene 
blue as the electrochemical mediators. In general, enzymatic amplification of electro-
chemical signals enables highly sensitive detection of analytes. On the other hand, 
a direct detection of analytes by using electrochemical probes allows a more rapid 
time-response onto the detector surface and needs no enzymatic reaction. Based on 
the reason, a direct detection of analytes by using electrochemical probes has been 
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preferred to simplify the process towards miniaturized biochip devices. A CMOS-
based electric DNA chip, eSensor™ with 16 gold electrodes manufactured by 
printed circuit board technology has been developed [2]. Thiolated oligonucleotide 
probes are immobilized directly onto the gold electrode surface. The detection of 
DNA hybridization is performed by alternating current voltametry using ferrocene-
incorporated oligonucleotides as detection probes (Fig. 11.1a) [3]. However, the 
study of electrochemical probe-based biosensors has been limited by the sensitivity 
as compared with enzyme-based biosensors. To overcome the limitation, various 
approaches have been attempted.

Various probes for the electrochemical detection have been reported, such as 
ferrocene [4, 5], gold nano particles [6], intercalater [7] and semiconductor nano-
particles [8]. Among them, ferrocene derivatives have often been used as electro-
chemical probes for immunoassay [9–11] as well as the DNA hybridization assay 
[4, 5, 12–14]. Labeling of ferrocene derivatives to enzymes such as glucose oxidase 
has been intensively studied and used as mediators in biosensors [15–17]. Also, 
electroactive labeling of IgG with ferrocenemonocarboxylic acid (Fc-COOH) by 
chemical crosslinkers, sulfo-N-hydroxysulfosuccinimide (NHS) and 1-ethyl-3-[3-
dimethylaminopropyl]-carbodiimide hydrochloride (EDC), has been commonly 
used [9, 10] (Fig. 11.2a). Only two to three ferrocene moiety have been stably 
introduced to IgG. Recently, labeling of ferrocenecarboaldehyde (Fc-CHO) to 
immunoglobulin G (IgG) via formation of Schiff-base and its reduction was inves-
tigated for construction of an electrochemical probe for miniaturized amperometric 
flow immunoassay [18] (Fig. 11.2b). Approximately, eight molecules of Fc–CHO 

Fig. 11.1 Direct detection of electrochemical signals using ferrocene-labeled biomolecules. 
Adapted from (a) Umek et al. 2001; (b) Mak et al. 2005; (c) Fan et al. 2003; (d) Inouye et al. 2005
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were labeled to IgG and the reversible redox property of ferrocene was observed. 
Labeling efficiency improved by over three times as compared to the conventional 
method using ferrocenemonocarboxylic acid (Fc–COOH). IgG labeled with 
Fc–CHO that retained eight ferrocene moiety showed sufficient binding affinity to 
its antigen and the current response obtained in the flow electrochemical detection 
system increased by 14-fold as compared with IgG labeled with Fc–COOH. The 
minimum detectable concentration of IgG labeled with Fc–CHO was 60 pM. IgG 
labeled with Fc–CHO demonstrate biochemical and electrochemical properties, 
which are useful for electrochemical immunosensors (See also section 11.2). The 
utilization of encapsulated ferrocene microcrystal was proposed as another 
approach to increase the electroactive species in probe-based immunosensors 
(Fig. 11.1b) [19]. Ferrocene microcrystals encapsulated within a capsule, which 
provided a stable interface for antibody conjugation, were used as an electrochemi-
cal probe to perform a sandwich immunoassay. After the immunoreaction with 
ferrocene microcrystal-antibody complexes, the dissolution of the ferrocene micro-
crystals, and subsequent amperometric detection of the released ferrocene mole-
cules were performed. The ferrocene microcrystal-based biosensor provided a 
high-signal molecule to antibody ratio of 104–105 (detection limit: 20 pM).

The direct detection of DNA via conformational changes of ferrocene-conjugated 
DNA stem-loop (or hair-pin) structure onto electrode surface induced by the 
hybridization was also proposed (Fig. 11.1c) [4, 20]. The conformational change 
induces the displacement of ferrocene molecules from the electrode surface, 
resulting in a drop in peak redox current measured by cyclic voltametry. 
The detection limits were 115 fM for  24-base oligonucleotide [20] and 10 pM for 
17-base oligonucleotide [4], respectively. Furthermore, the difference between 

Fig. 11.2 Reaction schemes for labeling of IgG with ferrocenemonocarboxylic acid (Fc-COOH) 
(a) and ferrocenecarboaldehyde (Fc-CHO) (b)
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chemical structures of ferrocene-conjugated DNA hybridized with a complementary 
or a single-base mismatch was detected by hole transport (Fig. 11.1d). The presence 
of a single-base mismatch in the DNA duplexes caused a dramatic decrease in 
the electrochemical response [21].

Alternative approach for direct detection is magnetosensor. Magnetic particles 
are useful magnetosensor probes for quantitative detection of molecular inter-
actions, including those between antigen-antibody, DNA–DNA and ligand-receptor. 
Measurements are traditionally performed using superconducting quantum  
interference device (SQUID) magnetometer [22–25], giant magneto-resistive (GMR) 
sensors [26–30], magnetic susceptometry [31–34] or magnetic force microscopy 
[35, 36]. The use of magnetic particles offers a great advantage for assays, because 
it allows the analytical signal to be measured in terms of intensity of magnetization. 
Furthermore, the use of magnetic particles enables separation of a trace amount of 
target in solution, which simplifies the process of sample preparation. These types 
of magnetosensors are highly sensitive and theoretically can detect single magnetic 
particles [27]. An ideal magnetic probe for use as a magnetosensor requires unifor-
mity in size and magnetization. Ferromagnetic particles have been used rather than 
ferrimagnetic particles, since ferrimagnetic particles aggregate with each other in 
aqueous conditions. The ferromagnetic particles generally used consist of polymer 
containing dispersed nano-sized magnetic particles, such as maghemite ( -Fe

2
O

3
) 

or magnetite (Fe
3
O

4
), and have highly uniform diameters. However, they are not 

sufficiently uniformly magnetic to be used as highly sensitive magnetosensor 
because of the variation of density of nano-sized magnetic particles [26]. For highly 
sensitive assay using magnetosensors, it is necessary to use homogenously sized 
magnetic particles. Furthermore, micro size magnetic particles or aggregates of 
nano size magnetic particles have been mainly used as magnetosensors. The detection 
of a single magnetic probe using small magneto-resistive spin valve sensor has 
been reported. The size of magnetic particle used was, however, micro size (2 m) 
and the detection range was narrow, 6–20 particles were needed for magnetic signal 
detection [30]. These particles are too large for use as probes in place of fluorescent 
dyes or luminescent reagents. Therefore, the use of nano-sized magnetic particle as 
a magnetic probe is a preferable approach to develop a novel magnetosensor toward 
the miniaturization.

Magnetite (Fe
3
O

4
) particles synthesized by magnetotactic bacteria [37, 38], are 

more uniform in size and shape as compared with artificial magnetite particles. 
The bacterial magnetite particles (BacMPs) are small in size (50 to 100 nm) and 
consist of single crystal of magnetite having a single magnetic domain. Therefore, 
BacMPs are regarded as having uniform particle size and magnetization. 
Each BacMP is covered with a lipid bilayer membrane mainly of phosphatidyletha-
nolamine. BacMPs are ferrimagnetic; however, they have excellent dispersion in 
aqueous solutions imparted by the lipid membrane [39]. The BacMPs have been studied 
with much interest with reference to many engineering applications, such as immu-
noassay, DNA detection, ligand screening, and cell separation techniques as magnetic 
carriers [40–45].
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The utilization of BacMPs as a magnetic probe in biosensor has been examined 
by MFM imaging of single particles [35]. An investigation to determine the presence 
of a specific biomolecular interaction between biotin and streptavidin (SA) was done 
using biotinylated BacMPs and biotin-conjugated glass slide (Fig. 11.3). Magnetic 
detection of SA on biotin-labeled glass slides using biotin-labeled BacMPs was 
performed by direct BacMP counts using MFM. Biotin-BacMPs were applied to 
biotin immobilized on the glass slide after treatment with various concentrations 
of SA. The number of biotin-conjugated BacMPs (biotin-BacMPs) bound to SA 
immobilized on the glass slides increased with SA concentrations up to 100 pg/ml. 
The minimum detection limit for SA was 1 pg/ml. For a comparison, a fluorescent 
detection of Cy3-labeled SA binding onto a biotinylated glass slide was performed 
by a photomultiplier using a fluorescent scanner. The minimum detection limit of 
Cy3-SA was 100 pg/ml of SA, which corresponds to approximately 2,000 molecules 
of SA in the same area if all SA molecules were immobilized on their surface. 
Fluorescent signals at less than 10 pg/ml SA were not able to discriminate from 
background noise. This detection limit is almost the same with a previous report 
(150 pg/ml of IgG) by using a laser-scanning system with a photomultiplier [46]. 
The results by BacMPs-based assay are 100 times more sensitive for the detection 
of SA compared with fluorescent detection, thereby suggesting that its use has 
potential advantages for extremely sensitive biomolecule detection.

11.2  Electrochemical Flow Immunoassay Using Ion Exchange 
Chromatography

Miniaturized immunosensors, which combine the analytical power of microfluidic 
devices with the high specificity of antibody-antigen interactions, have been intensively 
developed [9–11, 47–51]. These platforms have proven to be highly suitable vehicles 
for conducting various immunoassay protocols. Our research groups have described a 
new approach to the performance of miniaturized electrochemical flow immunoassay 
system (on-chip typed flow immunoassay system) by using ferrocene-conjugated 

Fig. 11.3 Schematic illustration of biotin-SA interaction on biotinylated glass slide. Biotinylated 
magnetic particles were applied to the glass slide after treatment with various concentrations of SA
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antibody as an electrochemical probe and ion exchange chromatography [9, 52] 
(Fig. 11.4). Antibody-antigen complexes are separated from unreacted antibodies (or 
antigens) on the basis of their differences in isoelectric point (pI) using an ion-exchange 
resin, and electrochemically detected using a three-electrode flow-cell system. This 
method does not require prior immobilization of the antibody onto a solid phase, and 
has several advantages of a much shorter assay time and a minimal sample volume. 
Recently, a multi-channeled matrix column coated with cation-exchange resin on 
PMMA (polymethyl methacrylate) plate, which is the same size as of a credit card, has 
been constructed as a novel reaction platform towards pregnancy and allergy tests 
(Fig. 11.4). The flow immunoassay system enables the generation of highly reproduc-
ible results using only minute quantities of whole blood samples within 2 min [10]. 
The integration of chromatography and electrochemical detection with the microchip 
technology enables us to expand the potentials of other clinical applications, such as 
diagnosis of diabetes.

Hemoglobin A
1c

 (HbA
1c

), which is glycated on the N-terminal valine of the 
-chain, is well known as the main diabetes marker protein for monitoring long-term 

glycemic control clinically. Minor hemoglobin (Hb) components including HbA
1c

 

Fig. 11.4 (a) Principle of flow immunoassay using ion exchange column. (b) Multi-channeled 
matrix column
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have been originally separated from hemolysates of healthy adult by cation-exchange 
chromatography [53–55]. Because minor Hb components show lower isoelectric 
point (pI ; <6.9) than that of non-glycated Hb (HbA

0
) due to the glycation [56], they 

move down a cation-exchange column faster than HbA
0
 (pI ; 7.0). HbA

1c
 level in a 

healthy adult is ranged from approximately 4% to 5.8 % peak area of total Hb on 
the chromatogram. Based on these understandings, the Japanese Diabetes Society 
(JDS) has developed a high-resolution cation-exchange chromatography for the 
detection of HbA

1c
 (KO500 method) [57]. However, the method is time consuming, 

resulting in slow transfer of examination results from the medical laboratory to the 
patients. Until now, several POCT devices for simple and rapid HbA

1c
 detection 

have been proposed to overcome the above problems. In the application for the 
development of POCT devices, immunoassays are suitable due to the easiness 
in price-reduction, miniaturization and simplification. However, immunoassay 
requires an additional process for the evaluation of HbA

1c
 levels because HbA

1c
 

levels are expressed as a percentage of total Hb. Total Hb amounts are commonly 
measured by colorimetry. Because of the difference in detection range between 
immunoassay and colorimetry, each sample is prepared by individual dilution 
series. These manual operations should be minimized as far as possible in POCT 
device for HbA

1c
 to increase the assay precision [58].

In the on-chip typed flow immunoassay system (Fig. 11.5a), manual operation 
is only mixing the hemolysate sample and ferrocene-conjugated antibody. Although 
a flow immunoassay system based on boronate affinity for detection of glycated 
hemoglobin has been proposed [59, 60], ion exchange chromatography is found 
more suitable to separate and measure each hemoglobin (HbA

0
 and HbA

1c
). This 

system enables to measure total Hb and HbA
1c

 simultaneously using the same 
sample. The currents in the eluted fractions were detected by the on-chip typed 

Fig. 11.5 Electrochemical detection of immunocomplexes using on-chip typed cation-exchange 
chromatography and ferrocene-conjugated antibody. Flow rate: 200 l/min; Column volume: 
30 l, Buffer change point: 350, 650 s
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cation exchange chromatography. Three peaks observed by a stepwise elution, were 
explained as minor Hbs, HbA

1c
, HbA

0
 and HbA

2
. HbA

1c
 levels in hemolysates were 

calculated from the peak area. Good correlation of HbA
1c

 level between KO500 
method and on-chip typed method was obtained (Fig. 11.5b). This method can be 
applied to POCT devices for clinic or bedside testing of diabetic patients.

11.3  Integrated Genetic Analysis System

Miniaturized biochip device has been recently attracting much attention due to their 
increasing applications to clinical diagnosis based on genomic analysis, consisting 
of DNA extraction, PCR, electrophoresis and DNA sequencing (Fig. 11.6). To 
design a total analysis system on a chip, DNA extraction step plays an important 
role in subsequent polymerase chain reaction (PCR). Furthermore, microchips to 
accelerate DNA hybridization and to attain rapid, accurate and high-throughput 
DNA detection are required. Especially, the detector compatibility with the micro-
total analysis system is extremely important to solve the technical and cost prob-
lems. In this section, recent developments in DNA extraction and miniaturized 
photosensor are summarized.

11.3.1  Microchip for DNA Extraction Using  
Aminosilane-Modified Solid Supports

Magnetic particle (or bead)-based DNA extraction has been commonly used for 
molecular biology due to quick processing time, reduced chemical need and easy 
separation using a magnet. Several magnetic particles for DNA extraction have been 
already commercialized. Magnetic silica particles have been widely used for the 
DNA extraction based on the method invented by Boom [61]. A solid phase revers-
ible immobilization (SPRI) based on DNA binding to the surface of carboxyl coated 
solid-phase under conditions of high polyethylene glycol and salt concentration 
[62, 63] has been developed for a novel DNA purification method specially for highly 
robust and cost-effective assay toward the complete human genome sequence [64].

Fig. 11.6 Schematic illustration of integrated genetic analysis system
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A separation process using magnetic particles has been commonly accepted as 
a microdevice or microchamber-friendly procedure. The magnetic separation has 
been adopted in a number of flow-based analytical operations, such as the purifica-
tion of PCR products using SA-labeled magnetic particles [65], bound/free separations 
in immunoassay using antibody-labeled magnetic particles [66] and in pathogen 
detection using DNA-labeled magnetic particles [67, 68], in microchambers. 
Despite the utility of magnetic particles, microfabricated structures, such as packed 
beads, resins and pillars were preferred to magnetic particles [69–71] for flow-based 
DNA extraction using the Boom method and SPRI, since the magnetic particles 
settle down by spontaneous sedimentation in aqueous conditions, resulting in the 
need for suspending magnetic particles in microchamber. Especially, the mixing of 
magnetic particles in microchamber is difficult for the above-mentioned DNA 
extraction because highly viscous solutions were used in DNA adsorption process. 
Until now, the mixing of magnetic particles in a microchamber has not been opti-
mized although several studies on efficient mixing in flat microchamber have been 
reported in DNA microarray analysis to enhance the hybridization efficiency by 
using air-driven bladder [72], cavitation microstreaming [73] and chaotic mixer 
[74]. Furthermore, magnetic particles suitable for flow-based DNA extraction have 
not been proposed.

Our research groups have demonstrated a novel DNA extraction using 
aminosilane-modified solid supports [75–77]. The principle is based on electrostatic 
interaction between amino groups on solid supports and nucleic acids, and subse-
quent DNA release under high salt or higher pH conditions. In this format, DNA 
adsorption under high viscous conditions was not required because cell lysates 
were directly used as DNA samples. At first, a simple microchip device for DNA 
extraction was constructed based on electrostatic interactions between surface 
amine groups and DNA. Microchannel (Fig. 11.7a) was fabricated on silicon wafer 
by photolithography and coated with 3-[2-(2-aminoethylamino)-ethylamino]-
propyltrimethoxysilane (AEEA) to introduce amine groups on the surface. The amount 
of DNA captured in the microchip increased depending on surface amine density. 
Furthermore, DNA extraction using amine-coated microchip from whole blood was 
examined. Only DNA was effectively eluted by changing alkalinity of buffer from 
pH 7.5 to 10.6. The amount of DNA extracted from whole blood was approxi-
mately 10 ng and its recovery ratio was 27–40%. Performance of PCR for the 
eluted fraction indicates that DNA extracted from whole blood was well purified 
using amine-coated microchip. Recently, a cascading hyperbranched polyamido-
amine dendrimer was successfully synthesized on the surface of bacterial magnetic 
particles (Fig. 11.7B), which were purified from magnetic bacterium, 
Magnetospirillum magneticum strain AMB-1 (See also Section 11.1), to enhance 
the efficiency of DNA extraction [78, 79]. The amine-dendrimer modified magnetic 
particles (amine-magnetic particles) show good dispersity in aqueous solutions and 
easy separation using a magnet after DNA capturing. The high dispersibility will 
be suitable for an effective mixing of magnetic particles and DNA extraction in 
microchamber. The potential utility of amine-magnetic particles in the DNA extraction 
from Escherichia coli cells in a polydimethylsiloxane (PDMS)-based micro-
chamber has been investigated. DNA capturing by amine-magnetic particles 
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from the cell lysate was more than 90% of released DNA in the PDMS microchamber. 
These results indicated that efficient cell lysis and DNA capturing was suc-
cessfully achieved by amine-magnetic particles in the microchamber. Successful 
PCR amplification was performed using E. coli genomic DNA released from 
amine-magnetic particles. The peak based on PCR amplification was observed by 
capillary electrophoresis when more than 102 cells of E. coli were used.

Fig. 11.7 (a) Layout of the aminosilane-modified microchip for DNA extraction. Channels: 300 m 
wide × 100 m deep; Total volume: 3.7 l (adapted from Nakagawa et al. 2005). (b) Polyamidoamine 
dendrimer synthesis on the surface of aminosilane-modified magnetic particles. Dendrimer genera-
tion was initiated with AEEA coated magnetic particles in methyl acrylate (I). Then, ethylenedi-
amine (II) was reacted with the modified particles (Generation 1). Stepwise growth was repeated 
until the desired number of generations was achieved. (adapted from Yoza et al. 2003)
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11.3.2  Integrated Circuits for DNA Chip Technology

DNA chips (or microarrays) have been used widely in gene expression studies and 
genotyping. Photomultiplier tubes (PMTs), which are adopted for use in most 
commercialized detectors due to their high gain potential (in the order of 106) [80], 
have been one of the preferred detection systems for DNA chips. However, a laser-
scanning system and confocal microscopy are required for two-dimensional (2D) 
measurement of fluorescent spots. Alternatively, charge-coupled device (CCD) 
arrays have been used for 2D measurements. Recent advances in optical sensing 
technology allow us to construct compact DNA chip devices. Various photodetectors, 
such as the PIN photodiode [81, 82], the microavalanche photodiode ( APD) [83], 
and the miniature complementary metal oxide semiconductor (CMOS) sensor 
[84–87] have been proposed in place of PMTs and CCD [88] as they are portable, 
compact, and inexpensive photodetecting devices, which can be adapted easily to 
biochip systems. This integrated circuit (IC) technology is a promising technique 
for DNA chip systems in addition to biochip systems. Electric (or electrochemical) 
detection of DNA is also a promising technique; however, research on electric DNA 
sensors has focused more on label-free DNA hybridization [89–93] because electric 
detection shows good performance at qualitative assays, such as point-of-care test-
ing, but not in quantitative assays as compared with fluorescence detection. In this 
section, miniaturized photodetectors towards DNA chip technology are summa-
rized (Table 11.1).

In general, DNA probes have not been immobilized directly onto the above 
photo-detecting devices. Rather, probes have been fixed onto glass slides, optical 
fibers, membranes, and microchambers as separated reaction sites, because these 
devices are not disposable and do not have sufficient thermostability under relatively 
high temperature conditions required for the DNA hybridization and DNA denatur-
ation process. Correspondingly, external optical systems are required to collect the 
emitted fluorescence efficiently from the separated reaction sites. Thin film transis-
tor (TFT) photosensor was an ideal choice as a disposable and thermostable 
(tolerant to more than 100°C) photodetecting device [94]. A novel DNA chip system 
was demonstrated using a TFT photosensor that was fabricated by semiconductor 
IC technology. The oligonucleotide-arrayed TFT photosensor was applied to single 

Table 11.1 Applications of miniaturized photosensor to biosensor

Photosensor Form at Application References

CCD Luminescence DNA hybridization Lamture et al (1994) [88]
PIN photodiode Fluorescence Size fractionation of DNA Kamei et al (2003, 2005) 

[81, 82]
micro-APD Fluorescence – Chabinyc et al (2001) [83]
CMOS Fluorescence – Vo-Dinh et al (1999) [85]

Luminescence Glucose sensor Ho et al. (2007) [87]
Luminescence DNA chip Mallard et al (2005) [86]

IFT Fluorescence DNA chip Tanaka et al (2006) [94]
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nucleotide polymorphisms (SNPs) detection. A SNP in the aldehyde dehydroge-
nase 2 (ALDH2) gene on chromosome 12, which has significant implications for 
the evaluation of susceptibility of human organs to damage induced by alcohol [95, 
96] was used as a target. DNA hybridization with biotinylated DNA and subsequent 
binding of fluorescently labeled SA was detected on the TFT photosensor surface. 
The TFT photosensor consisted of a 200 × 240 pixel array (50 m × 50 m each) 
with a 50- m pitch. To develop a photosensing system with optimized perfor-
mance, the spectral responses of the TFT photosensor were measured. The non-
coated TFT photosensor detected light over a broad wavelength range with peak 
sensitivity at 450 nm. A TFT photosensor with a cut-off wavelength shorter than 
approximately 300 nm was prepared by coating with TiO

2
 film. Correspondingly, 

the wavelength of the excitation source was set at 11 nm below the cut-off wave-
length to eliminate excitation light and to detect only the emission radiation on the 
TFT photosensor (Fig. 11.8a). The UV light source with a band pass filter of 
289 nm and cut-off filters for more than 300 nm and 350 nm was used as excitation 
source. Two fluorophores, AlexaFlour 350 (ex: 346 nm, em: 442 nm) and Qdot 565 

Fig. 11.8 (a) Topside view and schematic cross-sectional view of the TFT photosensor. (b) TFT 
photosensor images of oligonucleotide array. Oligonucleotides immobilized on TFT photo sensor 
were reacted with biotin-labeled ALDH2*1 (21 mer), and subsequently reacted with Alexa Fluor 
350-labeled SA. Spot diameter: 500–600 m
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(ex: <565 nm, em: 565 nm) were selected for use because these fluorophores have 
shorter excitation wavelengths and showed little overlap of the emission signal with 
the excitation signal. Alexa Fluor 350 is the only organic fluorescent dye, which is 
commercially available, excited in the ultraviolet wavelength, and shows little over-
lapping of the emission signal with the excitation signal. DNA hybridization with 
biotinylated DNA and subsequent binding of fluorescently labeled SA was detected 
on the TFT photosensor surface. Approximately, 100 of the TFT elemental devices 
were used to observe one spot. The signal was converted to an electric current, 
amplified, and digitized for 2D imaging. Fig. 11.8b shows a TFT photosensor 
image of the oligonucleotide-array after target DNA was exposed to various con-
centrations of immobilized oligonucleotide. Initially, biotinylated target DNA for 
ALDH2*1 was hybridized, and then AlexaFluor-SA was reacted with the biotin-
labeled DNA on the surface of the photosensor. Fluorescent spots were observed 
only on the ALDH2*1 detection oligonucleotide-arrayed photosensor and not on 
the ALDH2*2 detection oligonucleotide-arrayed photosensor (Fig. 11.8b). The use 
of the TFT photosensor will allow the development of a disposable photodetecting 
device for DNA chip systems.

11.4  Conclusions

In this chapter, the role of electrochemical and magnetic biosensors towards devel-
opment of portable, compact and inexpensive biochip devices has been demon-
strated. Direct measurement of electrochemical signals, such as ferrocene molecule, 
is a preferred approach to simplify the process towards miniaturized biochip 
devices. Furthermore, the use of magnetic probes promises to increase the sensitiv-
ity. Future research may be in the direction of developing new probes, e.g. nano-
materials for differing bio-applications.
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Abstract Integration of biological substance within electronic devices is an 
innovative and challenging area combining recent progress in molecular biology 
and micro technology. First, we introduce the concept of integrating living cells 
with Micro Electro Mechanical Systems (MEMS). Following a brief overview 
on “whole cell based biosensors” we describe the design, fabrication, and process 
of a biocompatible electrochemical “Lab-on-a-Chip” system. Demonstrating the 
application of electrochemical interfacing based whole cell bio chips, we present 
two different configurations: a. integration of prokaryotic cells (bacteria) for water 
toxicity detection, and b. integration of eukaryotic cells (human colon cancer cells) 
for rapid evaluation of the effectiveness of drug treatments. Both applications, with 
either microbes or mammalian cells integrated onto MEMS based biochips with 
liquid volume in the range of 100 nL–1 L, function well and yield a detectable 
signal much higher than noise level after few minutes.

12.1  Introduction

In the last couple of decades, both Micro-electro-mechanical systems (MEMS) and 
microbiology achieved remarkable progress. MEMS provide very small systems, 
made of very small electrical and mechanical components. These systems range in 
size from sub micrometer level to millimeter level, and can include any component 
number, from a few to millions, in a particular system. MEMS extend the fabrication 
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techniques developed for the integrated circuit industry to many fields like 
micro-mechanics, micro-fluidics, optoelectronics, and magnetism.

The intensive researches and developments in microbiology, biotechnology, and 
genetic engineering over the last decade have demonstrated that life science is a 
central scientific discipline. The introduction of genetic tools such as transposes, 
coupled with the ability to clone genes and determine DNA sequences, and the 
subsequent explosion of techniques based upon these methods made it possible to 
dissect the molecular genetics of any organism. These developments allowed us to 
answer questions that were previously deemed impossible and that have a major 
impact on every discipline of biology, with practical applications in medicine, 
agriculture, bioremediation, and biotechnology.

The integration between the two different disciplines, micro-biology and micro-
electronics, poses an exciting and challenging goal for the present decade. The 
developments related to this area led to the invention of novelty devices and smart 
biosensors.

A general definition for the term “biosensor” is “the coupling of a biological 
material with a microelectronic system or a device to enable rapid, accurate, low-
level detection of various substances in body fluids, water, and air” [1]. Cell-based 
biosensors are devices that contain living biological cells that monitor physiological 
changes induced by exposure to environmental perturbations such as toxicants, 
pathogens, or other agents [2]. Recent progress in cell culture and micro-fabrication 
technologies has suggested the development of cell-based sensors for the functional 
characterization and detection of drugs, pathogens, and toxicants. Unlike other bio-
sensors such as nucleic acid or antibody-based sensors, cell-based biosensors are not 
specific for certain compounds but are capable of responding to a wide range of 
biologically active compounds and offer the potential to gather greater information 
content than bio-molecular-based sensors. Cell-based biosensors measure physio-
logic, metabolic, or network processes and responses that integrate many biological 
components [3, 4]. The cell-based biosensors can be used for high-throughput drug 
discovery and clinical diagnostics, and for the detection of toxic agents and certain 
odorants. For evaluating toxicology and efficiency of potential pharmaceuticals, the 
cell-based sensor can substitute for the use of live animals, which is expensive, cum-
bersome, and is probably going to be restricted in the future.

12.2  Electrochemical “Lab on a Chip” for Biological 
Applications

Lab-on-a-chip technology characterize in network of channels and wells mainly on 
silicon substrate that enables faster, better ,and cheaper multi sample handling and 
detection, on a single integrated system. Basic electrochemical studies and biologi-
cal researches can be beneficial utilizing electrochemical “lab-on-a-chip” systems, 
which are easy to use, require low sample and reagent consumption, and enable 
high reproducibility due to standardization and automation. In the following section 
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we describe the development of a miniaturized electrochemical “Lab-on-a-Chip” 
system for multi functional use and for biological based applications.

12.2.1  Device Fabrication

The chip was produced on silicon wafers and includes arrays of eight independent 
electrochemical cells, which are temperature-controlled. Each electrochemical cell 
can hold 100 nL of solution and consists of three embedded electrodes: (1) Gold 
working electrode, (2) Gold counter electrode, and (3) Ag/AgCl reference electrode. 
The electrodes are made by gold sputtering, microlithography, and by selectively 
depositing Ag and anodizing it in a chloride containing solution for the reference 
electrode. The wall of the chambers is constructed from photopolymerized polyim-
ide (SU-8). The silicon chip is wire bonded to a plastic chip which interfaces the 
electronic circuit (Fig. 12.1).

The device was manufactured as two parts: the first part is a disposable silicon chip 
– with the electrochemical cells arrays. The silicon chip was wire bonded to a special 
printed circuit board (PCB) platform, which was directly connected to the data pro-
cessing units. The second part of the device is reusable, which includes a multiplexer, 
potentiostat, temperature control and a pocket PC for sensing and data analysis (for 
more details see [5]). This design enables performance of multi experiments simulta-
neously and each electrochemical cell can be measured independently. The total 
weight of the entire system is ~900 g, making it ideal for medical applications.

This new design of nano chambers array on chips allows a broad band of mea-
surements. We can simultaneously test eight different toxicant types with the gen-
eral stress responsive promoter by introducing to each chamber a different toxicant, 
or, in order to specify unknown aqueous sample, we can test the sample with eight 
different stress responsive promoters. Thus we obtain an indication of the toxicant 
type. In addition, the array configuration enables the addition of positive and nega-
tive control chambers for each experiment.

Fig. 12.1 Images of the electrochemical chip. (a) Silicon chip contains an array of eight miniatur-
ized electrochemical cells with external pads. (b) The electrodes without the top layer (SU-8). 
Each electrochemical-cell consists of three circular-shaped electrodes: gold working and counter 
electrodes and Ag/AgCl reference electrode
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12.3  Water Toxicity Detection

Here we present a novel method for water toxicity detection by integrating living cells 
with microelectronic device. Bacteria, which have been genetically engineered to 
respond to environmental stress, act as a sensor element and trigger a sequence of 
processes, which lead to generation of electrical current. The specific design and pro-
cess of the electrochemical “Lab on a chip”, which integrates the recombinant bacteria 
provide highly accurate, sensitive, and rapid detection of acute toxicity in water.

The most important reason for utilizing living cells as biosensors lies in their 
capability to provide functional information, i.e. information about the effect of a 
stimulus on living organisms. The aim of the present biochip is to offer the unique 
“functionality” sensing capability. It answers the question “Is the water toxic?” and 
it does not intend to perform chemical analysis or identify the nature of the toxicant. 
These whole-cell sensing systems can be visualized as an environmental switch, 
which is turned on in the presence of toxins or stressful conditions. In many 
cases, functional rather than analytical information is ultimately desired. In other 
applications, it complements and adds a special feature to a system by emulating 
the behavior of living entities.

The vast development in genetic engineering of living cells enables the use of 
recombinant cells as cell-based sensing systems [6, 7]. The cascades of mecha-
nisms by which E.coli bacterial reactions to toxic chemicals or to stressful condi-
tion are electrochemically converted into electronic signals have been previously 
reported [8–10].

12.3.1  Recombinant Bacteria

Genetically engineered bacteria were used as whole cell sensors for acute toxicity 
in water. The recombinant bacteria react to the presence of toxin by activating spe-
cific promoter (regulatory DNA sequence). This promoter induces the production 
of the reporter enzyme -galactosidase. This enzyme reacts with the PAPG sub-
strates (molecules that where initial placed inside the chambers) to produce two 
different products: electrochemical active product p-aminophenol (PAP), and inac-
tive product -d-galactopyranoside. The PAP molecules are oxidized on the work-
ing electrode at 220 mV. This oxidation is converted to a current signal using an 
amperometric technique.

12.3.2  Experimental

Recombinant E.coli bacteria bearing plasmid with one of the following promoters: 
dnak, grpE, or fabA were used. These promoters were fused to the reporter enzyme 

-galactosidase [5, 7]. Ethanol [1%] or phenol [1.6 ppm] was introduced to the 
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bacterial samples in the presence of the substrate PAPG. Immediately after (~1 s), 
the suspensions were placed in the electrochemical cells. The response of the bac-
teria to the toxic chemicals was measured on-line by applying a potential of 
220 mV. The substrate, PAPG, was added to a final concentration of 0.8 mg/ml 
(100 nL total volume). The product of the enzymatic reaction (PAP) was monitored 
by its oxidation current. Additional measurements in the absence of the bacteria 
were performed to exclude the possibility of electroactive species in the LB 
medium, in the substrate, or in the substrate and the LB medium mixture, which can 
contribute to the current response. Bacteria concentration at 3 × 107 cells/ml was 
used for all experiments.

12.3.3  Water Toxicity Measurements

Real time detection of the response of recombinant E. coli bacteria, with one of the 
promoters dnak, grpE, or fabA, to ethanol and phenol are shown in Figs. 12.2 and 
12.3, respectively.

The different E. coli reporters are fabA, dnaK and grpE. Measurement was per-
formed immediately after the ethanol addition (~1 min) at 220 mV working potential 
vs Ag/AgCl reference electrode. The LB curve represents the bacterial response to 
the LB medium with the substrate PAPG without ethanol.

The results show that concentration of 1% ethanol could be detected within less 
than 10 min, and concentration as low as 1.6 ppm phenol could be detected within 
less than 6 min. Different intensity response of the various bacterial sensors, dnaK, 
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Fig. 12.2 Amperometric response curves for on line monitoring of different E. coli reporters in 
response to the addition of 1% ethanol, using the nano-bio-chip
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Fig. 12.3 Amperometric response curves for on line monitoring of different E. coli reporters in 
response to the addition of 1.6 ppm phenol, using the nano-bio-chip

grpE, and fabA, to ethanol and phenol is due to the specific activation of each promoter 
to the type of the toxicant. The promoters dnaK and grpE are sensitive to protein 
damage (SOS system); thus, they were induced in response to ethanol which is 
known as protein damage agent [6] (Fig. 12.2). grpE showed high induction activity 
in response to ethanol, dnaK showed reduced enzyme activity, and fabA was only 
slightly induced above the background level. fabA promoter is sensitive to mem-
brane damage, and thus, reacts to phenol exposure, which is a known membrane 
damage chemical. As expected, grpE and dnaK promoters were less activated by 
phenol (Fig. 12.3).

The different E. coli reporters are fabA, dnaK and grpE. Measurement per-
formed immediately after the ethanol addition (~1 min) at 220 mV working poten-
tial vs Ag/AgCl reference electrode. The LB curve represents the bacterial response 
to the LB medium with the substrate PAPG without phenol.

In comparison to equivalent optical detection methods using whole cell biosen-
sors for water toxicity detection, these results proved to be more sensitive and 
produce faster response time. Concentrations as low as 1% of ethanol and 1.6 ppm 
of phenol could be detected in less than 10 min of exposure to the toxic chemical, 
whilst a recent study [11] which utilized bioluminescent E.coli sensor cells, 
detected 0.4 M (2.35%) ethanol after 220 min. An additional study [1] based on 
fluorescent reporter system (GFP), enabled detection of 6% ethanol and 295 ppm 
phenol after more than one hour. Cha et al [12] used optical detection methods of 
fluorescent GFP proteins, detected 1 g of phenol per liter (1,000 ppm) and 2% ethanol 
after 6 hours. Other studies [13] could not be directly compared due to different 
material used; however their time scale for chemicals identification is hours.

These results emphasize the advantages of merging electrochemical detection 
methods with adjusted design and process of MEMS, which result in fast response 
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time and low detection limit. Enhanced sensitivity and high signal to noise ratio is 
achieved by optimizing the ratio between working electrode area and cell volume. 
The larger the ratio, the higher the signal.

In order to prevent false alarms, all arrays include positive and negative controls 
chambers. In the positive control chamber, other than adding the tested sample with 
the unknown chemicals to the bacterial solution, pure water was added. In case a 
current signal was generated, it is a false alarm. A negative control chamber 
includes w.t. (MG1655) E.coli bacteria that constitutively expresses -galactosi-
dase; thus, current should be generated in all cases. When no current is generated, 
measurement is incorrect due to bacterial death from highly toxic chemicals added 
or from other unknown reason. However, chemicals can produce only constant DC 
current signal, while the enzymatic reaction act as an intrinsic amplifier, and gener-
ates increasing current signal.

Biochemical process, which intends to produce a measurable signal, has 
immense benefit while utilizing enzymatic activity. Since enzymes form continu-
ously, and each enzyme reacts with many substrate molecules successively, this 
enzymatic mechanism serves as an intrinsic amplifier; consequently the signal is 
produced faster, more sensitively, and increasing with time [14]. Combining enzy-
matic system with electrochemical detection methods enables measurements in 
turbid solutions and under anaerobic conditions [9].

In addition to the aforementioned capabilities, this “lab on a chip” system could 
be easily adapted to different applications, including specific identification of 
chemicals by using binding techniques, i.e., each electrochemical cell in the array 
can incorporate different biosensors. Thus, large amount of analytes can be detected 
simultaneously and independently. Similarly, in experiments aiming to analyze 
physiological reactions, bacteria harboring different types of promoters can be 
introduced to the chambers, and thus, this lab on a chip can detect a variety of toxi-
cant types simultaneously.

12.4  High-Throughput Detection of Colon Cancer Cells 
Response to Drug Treatments

A new method is presented for rapid, sensitive, and high-throughput detection of 
colon cancer cells (HT-29) response to differentiation therapy, using our novel elec-
trochemical Lab on a Chip system. Differentiation inducing agents such as butyric 
acid (BA) and its derivatives were introduced to miniature colon cancer samples (few 
to hundreds cancer cells in each sample) within the chip chambers. The efficacy of 
each of the differentiation inducing agents to elevate alkaline phosphatase in colon 
cancer cells was evaluated through electrochemical detection of the cellular enzy-
matic activity level, while reappearance of normal enzymatic activity denoted effec-
tive differentiation therapy drug treatment. The results demonstrate the array based 
device ability to evaluate simultaneously multiplex drugs effect on miniature tumor 
sample (~15 cells) rapidly (5 min) and sensitively, with quantitative correlation 
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between the cancer cell number and the induced current signal. Utilizing nano-vol-
ume analytical device is of special interest in clinically relevant samples since it 
requires less tissue for diagnostics, and enables high-throughput analysis and com-
parison of various drugs effect on one small tumor sample, while keeping uniform 
biological and environmental conditions. In addition, this new method can help tailor 
cancer drugs and treatments to individual patients towards “personalized medicine”.

High-throughput detection of nano volume tissue and cell samples offers great 
potential for increasing the amount and quality of biomedical data and has a wide 
range of applications. In cancer research, this technology can greatly improve diag-
nostics and therapy, including basic research, detection of cancer markers, and 
testing patient’s response to different treatment modalities and thereby tailoring the 
treatment to an individual patient. Currently it is known that tumor treatment 
response cannot be predicted only from its type and anatomical location, but from 
its own overall individual parameters [15, 16]. Examination of the particular tumor 
responses to several drug types simultaneously and in exactly the same conditions, 
will be invaluable in providing optimal treatment to each patient.

In this study we present a unique high-throughput electrochemical system for 
the detection of colon cancer cells response to different differentiation inducer 
agents. Current cancer therapeutic strategies focus predominantly on achieving the 
removal or death of cancer cells within the patient, through three basic approaches: 
surgery, chemotherapy [17], and gamma irradiation [18]. These methods are 
aggressive, highly toxic, and often nonspecific. [19]. “Differentiation therapy” is an 
alternative less toxic approach for cancer treatment, which employs agents that 
modify cancer cell differentiation [20]. Upon appropriate treatment, cancer cells 
restrain their own growth and resume their normal growth rate [21, 22]. In addition, 
the differentiation therapy is utilized as a complementary treatment to conventional 
surgery treatment, as the latter can eliminate most, but not completely cancer cells 
within the patient, leading to remission of the disease.

BA is a potent differentiation agent in a wide variety of cancer cells in-vivo and 
in-vitro [23, 24]. Butyrate has been shown to specifically affect genes regulation by 
transcriptional and post transcriptional modifications. It induces dose dependent dif-
ferentiation and inhibits proliferation of various malignant cells types including 
erythroleukemia, embryonal carcinoma and colon carcinoma [25, 26]. BA induced 
the expression of specific differentiation-associated genes when used at concentra-
tion between 0.5–10 mM. Differentiated cells are characterized by appearance of 
regulatory enzymes such as alkaline phosphatase [27].

Butyrate has potential for use in differentiation therapy but is limited by the 
requirement of millimolar concentrations and short metabolic half-life for efficacy. 
In order to overcome these problems BA derivatives (prodrugs) have been synthe-
sized and screened. Among them, pivaloyloxymethyl butyrate (named AN-9) has 
demonstrated impressive anticancer activity in preclinical and clinical studies [23, 
24, 28]. AN-9, metabolized intracellularly to acids and aldehyde, affects and pen-
etrates cancer cells about 100-fold faster than BA [25].

In this work we chose HT-29 human colon cancer cells (ATCC) as a model system 
for high throughput screening of human cancer cells response to differentiation therapy. 
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HT-29 cells are sensitive to differentiation therapy agents such as BA and its 
derivatives (AN-7 and AN-9) by enhancement of the alkaline phosphatase activity 
[25, 29]. According to the enzymatic activity level of the treated cancer cells, the 
efficiency of the particular drug treatment was evaluated. In general, normal enzy-
matic activity denotes that the cells differentiate properly as a consequence of the 
particular drug treatment, whilst lack of enzymatic activity denotes ineffectual drug 
treatment for the particular cancer tumor and for the particular patient.

12.4.1  Example to Electrochemical Sensing of Cancerous  
Cells Response to Drug Treatment

Alkaline phosphatase activity measurements: The activity of the enzyme alkaline 
phosphatase is determined by using the substrate p-aminophenylphosphate (PAPP). 
The product of the enzymatic reaction, PAP, is oxidized on the working electrode 
at 220 mV. This oxidation current is monitored.

An array of eight-channeled 100 nL electrochemical chambers was loaded with 
HT-29 human colon cancer cells that were treated with BA or its derivatives. The 
HT-29 cells were grown in DMEM medium in the presence of fetal bovine serum 
for 3 days prior to drugs treatment. The measurements were performed in PBS with 
the intact cells and without additional treatment of the cancer cells such as lysis.

The treated cells were placed into the electrochemical chambers and the sub-
strate PAPP was added to a 1 mg/ml final concentration at a total volume of 100 nL. 
Alkaline phosphatase activity was measured by monitored the PAP oxidation current. 
The electrochemical chips are disposable and were replaced every experiment.

BA at increasing concentrations of 0, 0.078, 0.156, 0.3125, 0.625, 1.25, 2.5, 5, 
and 10 mM was added to the HT-29 cell cultures and incubated for 72 h for opti-
mization. Optimal butyrate concentration, LC

50
 and viability were calculated 

accordingly. The optimal BA concentration was found to be 2.5 mM.

12.5  Results and Discussion

The effect of BA, AN-9, and AN-7 on the HT-29 colon cancer cells was examined 
after incubation for 96 h, by measuring the induced alkaline phosphatase activity. 
Each electrochemical chamber on the array was loaded with cells exposed to dif-
ferent agent type. BA, AN-7, and AN-9 were tested. The results are shown in 
Fig. 12.4.

Normal enzymatic activity denotes that the cells differentiate properly as a 
consequence of the particular drug treatment. As shown in Fig. 12.4, BA and AN-7 
induced enzymatic activity of alkaline phosphatase, whilst AN-9 did not induced 
any enzyme activity. AN-9 showed no induction compared to AN-7 at 50 M 
concentration exposure, which may be related to its reduced potency regarding 
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Fig. 12.4 HT-29 colon cancer cells response to BA, AN-7, and AN-9. Amperometric response 
curves for monitoring of alkaline phosphatase activity using the electrochemical array chip. The 
HT-29 colon cancer cells were exposed to the differentiation agents: Butyric acid (2.5 mM), AN-7 
and AN-9 (50 M). The HT-29 cells with the substrate PAPP were placed into the 100 nL volume 
electrochemical chambers on the chip. Current was measured using the amperometric technique 
at 220 mV

HT-29 cancer cells [30, 31]. In addition, positive and negative controls were 
performed (data not presented); It is important to note that AN-7 exerted similar 
differentiation effect on the BA although its concentration was lower by 1.5 orders 
of magnitude - 50 M Vs. 2.5 mM for AN-7 and BA, respectively.

To exclude the possibility of false positive and false negative signals, all arrays 
included controls chambers (data not shown); for false positive control we first 
amperometrically measured each of the components alone: the untreated HT-29 
cells, the treated HT-29 cells, and the drugs. Next we measured the combinations 
of untreated HT-29 cells with and without PAPP and the different drugs with PAPP. 
False negative control necessitates current generation in all experiments; we loaded 
the chamber with purified alkaline phosphatase and PAPP.

12.5.1  Quantification of Cancer Cells by the Biochip

We further examined the correlation between the current density and the number of 
cells that were presented in the chip chamber. The HT-29 cells were counted under 
the microscope and the induced current was measured as shown in Fig. 12.5.
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Fig. 12.5 Amperometric response curves for monitoring of alkaline phosphatase activity using 
the electrochemical array chip. We show the deposited cells with PAPP (left) and the output as a 
function of time on the right correspondingly

That figure shows Amperometric response curves for the monitoring of alkaline 
phosphatase activity using the electrochemical array chip. HT-29 colon cancer cells 
were exposed to Butyric acid (2.5 mM). The HT-29 cells with the substrate PAPP 
were placed into the 100 nL volume electrochemical chambers on the chip (left 
column). Current was measured using the amperometric technique at 220 mV. 
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Upper middle and lower curves represent the current response of about 100, 15, and 
0 cells counted inside the chamber, respectively.

Multiple measurements demonstrated high correlation between cell number 
counted inside the chamber and alkaline phosphatase activity. The results are 
shown in Fig. 12.6.

In this study, we have demonstrated a new electrochemical method for highly sensi-
tive, accurate, and rapid multiplex detection of colon cancer cells response to differen-
tiation therapy. The development of an electronic biochip array system, adjusted to 
biological experiments can help tailor cancer treatment to individual patients. Human 
colon cancer cells, HT-29, were treated with the differentiation therapy drug agents 
BA, AN-7, and AN-9, and the cells response was simultaneously measured on line and 
compared. This microarray technology provides the ability to test on line the affect of 
multi-drug agents, and to tailor effective therapy to the individual.

We found significant quantitative correlation between the induced current 
signals and the number of cancer cells counted inside the nano-volume elec-
trochemical chambers. The ability to quantitate the enzymatic reaction of few 
living cells is due this new geometry, in which electrochemical cell dimensions 
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Fig. 12.6 Correlation between HT-29 colon cancer cell number and the induced alkaline phos-
phatase enzymatic activity. Activity is presented by current/ time. Each result represents the mean 
of three measurements. Current was measured using the amperometric technique at 220 mV
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were reduced to nano-scale. The construction of an array of nano chambers on one 
silicon chip leads to high throughput in addition to the capability of performing 
multi experiment simultaneously and independently.

12.6  Summary and Conclusion

In this study, a miniaturized and portable electrochemical analytical device was 
fabricated, studied, and characterized. The benefit of this new geometry, in which 
electrochemical cell dimensions were reduced to nano-scale, and the ratio between 
the working electrode area and cell volume was optimized, is demonstrated by the 
results presented here, which showed high sensitivity and extremely fast response 
time. The construction of an array of nano chambers on one silicon chip leads to 
high throughput in addition to the capability of performing multi experiment 
simultaneously and independently. The total weight of the entire system is ~900 g, 
making it ideal for field environmental monitoring and for medical applications.

A novel integration between microelectronic devices and living organisms for 
electrochemical detection of toxicity in water has been demonstrated. The electro-
chemical “Lab on a chip” provides rapid and sensitive real-time electrochemical 
detection of acute toxicity in water. A clear signal is produced within less than 
10 min of exposure to various concentrations of toxicants, or stress conditions, with 
a direct correlation between the toxicant concentration and the induced current. 
During measurement period the bacteria remained active and were capable of 
performing cellular gene expression and enzymatic activity, which demonstrate the 
chip biocompatibility.

The use of MEMS technology in the health care arena leads to the developments 
of indispensable sophisticated intelligent devices. The miniaturization of these 
analytical devices is critical since it will enable the analysis of large number of 
drugs per sample and may be used directly with small biopsy’s samples or small 
volumes of body fluids. This in turn leads to fast response time, sensitive and 
cost-effective analysis.

Future extension of the present research project includes in vivo and clinical 
applications. Interfacing biological materials with microelectronics may make it 
possible for chips to be inserted as reporter elements within humans. It may be 
utilized as nano-laboratories, on-chip data acquisition and partial processing as well 
as communicating with bio-systems. These technologies will change the scope of 
our abilities to monitor biochemical reactions in multicultural organisms, and may 
lead to interesting pharmaceutical and clinical developments.

The power of the microelectronic technology, and its usefulness to extreme and 
precise miniaturization enable the construction of highly sensitive, fast, and robust 
devices, which can provide exciting opportunities in the biosensors field as well as 
in the basic research on microorganisms.
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13.1  Introduction

Microelectromechanical Systems (MEMS) [1] and its more recent extension 
Nanoelectromechanical Systems (NEMS) [2] are successful offshoots of the semi-
conductor revolution, which was the hallmark of the latter half of the previous 
 century [3]. Both MEMS and NEMS have established themselves as successful 
fields of endeavor in their own right. In fact, it is fair to say that all nonintegrated 
circuit (IC) technologies are included under the MEMS/NEMS umbrella. Although 
the vast majority of MEMS/NEMS technologies deal with the design and fabrication 
of novel sensors and actuators [3], ancillary technologies such as interconnects and 
packaging form an important part of MEMS and NEMS [4]. In many cases, MEMS/
NEMS also find applications, not as stand-alone devices but as the key enabling 
subcomponents of otherwise conventionally fabricated systems [2]. This chapter 
will provide a survey of MEMS/NEMS fabrication and device technologies with 
particular emphasis on electrochemistry- based fabrication techniques and novel 
devices/instruments technologies that can be developed using electrochemistry.

13.2  Electrochemical Fabrication Techniques  
in MEMS/NEMS

Electrochemical fabrication techniques offer tremendous versatility as cost-effective 
methods to generate MEMS/NEMS materials and structures. The batch processing 
nature of these methods carried out at near room temperature in ambient pressure, 
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also allows for easy integration into Integrated Circuit (IC) and MEMS manufacturing 
technology. However, to date, the diverse capabilities of electrochemical processes 
have been largely under-utilized in the creation of novel MEMS/NEMS devices. 
Fabrication is still dominated by vacuum processes and silicon technology, not only 
because silicon has been so well characterized in terms of processing and as a mate-
rial, being continually fueled by the semiconductor industry, but also because 
silicon is inherently predictable. By comparison, electrochemically fabricated 
materials have lagged, with more recent thrusts to correlate deposition conditions 
to crystalline structure and material properties. Structural properties of electro-
formed materials, such as film stress, adhesion, and elastic modulus, are further 
complicated as they depend not only on deposition parameters but also on previous 
and subsequent deposits [5]. This gap between synthesis and properties is also 
due to the complexity of electrochemical processes. While an electrolytic solution 
with an applied electric current as a reducing or oxidizing medium is simple in 
theory, electrochemical systems can become complicated with a potentially active 
carrier phase, current distribution effects, functional additives, and mass transfer 
phenomena. With the exception of electroless deposition, these systems are con-
trolled by both mass transport and current distribution phenomena [6], which, 
though outside the scope of this chapter, are critical for implementing electro-
chemical microfabrication of MEMS and NEMS. In the MEMS/NEMS context, 
electrochemistry has nevertheless made significant progress, functioning as an 
important tool for deposition, removal, and surface modification of microstructures 
described herein.

13.2.1  Electrodeposition

Simply stated, electrodeposition, also known as electroplating, is the use of electric 
current to deposit metal ions from a liquid solution onto a surface. More specifi-
cally, aqueous, organic, and ionic solutions can be used as the electrolyte for elec-
trodeposition with the latter two being restricted primarily by cost and safety 
considerations. The substrate must also be conductive; a limitation that often neces-
sitates physical deposition as an alternate fabrication technique, especially for 
dielectric materials. Nevertheless, electrodeposition has proven particularly robust, 
as a “workhorse” electrochemical technique for MEMS fabrication. Electrodeposition 
is particularly cost effective for producing thick films (tens of microns to millime-
ters), which is not practical using vacuum deposition processes. Electrodeposited 
films also conform extremely well to the surface topography, filling recesses and 
covering complex geometries that are not covered easily with line-of-sight physi-
cally deposited coatings. In addition, the crystallographic structure and orientation 
can be controlled for desired material properties through adjustments to the 
solution composition, deposition conditions, and the type and amount of additives 
and complex agents [7]. Electrodeposition is also a powerful tool for alloying, 
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being able to deposit a wide range of solid solutions and nonstoichiometric alloys 
that are not attainable with other methods. Recent advances in electrodeposition for 
MEMS have focused on deposition optimization for copper interconnects, 
magnetic media storage devices, and magnetically-actuated MEMS with particular 
interest in tuning physical properties including magnetic properties, elastic proper-
ties, and microstructure.

Since 1997 the damascene copper electroplating process has been utilized in silicon 
chip manufacturing for “super-conformal” plating of holes and trenches. This market 
has revitalized copper plating research, focusing on the influence of additives, and 
elucidating their roles as suppressors, levelers, and accelerators [8, 9]. In the magnetic 
storage industry, soft magnetic materials have gained considerable attention for their 
use as recording heads. These materials, also commonly used for magnetic-MEMS, 
require excellent magnetic properties, (high magnetic saturation, low coercivity, high 
permeability, and zero magnetostriction), good adhesion, low-stress, low electrical 
resistance, good thermal stability, and high corrosion resistance [10]. These specifica-
tions are more demanding for electroplated materials, which are vulnerable to corrosion 
due to anodic surface activation by organic additives [10]. To meet these require-
ments, investigators have turned to ternary and quaternary alloys of CoNi and CoFe 
for their enhanced magnetic properties with uncompromised mechanical properties 
[11]. Although hard magnetic materials have not been typically used in magnetic-
MEMS, they have several advantages for magnetic actuation, including low power 
requirements, high remanence, and high coercivity, which have motivated investigators 
to develop new electrodeposition processes for these materials. Many of these permanent 
or hard magnetic materials are Co-based with the inclusion of a nonmagnetic material, 
typically P, to increase coercivity [10, 12].

13.2.2  Electroless Deposition

Electroless deposition is an autocatalytic reaction utilizing a chemical reducing 
agent (e.g. sodium hypophosphite, amineboranes, hydrazine, or sodium boron 
hydride) to reduce metal ions onto surfaces. This method can be used to plate 
insulating materials and fabrics as well as metals; the surface need only be cata-
lytically active to initiate the self propagating process [13]. Nonconducting sur-
faces can be rendered catalytic by a series of chemical treatments [14]. Film 
composition and efficiency of these baths can be controlled by electrolyte recipes 
and operating temperature, typically ranging between 70 and 90°C [14]. The main 
benefit of electroless deposition is a uniformly thick layer over any profile due to 
the absence of an electric field [15]. The downside to electroless deposition is the 
introduction of several modes of stress, which if not mitigated, can lead to fatigue 
and cracking. The most common type of stress associated with electroless deposi-
tion is due to differences in thermal expansion coefficients between the deposited 
material and the substrate. The resulting stress can be either compressive or tensile 
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depending on which coefficient is greater [16]. These systems are also prone to 
voids and significant hydrogen evolution, which can result in tensile stress and 
hydrogen embrittlement [17].

Currently, electroless materials for MEMS and Ultra Large Scale Integration 
(ULSI) include Cu, Co, Ni, Ag, and their alloys [18]. The uniform films, nanometer-
size crystals, and ability to coat nonconducting materials have allowed the use of 
electroless deposits for interconnects, barrier layers, packaging, and potential nano-
electronics [19]. In this regard, electroless copper plating has been primarily 
investigated for IC applications and was utilized in semiconductor manufacturing 
as the predecessor to the damascene process. Electroless nickel is the other exten-
sively studied material, and is selected primarily for its corrosion resistance and 
mechanical properties.

13.2.3  Electrochemical Etching

Electrochemical etching is a facile technique for the topographical dissolution of 
solids with nanometer precision through control of current density or voltage, 
fluid flow, etching time, and electrolyte composition. Electrochemical etching 
can also be used to create porous oxides by anodic etching processes or even 
porous metals by de-alloying, a process by which the less thermodynamically 
stable or more kinetically active component is preferentially etched away from 
an alloy [20]. Scanning tunneling microscopy (STM) also relies on electro-
chemical etching processes in order to synthesize the atomically sharp apex 
of the tips used in STM instruments, with the ease of fabrication and excel-
lent reproducibility of this method being the key factors leading to its rapid 
commercialization [21]. For traditional MEMS devices, electrochemical etching 
serves as an alternative or complementary technique to the popular chemo-
mechanical planarization (CMP) as the means to brighten the surface and 
diminish surface irregularities such as bumps, dishes, and rough morphology 
[22]. Electrochemical planarization methods operate at the limiting current density 
condition, where the rate of dissolution is limited by the mass transfer rate of a 
reactant or product. This planarization process etches surface protrusions at an 
accelerated rate because of their increased proximity to the bulk [22]. 
Electrochemical polishing or brightening of a surface is also achieved under rate 
limited conditions, where dissolution is independent of structure [6]. A more 
site-specific and commonly used form of electrochemical etching is electro-
chemical micromachining for through-mask passivation or anodic dissolution of 
a material. This selective etching method is used to fabricate precision inkjet 
nozzles with specified nozzle angle and undercut as shown in Fig. 13.1 [23]. 
Mask-free electrochemical micromachining has been demonstrated by the use of 
ultra short voltage pulses, for appreciable polarization of the double layer only 
at small electrode separations (microns), resulting in highly localized dissolution 
of the counter electrode [24].
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13.3  Top Down Fabrication Approaches

“Top Down” fabrication approaches in the context of MEMS and NEMS technology 
usually refers to planar, lithographic techniques that are a legacy from Si-based 
integrated circuit manufacturing [25]. This is where a pre-designed pattern is trans-
ferred onto the wafer or other substrate of choice using primarily photolithographic 
techniques. Optical lithography has made major strides in terms of technological 
advancement with the recent announcement by IBM’s Almaden Research Center of 
achieving 30 nm features using 193-nm lithography (http://nanotechweb.org/arti-
cles/news/5/2/10/1). With regard to electrochemistry-based processing, we have 
selected the following top–down fabrication topics in MEMS and NEMS.

13.3.1  LIGA

LIGA [26] is a German acronym, short for Lithographie Galvanoformung Abformung. 
As shown in Fig. 13.2, LIGA is used to create high aspect ratio structures with width 
to height ratios as high as 1:1000. Recent work at NASA’s Jet Propulsion Laboratory 
(B. Eyre Private Communication 2004) has resulted in the development of axially-
symmetric structures with the use of rotating exposure stages. LIGA structures 
straddle the gap between MEMS and conventionally-machined parts and fall into the 
so-called “Meso” size range. As shown in Fig. 13.2, LIGA employs collimated 
synchrotron X-rays that require much more stringent control than optical lithography. 

b

PHOTORESIST

PHOTORESIST
r

b
rtan

Fig. 13.1 Ink-jet nozzle plate fabricated by through-mask electrochemical micromachining, 
Schematic of the concept (top), and a photograph showing an array of nozzles (bottom) [23]

http://nanotechweb.org/articles/news/5/2/10/1
http://nanotechweb.org/articles/news/5/2/10/1
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Fig. 13.2 The LIGA process consists  
of first exposing a thick PMMA resist  
collimated, synchrotron x-rays.  
The resist is subsequently developed  
and a MEMS structure is electroplated 
within the developed “mold”

An optically generated x-ray mask is itself one of the key features of LIGA, produc-
ing the necessary high contrast with a thick (>10 m) gold absorber on materials 
membrane consist of low atomic number elements [27]. The absorber mask is pat-
terned using polymethyl methacrylate (PMMA) resists exposed by electron-beam 
lithography (e-beam) or from an intermediate mask that relies on an e-beam exposure 
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using a chromium thin film as an adhesion layer. The absorber is then electroplated 
using a gold plating solution, followed by removal of the PMMA. The critical proper-
ties for the electroplated gold absorber are good adhesion and low stress. Intermediate 
masks are subsequently exposed to x-rays to pattern thicker resists that will ultimately 
serve as molds for thicker master masks.

LIGA also uses PMMA as a resist to pattern MEMS devices with thicknesses as 
high as 8 mm. However, in practice, the dimensional tolerances achievable by very 
thick PMMA resists is degraded significantly by the swelling and thermal expansion 
of the PMMA caused by absorption of the electrolyte, thereby limiting the maximum 
height and minimum sizes of LIGA-fabricated features [28, 29]. Although the strain 
resulting from thermal expansion and absorption of water are minimal for PMMA 
- 0.2% and 0.4% respectively - dimensions vary significantly for high-aspect ratio 
LIGA molds. Vertical structures have exhibited lateral offsets as high as 14 m per 
mm, with curved features being further distorted [29]. Some of the proposed solutions 
for reducing linear strain in PMMA are targeted at minimizing thermal expansion 
effects by using electroplating baths at ambient temperatures or by bonding the 
resist at elevated temperatures in order to compensate for the thermal expansion 
and partially for electrolyte absorption. Cross-linked PMMA and alternative resists 
have also been suggested as alternatives to remedy the absorption problem.

Following exposure, the PMMA is developed much like in conventional pho-
tolithography. The conducting back plate for the PMMA is then used as the 
electrode to create primarily Ni-based electroplated structures within the PMMA 
mold. These Ni baths have traditionally used sulfur-bearing additives, such as 
saccharin, as grain refiners that enhance strength and hardness of the plated 
material. Unfortunately, the mechanical properties of these deposits are rapidly 
diminished at elevated temperatures, ~600°C, as sulfur groups migrate to grain 
boundaries causing intergranular fracture.

To alleviate this problem many researchers have turned to Ni–Mn alloys with 
Mn content of ~1 wt%. While Ni–Mn deposits have been reported with high yield 
strengths, of which up to 85% can be retained after high temperature annealing, the 
addition of Mn also increases the residual stress in the deposit. This residual stress 
problem has been mitigated by pulse plating Ni/Ni–Mn films to create thick struc-
tures which have also exhibited increased ductility [30–33]. LIGA fabricated 
structures have been used for numerous applications including for scroll pump for 
miniature mass spectrometers (Fig. 13.3) [156].

13.3.2  EFABTM (Electrochemical Fabrication)

One of the major challenges facing the commercialization of MEMS devices is the 
cost associated with fabrication of devices with complex geometries requiring tens 
or potentially hundreds of layers. In this regard, LIGA has fallen short of demon-
strating such intricate lamellar fabrication, hindered by the cost associated with 
numerous layers. Vacuum processes are also unpractical for the fabrication of such 
multi-layer structures [34]. A new micromachining technology entitled EFABTM 
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was introduced in 1999, to address the issue of constructing high aspect ratio, 
three-dimensional, multi-layer microstructures from electroplated metals using a 
rapid, automated, batch fabrication technique. The core of EFABTM technology 
includes an “Instant Mask” process, followed by planarization of each deposited 
layer. The Instant Mask process is an in-situ masking technique consisting of a 
pre-patterned insulator that conforms to the surface of the substrate, to allow 
electroplating of sacrificial material, usually copper, through channels in the mask. 
This step is followed by blanket-deposition of the structural material, nickel, and 
planarization, which reduces the need for morphological uniformity, provides 
precise control over vertical dimensions, and permits the deposition of countless 
subsequent layers [34, 35]. The device is completed by removal of the sacrificial 
copper layers through selective etching to release the nickel structure (Fig. 13.4). 
Although EFABTM can purportedly create devices from any electrically conductive 
deposits, material compatibility appears to be an issue as only nickel-based devices 
have been demonstrated to date.

Since both the sacrificial and structural layers are metallic, EFABTM can create 
overhangs, extruded shapes, and disconnected features, but lacks the ability to 
integrate dielectrics [34]. This is detrimental for the production of fluidic and 
bio-MEMS which benefit from the low-cost, biocompatible interfaces of plastic 
microstructures [36]. EFABTM can currently achieve lateral minimum feature sizes 
of 20 microns - significantly larger than minimum feature sizes possible using other 
microfabrication techniques - but has demonstrated vertical feature sizes as low as 
5 microns, an advantage of its layer by layer synthesis. However, the key advantage 
of EFABTM is that it does not require a cleanroom with stringent environmental and 
particulate control requirements. Its fabrication process strengths include mild 

Fixed
Scroll

Orbiting
Scroll

Outer Ring

a

c

b

Fig. 13.3 A prototype scroll pump for a miniature GCMS system fabricated using the LIGA 
process. (a) 3 mm PMMA mold, (b) schematic of scroll pump, (c) electroformed scroll pump



19513 Electrochemically Fabricated Microelectromechanical Systems

electroplating conditions, 60°C ambient, and in-situ masking, all of which are 
amenable with the low temperature requirements for IC processing. Despite its 
relative “youth” as a fabrication technique, EFABTM has already demonstrated 
its versatility in creating a number of otherwise challenging structures such as 
rectangular coaxial conductors, helical inductors, accelerometers, toroidal inductors, 
variable capacitors, and a microgyroscope (Fig. 13.5), [37, 38].

Before Release

Planarization

Sacrificial Metal
Patterning

Blanket Deposition

After Release

Sacrificial 
Metal

Substrate

Structural
Metal

Fig. 13.4 The EFAB process flow used to fabricate a hybrid coupler (Permission from 
Microfabrica Inc.)

Fig. 13.5 SEM picture of the fabricated nickel gyroscope. The gyroscope occupies an area of 
2.1 × 1.3 mm2 [37]
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13.3.3  Electron Beam Lithography of NEMS Structures

Electron Beam Lithography (EBL) has gained considerable recognition as a very 
capable “top–down” nanofabrication technique when coupled with electrochemical 
processes, allowing precise control of nanostructures that are not possible using 
complex self-assembly techniques. In-situ fabrication techniques are possible by 
combining lift-off processes with EBL in order to prepare the substrate for directed 
nanowire growth. In fact, using directed growth techniques, electrochemically 
deposited nanowires can be made to laterally bridge the gap between two micro-
electrodes by confining the nanowire to grow within an EBL fabricated channel 
in polymethyl methacrylate (PMMA) [39] (Fig. 13.6). These nanowires can be 
grown laterally, simultaneously from each micro-electrode, either potentiostati-
cally or galvanostatically. Completion of the bridge is indicated by a jump in the 
corresponding current or potential when contact is made between the two ends of 
the nanowire. Synthesized nanowires are individually addressable and can span 
lengths of micrometers with diameters limited only by EBL techniques [40]. 
Various sensing materials such as palladium, polyanaline, and polypyrrole have 
been investigated for chemical and biological sensor applications demonstrating 
the potential for high density arrays of nanowires [40–42]. Precise four-point con-
ductivity measurements of nanowires have also been conducted using built in 
micro electrodes [43].

Fig. 13.6 In-situ nanowire synthesis: The working electrode and counter electrode are contacted 
by probe tips. A probe tip is also used as a pseudo reference electrode, submerged in the solution 
containing the analyte. The nanowire (red) is growing in the direction of the arrow, from the work-
ing electrode to the counter electrode, confined to a predetermined path by the photoresist. The 
inset shows an SEM micrograph of a polypyrrole nanowire fabricated by in-situ synthesis
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13.4  Bottom Up Fabrication Approaches

The “bottom up” approach to NEMS and MEMS is still very much in developmen-
tal stages with few commercially available devices. With current MEMS/NEMS 
products relying significantly on top–down processes, the bottom up approach is 
being integrated into certain application niches where they provide cost reduction 
and performance enhancement over conventional techniques. While current 
research has actively pursued the investigation of nanowires and carbon nanotubes 
(CNTs), spatial manipulation and addressability remain crucial hurdles that must be 
overcome in order to realize their full potential. The construction of novel MEMS/
NEMS devices from nanostructures remains the subject of many research activities, 
aimed at arranging these nanowires in some ordered fashion, with either an applied 
energy field or through surface functionalization, and thereby enabling the use of 
nanowires and CNTs for sensing functions. In this section we present current elec-
trochemical techniques for bottom up nanostructure synthesis and methodologies 
for assembling these nanowire structures.

13.4.1  Template-Based Nanostructure Synthesis

The bottom up approach to MEMS and NEMS has been significantly impacted by 
electrochemistry-based template synthesis techniques. A popular approach is the 
use of nanoporous templates as working electrodes by sputtering or evaporating a 
thin conductive layer on one side of the template [44–46]. The template acts as a 
scaffold to confine the electrodeposited material within the nanopores thereby pro-
ducing nanostructures ranging from nanodots to high aspect ratio nanowires. 
Following deposition, the seed layer is removed and the template is etched to 
release the nanowires in suspension (Fig. 13.7). The power of template synthesis 
approach lies in both its simplicity and highly parallel manufacturability, with tem-
plate pore densities in the range of 109–1011 cm−1 and also in providing a platform 
for array applications or more complex structures, ultimately through template 
removal and assembly [47].

A diverse spectrum of materials is amenable to the production of electrodepos-
ited nanowires. This includes magnetic materials, semiconductors, metals, alloys, 
and conducting polymers [44–46]. Complex, multicomponent nanostructures such 
as superlattice nanowires can also be deposited from a multielectrolyte solution by 
modulating the voltage or current. The requirement for these electrolytes is that 
they should have a substantial difference in their deposition potentials starting with 
the nobler elements at lower concentrations. Segmented nanowires can also be 
produced by switching the electrolyte baths during the deposition process [47]. The 
switched-bath method has been used to successfully produce metal/semiconductor, 
conducting polymer/semiconductor, and conducting polymer/metal heterostruc-
tures [48–50]. Surface modified templates have even been used to investigate core/
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shell structures as well as molecular imprinting on the surface of conducting polymer 
nanowires [51, 52].

All these nanostructures, though simple by design, are crucial for performing 
complex functions. A polypyrrole nanowire, which is essentially an n-type semi-
conductor, could be a resistor in a single component form. However, when coupled 
with a Cd segment the nanowire acts as a p-n junction, and can be used as a diode-
rectifier. For good ohmic contacts, Au segments can be electrochemically added to 
both ends of the same wire. Such a device was recently demonstrated and charac-
terized by Mirkin’s group, as shown in Fig. 13.8a and b [53]. Similarly Ni/Cu 
superlattice nanowires can also be produced for one-dimensional Giant Magneto 
Resistive (GMR) properties by adjusting layer thickness and composition. The core 
shell design has been used to create coaxial nanowires, consisting of an Au/CdS/Au 
nanowire sheathed within SiO

2
, and implemented in a field effect transistor 

(Fig. 13.8c and d) [54]. In addition to mimicking traditional electronic components 
with nanowires, electrodeposited materials can also be incorporated for spatial 
manipulation via applied energy fields or surface functionalization. However, as 
these nanostructures increase in complexity, they also become more susceptible to 
mechanical breakage and poor interfacial adhesion. These mechanical limitations 
often result in these structures being demonstrated first in the submicron range, 
precluding quantum confinement effects. Similarly, many materials fabricated by 
template synthesis technique are characterized in array form, whereby the template 
provides mechanical support to the nanowires of interest. Although many of the 
materials and structures studied are precursors to further miniaturized, complex 
systems, investigations of these one-dimensional entities have elucidated new fun-
damental phenomena and stimulated creative, nanowire-based device design and 
fabrication. Therefore, template synthesis and post synthesis manipulation are 
important techniques which merit further discussion in the section below.

Fig. 13.7 Template Synthesis: A conductive seed layer is sputtered on the backside of the template. 
The nanowires are electrodeposited in the template. The seed layer is removed by physical or 
chemical means. The template is dissolved to yield a colloid of nanowires in solution
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13.4.1.1  Anodic Alumina Templates

Anodic alumina has been the most rigorously investigated material for template 
synthesis, with early work dating as far back as the 1950’s [55]. Characterized by 
highly ordered, vertically parallel pores, it is one of the most densely packed porous 
structure at approximately 1011 pores/cm2. Anodic alumina templates can be fabri-
cated to produce pore sizes ranging from a few nanometer to several hundred nm in 
diameter [56]. The pores are formed by anodizing the surface of high purity 
(99.999%), and often preannealed aluminum. The pore nucleation is initiated 
locally by the electric field distribution, with pore growth being determined by the 
chemical equilibrium at the electrolyte/oxide interface and the oxide/metal inter-

Fig. 13.8 (a) I-V characteristics for a single Au–Ppy–Cd–Au rod at room temperature. (b) 
Optical microscope image of Au–Ppy–Cd–Au rods. The lower left inset shows the corresponding 
field emission scanning electron microscopy (FESEM) image [53]. (c) Optical micrograph and 
schematic drawing of the test structure and Au/CdS/Au@(SiO2)10 nanowire aligned for measure-
ment of electrical properties. Letters S, D, and G indicate source, drain, and gate electrodes, 
respectively. (d) Typical IDS-VDS characteristics of in-wire TFTs for different values of gate volt-
age (VGS), 11 devices measured. Reprinted with permission from ref. [54]. Copyright (2004) 
American Chemical Society
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face [55]. The alumina pore sizes and interstitial spacings are controlled by the 
electrolyte type, concentration, voltage, and temperature. Under appropriate conditions, 
a “self assembly” process takes place, with individual nanopores growing to form 
a close-packed assembly of vertical honeycomb structures. Individual pores with 
this assembly are separated from each other and from the underlying aluminum 
substrate by an insulating barrier layer of aluminum oxide [57]. After anodization 
is complete the barrier layer can be penetrated either by an ion milling step or by a 
two step etching process [58]. The etching method involves removal of the residual, 
elemental Al with either HgCl

2
 or CuCl

2
 solution followed by the barrier layer 

removal or pore widening step using phosphoric acid [59, 60].
The order of the pores over large areas greater than several microns is limited by 

the heterogeneity in the pore initiation defects. A two-step anodization technique 
has been employed in order to mitigate these defects [60]. The Al substrate surface 
is first electropolished using a strong acid mixture such as perchloric acid and etha-
nol followed by long period anodization. A first, long duration anodization step is 
conducted in order to produce an ordered structure at the substrate interface via 
pore coalescence. The anodized layer is subsequently removed to yield a surface of 
patterned concave formations. These concave indentations serve as starting points 
to initiate a highly ordered hexagonal configuration of pores over large areas of the 
template surface (Fig. 13.9) [60]. Masuda and coworkers have also developed a 
similar method relying on lithographically produced molds to pre-texture the sur-
face with an array of dimples. These indentations serve as pore initiation sites in a 
similar manner to the concave indentations produced in the two step anodization 
process [61]. The versatility of these anodized aluminum templates extends to 
three-dimensional structures, including cylinders and multifaceted objects [62]. 
Alumina templates can also be easily integrated into existing CMOS technologies, 
by utilizing a wet etching technique for creating complex shapes with vertical side 
walls [63] Lateral anodic oxidation of Al thin films has also been established on 
SiO

2
 substrates. [64]. These pores were observed to be ordered and parallel to the 

substrate surface with diameters as low as 3 nm, thus paving the way for more 
complex configurations.

13.4.1.2  Track-Etched Templates

Membranes suitable for “track etching,” such as mica and polycarbonate 
(Fig. 13.10a), use heavy charged particles from a nuclear radiation source to gener-
ate tracks of radiation damage within the material. These high-energy particle 
tracks within these membranes are subsequently chemically etched to produce 
uniform pores with diameters determined by etching time. Side-wall tapering for 
the pores is minimal because of the high etching rate selectivity along the tracks in 
comparison to the lateral etch rate [65]. Mica is a unique membrane material in that 
its pores are diamond shaped with the same size and orientation for all pores. This 
feature has been shown to be consistent across a wide range of mica samples, with the 
aspect ratio being governed primarily by the crystal structure of material [65, 66]. 
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The primary drawback to the use of these mica templates are the very low pore 
densities, 109 pores/cm, and randomness in the lateral ordering of the pores [47]. 
Polycarbonate templates, which also exhibit track-etching behavior, have the further 
complication of being susceptible to swelling during electrodeposition, consequently 
giving rise to large variances in the pore diameter, resulting ultimately in cigar-
shaped or conical nanowires [67]. Track-etched pores generated on commercially 
available polycarbonate templates have been shown to have random orientations 
resulting in poor properties for nanowire arrays fabricated within these templates. 
However, it is possible to control pore quality and inter-pore separation distances 

Fig. 13.9 Schematic diagram for two step anodization:  
(a) porous alumina after first anodizing, (b) removal  
of porous alumina layer, (c) initiation of hole formation  
in second anodizing, (d) porous alumina after second 
anodizing. Reprinted with permission from ref. [60]
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by optimizing the distance between the template and the particle source [65]. These 
templates have been fabricated with pores as small as 8 nm and commercially 
available templates with 15 nm pores [68].

13.4.1.3  Silica Templates

Considerable amount of research has gone into the development and characterization 
of surfactant templated silica, in order to produce various mesophases and nanowire 
geometries with well-controlled pore diameters within the quantum confinement 
regime (i.e. 2–20 nm). Lu and coworkers have characterized one of the more 
promising methods, a sol-gel dip-coating method for rapid (tens of seconds) 
template generation. The fabrication process involves evaporation-induced self 
assembly of liquid crystal domains dominated by inward growth from the solid-liquid 

200 nm

500 nm100 nm

a

c

b

d

500 nm

Fig. 13.10 Various materials used in template synthesis; (a) Polycarbonate (b) Silica [74] (c) 
Alumina (d) Diblock Copolymers. Figure 13.10b reprinted with permission from ref. [74]. 
Figure 13.10d reprinted with permission from ref. [155]
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and liquid-vapor interfaces [69–71]. The resulting mesophase is manipulated by 
controlling the surfactant type and concentration whereby a progression of struc-
tures from hexagonal through cubic to lamellar is observed with surfactant enrich-
ment. These mesophases are capable of yielding either one-dimensional pores or 
three-dimensional interconnected pore structures (Fig. 13.10b). The surfactant/sili-
cate thin films are subjected to calcination at 400oC to remove the surfactants pro-
ducing the nanoporous silica [72]. By incorporating a conductive substrate for the 
sol-gel dip-coating process, nanowire arrays or a nanomesh can be electrodeposited 
within the one-dimensional and three-dimensional pore structures [73, 74]. Lu’s 
group has also extended this fabrication method to hexagonal, cubic, and vesicalar 
structured spherical nanoparticles by aerosol-assisted self assembly [70].

13.4.1.4  Diblock Copolymer Templates

Immiscible polymers have attracted significant interest as the materials for self 
assembled templates for nanowire production (Fig. 13.10d). By covalently bonding 
together polymers with different interfacial energies, phase separations occur at the 
nanoscale level with highly oriented and periodic domains [75, 76]. Thin films of 
lamellar, cylindrical, and spherical microdomains have all been formed with tun-
able dimensions controlled by the polymer chain lengths or molecular weights [75, 
77]. Common copolymers include polystyrene (PS) and polymethylmethacrylate 
(PMMA) denoted PS-b-PMMA, and polystyrene and polyethyleneoxide (PEO) 
denoted PS-b-PEO. Current PS-b-PMMA copolymer thin films with cylindrical 
domains are synthesized by spin coating followed by annealing for 12–24 h under 
an electric field of 30–40 V/ m at a temperature above the glass transition tempera-
ture of both polymers. The applied voltage induces alignment of the cylindrical 
domains with the orientation of the electric field [78]. Xu and co-workers have 
shown that small concentrations of Li ions contribute to the electric field alignment 
of the PMMA cylinders [79]. The ensuing matrix is subsequently exposed to ultra-
violet light, which degrades the PMMA while simultaneously cross-linking the PS 
[80]. These self-assembled polymer templates are a promising platform for the 
creation of future MEMS and NEMS structures, by facilitating both lateral and 
vertical growth of nanowires with diameters down to 5 nm [81] (Table 13.1).

13.4.1.5  Alternative Nanostructure Synthesis

Biotemplates have been fabricated from two-dimensional crystalline surface 
proteins for the subsequent electrochemical deposition of nanowire structures [82]. 
These surface layer proteins encapsulate certain bacterial cells, controlling extra-
cellular transport. They form especially robust thin films over cells, and are resistant 
to conditions that normally denature proteins, such as low pH and heat, thus making 
them ideal as template materials for electrodeposition. Schwartz and coworkers 
investigated a hexagonally packed intermediate surface layer protein from 
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Deinococcu radiodurans, with 2–3 nm pores and widths of 5–6 nm (Fig. 13.11). 
The surface layer proteins were bound to the cells by hydrophobic interactions and 
were extracted using a detergent, sodium dodecyl sulfate (SDS). The resulting tem-
plates have been randomly dispersed on conductive substrates for through-mask 
deposition of Cu

2
O, Ni, Pt, Pd, and Co [82].

Schwartz and co-workers have also investigated hybrid inorganic-protein moieties 
for the assembly of unique three-dimensional nanostructures [83–85]. The DNA 
binding protein Tral was engineered with a polypeptide binding sequence for Cu

2
O, 

and optimized using cell adhesion assays on a quartz crystal microbalance. The binding 
sequence was also designed with an absence of cysteine groups to eliminate the 
possibility of thiol-mediated metal center binding, resulting in loop formation by 
oxidation of the flanking cysteine thiols. The binding affinity (K

d
) of the engineered 

Tral for Cu
2
O was determined to be 1.2 × 10−8 M. The DNA binding sequence was 

also preserved, as demonstrated by the self assembly of protein bound Cu
2
O particles 

binding to cyclic DNA [83]. This technique shows promise for the assembly of 
multi-dimensional nanostructures based on DNA-positive templating.

Selective electrochemical deposition (SED) at the edge planes of highly oriented 
pyrolytic graphite (HOPG), or electrochemical step edge decoration (ESED), has 
been utilized to fabricate nanowires from metals, metal oxides, semiconductors, 
and bimetallics by Penner and co-workers [86–90]. Although this method does not 
fall under the class of template synthesis, still, the step edges of HOPG could be 
considered as a positive template. Nucleation is preferentially initiated on the step 
edges, where the sp2 bonds of the basal plane are terminated and a line of higher 

250 nm

a b

100 nm

Fig. 13.11 (a) Tapping mode AFM image of HPI layer proteins on a polished steel disk reveals 
typical coverage when proteins are contacted for several minutes before washing. Inset: higher 
resolution image on freshly cleaved mica revealed patterned arrangement of channels. (b) TEM 
images of Cu2-TraIi1753:CN225 nanoparticles self organized on circular X174 RFII DNA. 
Nanoparticle loops are never observed in the absence of circular DNA additions. The arrow iden-
tifies an incompletely decorated loop. Figure 13.11a reprinted with permission from ref. [82]. 
Copyright (2005) American Chemical Society. Figure 13.11b reprinted with permission from ref. 
[83]. Copyright (2005) American Chemical Society
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surface energy/chemical reactivity occurs [91, 92]. The nanowires are formed by 
the coalescence of adjacent nucleation sites on the step edge, with the minimum 
nanowire diameter coinciding with the diameter of the nuclei at the point of coales-
cence [93]. These step-edge nanowires have hemi-cylindrical cross sections and 
can reach lengths of several millimeters [94]. Metal oxide nanowires can be directly 
deposited on the step edge by employing small overpotentials. The selectivity of 
preferential nucleation at step-edge sites is sensitive to the overpotential value, with 
greater overpotentials leading to significant deposition on the terraces as well. 
A “tri-potential” process is used for the deposition of noble metals such as Ni, Cu, 
Ag, and Au. The step edge defects are first activated with a positive potential for 
several seconds; nucleation at step-edge sites is then initiated with a high overpo-
tential for several milliseconds, with subsequent reduction in the overpotential for 
the coalescence of adjacent nuclei to grow the nanowires (Fig. 13.12) [88]. Arrays 
of metal nanowires can be extracted from the HOPG substrate using a polystyrene 
or cyanocrylate adhesive. Metal oxide nanowires however, must first be reduced 
to metal (annealing under hydrogen) to have the necessary mechanical integrity 
required to survive the transfer from the HOPG substrate [95].

Carbon nanotubes are responsible for spawning the age of nanotechnology, and 
creating a paradigm shift in our views on materials and their applications. In the 
field of MEMS and NEMS, CNTs have found applications as electromechanical 
switches or as pliable nano-actuators, among others. The high elastic modulus of 
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Fig. 13.12 ESED of noble metals is a tri-potential sequence (inset). (a) First the HOPG step 
edges are oxidized to form carboxyl groups, disrupting edge sp2 bond, (b) deposition is initiated 
with nucleation sites at the edge plane from a low potential pulse, (c) followed by a low overpo-
tential step for subsequent growth of the nucleation sites to the coalescing point
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CNT has already been exploited in NEMS as the basis for a rotary element for a 
magnetically actuated nano-plate [96] and additional NEMS devices relying on 
both the novel mechanical and electrical properties of CNTs will continue to be 
developed in the years to come. Composite materials containing CNTs, especially 
inorganic material/CNT blends, have been demonstrated to have enhanced mechan-
ical and tribological properties, unattainable with current metallurgical techniques 
[97]. These electroless and electrodeposited composites will provide a new class of 
materials available for MEMS and NEMS devices.

In addition to codeposition, metal/CNT composites can also be formed by elec-
trochemically coating CNTs. Recent efforts to characterize various electrochemical 
coatings on CNTs have discovered unique charge transport behaviors in hybrid 
inorganic/CNT structures, which can be exploited for sensing applications [98]. 
However, to date, only a handful of materials have been electrochemically coated 
on CNTs (e.g. Ni, [97] Au, Ag, and Pt [99]). These studies have elucidated the 
mechanism of nucleation for electrodeposited materials on networks of single wall 
carbon nanotubes (SWNT) to create nanoparticle and nanowire coatings [99]. Both 
the type of electrodeposited materials and the potential gradient along SWNT net-
works were shown to influence the number of nucleation sites created and the 
subsequent coalescence and growth of the deposit. In all cases, electrodeposits on 
CNT networks were shown to form nanowire coatings with higher density nucle-
ation and hence smaller nuclei closer to the working electrode, moving to larger 
particles, on the order of microns, that became sparser with increased distance from 
the electrode [99]. In addition, the ends of the nanotubes as well as defects within 
the nanotubes have been shown to be areas of high electrochemical and chemical 
reactivity, in a similar fashion as the edge planes in ESED, with enhanced electro-
chemical deposition occurring at these sites [91, 92]. These mechanisms of nucle-
ation and growth are the subject of in-depth studies of CNT surface chemistry 
affecting electrodeposition. Thus, electrochemistry has played a key role as an 
important fabrication technique for CNT-based coatings, composites, and also as a 
means for providing conductive contacts for electrically addressing CNTs.

13.4.2  Template-Free Nanowires

Although a large majority of electrochemically fabricated nanowires use templates, 
there has also been considerable work reported on the generation of freestanding 
nanowire networks by either chemical or electrochemical means [100–103]. While 
chemical methods rely on polymerization at an aqueous/organic interface [101] or 
nonselective coverage of a substrate, electrochemical deposition involves site-
directed growth between electrodes, and has been used successfully for creating 
conducting polymer nanowire electrode junctions (CPNEJs) [104]. A continuous, 
three-step galvanostatic method is utilized to fabricate the electrodeposited nano-
wire junctions. The first step requires the use of a high current density - 0.08 mA/
cm2 - for 30 min for the deposition of polyaniline, in order to initiate nucleation of 
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polymer nanoparticles on the working electrode. During the second and third steps, 
nanowire growth propagates at lower current densities, 0.04 mA/cm2 for 3 h and 
0.02 mA/cm2 for 3 h, respectively. The resulting nano-mesh can span a 2 m gap 
with ligament diameters in the range of 40–80 nm, which correspond to the diam-
eters of the nuclei produced during the first step. Polyaniline, polypyrrole, and 
polyethylenedioxythiphene (PEDOT) have all been used to make CPNEJs with 
high reproducibility and scalability for applications involving the detection of 
gaseous analytes [104].

13.4.3  Novel Assembly Techniques

13.4.3.1  Langmuir Blodgett Techniques

To date, a proven and robust technique for assembling large arrays of nanowires is 
the Langmuir-Blodgett (LB) technique. These nanowire-based thin films can be 
fabricated with controlled pitches and are also amenable to layering for the creation 
of more complex structures [105–108]. The LB process begins by surface function-
alization of the nanowires with long alkyl chains. Once these functionalized nano-
wires are introduced into the sub-phase, or aqueous component, they selectively 
partition to the water-air interface because of their hydrophobically rendered sur-
faces. At low pressure, the nanowires are aligned isotropically on the surface as 
side-by-side aggregates called “nano-rafts” formed as a result of directional capil-
lary forces and van der Waals forces [109]. With increased surface pressure created 
by compressing the trough container, the nanowires begin to align parallel to the 
trough wall, creating a two-dimensional nematic phase. Further compression 
pushes the monolayer into a smectic arrangement with uniaxial alignment and high 
precision spacing (Fig. 13.13). Above a certain critical pressure, the maximum 
areal density of the monolayer is surpassed, transitioning the nanowire film into 
multilayers or a three-dimensional nematic phase containing singularities [109]. 
The close-packed LB monolayers in the smectic regime are preferred for device 

Fig. 13.13 Schematic of Langmuir–Blodgett monolayers. As the trough wall are pushed in, 
indicated by the arrows, the surface pressure is increased and the nanowires transition through the 
sequence of phases; isotropic, 2-D nematic, 2-D smectic, 3-D nematic
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fabrication, as they have well-defined, uniform pitches with axial length scales of 
up to a centimeter [105–108].

13.4.3.2  Magnetic Alignment

The high aspect ratios of magnetic nanowires impose a shape anisotropy that only 
allows magnetization along the axial direction with only two possible orientations 
for the polarity [65]. The resulting magnetically polarized nanowire can be manipu-
lated with external magnetic fields, ferromagnetic substrates, and neighboring 
magnetic nanowires. Magnetic interactions were first investigated as an approach to 
manipulate nanowires by Searson and co-workers [110]. Using ferromagnetic 
nanowires they demonstrated real time end-to-end alignment in solution, with the 
velocity of alignment being directly proportional to attractive forces between 
nanowires and inversely proportional to viscous drag in solution [110]. Searson later 
demonstrated the entrapment of a multi-segmented Pt/Ni/Pt nanowire between two 
Ni pads with a 135 Oe remnant magnetization from previous exposure to a 10G 
magnetic field. Although the remnant magnetization was sufficient to entrap nanowires, 
the success rate was greatly enhanced with an applied magnetic field, as the applied 
field facilitated alignment of the nanowires between the electrodes and reduced 
aggregation [111]. Crone’s group successfully demonstrated the entrapment of an 
inversed nanowire structure to Searson’s magnetically entrapped nanowire, consisting 
of a bronze midsection with ferromagnetic caps and aligned between Ni stripes 
[112]. Subsequently, Myung and coworkers have investigated the effect of ferromag-
netic pad geometry and magnetic field strength for controlling the directionality of 
nanowire assembly (Fig. 13.14). Nanowire chaining and agglomeration was 
minimized by dilution (Fig. 13.15). A solder thin film was electrodeposited on Ni 
electrodes for the purpose of making robust electrical contacts to the Ni/Bi/Ni 
nanowires [113]. Myung and coworkers were the first to demonstrate magnetic 
assembly of true nanowires, with diameters of 30 nm, on gold and nickel electrodes, 
using an annealing step to achieve ohmic contact for magnetic and electrical 
measurements [114]. Magnetic alignment has also been demonstrated for structurally 
modified CNTs, where the modified CNT has a magnetic catalyst nanoparticle on 
one terminal end and a thermally evaporated Ni cap on the opposite end [115].

13.4.3.3  Electric Field Alignment

Electric field assisted assembly is applicable to a wide range of materials 
including semiconductors, metals, and CNT’s, as opposed to being restricted to 
only ferromagnetic materials for magnetic alignment [116–118]. Electric field 
assisted assembly utilizes an alternating current to polarize nanostructures for 
assembly purposes or for other dynamic functions. Mallouk and coworkers 
were the first to demonstrate electrical alignment of Au nanowires, citing the 
voltage and the frequency as the main parameters controlling the alignment time. 



210 C.M. Hangarter et al.

Fig. 13.14 Schematic for magnetic alignment. (a) A colloid initially contains randomly oriented 
nanowires. (b) The nanowires align parallel to an applied magnetic field (c) and position between 
ferromagnetic substrates

Fig. 13.15 Optical images of (a) Ni/Au/Ni nanowires aligned parallel to an applied magnetic 
field, inplane and adjacent to the nickel electrodes. (b) Ni/Au/Ni nanowires form chains in the 
absence of ferromagnetic electrodes to direct placement. The arrow indicates the direction of 
the applied magnetic field
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The movement of nanowires within an electric field is dependent on its polarization 
within the surrounding dielectric medium. The electric field induces a dielectro-
phoretic force on the nanowire in the direction of the electric field [117]. Studies 
on dielectrophoretically controlled nickel silicide nanowires also revealed mechanisms 
for “chaining” and branching interactions among nanowires. The induced dipoles 
orient the nanowires parallel to the electric field while simultaneously creating 
localized coulombic attractive forces between adjacent nanowires resulting in their 
forming chains. Pre-aligned nanowires positioned on top of electrodes experience 
an enhanced electric field, consequently attracting other nanowires in solution 
along the radial direction, thereby stimulating branching structures [119]. 
Controlled rotation of nanowires has also been carried out by Chien’s and 
Bhiladvala’s groups using a quadruple electrode setup with simultaneously applied 
voltages with sequential phase shifts of 90°, thereby creating a “nanomotor”. These 
devices have been demonstrated for free standing nanowires as well as for fixed 
nanowires (Fig. 13.16a and b) [120, 121]. A bent Au nanowire motor tethered to a 
thiolated substrate is also shown in Fig. 13.16.

13.5  Applications

From a practical standpoint, electrochemical fabrication is currently used primarily 
in LIGA or EFAB, the predominant electrochemical techniques for fabricating 
MEMS devices. Electroplating can be used to mimic certain forms of silicon 

Fig. 13.16 (a) Schematic of a nanowire suspended in DI water set to rotation by quadruple electrodes, 
at which four phase-shifted ac voltages are simultaneously applied but with a sequential phase shift 
of 90°. (b) Overlapped images at 1/30 s interval of free (right) and on end fixed (left) rotating Au 
nanowire at 2.5 V, 80 kHz. (c) Schematic of a bent nanowire attached to the surface. Snap shots 
(d)–(f) of rotating bent nanowires taken every 1/30 sec and (e) overlapped images taken within 1.8 s 
under 10 V at 20 kHz illustrating a bent nanowire as a micromotor driving a dust particle. Reprinted 
with permission from ref. [121]. Copyright (2005) by the American Physical Society
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processing or can actually substitute for these processes. The cost and associated 
trade-offs in using electrochemical processing, are a strong function of the exact 
process, desired device performance, material properties, and process limitations. 
Electrochemistry is also the subject of active research aiming at developing greater 
understanding of electroplating technology and the relationships between material 
properties and structure [6]. Template synthesis is the dominant electrochemical 
fabrication method currently being used to fabricate NEMS devices. Here we pres-
ent some of the more innovative devices in MEMS and NEMS with particular focus 
on nanowire-based systems.

13.5.1  MEMS Example: Force-Detected Nuclear Magnetic 
Resonance Spectrometer

NMR spectroscopy can be conducted using two, very different approaches: the 
conventional, Faraday-law detection technique and the force-detection technique 
described below. In both cases, the NMR signal is derived from RF excitation of 
the sample’s nuclear magnetic moment. In the conventional technique, detection 
occurs by virtue of the induced current in a detector coil generated by the cyclic 
inversion of the nuclear magnetic moment. FDNMR on the other hand relies on 
measuring the dipole-dipole force interaction between the sample’s nuclear spin 
magnetic moment and a small detector magnet (of equivalent size to the sample) 
located in the vicinity of the sample (Fig. 13.17). The FDNMR spectrometer is 
constructed using MEMS fabrication techniques [122]. The detector magnet is 
mounted on a microfabricated Si beam making up a mechanical resonator. The 
detector magnet sits within an annular magnet (Fig. 13.18), thus providing a uniform 
magnetic field over the entire sample volume. RF pulses applied to the sample 
cyclically invert the nuclear spins of the target isotopes, thereby modulating the 
dipole-dipole interaction between the detector magnet and the net nuclear magnetic 
moment of the sample, at the former’s mechanical resonance frequency. The resulting 
motion of the mechanical resonator is detected using a fiber-optic interferometer. 
The electronics driving the RF coil are capable of producing the desired complex 
pulse sequences, allowing both single and double resonance NMR experiments. 
The displacement of the resonator driven by cyclic inversion of the sample’s nuclear 
magnetic moment is recorded using fiber-optic interferometry. A “double” Fourier 
Transform process is subsequently employed to derive the NMR spectrum from the 
acquired data. A significant strength of the FDNMR technique over the conven-
tional technique is that it is capable of high-resolution, multi-nuclear analysis [123]. 
It has been shown previously [122] that the force detection technique is uniquely 
suited for MEMS sizes and has superior sensitivity over the conventional, inductive 
detection technique for sample sizes in the range of 10–100 microns. Thus, the 
MEMS FDNMR spectrometer is the only choice for in-line detection of aqueous 
samples, as well as dissolved organic samples, in a miniaturized, multi-instrument 
suite type application.
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Fig. 13.17 Working principle of the MEMS-based FDNMR spectrometer. The sample (S) sits within 
an RF excitation coil (C), which modulates the NMR signal at the mechanical resonance frequency 
of a resonator made up of the detector magnet (D) and silicon beam (O). The detector magnet sits 
within an annular magnet (R) and the entire assembly is within the pole piece of an external field 
magnet (M). Detector magnet motion is measured using a fiber optic interferometer (F)

Fig. 13.18 Simplified processs schematic showing the major steps for fabrication and assembly of 
the MEMS FDNMR spectrometer. The steps involve electropating of a thin-film, multi-component, 
soft magnet alloy, fabrication of the Si beam resonator, and the final assembly of the spectrometer. 
Shown to the right are an optical micrograph of the electroplated 60 m detector magnet, and an SEM 
image of the 400- m-long Si beam resonator fabricated using Deep Reactive Ion Etching
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In order to achieve the highest possible resolution for the NMR spectroscopy, it 
is important that the applied magnetic field be as high as possible. Our research 
determined that it is possible to electroplate a ternary, soft magnetic alloy of 
Fe–Ni–Co that is capable of producing a saturated, magnetic field of over 2 Tesla. 
The challenge lies in developing an electroplating process for a 10- m-thick film 
with low stress, good morphology, and compositional uniformity. In addition, a 
precision lithography process was developed to produce thin-walled (1 m), high 
aspect ratio (10:1) sacrificial layer “molds” for electroplating the soft magnet film.

13.5.2  NEMS Example: Nanogap Devices

Nanogaps have attracted attention as a means to contact individual molecules or 
nanocrystals for generating novel NEMS devices as well as for fundamental charac-
terization studies [124]. Highly-controlled electrochemical nanogap fabrication with 
sub-angstrom precision has been successfully demonstrated using a gap-impedance-
tuning mechanism (Fig. 13.19) [125]. Metal is deposited simultaneously on micro-
fabricated electrodes separated by a several micron-sized gap. The deposition is 
conducted using a very low frequency feedback signal to monitor the electron 
tunneling current across the gap as it narrows. The current exhibits a stepwise 
increase when the gap is below 10 nm and subsequently an exponential increase in 

Fig. 13.19 SEM images of the gap electrodes: (a) the initial electrode pairs with the spacing of 
5 mm fabricated by conventional photolithography; (b) the nanogap with a separation of 56 nm 
obtained at an ac sources frequency f = 260 Hz and the series resistances R

1
 = R

2
 = 0.1 kV; (c) the 

nanogap with a separation of 28 nm obtained at f = 260 Hz and R
1
 = R

2
 = 1 kV; (d) the nanogap with 

a separation of 9 nm at f = 820 Hz and R
1
 = R

2
 = 1 kV. Reprinted with permission from ref. [125]. 

Copyright 2005, American Institute of Physics
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the tunneling current regime, corresponding to a gap size below 1 nm. The high 
level of precise control achieved by this fabrication technique allows for molecular 
manipulation of the nanogap [126, 127]. A key drawback of this technique is that 
although it is very efficient at producing angstrom size gaps, the precision in gap 
control falls sharply outside of the ~1 nm width required for the onset of electron 
tunneling. An alternative method uses one of the electrodes as a reference to detect 
the sharp potential drop when the electrical double layer is formed. This feedback 
enhancement has extended the generation of precisely controlled gaps to widths in 
the range of 10 nm [128]. Using a high frequency impedance feedback system similar 
to Tao et al, Liu et al have also demonstrated nanometer-level precision in controlling 
gaps in the range of 1–30 nm [129].

13.5.3  NEMS Example: Nanowire Barcodes

Keating and co-workers first investigated the use of segmented nanowires (nano-
wire “barcodes”) for the detection of proteins and DNA using a sandwich immuno-
assay detection system [130]. The barcode nanowires consisted of alternating 
segments of Ag, Au, Ni, and Pt, with the Au segments functionalized with either 
specific nucleotide sequences for DNA detection or antibodies for protein detec-
tion. The lengths of the functionalized segments were also varied and alternated for 
creating the unique “barcodes” corresponding to specific proteins or oligonucle-
otides. Following exposure to the target analytes, the nanowire barcodes were 
introduced to the corresponding fluorophore-labeled markers, i.e. either comple-
mentary nucleotide sequences or antibodies.

The specificity of the detection scheme was demonstrated by correlating optical 
images of the nanowire barcodes acquired with and without fluorescence excitation. 
In this manner, multiple “probes” could be used simultaneously for the detection of 
a diverse set of analytes.

13.5.4  NEMS Example: Spintronics

Potential applications of ferromagnetic (e.g. nickel, cobalt, and permalloy) nano-
wires in high density magnetic recording and magnetoelectronics devices have 
attracted significant interest in understanding their magnetotransport properties 
[131–143]. Because of the extremely small dimensions and difficulties in address-
ing single nanowires, magnetotransport properties of nanowires have been mainly 
studied by measurements made on either lithographically fabricated ferromagnetic 
nanowire arrays [131, 134, 135, 139] or bundles of nanowires embedded within a 
suitable template [132, 136, 138, 140, 141]. Recently, Myung and coworkers 
[113, 114] have developed a facile technique for producing functional ferromagnetic 
devices based on single nanowires. This was achieved by a combination of processes. 
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Good electrical contacts for individual ferromagnetic nanowires were obtained by 
combining template-based electrodeposition techniques, with magnetic assembly, 
followed by post-annealing in a chemically reducing environment. The above 
fabrication and assembly technique allowed Myung et al to investigate the magne-
totransport properties of single nanowires without interference from dipolar inter-
actions between multiple nanowires. The magnetotransport properties of single 
electrodeposited ferromagnetic nanowires have been studied not only for nanowires 
with homogenous chemical composition but also for multi-segmented nanowires 
consisting of alternating lengths of ferromagnetic and nonmagnetic materials (e.g. 
NiFe/Cu, Ni/Cu, and Co/Cu). Measurements were aimed at characterizing the 
current-perpendicular-to-plane-giant-magnetoresistance (CPP-GMR) for these 
single nanowires [144–146]. Early results show that this approach requires addi-
tional work to overcome challenges that essentially limit reproducibility and high 
throughput. Problems notwithstanding, the approach shows great promise as a 
powerful platform to study the influence of different materials, dimensions, and 
structures (segmented, superlattice, and core/shell), on the magnetotransport proper-
ties of single nanowires that are crucial for developing a comprehensive knowledge 
base for spintronics applications.

13.5.5  NEMS Example: Nano Sensor

A diverse set of sensor devices including resistive elements and field effect 
transistors for chemical and biological detection have been fabricated using either 
top down or bottom up electrochemical synthesis. Equally diverse electrochemical 
fabrication methods have been used to generate these sensors, including ESED [95, 
147], electrochemically coated CNT networks [97], template-free nanowires 
[103, 104], e-beam directed in-situ growth [39, 41, 42], and nanowire arrays [148]. 
In particular, high density nanowire arrays have gained attention because of their 
potential to detect multiple analytes within a compact and low mass device. 
Nanowires offer significant benefits over thin films in solid state sensor applica-
tions that exploit conductance changes in metals and metal oxides in the presence 
of gas analytes. Because of their significantly higher surface-to-volume ratio, 
nanowire-based devices have faster responses, lower power consumption, and 
higher sensitivities than their thin film counterparts. The large surface area to vol-
ume ratio enhances surface reactions and adsorption processes, driving the vastly 
improved properties of nanowire sensors. This is particularly true for biosensor 
applications in which antigens and proteins can be covalently attached to metal 
oxide nanowires using succinimidyl or carboxyl acid linkages [110, 149]. Zhou and 
coworkers have demonstrated biosensor systems binding prostate specific antigen 
antibodies (PSA-AB) to indium oxide nanowires via 3-phosphonopropionic link-
ages, and to single walled carbon nanotubes via 1-pyrenebutanoic acid succinimi-
dyl ester groups (Fig. 13.20). Thiol groups, which are known to form self assembled 
monolayers (SAMs) on Au, can also facilitate the attachment of bio-molecules to 
Au nanowires with high binding affinities. Biocompatible conducting polymers can 
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be functionalized through entrapment during electrodeposition [42], molecular 
imprinting [51, 52], and via covalent attachment to monomer precursors. These 
sensing schemes have the potential to satisfy the need for robust and easy-to-use 
diagnostic biomedical sensors by significantly reducing the time and complexity of 
bioassays. They provide a platform for label-free, real-time monitoring, resulting 
from the highly sensitive charge accumulation or depletion processes within the 
one-dimensional structures [150]. The sensitivity, selectivity, and rapid response 
for nanowire-based biosensors have been conclusively demonstrated by Zhou and 
coworkers for the detection of PSA (Fig. 13.21).

13.5.6  NEMS Example: Thermoelectric Devices

Thermoelectric materials have been used extensively for thermal sensing, energy 
conversion (heat to electricity), and for cooling (Peltier effect). In general, thermo-
electric devices consist of n-type and p-type semiconductor constituents connected 
electrically in series and thermally in parallel [151]. While energy conversion 
efficiencies for thermoelectric devices are not yet competitive with conventional 
refrigerator or power generation systems, it is possible to achieve enhanced efficiencies 

Fig. 13.20 (a) Schematic diagram of the nanosensor. PSA–ABs are anchored to the NW/SWNT 
surface and function as specific recognition groups for PSA binding. (b) Reaction sequence for 
the modification of In2O3 NW: i, deposition of 3-phosphonopropionic acid; ii, DCC and 
N-hydroxysuccinimide activation; iii, PSA-AB incubation. (c) Reaction sequence for the modifica-
tion of SWNT: iV, deposition of 1-pyrenebutanoic acid succinimidyl ester; V, PSA-AB incubation. 
Reprinted with permission from ref. [149]. Copyright (2005) American Chemical Society
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through choices of novel materials and improved geometries. In particular, the 
nanowire geometry is particularly amenable to increase carrier mobility and 
decreased phonon transport arising from quantum confinement effects at the nano-
meter scale [152]. The key limitation standing in the way of achieving the promise 
of improved performance by thermoelectric nanowires is the ability to fabricate and 
couple together alternating n-type and p-type thermoelectric elements with high 
precision. Previous efforts at MEMS (micron) scales have successfully demon-
strated thermoelectric microdevices containing over 100 electrochemically depos-
ited Bi

2
Te

3
 (n-type) and Sb

2
Te

3
 (p-type) elements, each 60 m in diameter, and 

fabricated using a LiGA technique [151]. This electrochemistry- based fabrication 
technique is highly scalable and inexpensive; however, the dimensions are still 
several orders of magnitude greater than the ideal dimensions (~10 nm) required to 
observe quantum confinement effects. While template based synthesis can certainly 
produce thermoelectric nanowires in this dimensional range, the key difficulty lies 
in ensuring that adjacent pores have alternating n-type and p-type semiconductor 
materials. In an effort to circumvent this problem, several researchers have used 
lithography to produce microzones of n-type and p-type nanowires and couple them 
to create the thermoelectric devices as shown in Fig. 13.22 [153, 154].

Fig. 13.21 Current recorded over time for an individual In2O3 NW device (a) and a SWNT mat 
device (b) when sequentially exposed to buffer, BSA, and PSA. Insets: SEM images of respective 
devices. Reprinted with permission from ref. [149]. Copyright (2005) American Chemical Society
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13.6  Future Trends

Electrochemistry has gained recognition within the MEMS and NEMS community 
as an economical, high throughput means of producing a diverse range of materials 
and structures. As our understanding and requirements of materials have pro-
gressed, electrochemistry has grown to meet these demands, with tailored alloys, 
novel composites, and nanostructured features. However, considerable work 
remains to be done to adapt this centuries-old technology to the stringent demands 
of MEMS and NEMS. Specifically, a strong theoretical foundation resulting in 
robust modeling schemes for mass transport, current distribution, additive kinetics, 
and deposit nucleation needs to be developed in support of the largely empirical 
work in electrochemistry-based microfabrication that has been carried out thus far 
[6]. Beyond the actual fabrication process itself, considerable effort is required for 
developing an in-depth understanding of key electrodeposited materials properties 
including mechanical stress and interfacial adhesion, thermal, electrical, and 
chemical properties, all of which have a direct impact on the performance of 
MEMS and NEMS devices.
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14.1  Introduction

The microelectronic packaging industry is undergoing major changes to keep pace 
with the ever-increasing demands imposed by high performing chips and by end-use 
system applications. Solutions using advanced materials for microprocessor 
interconnect scaling and chip package interconnects, novel concepts in heat man-
agement systems, and improvements in package substrates continue to drive major 
packaging efforts. Advances in electrochemical technologies have played an impor-
tant role in the evolution of such solutions for miniaturization of microelectronic 
devices and packages. Indeed, since the development of through-mask plating for 
thin film heads in the1960s and 1970s, an enormous amount of industrial and aca-
demic R&D effort has positioned electrochemical processing among the most 
sophisticated processing technologies employed in the microelectronics industry 
today [1–4]. Electrochemical processing is perhaps better understood than 
some of the dry processing technologies used in the microelectronics industry. 
Compared to other competing dry processing technologies, it has emerged as a more 
environmentally-friendly and cost-effective fabrication method. Electrochemical 
processing has, thus, become an integral part of advanced wafer processing fabs 
and an enabling technology for nanofabrication [5]. As the electronics industry 
faces the challenges of extending Moore’s law, electrochemical processing is 
expected to continue to enable further miniaturization of high-performance chip 
interconnects, packages, and printed circuit boards. Evolving novel approaches to 
electrochemical processing using nano-materials and nano-fabrication techniques 
have started to make tremendous impact on further miniaturization of high perfor-
mance devices and packages. A detailed discussion of different facets of technology 
advances in electronic packaging is difficult to present in the limited space of this 
chapter. The current chapter, therefore, makes an effort to capture some of the key 
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developments in microelectronic packaging while highlighting the impact of 
electrochemical processing. Also included is a brief discussion of some of the foresee-
able applications of nano-materials and nano-structures in advanced packaging.

14.2  Microelectronic Packaging

Electronic packaging is the methodology for connecting and interfacing the chip 
technology with a system and the physical world. The objective of packaging is to 
ensure that the devices and interconnections are packaged efficiently and reliably. 
With continued miniaturization trends in integrated circuits, a steadily increasing 
percentage of wiring migrates into the chip, thus, making the semiconductor thin 
film wiring a very important aspect of microelectronic packaging [6, 7]. A typical 
microprocessor packaging hierarchy consists of several levels of packaging. The 
chip level packaging includes chip interconnect wiring (metallization), and provi-
sions for chip-package interconnection such as flip-chip bumping, wire bonding, and 
tape automated bonding (TAB) [6–9]. The first level of packaging involves joining 
of chip(s) to a substrate, which may form a single chip module (SCM) or a multichip 
module (MCM). Depending on the thermal cycle environment, the substrates for 
SCM/MCM may be either organic or ceramic packages. In the second level of pack-
aging, packaged SCMs, MCMs, and other components are assembled on a printed 
circuit board (PCB) or card. PCBs are generally copper-clad sheets of epoxy-glass 
laminates with plated through-hole interconnections. In some cases, the chips (with-
out a substrate) are directly attached to boards (direct chip attach) known as chip-on-
board (COB). The third level of packaging may vary depending on the system. In a 
desktop, several PCBs are plugged into a motherboard, while in a hand-held calcula-
tor the outer shell is the third level of packaging. On the other hand, a workstation 
or a mainframe uses several motherboards within an enclosed box.

Figure 14.1 is a schematic diagram showing the key components of a micropro-
cessor assembly. The assembly consists of a chip, a package, and a printed circuit 
board that are joined together to form a second-level packaging. Chips with C4 
solder bumps are flipped over and joined to the package substrate by reflow. 
An underfill is often used to improve reliability of the chip-package interconnect 
assembly. This first level assembly is further connected to the printed circuit board 
using ball grid arrays (BGA’s) or pins. For efficient heat dissipation from the chip, 
an integrated heat spreader and a finned heat sink are attached to the back side of 
the chip using thermal interface materials (TIM1 and TIM2) Electrochemical pro-
cessing technologies employed in the fabrication of all of these components, 
include low-end electroless nickel/gold coating of the copper heat sinks, wiring of 
packages and boards by through-hole plating, fabrication of plated C4 solder bumps 
and the fabrication of extremely precise nano-scale features of chip interconnect 
metallization. Accordingly, the degree of sophistication of tools and processes varies 
depending on whether they are applied in package/board fabrication on macro/
micro scale or in semiconductor wafer processing on micro/nano scale [5].
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14.3  Semiconductor Packaging: Cu Metallization  
and Flip-Chip Technology

Introduction of electroplated copper metallization replacing aluminum brought 
about a paradigm shift in chip interconnect technology [10]. Advanced micropro-
cessors now use electroplated Cu technology because of several advantages associ-
ated with copper wiring, and with the electroplating technology that has enabled the 
high volume manufacturing of Cu chips [10]. Development of a defect-free dual 
Damascene electroplating process, and the semiconductor equipment industry’s 
drive to develop and market electroplating and CMP tools were the key enabling 
factors that made the implementation of copper interconnect technology possible 
[5]. Indeed, the development and availability of high volume manufacturing of 
electroplating and CMP tools that are compatible with ultra-clean fab standards 
represented a major shift in the semiconductor industry’s strategy that was hitherto 
focused on vacuum processing. These developments together with an aggressive 
integration scheme have enabled the development and manufacturing of advanced 
interconnects. The defect-free fabrication of nano-scale, multilevel interconnect 
structures on a 300 mm wafer with high yield demonstrates the exceptional strength 
of electroplating technology. All these developments have placed electrochemical 
processing on a firm footing as an enabling technology for nano-processing.

As the semiconductor industry prepares for the 45 nm node and beyond, issues 
related to integration of advanced interlayer dielectric (ILD) material into finer Cu lines 
has become the key challenge. Accordingly, novel electrochemical processing methods 
that address issues related to planarization of the fragile Cu/ILD structure and electro-
migration of copper interconnects are evolving . A combination of electrochemical and 
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Fig. 14.1 Schematic diagram of a microprocessor assembly showing different levels of packaging 
and thermal management solution using a heat sink. TIM thermal interface material, BGA ball 
grid array
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mechanical means of Cu removal is being employed as a novel planarization technique. 
Following this direction, currently there are two different approaches being pursued by 
semiconductor equipment vendors [11,12]. In one approach, planarization is achieved 
during electroplating using electrochemical mechanical deposition (ECMD), which is 
then followed by electropolishing to remove the overburden, while in the other approach 
electroplating is followed by electrochemical mechanical polishing (ECMP). Both 
approaches emphasize electropolishing as the key metal removal method, thus position-
ing electropolishing at the center stage of planarization technologies for interconnect 
structure fabrication [11].

Another important development in chip interconnect is the use of electrolessly 
deposited capped nano-layer that reduces copper electromigration and provides 
improved interconnect current density capability. The PVD sputtered Ta(N) liner 
and PECVD Si(C)N cap technologies have been used as diffusion barriers for copper 
interconnects from the 0.25um to 65 nm process nodes [10, 13]. The PVD Ta(N) 
liner is a relatively high-resistance film and it accounts for ~15% of the metal area 
on lower metal layers. The key problem with the PECVD Si(C)N dielectric capping 
is that it forms a relatively weak chemical bond with copper that allows for excessive 
copper migration at the Cu-Si(C)N interface thus giving rise to electromigration 
problems, which limit the maximum current density in the underlying wire [13]. The 
PECVD Si(C)N cap film, also, has a high dielectric constant (k ~ 7).

Selective electroless deposition of cobalt alloys offers a novel approach for 
forming self-aligned metallic cap layers. Such films have better adhesion to copper 
than dielectric films.

An electroless metal cap deposition process is especially appealing because of 
low cost, intrinsic selectivity and superior film properties. Electroless deposition of 
Co and its alloys has been widely studied and interconnect capping processes using, 
Co, CoW, CoWP, and CoWB are available in literature [13–19]. Recent efforts have 
focused on developing Pd-free process for selective deposition of nano-layer of 
capped material [16, 17]. Long-term reliability data obtained in different research 
laboratories indicated that electroless CoW capping tremendously improved EM 
resistance [13, 17–19]. The electroless CoWP cap has also been shown to have 
excellent adhesion to copper, good corrosion and diffusion properties, as well as 
good selectivity. The semiconductor equipment industry is currently involved in the 
development and qualification of both Pd activation-based and Pd-free CoWP pro-
cesses. Figure 14.2 shows SEM photographs of a CoWP-capped copper interconnect 
using a commercially developed Co alloy process and tool [19].

Chip-package interconnection technologies currently used in the semiconductor 
industry include wire bonding, TAB, and flip-chip solder connection. Flip-chip (C4) 
interconnection is an area array configuration in which the entire surface of the chip 
can be covered with bumps for the highest possible I/O counts. Various solder bump-
ing technologies are used in high volume production, including evaporation, electro-
plating, and solder paste printing. IBM’s original C4 technology involved evaporation 
of both seed layers and high melting temperature PbSn (90–97% Pb) solders and 
was mainly meant for high-end applications involving ceramic packages. However, 
with the increased demand of higher I/Os for consumer and mid-range products with 
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plastic packages, which required a cost-effective C4 process with lower melting 
temperature eutectic solders (63Sn37Pb), the limitations of evaporation became 
apparent and paved the way for electroplating. Screening of solder paste is another 
means of fabricating solder bumps on wafers and packages. While this method is 
cost-effective for certain applications, inability to fabricate metal screens with fine 
dimensions limits the bump size/pitch and issues related to solder voids limit the 
process to low-end products. Electrochemical fabrication of C4s has now become 
the industry standard for advanced microprocessor assembly [20].

Electrochemical fabrication of C4s is an extremely selective and efficient pro-
cess, which is extendible to finer pitch, larger wafers, and a variety of solder com-
positions including some lead-free alloys [20, 21]. These advantages, coupled with 
the advantages of area array interconnections, are making the plated C4 technology 
a preferable chip-package interconnection for a variety of products. Besides 
through-mask electroplating of solder alloys, the C4 fabrication involves careful 
etching of the underlying seed/ball-limiting metallurgy (BLM) layers. For some 
selected BLM layers such as phased CrCu, electroetching methods have been found 
to be the only means for their removal. This led to the development of various 
manufacturing processes and tools for electroetching.

Currently, two types of as-plated bump shapes are common in the microelectron-
ics industry: mushroom bumps and column bumps. While mushroom bump technol-
ogy has the advantage of using industry-standard-thin (up to 25 μm) photoresist, it 
may not be applicable to advanced products with narrower pitch bumps and high I/
Os, due to possible bridging problems associated with these bumps. Furthermore, 
volume uniformity of mushroom bumps is difficult to control. On the other hand, 
the use of a thicker photo-resist mask to restrict the bump-plating process within 
the photo-resist feature permits fabrication of column bumps. Column bumps are 
extendible to finer pitch and higher I/Os, and provide better volume uniformity control. 
With the availability of cost-effective thick photo-resist technology, the semiconductor 
industry is rapidly moving from mushroom bumps to column bumps.

Another new method of solder bumping is based on injection-molded solder 
technique. This technology, which is known as C4NP (C4-new process) was developed 

Fig. 14.2 SEM photographs of copper interconnects capped with 7.5 nm thick CoWP. Left cross 
section view, Right top view. Ref. [19]
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at IBM and is now commercialized by Suss MicroTec [22, 23]. C4NP is a solder 
transfer technology where molten solder is injected into prefabricated and reusable 
glass templates (molds). The sequence of process steps involved is shown in Fig. 14.3. 
Borofloat glass plates, with the coefficient of thermal expansion matching that of 
silicon, are used to form the molds. Lithographic patterning and etching processes are 
used to form cavities with well-defined bump pitch and whose diameter and depth 
precisely determine the volume of the solder bump. The mold cavities are precisely 
filled with solder by injecting molten solder through a solder-injection head. After 
inspection, molds and wafer are brought into contact and solder bumps are transferred 
onto the entire wafer. C4NP technology is capable of fine pitch bumping while 
offering alloy selection flexibility. The technology is, therefore, particularly suited for 
exotic ternary or quaternary lead-free solder-bumping application.

Lead-tin alloys are the most commonly used solder materials for microelectronic 
packaging. Pb and Pb-rich alloys have one of the most desirable characteristics of C4 
solders in that they are soft and compliant. The compliant nature of these alloys act a 
cushion for absorbing thermal and mechanical stresses and transfer minimum stresses 
to the die during microprocessor assembly processes. On the other hand, the melting 

Fig. 14.3 Process steps involved in the C4NP technology. Wafers with BLM and solder-filled 
molds are processed in parallel and joined together. Solder bumps are thus transferred to the wafer. 
Inset: Solder balls formed by C4NP process. Ref. [23] reproduced with permission of the 
Electrochemical Society
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temperature of these C4 materials is in the range of   310–328°C. The high joining 
temperatures required for these C4 solders make these materials incompatible with 
the advanced interconnect ILD materials and plastic packages. Indeed, integration of 
low-k/ULK dielectric in the chip necessitates a low temperature joining process, 
hence a low melting temperature solder. These integration issues coupled with 
increasing health and environmental concerns of lead-containing alloys, the micro-
electronic industry is now gearing up to the worldwide call for Pb-free solders.

In spite of a tremendous amount of effort for the search of lead-free C4s, no 
industry standard has evolved as yet. Commonly cited lead-free solders are  Sn-rich 
alloys for which electroplating processes are available. The most popular lead-free 
solder among them is Sn3.9Ag0.6Cu with a melting temperature of 217°C. This 
solder is recommended by National Electronic Manufacturing Initiative (NEMI) 
and has been extensively studied and characterized by NIST. However, applicability 
of this solder as a C4 material in chips with advanced ILD is not known.

Indeed, Sn-rich solders present several issues, which need to be thoroughly 
examined for their applicability as advanced C4 materials. Sn-rich solders are nor-
mally 2.5–3.0 times harder than Pb-rich alloys (Table 14.1). Due to this reason, 
integration of Sn-rich C4s with fragile ULK will require significant modifications 
in the chip-package assembly process to avoid issues due to chip cracking. Another 
issue is high reactivity of Sn with copper. In some cases,    Sn migration through 
BLM cracks may lead to chip failure [24, 25]. Sn-rich C4s, therefore, require selec-
tion of robust BLM layers and development of their etching processes. Finally, 
Sn-rich solders are prone to whisker growth, which may cause electrical shorts. 
Prevention of whisker growth, however, has been possible through alloying and 
through the use of additives in the plating bath.

Currently, there is no unique solution to lead-free C4 material that is available at 
this time. Based on the above discussions, it is anticipated that the selection of lead-
free solder for C4s will be dictated by the interconnect materials in the chip and by 
the selected packaging solution. Therefore, the lead-free C4 material selection is 
expected to be application-specific.

The integrity of barrier layer metallurgy (BLM) is one of the key concerns for 
the reliability of microprocessor assemblies using Sn-rich solders. Commonly used 
BLMs consist of a combination of an adhesion layer and a solderable layer [20, 21]. 

Table 14.1 Thermo-mechanical properties of lead and tin rich solders [11, 20]

Solder type Metal/alloy Melting temperature, °C Young’s modulus, GPa

Lead-rich Pb 328 21
97Pb3Sn 310 22
63Sn37Pb 183 36

Tin-rich Sn0.75 Cu 227–229 50
Sn3.5 Ag 221 51
Sn3.9Ag0.6Cu 217 51
Sn58Bi 139 28.5
Sn52In 117 23.6
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Due to fast kinetics of the Sn–Cu reaction, diffusion of Sn through the BLM must 
be prevented. The refractory metals, such as Ti, W, and TiW, are applicable as a 
barrier layer for Cu. However, as shown in Fig. 14.4, cracks and other defects pres-
ent in the barrier layer or induced during thermal cycling, may act as migration path 
for Sn, which may react with the Cu conductors thus creating electrical shorts and 
eventually causing failure of the device. An example of such die-package interac-
tion leading to microprocessor failure is shown in Fig. 14.4. The reliability tests of 
assembled microprocessor led to failure after baking at 170°C for 480 h [24–26]. 
Failure analysis included EDX analysis of cross-sectioned chip surface, which 
showed the presence of CuSn intermetallic around final copper lines leading to 
shorting of lines and eventual microprocessor failure. Further analysis of the BLM 
layer after selective etching of the C4 solder and the solderable layer showed cracks 
on the Ti layer. These data indicated that migration of Sn through BLM cracks and 
its reaction with copper is indeed a possible mechanism that is responsible for 
microprocessor failure. Grain boundary diffusion in crystalline material is another 
possible mode of compromising barrier properties. The use of amorphous layers, 
such as TiW, help alleviate such issues. For good bonding, the intermetallic reac-
tion between Cu in the BLM and the Sn in the solder produces Cu6Sn5 that adheres 
well both to the solder and to the Cu in the BLM. To obtain good adhesion, it is 
imperative that all Cu is not consumed in intermetallic reaction because the Cu6Sn5 
intermetallic does not adhere well to the underlying Cr, Ti or TiW layer. With high 
tin-containing solders, complete consumption of the thin Cu in the BLM causes 
loss of adhesion and a weak interface. Therefore, one of the accepted processes 
used for eutectic 63Sn/37Pb solder bumping is the use of a Cu stud as the BLM. 
The copper stud is electroplated through a photo-resist mask on top of a sputtered 
TiW/Cu BLM. The function of the Cu stud (or “minibump”) is to provide an 
increased solder wettable area and to provide a solder diffusion barrier. However, 
these functions of the Cu stud have to be evaluated vis-à-vis its impact on the solder 
fatigue life. The Cu stud process is also becoming widely popular for Sn-rich alloys 
that are being implemented as Pb-free solders for C4 bumping.

Final metal layer
Shorting

Polyimide

C4 bump

Ti/NiV BLM

Fig. 14.4 FIB cross section of a failed chip showing the two last layers of copper metallization 
and C4 bump (left). Migration of Sn through cracks in the BLM layer and its reaction with cooper 
metallization led to shorting and microprocessor failure. Cracks in the Ti layer (after selective 
etching of solder and solderable layer) is clearly visible (right)
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14.4  First-Level Packages and Printed Circuit Boards

First-level packages provide interconnection between the printed circuit board and 
the chip. These packages must have the desired number of wiring layers, provide 
thermal expansion compatibility with the chip, provide a thermal path for heat dis-
sipation from the chip, and keep electrical noise and transmission delay to the mini-
mum. The two types of packages used are plastic packages and ceramic packages.

Plastic or organic packages offer many advantages over ceramic packages in 
terms of size, weight, performance, cost, and availability. Tremendous improve-
ments in hermeticity, and reliability of organic packages have increased use of 
plastic packages in a wide range of products spanning from consumer to low-end 
to  high-end microelectronic assemblies and account for 97% of the first-level package 
market [27]. The substrate technology is generally based on a single-level metal 
frame, which is the foundation of the molded plastic package. The two most com-
mon lead frame metals employed by the industry are    nickel–iron alloy (alloy 42, 
42%Ni/58%Fe), and copper alloy [27, 28]. The chip is bonded with a die attach 
adhesive onto the die paddle. Gold wire bonding is used to make the connections 
between the chip and the lead frame. Injection molding process is used to encapsu-
late the IC and bond wires. The outer leads are then solder-screened or plated for 
board mount. Plastic ball grid array (PBGA) package with an organic substrate 
technology has now become the technology of choice for IC packaging. It is based 
on the concept of printed circuit board manufacturing, which uses plated through-
hole technology used to form the copper interconnections. Development of these 
denser but lighter packages were made possible through advances in electrochemi-
cal processing technologies including the ability to obtain micro-via plating cover-
age, fine wiring, and high aspect ratio through hole plating.

Ceramic packages use co-fired multilayer ceramic substrates and provide the 
highest wiring density of all packaging technologies. Co-firing of as many as   63 
layers in full production and 100 layers in development have been reported [6]. 
Indeed, hermiticity and exceptional dimensional stability of ceramic substrates 
make these packages superior to organic packages. Since high density of wiring is 
possible in thin film layers, the addition of thin film layers on ceramic packages 
reduces the total number of layers required in the package. Electrochemical pro-
cessing technologies played a significant role in the development of these packages. 
Some of these process steps include: electroplating and etching to form vias and 
conductor wires, electroless plating of Co(P) as diffusion barrier layer, electroless 
deposition of Ni/Au on sintered molybdenum pads, and chemical mechanical pol-
ishing for planar structures.

For PCB, plated through-hole technology enables interconnection of various 
layers through formation of vias and holes. The sequential lamination involves 
lamination of subassemblies with drilled and plated-through holes interconnection. 
Evolution of PCB industry owes much to the development in electrochemical pro-
cessing technologies, which enabled efficient fabrication of circuits on non-metallic 
surfaces through the availability of high volume plating and etching technologies. 
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PCB wiring requires high ductility copper, for which both electroless and electrolytic 
baths have been developed [29, 30]. Electroless plating provides good throwing 
power, hence is suitable for high aspect ratio multilayered boards with densely 
packed inhomogeneous circuitry.

The on-going materials development efforts in the packaging industry are aimed 
at developing nano-engineered packages with polymers and metals having improved 
thermo-mechanical properties. Some of the challenges include nano-material syn-
thesis, placement at nano-scale, material property control at molecular level, and 
new metrologies for characterizing morphology and properties at nano-scale.

14.5  Thermal Management

Microprocessor scaling for increased performance and reduced cost places signifi-
cant challenges on power delivery and heat removal. Heat removal is essential for 
an electronic package to offer optimal performance without failure. The substrate 
and circuit often possess different rates of thermal expansion. Thermal cycling and 
other thermo-mechanical stresses can lead to breaks in interconnections and package 
failure. Solutions using advanced materials and thermal management systems such 
as heat spreaders and efficient cooling systems are needed to facilitate heat removal. 
Key thermal management challenges include increasing power dissipation and the 
need to cool regions of local power concentrations on the die known as hot spots. 
A typical microprocessor assembly shown in Fig. 14.1 includes thermal management 
features such as integrated heat spreader (IHS) to spread heat while transporting 
heat from the die to the heat sink, which in turn dissipates heat to the environment 
through a fan. Successful thermal management requires the use of a thermal interface 
material (TIM) that makes good thermal contact between the die and the integrated 
heat spreader and the heat spreader and the heat sink. TIMs are generally thermal 
greases and gels that are made up of a polymeric material loaded with thermally 
conducting metallic or ceramic fillers [31, 32]. Heat dissipation through these mate-
rials occurs through percolation. Metallic TIMs such as solders materials provide 
heat dissipation entirely through conduction. However, the integration of metallic 
TIMs in microprocessor assembly is an enormous challenging task involving issues 
related to stresses and expensive processing steps.

14.5.1  Advanced Cooling Systems

Solutions using advanced materials and thermal management systems, such as heat 
spreaders and cooling systems, are currently employed to facilitate heat removal. 
Heat sinks and heat pipes are among the commonly used solutions for cooling micro-
processor assemblies. In each case, successful thermal management requires the use 
of a TIMthat makes good thermal contact between the die and the heat sink and the 
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integrated heat spreader. TIMs are generally thermal greases or gels that are made up 
of a polymeric material loaded with thermally conducting metallic or ceramic fillers. 
Advanced thermal management solutions are now evolving, which include the use of 
cooling systems such as micro-channel (also known as micro-structure), liquid cooling, 
and attention to enhanced thermal conductivity TIMs. The use of a liquid-cooling 
system is attractive because of higher heat transfer coefficients or lower thermal resis-
tance as compared to traditional heat pipe or heat sink solutions.

A liquid-cooling system (LCS) for cooling microprocessors is shown in  
Fig. 14.5, which shows the schematic of a closed-loop LCS for a typical application 
that requires cooling of two microprocessors [33]. Two microheat exchangers are 
attached to the microprocessors with a TIM in between the heat exchanger and the 
microprocessor. Cold liquid, driven by a pump, enters the microheat exchangers 
where the flowing liquid extracts the heat from the microprocessors. The warm 
liquid flows into a fan-cooled radiator where it rejects the heat to the air thus cooling 
the liquid in preparation for repeating the cycle.

A microheat exchanger is one of the key components of LCS. Figure 14.6a 
shows a schematic diagram of a typical microheat exchanger. The microheat 
exchanger base (also known as the cold plate) is placed on top of the heat source 
with a thermal interface material in between. Effective heat transfer in a cooling 
system requires the cooling fluid to be in contact with as much surface area as pos-
sible of the material that is designed to extract the heat. In microheat exchangers, 
where the non-dimensional heat transport rate, as expressed by its Nusselt number, 
is a constant quantity – the heat-transfer coefficient is inversely proportional to the 

Fig. 14.5 A commercially available Custom Designed Liquid Cooling System [33]
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hydraulic diameter. Heat exchangers with high surface-to-volume-ratio microstructures 
(HSVRMs) through which the liquid flows should, therefore, provide significantly 
enhanced heat transfer. Fabrication of heat exchangers with reliable and efficient 
HSVRMs is, therefore, extremely critical.

HSVRMs with very fine openings provide significantly enhanced heat transfer. 
However, the problem with fine openings is that they also increase the pressure 
drop, imposing additional requirements on the pumping system. This problem has 
been circumvented by incorporating a manifold into the heat exchanger, while 
retaining the microstructure adjacent to the surface to be cooled [34]. Use of a 
properly designed manifold helps to uniformly distribute the cooling liquid flow

through the HSVRM, thus significantly minimizing pressure drop. A typical 
microheat exchanger with a manifold over HSVRM is shown in Fig. 14.6b. It is 
apparent from the above discussion that developing a microheat exchanger with a 
high heat-transfer rate and minimized pressure drop is a challenging task that 
requires proper design of the HSVRM structure.

In addition to efficient microheat exchangers, high thermal performance of LCS 
require high efficiency radiator designs and the use of a high thermal conductivity 
cooling liquid that provide minimum resistance to heat transfer. Highly reliable and 
robust LCS marketed by Cooligy use a compact, low-noise, and reliable pumping 
system; optimized cooling liquid with particular attention to the highest level of 
corrosion protection by using film-forming inhibitors; and ultra-low permeability 
flexible tubing and robust triple-sealed joints that ensure a completely leak-proof 
system with insignificant water loss over the lifetime of microprocessors [33].

14.6  Nanotechnology in Advanced Packaging

Nano-processing and nano-materials are playing a key role in the advancement of 
microelectronics packaging. Steady miniaturization of silicon devices and intercon-
nects represents an evolutionary nano-technology where nano-processing has been 
integrated with conventional microscale processing. An enormous amount of exciting 

HSV R M
Cold plate ( Hx base) HSVRM

Manifold

a b

Fig. 14.6 Schematic diagram showing cross section of microheat exchangers (a) without and (b) 
with manifold [33, 34]
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research is currently underway in the area of nano-processing that is expected to 
shape the next generations of electronic packages. Such topics include: the use of 
nano-particles to influence thermo-mechanical properties of solders for flip-chip, 
BGAs, and packaging materials; the use of carbon nano-tubes, nano-fibers and their 
metallic composites for advanced chip interconnects and thermal interface materials; 
fabrication of porous nano-structures and development of nano-fluids for advanced 
cooling systems; ink-jet printing for low-cost printed electronics; and precise fabrica-
tion of n- or p-type nano-films and nano-wires for application in thermoelectric coolers. 
Some of these topics are briefly discussed below.

14.6.1  CNT/CNF and Their Metallic Composites

Carbon nanotube (CNT) is one of the most-researched topics of nanotechnology. 
A CNT is a long, thin, cylindrical, hexagonal lattice (graphene) of carbon molecules, 
one molecule thick, only 10 to 20 atoms around, and up to 100 micrometer long. 
CNTs display extraordinary mechanical, electrical, and thermal properties [35, 36]. 
They have much higher current carrying capability than copper, they conduct heat 
as well as a diamond, and are about 100 times stronger than steel at 1/6th of the 
weight per volume. Their characteristics vary depending on how they are rolled, 
and how thick they are (single or multi-walled). Depending on the direction in 
which CNTs are rolled up they demonstrate either metallic or semiconducting prop-
erties, which is one reason why they can carry very high currents while emitting 
little heat. Because of their extremely desirable properties of high mechanical and 
thermal stability, high thermal conductivity and large current-carrying capacity, 
CNTs have aroused a lot of research interest in their applicability as ULSI intercon-
nects of the future [37, 38]. Mixing together nano-tubes with different electrical 
properties could simplify the design of future chips. Le et al. used PECVD to grow 
whisker-like CNTs on the surface of a silicon wafer [38]. A layer of silicon dioxide 
was then deposited to encapsulate the CNTs and the chip surface. The top part of 
the CNTs and part of the silicon dioxide layer are then polished by CMP planariza-
tion. Using this method processing of multilayer interconnects using vertical car-
bon nano-tubes was demonstrated. However, the establishment of a method to 
separate and sort CNTs of different conductivity types remains one of the most 
important topics in nano-tube research.

Carbon nano-tubes and carbon nano-wires (CNF) have unique thermal and ther-
moelectric properties that give rise to new opportunities in thermal management of 
electronic devices. However, long and free-standing tubes and fibers may not be 
able to withstand the rigorous thermo-mechanical stresses in packaging process 
flows. Gap-filling copper between vertically aligned CNFs provides a suitable 
mechanical anchor for the nano-fibers to the substrate while also serving as a lateral 
heat spreader. The robust physical characteristics of the CNF–Cu composite also 
allow one to take advantage of increased contact surface area to the target material. 
Carbon nano-fiber composites are a strong candidate material to provide thermal 
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solutions for advanced cooling systems. Ngo et al. used DC-powered PECVD to 
fabricate vertically aligned, free-standing CNF arrays on silicon wafers of ~500 um 
thickness [39]. Copper electrodeposition was used for gap-filling high aspect ratio 
trenches, thereby creating CNF–Cu composite array. Obtained data demonstrated 
the mechanical strength and efficient interfacial heat conduction of CNF–Cu com-
posite arrays suitable for next-generation heat-sink devices. A layer of titanium 
(300 Å) was used as both an adhesion layer for a thin layer of nickel catalyst used 
for the CNF array growth and as a seed layer for the subsequent copper electrode-
position. As grown vertically aligned carbon nano-fiber arrays are shown in 
Fig. 14.7. A superfilling copper electrodeposition bath was employed that consisted 
of 100 ppm chloride ions (Cl−), 400 ppm polyethylene glycol (PEG), 10 ppm 
bis(2-sulfopropyl) disulfide (SPS), 10 ppm Janus Green B (JGB), 0.6 mol/l copper 
sulfate, and 1.85 mol/l sulfuric acid. An etching/electropolishing step in 85% 
ortho-phosphoric acid solution was used to improve surface finish and to remove 
excess copper thereby revealing the nano-fiber ends. Ngo et al. compared the thermal 
resistance measurements for as grown CNF array versus CNF-Cu composite with 
the same length and diameter distribution of fibers. CNF-Cu composites showed 
lower thermal resistance indicating their potential applicability as efficient thermal 
interface materials in cooling devices.

Ti deposition

Nickel catalyst
deposition

CNF growth by
PECVD

CNF gap fill by Cu
electrodeposition

Electropolishing
to reveal CNF
ends

Fig. 14.7 Top: Process steps involved in the fabrication of CNF-Cu composite. Bottom left SEM 
photographs of as grown CNFs, Bottom right CNF-Cu composite after copper electropolishing. 
Reprinted with permission from ref. [39]. Copyright (2004) American Chemical Society
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Fabrication of carbon nanofiber-copper composite by electroplating was studied 
by Arai and Endo [40]. They used commercially available vapor-grown carbon 
nano-fibers fabricated by catalyst-assisted chemical vapor deposition as a filler 
material in a copper sulfate/sulfuric acid plating bath. The 20 mm long and   100–
200 nm diameter carbon nano-fibres were fabricated by catalyst-assisted chemical 
vapor deposition. Two forms of polyacrylic acid, PA5000 and PA25000, were added 
to the bath to aid dispersion of CNFs with the aid of stirrer agitation. A relatively 
uniform dispersion of CNFs within copper grains was observed on the film. Cross 
section of the films indicated that CNFs were not only deposited on the surface but 
were distributed within the deposited thickness. These composites were easily sepa-
rated from the substrate by ultrasonic waves in acetone, and by changing electrode-
position parameters the composites could be obtained in film or powder forms.

14.6.2  Nanoparticles in Advanced Packaging

Nano-particles are expected to play a major impact in electronic packaging. Compared 
to their bulk counterparts, nano-scale materials exhibit large surface area and 
size-dependent distinct chemical, electrical, optical, thermal and magnetic properties. 
The thermo-mechanical properties of interconnect materials, packaging materials, 
and thermal interface materials can be significantly modified by the inclusion 
of nano-particles. Nano-particles are also finding increasing applications in nano-
printing, and in nano-fluids for liquid-cooling devices. These aspects are briefly 
described in the following section.

14.6.2.1  Nanoparticle Seeding for Interconnects

Electrochemical deposition is an effective method of seeding the inert barrier layer 
due to its inherent advantages in filling high aspect ratio features, as well as low 
processing cost. While palladium seeding is commonly used to initiate the auto-
catalytic reaction of subsequent electroless copper deposition, Pd reduces the sta-
bility of the electroless Cu plating bath and the formation of CuPd alloys increases 
the resistivity of electroless Cu deposits [41]. Li et al. studied the deposition of 
copper nano-particles to act as metal activation seed layers on TaSiN barrier films 
for subsequent electroless or electrolytic copper deposition applicable in nano-scale 
interconnect metallization [42]. The process is based on an electrochemical dis-
placement mechanism in which the more noble metal ions in the organic solution 
are reduced to metal nano-particle crystals at the less noble solid metal substrate. 
The organic deposition solution consisted of conventional solvent extractants that 
are very poor electrolytic conductors but can sustain short-range spontaneous 
reactions. Additives consisting of low formula weight organics were used to 
enhance the copper nano-particle deposition. An aqueous15 g/L CuSO4 solution was 
mixed with an equal volume of organic extraction solution consisting of 30 vol% 
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di-2-ethylhexy phosphoric acid, 20 vol% tri-n -butyl phosphate, and 50 vol% 
kerosene. The Cu concentration in the organic phase ranged from 10 to 300 ppm. 
A 2 vol% HF aqueous solution (50% concentration) was added into the deposition 
solution for in situ activation of the substrate surface. A proprietary additive was 
used, the concentration of which influenced the seed morphology. Without the 
additive, very few Cu nano-particles were present while the seed density increased 
with increasing additive concentration. A very dense, uniform Cu seed crystal layer 
was obtained with 10 vol% of the additive. Increasing the concentration of the 
additive to 20 vol% resulted in a bi-modal size distribution. The study of Li et al. 
demonstrated that the organic composition, degree of agitation, the seeding time, 
the additive type, and concentration all effect the morphology, density, and distribu-
tion of the Cu nano-particles [42]. Using optimized solution and deposition conditions, 
highly dense and uniform Cu nano-particles were successfully deposited on the 
TaSiN barrier at near ambient temperature and pressure. Electroless deposition of 
copper was performed on the Cu-seeded TaSiN. The morphology and quality of the 
electroless Cu plating was correlated with the morphology of the Cu seed layer. 
SEM photographs of Fig. 14.8 show that by using the optimized conditions for 
nano-particle seed layer deposition and electroless copper deposition, a very 
uniform and smooth cooper deposit could be obtained [42].

14.6.2.2  Lead-Free Solders

The lead-free solders are mostly based on Sn-containing binary and ternary alloys. 
Among them, the Sn–Ag system is one of the earliest commercially available 
lead-free solders and has been recommended for general-purpose use as a substitute 
for Sn–Pb eutectic solder. Addition of nano-particles of second phase helps in 
improving thermo-mechanical properties such as melting temperature, mechanical 
strength, mechanical fatigue resistance, creep resistance and solder-joint reliability. 

Seed Layer Electroless Cu

Fig. 14.8 SEM photographs of Cu seeding on TaSiN (left) and subsequent electroless copper coat-
ing (right). Ref. [42] reproduced with permission for the Electrochemical Society
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Lee et al. studies the influence of nickel concentration and inclusion of Ni3Sn4 
nano-particles on the morphology of SnAgNi solders [43]. While inclusion of 
Ni

3
Sn

4
 nano-particles did not influence the melting temperature of the solder, the 

wettability of the solder to copper substrate increased significantly as evidenced by 
smaller contact angle of the Ni

3
Sn

4
 doped solders. Shen et al. studied the strengthening 

effects of ZrO
2
   nano-particles on the microstructure and microhardness of Sn3.5Ag 

solder [44]. The addition of ZrO
2
 nano-particles in Sn-3.5Ag solder resulted in a 

finely dispersed Ag
3
Sn phase. The refinement of microstructure is due to the adsorp-

tion of ZrO
2
 nano-particles on the surface of the nucleating Ag

3
Sn phase during 

solidification. ZrO
2
 nano-particles suppress growth of Ag

3
Sn intermetallic precipi-

tates, and thus reduce the particle size of the formed Ag
3
Sn phase and lead to 

uniform dispersion of the phase. The finely dispersed Ag
3
Sn phase provides dispersion 

strengthening and therefore, enhances the microhardness of Sn-3.5Ag-ZrO
2
 solder.

14.6.2.3  Thermal Interface Materials

As shown in Fig. 14.1, in a microprocessor assembly, TIMs are used for conducting 
heat from chip to heat spreader and from heat spreader to heat sink. The TIMs are 
subject to challenging requirements, including the ability to reduce thermal stress 
between regions with vastly differing thermal expansion coefficients, the ability to 
be reworked, and high thermal conductivity [31, 32]. Commonly used TIMs include 
a variety of polymer-based materials with high thermal conductivity particle inclu-
sions, typically with diameters of 2–25 m. The effective thermal conductivities of 
particle-filled polymer interface materials are typically about an order of magnitude 
higher than the polymer matrix alone, i.e. of the order of 2 W/mK. Inclusion of 
nano-particles, in particular bundles of carbon nano-tubes or nano-fibres, is the 
subject of current research for improving the conductivity of interface materials. 
CNT/NF inclusions in soft materials promise near-ideal thermal and mechanical 
properties of TIMs. CNTs/CNFs offer very high directional thermal conductivities 
along with flexible geometry. This unique combination provides an opportunity for 
combining low-effective values of resistance and elastic modulus. In a recent study, 
thermal conductivities of  silicone-based interface materials containing varying 
concentrations of nano-tubes and Ni particles were measured [32, 45]. The relative 
impact of an increase in CNT volume fraction was found to be amplified by the 
presence of nickel particles for CNT volume fraction above ~0.02%. This transition 
is consistent with a percolation model including thermal interconnections formed 
by CNTs between nickel particles.

14.6.2.4  Nanofluids

Fluids containing suspensions of nanometer-sized solid particles are popularly known 
as nano-fluids. The solid nano-particles’ or nano-fibers’ size vary typically in the 
range of 1–100 nms. Nano-fluids have attracted great interest recently, particularly in 
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liquid cooling systems, because of their greatly enhanced thermal properties. Solid 
materials have typically orders of magnitude larger thermal conductivity than liquids 
that are commonly used in heat transfer systems (Table 14.2). Because of the extremely 
HSVR of nano-particles, a dramatic improvement in the effective thermal conductivity 
is expected by decreasing the particle size in a solution compared to the incremental 
improvement that can be obtained by altering the shape of large particles. As an 
example, the surface-area-to volume ratio is 1,000 times larger for particles with a 
10 nm diameter than that of a 10 um diameter particle. Nano-fluids are, therefore, 
expected to have superior heat-transfer properties compared to conventional fluids and 
fluids containing micrometer-sized particles. Indeed, a small amount (<1% volume 
fraction) of Cu nano-particles or carbon nano-tubes dispersed in ethylene glycol or oil 
is reported to increase the inherently poor thermal conductivity of the liquid by 40% 
and 150%, respectively [46, 47]. Nano-fluids with carbon nano-tubes are expected to 
possess even better heat-transfer properties due to the non-spherical shape of the 
carbon nano-tubes [48]. The optimization of nano-fluid thermal properties requires 
successful synthesis procedures for creating stable suspensions of nano-particles in 
liquids. Depending on the requirements of a particular application, many combinations 
of particle materials and fluids are of potential interest. For example, nano-particles of 
oxides, nitrides, metals, metal carbides, and non-metals with or without surfactant 
molecules can be dispersed into fluids such as water, ethylene glycol, or oils [46].

14.6.2.5  Ink-jet Printing

Nanotechnology is bringing a paradigm shift in packaging through the development 
of low-cost printed electronics based on novel inks and printing fluids [49]. Ink-jet 
is noncontact digital printing that produces consistent drop volume with accurate 
drop displacement. It is an additive process that does not waste expensive material. 

Table 14.2 Thermal conductivities of selected solids and liquids [48]

Material type Material Thermal conductivity (W/m − K)

Solids Carbon nanotubes 1,800–2,000
Diamond 2,300
Graphite 110–190
Fullerenes (film) 0.4
Silver 429
Copper 401
Aluminum 237
Nickel 158
Silicon 148
Alumina 40

Liquids Water 0.613
Ethylene glycol 0.253
Engine oil 0.145
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The deposition system consists of ink-jet, fluid, printer and software. Ink-jet printing 
allows the ability to print directly on package and substrates. Development of printable 
fluids containing nano-particles of conducting, semiconducting, dielectric, and 
insulating materials is central to the ink-jet technology for electronics. The sinter-
ing of nano-particles is significantly lower than the bulk materials. This property 
enables the printing of high-conducting metallic structures on packaging materials 
such as ceramics and polymers [49]. The ink-jet fluids can be manipulated and 
blended to build up layer-by-layer structures of electronic components. Linking   
computer-aided-design to the printer thus makes it possible to create functional 
electronic structures.

14.6.3  Active Micro and Nanostructures for Thermal 
Management

As noted earlier, design and development of a high surface area active microstruc-
ture is an essential consideration of an efficient liquid cooling system. Indeed, effec-
tive heat transfer in a cooling system requires the cooling fluid to be in contact with 
as much surface area as possible of the material that is designed to extract the heat.

Several different types of High Surface to Volume Ratio Microstructures (HSVRM) 
and their use in microheat exchangers have been mentioned in the literature [50–56]. 
For brevity, we classify the HSVRMs into two types: (1) Microchannel type, and 
(2) Microporous type. Figure 14.9 shows typical microchannel type of HSVRMs. 
Silicon micro channels are one of the commonly cited heat collector structures used 
in liquid cooling systems [50]. High aspect ratio channels are easily fabricated by 
anisotropic etching of silicon, which has found widespread use in micromachining and 
MEMS. However, the low thermal conductivity of silicon makes it a less-effective 
heat exchanger material relative to metallic materials. Metallic microchannels are 
formed by different mechanical or electrochemical means including EDM, dicing, 
LIGA and plating through thick photo-resist masks. Folded fins are another class 
of microchannel HSVRMs that are used as heat exchanger structures and they can 
be straight or louvered fin types [52].

Fig. 14.9 (a) Micro/minichannel, and (b) folded fin HSVRMs [50, 51]
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Microprorous types of HSVRM structures provide higher values of surface area 
per unit volume than commonly used micro/minichannels. Porous structures can be 
ordered or un-ordered. Mesh and woven mesh structures shown in Fig. 14.10 are 
ordered porous structures. Woven mesh structures are made of metallic wires of 
defined diameter to produce parts of defined mesh numbers. These commercially 
available structures have been studied and reported in the heat transfer literature 
[53]. Mesh structures shown in Fig. 14.10 can be fabricated by mechanical, or wet-
etching methods [54].

Metallic foams are the most common form of un-ordered microporous structures 
that have undergone thermal transport studies in the literature [55]. Open cell metal 
foams shown in Fig. 14.10 are created by a variety of methods including sintering, 
metal deposition by evaporation, CVD or electrodeposition. Metal sintering is the 
most cost-effective means of manufacturing metal foams. In this process, a poly-
meric foam substrate is coated with a slurry of metallic particles and is heated in a 
furnace. The polymer foam skeleton vaporizes and the metal particles sinter 
together leaving behind a metallic foam structure. The  open-cell foams are gener-
ally compressed to a desired size for their application in heat exchangers.

Metal foams can also be created by electrodeposition. Indeed, the surface of 
area of electrochemically formed porous foam structure is several orders of mag-
nitude higher than the other types of foams. Electrodeposition can easily create a 
3-D dendritic structure. However, it is difficult to control the microstructure since 
trunks and branches in the porous dendritic structure are often unable to support 
the weight of numerous sub-branches. Shin et al. developed a technique of making 
self-supported nano-ramified deposits that involves electrodeposition accompa-
nied by hydrogen evolution [56]. In this process, hydrogen bubbles function as a 
dynamic negative template. During the deposition, the growth of the dendritic 
copper structure was blocked by the hydrogen bubbles and they functioned as a 

a b

c

Fig. 14.10 Microphotographs of porous HSVRMs [53–55]. (a) Metallic foam, (b) mesh struc-
ture, and (c) woven mesh structure
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dynamic masking template during the deposition. The hydrogen bubbles depart 
from the surface, rise and merge into larger bubbles, and as a result, the pore size 
of the deposited copper structure increases with distance from the surface. The 
deposition process can be described as a competition between hydrogen evolution 
and coalescence away from the surface and metal deposition on to the surface. 
Using this technique, Shin et al. fabricated 3-D free-standing copper and tin foams 
with highly porous ramified (dendritic) walls. Figure 14.11 shows SEM photo-
graphs of porous copper deposits created by electrodeposition at different deposi-
tion times. The data indicted that the surface pore size increased with deposition 
time. Enhanced boiling heat transfer from nano-dendritic microporous copper 
structures was investigated by Furberg [57]. The study involved a detailed investi-
gation of different fabrication parameters including current density, time, electro-
lyte concentration, additives, temperature and annealing. At low current density 
(<2 A/cm2) the frequency and nucleation density of the hydrogen bubbles were 
low, resulting in a dense dendritic structure without any pores. At increasing cur-
rent density ( 3 A/cm2), the bubble population, frequency and coalescence 
increased to such an extent that the bubbles created permanent voids above the 
cathode and thereby functioned as a masking template, producing the desired 
structure. Longer deposition time and higher copper concentration in the electro-
lyte resulted in a thicker structure with larger pores.

Pore size and wall structure could be varied by using different additives. 
Hydrochloric acid, as an additive, considerably reduced the elementary branches in 
the structure thus influencing the pore shape. The influence of temperature on pore 
structure is shown in Fig. 14.12. The pore size increased considerably by increasing 
the electrolyte temperature from 20°C to 65°C. The dendritic branches comprised 
nano-sized grains between 10 and 20 nm. The electrical resistance decreased from 
0.23 to 0.01 ohm after annealing at 500°C for 5 h [57].

Fig. 14.11 SEM photographs porous copper deposits at different deposition times of 5 s (a), 10 s 
(b), and 20 s (c). Ref. [56] Copyright Wiley-VCH Verlag GmbH & Co.KGaA. Reproduced with 
permission
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14.6.4  Nanowires for Thermoelectric Probes

Thermoelectric temperature control systems are being used in an increasing number 
of applications. Typical applications of these systems are in thermal regulation of 
electronic enclosures, recirculating chillers for laser cooling, semiconductor process 
control and management of patient hypo- and hyperthermia. Thermoelectric coolers 
(TECs) are essentially solid state devices that pump heat against a temperature dif-
ferential utilizing electrical energy. Based on the Peltier effect, each cooler consists 
of a matrix of thermoelectric p–n thermocouples connected electrically in series and 
thermally in parallel. Thermoelectric microprobes or arrays of such probes suitable 
for highly localized cooling and heating, in situ temperature sensing, and tempera-
ture control have potentially significant applications where thermal manipulation at 
micro/nano levels is required. A thermoelectric microprobe for temperature manipu-
lation consists of an n-branch and a p-branch forming p–n junctions. When a current 
is supplied to the microprobe, the temperature will increase at one junction and 
decrease at the other. In order to be useful for the targeted applications, the thermo-
electric microprobe or arrays must be from 500 to 750 μm tall.

Efficient thermoelectric devices require the use of high figure of merit thermo-
electric materials. The thermoelectric figure of merit, ZT, can be expressed as 
a2sT/k, where a is the Seebeck coefficient, s,the electrical conductivity, T, the 
temperature, and k, the thermal conductivity. Among the various thermoelectric 
materials, bismuth telluride (Bi2Te3) has been the main focus of research because 
of its superior ZT near room temperature [58].

Fig. 14.12 Electrodeposited micro-porous structures fabricated at 20°C (top) and at 65°C 
(bottom) electrolyte temperatures. Reproduced from ref. [57]
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Bismuth telluride with the stoichiometric composition ratio (Bi
2
Te

3
) is electronically 

neutral. However, the common carrier of the bismuth telluride alloy can be modified 
by adjusting the percentage of tellurium or bismuth incorporated. If the alloy is tellu-
ride-rich, it can be n-type. In order to be p-type, the composition of the bismuth tel-
luride alloy should be bismuth-rich instead of telluride-rich [59]. This is advantageous 
since the material deposition development can focus on a single material system which 
will yield both the n- and p-branches of the thermoelectric probes.

Yoo et al. studied the electrodeposition of n-type BiTe alloy thin films [60]. 
Bi

x
Te

y
 films were electrodeposited on a Bi

2
Te

3
 seed layer from an aqueous nitric 

acid bath at 23°C. The bath composed of 0 to 0.008 M Bi3+ from Bi(NO
3
)

3
 and 

0.01 M HTeO
2

+ from TeO
2
 in 1 M HNO

3
. The pH was maintained at pH 0.1, and a 

1 μm thick Bi
2
Te

3
 seed layer was deposited on a SiO

2
/Si wafer (lightly doped 

p-type) by rf sputtering. The film compositions, which varied from 57 to 63 at.% 
Te were strongly dependent on the deposition conditions. Surface morphologies 
varied from needle-like to granular structures depending on the deposited Te con-
tent. Electrical and thermoelectric properties of these electrodeposited Bi

x
Te

y
 thin 

films were measured before and after annealing and compared to those of bulk 
Bi

2
Te

3
. Annealing at 250°C in reduced hydrogen atmosphere enhanced thermoelec-

tric properties by reducing film defects. In-plane electrical resistivity was highly 
dependent on composition and microstructure. In-plane Hall mobility decreased 
with increasing carrier concentration, while the magnitude of the Seebeck coeffi-
cient increased with increasing electrical conductivity to a maximum of −188.5 μV/K. 
The thermoelectric properties of electrodeposited n-type BiTe thin films after annealing 
were comparable to those of bulk BiTe films.

Theoretical analysis by Hicks and Dresselhaus indicated that ZT can be signifi-
cantly enhanced by reducing the structural dimensions to a single dimension [61]. 
The analysis further showed that ZT for nano-wires will be significantly improved 
by decreasing the diameter. As a result, research into the fabrication and character-
ization of nano-wire structures of thermoelectric materials has received much atten-
tion in recent years [62–66].

Huang et al. used the LIGA(Lithographie Galvano Formung Abformung) 
process to fabricate bismuth telluride microposts of 150 μm diameter and heights up 
to 500 μm [62]. Bismuth telluride alloys were electrodeposited galvanostatically into 
microfeatures on a titanium substrate. The electrolyte was prepared by dissolving 
BiN and tellurium in nitric acid solution of zero pH. The monophasic BiTe alloy 
microposts had a polycrystalline structure with excellent adhesion to the substrate 
and good mechanical strength. By controlling the electrolyte composition and the 
current density either p- or n-type BiTe alloy microposts could be produced.

Synthesis of arrays of BiTe nano-wires by electrodeposition has been studied by 
different authors [63–66]. Li et al. employed pulsed electrodeposition into the 
nanochannels of porous anodized alumina membranes to fabricate nano-wire arrays 
of Be

2
Te

3
 [63]. The anodized alumina membrane with the pore sizes of about 

40 and 60 nm were used. A 200 nm thick layer of Au film was sputtered onto 
one side of the anodized alumina membrane to serve as the working electrode in a 
two-electrode plating cell, and a graphite plate was used as the counter-electrode. 
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Bi
2
Te

3
 nano-wire arrays were deposited under modulated voltage control and a 

potential of −1.3 V was applied between the two electrodes. During the pulse time, 
3 ms, metal species were electrochemically reduced on the pore ground of the 
membrane. The delayed time, 10 ms, provided time for the recovery of the ion 
concentration. The electrolyte was prepared by dissolving 0.01 M Bi(NO

3
)

3
·5H

2
O 

and 0.015 M TeO
2
 in HNO

3
 solution. The pH of the final electrolyte was adjusted 

to about 1 with HNO
3
. High-filling-rate, highly oriented, and ordered Bi

2
Te

3
 nano-

wire arrays could be thus fabricated. The Bi
2
Te

3
   nano-wires were single crystalline 

with a preferential orientation along the [015] direction. Optimum growth condition 
could be achieved by the proper choice of the pulsed parameters and the deposition 
potentials and ion concentrations in the electrolyte in Fig. 14.13. The electrical 
transport measurements showed that the Bi

2
Te

3
 nano-wires with the diameters 

between 40 and 60 nm exhibited typical semiconductor behavior, and the 40 nm 
nano-wires have lower resistance sensitivity to temperature than the 60 nm nano-
wires. Similar studies were conducted by Sanders et al., who employed DC elec-
trodeposition into porous anodic alumina template to fabricate nano-wire arrays of 
Bi

2
Te

3
 [64]. Purkayastha et al. developed a template-free method to synthesize rod-

shaped rohmbohedral nanocrystals of bismuth telluride [65]. Menke et al. pre-
pared polycrystalline bismuth telluride using step edge selective cyclic 
electrodeposition on highly oriented pyrolytic graphite surfaces [66]. Control of the 
number of cathodic/anodic scans allowed the diameter of bismuth telluride to be 
varied between 100 and 300 nm.

14.7  Concluding Remarks

This chapter provided a brief description of the current trends in microelectronic 
packaging technologies and some examples of the role of nanotechnology in the 
advancement of packaging materials and microelectronic packages. The discussion 
was mostly limited to topics that highlighted the impact of electrochemical processing 

Fig. 14.13 SEM photographs of the bismuth telluride array showing (a) bottom view, (b) surface 
view, and (c) cross sectional view respectively. Ref. [63] reproduced with permission of the IOP
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in microelectronic packaging. Dual Damascene plating for Cu chip metallization 
and electroplated C4 technology have enabled a paradigm shift in semiconductor 
packaging. As the industry moves to 45 node technology, implementation of 
electropolishing-based planarization and electroless-capped layer in manufacturing 
are the key challenges for the next generation of chip interconnects. Future 
planarization efforts are expected to focus on the development of integrated elec-
tropolishing method for barrier layer removal and elimination of final CMP process. 
Several different approaches are expected to evolve to address electromigration 
issues in chip and chip-package interconnects. In the chip-package interconnection 
arena, the current focus is on the development of low melting temperature, Pb-free 
flip-chip technology. Some other packaging trends include the use of novel materials 
for packages and boards with improved compliance and CTE mismatch and 
advanced approaches to heat dissipation.

While micro-scale technologies are expected to continue to thrive, nano-
processing and nano-materials are already playing a key role in the advancement of 
microelectronic packaging. Steady miniaturization of silicon devices and interconnects 
has been possible due to smooth integration of nano-processing with conventional 
micro-scale processing. An enormous amount of exciting research is currently 
underway in the area of nano-technology that is expected to shape the next genera-
tions of electronic packages. Indeed, due to their high surface to volume ratio, 
nano-materials have the ability to revolutionize the packaging materials. A brief 
description of such applications has been presented, examples of which include: the 
use of nano-particles to influence thermo-mechanical properties of solders, adhesives, 
and packaging materials; the use of carbon nano-tubes, nano-fibers and their metallic 
composites for advanced chip interconnects and thermal interface materials; 
fabrication of porous nano-structures and development of nano-fluids for advanced 
cooling systems; ink-jet printing for low-cost printed electronics; and precise 
fabrication of n- or p-type nano-films and nano-wires for application in thermo-
electric coolers. In summary, nano-materials and nano-processing are expected 
to address the key issues related to continued miniaturization and increased 
performance of next generation of microelectronic packages.
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15.1  Introduction

In the field of ultra-large-scale integration (ULSI) technologies, electrodeposited 
copper (Cu) has been used since 1997 as the interconnection material [1, 2]. 
Recently, most manufacturers have switched over to electrodeposited Cu intercon-
nect technology. Before the introduction of electrodeposited Cu to interconnects, 
Al and/or Al–Cu alloys were used. The Al interconnects are easily fabricated by the 
subtractive etching process. In this process, the Al layers are deposited by physical 
vapor deposition (PVD), followed by reactive ion etching (RIE). Al is preferable 
for interconnects because this material does not diffuse into the SiO

2
 substrate and 

the layers adhere well to the substrate (Fig. 15.1a). However, resistivity of Al is 
relatively high (2.65  cm), and the layers suffer from the disadvantage of its poor 
electromigration resistance. With an increase in the density of interconnects and a 
decrease in the dimensions of interconnects, the problem of an increase in latency, 
or RC delay, and electromigraion become much more critical. Therefore, the search 
for new interconnect materials enabling a further miniaturization of semiconductor 
devices has mainly focused on minimizing RC delay and electromigration [3–10]. 
Cu has been regarded as a potential candidate for an interconnection material 
because of its lower resistivity (1.68  cm) compared with that of Al. The other 
important advantage of Cu interconnects is that Cu offers much better electromigra-
tion resistance than Al does. At a comparable dimension, the time-to-failure of a 
Cu interconnect was about a 100 times as long as that of an Al one [11–13]. 
Therefore, Cu interconnection is able to support higher current density, and this 
makes it possible to accelerate further miniaturization of interconnects. The Cu 
interconnection technologies were originally developed through the implementation 
of the “Damascene process” introduced by IBM (Fig. 15.1b) [1, 2].
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The name of the damascene process originates in an ancient inlayer technique 
developed in the city of Damascus as early as the twelfth century. In this ancient 
metal work, decorative metals such as Au, Ag, or Cu were hammered into grooves 
made in metal armaments after which the excess material was removed by polish-
ing. The damascene process has made clear to us the usefulness of wet processes, 
in ULSI technologies. Although only Cu wiring structures are fabricated by the 
“wet fabrication process” of electro deposition in the practical ULSI process, it is 
expected that several steps in conventional dry processes will be also accomplished 
by wet processes for advanced interconnect technology. For the successful achieve-
ment of Cu interconnections in ULSI, it is essential to introduce an effective barrier 
layer as well as capping layer because Cu diffuses readily into the inter-level dielec-
tric such as SiO

2
, and is oxidized easily, and both of these occurrences cause the 

degradation of electrical performance in ULSI devices. In the current ULSI struc-
ture, sputtered SiN is mainly used as the capping layer that protects the Cu surface 
from corrosion and prevents Cu diffusion. As device integration has advanced, 
however, it has become inconvenient to use SiN as a capping material, because the 
dielectric constant of SiN is rather high, which should cause the rise of wiring 
capacitances. For advanced wiring technology, hence, the application of electroless 
metal film to a capping layer is an attractive and practical process. Introducing the 
electroless metal cap is expected to decrease the wiring capacitances. Besides, 
electroless metal deposits onto Cu wires, selectively. As for the barrier layer, sev-
eral materials, such as TaN, TiN, etc., are employed in practical use, and these 
barrier layers are deposited by a dry process such as sputtering or chemical vapor 

Fig. 15.1 Comparison of subtractive etching process and damascene process
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deposition (CVD) and atomic layer deposition (ALD) [14–17]. With an increasing 
degree of integration, difficulties in uniform formation of thin films have appeared 
in fine-patterned structures with high aspect ratios, due to the intrinsic limitation of 
the sputtering technique itself. Recently, a process of fabricating a barrier layer by 
electroless deposition has been proposed [18–21]. Electroless deposition has sev-
eral advantages, compared with the dry method, such as its simplicity of operation 
and its low cost. In particular, it is attractive for producing uniform deposits inde-
pendent of the size and geometry of the structure, which could help us overcome 
the above-mentioned problem on coverage. However, the electroless deposition of 
barrier layers usually requires the sputtering process of seeds to initiate its reaction 
[18–21], resulting in a lessening in the advantage of the electroless deposition 
method. We have proposed a concept for all-wet Cu wiring fabrication technology, 
as shown in Fig. 15.2b. Figure 15.2a shows the schematic illustration of conven-
tional dry damascene process. In this proposal, the capping and barrier layers are 
fabricated by electroless deposition; in particular, we propose a novel process for 
fabricating a barrier layer without sputtered seeds by using a layer of organic mol-
ecules as an adhesive and catalyst immobilizing layer for the electroless Ni-alloy 
deposition on SiO

2
 [22–28]. The layer of organic molecules is bonded to the SiO

2
 

surface by silane-coupling reaction, leading to the formation of a layer. Amino 
groups exposed at the top surface of the layer immobilize Pd catalysts, which is 
necessary for activating electroless plating.

Fig. 15.2 Schematic illustrations of fabrication process for Cu wiring. (a) Current dry process, 
(b) our proposal wet process
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15.2  Electroless Process for ULSI Interconnects Fabrication 
Process

Electroless deposition processes have distinct advantages, as shown in the first section 
for ULSI fabrication process. We have proposed one candidate for the electroless 
process, and we have found Ni-alloy films show superior properties for the capping 
and barrier layer. Moreover, we introduce our new process called the “all-electroless 
process” for ULSI interconnect fabrication.

15.2.1  Thermal Stability of Electroless Ni-Alloy Films

The sheet resistance of the Ni-alloy films was measured to evaluate the thermal 
stability of the electroless deposited Ni-alloy films for preventing Cu diffusion. The 
specimens discussed in this section were prepared on a Cu/Ta/SiO

2
/Si substrate. 

Details of the film composition depending on the bath composition and plating con-
dition are listed in the Table 15.1 [22–24]. The sheet resistance of each film varied 
with annealing temperature, as shown in Fig. 15.3. One candidate for cap and barrier 
material is Ni–P alloy films obtained from a solution containing sodium hypophos-
phite. In the case of NiP film, the sheet resistance was significantly increased at 
300°C, which suggested that interdiffusion occurred at this temperature. On the 
other hand, all the NiReP films were stable up to 400°C, irrespective of the Re con-
tent of the film. The XRD pattern of NiReP included small peaks attributable to a 
Ni

3
P phase, and their intensity did not change by heat treatment up to 450°C. The 

thermal stability of NiP and NiReP films was also confirmed by cross-sectional 
FE-SEM. Figures 15.4 and 15.5 show the NiP/Cu and NiReP/Cu interfacial regions, 
respectively. Figure 15.4a shows the specimen before annealing; the interface of 
NiP/Cu was clearly observed. After annealing to 300°C, however, it is obvious that 

Table 15.1 Formulation and operating conditions of electroless Ni-alloy deposition solutions

Chemicals mol dm3

NiWP NiReP NiB NiWB

NiSO
4
 6H

2
O 0.027 0.075 0.10 0.10

NaH
2
PO

2
 H

2
O 0.066 0.10 – –

(NH
4
)

2
 SO

4
0.23 – – –

Sodium citrate 0.12 0.10 0.20 0.05
Na

2
WO

4
 2H

2
O 0.11 – – 0.01,0.20

(NH
4
)

2
ReO

4
0.03 – –

Dimethylamine-borane (DMAB) 0.05 0.05

pH. 9.0 (adjusted with NaOH) temperature, 70°C
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Fig. 15.3 Variation of sheet resistance of Ni-alloy films with annealing temperature. Films were 
formed on Cu (100 nm)/Ta (30 nm)/SiO

2
 (500 nm)/Si substrate

Fig. 15.4 Cross-sectional FE-SEM images of NiP/Cu interfacial region; (a) before and (b) after 
annealing to 300°C [22]

Fig. 15.5 Cross-sectional FE-SEM images of NiReP(Re: 65 wt%)/Cu interfacial region; (a) 
before and (b) after annealing to 400°C [22]
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interdiffusion occurred in the interfacial region as observed in Fig. 15.4b. In contrast, 
the NiReP/Cu interfacial region was still retained after annealing to 400°C, as shown 
in Fig. 15.5. From these results, it is apparent that the electroless deposited NiReP 
films have sufficient thermal stability against interdiffusion between the Cu and bar-
rier layer. Although we also investigated NiWP films [23], the improvement of 
thermal stability was difficult to achieve, maybe due to insufficient W content 
(~5 wt% at most) independent of plating conditions. Electroless Ni–B alloy films 
obtained from a solution containing dimethylamine-borane (DMAB) as a reducing 
agent are also candidates for cap and barrier material. These types of films are able 
to deposit directly onto Cu surfaces without a catalyzing process.

The sheet resistance of the NiWB films began to increase at 300°C, while 
NiB film was stable up to 450°C, suggesting that the electroless deposited NiB 
film has an excellent thermal stability against interdiffusion in the interfacial 
region of the Cu/barrier layer. The XRD patterns of NiB and NiWB showed dif-
ferences in the annealing temperature. Before annealing, only the peaks attrib-
utable to the substrate were seen in both the films. In accordance with rising 
temperature, the peaks corresponding to the Ni

3
B phase appeared and became 

stronger for the NiB film, whereas the diffraction pattern of the NiWB film 
hardly changed, showing an amorphous structure. The NiB film with excellent 
thermal stability shows a crystal growth when annealing, while the NiWB film 
showing the thermal degradation of its barrier property maintains an amorphous 
structure even after annealing. Figure 15.6 shows a  cross-sectional SEM image 
of the capping layer of electeoless NiB film deposited on a Cu wiring pattern 
substrate. Electroless deposition was carried out only on the Cu wiring.

15.2.2  All-Wet Barrier-Layer Fabrication Process on SiO
2
 

Substrate

As mentioned in the introduction, exclusion of sputtered seeds is considered to be 
highly advantageous for future ULSI technology. In general, however, a seed layer 
fabricated by sputtering is essential to initiate the electroless deposition reaction of 

Fig. 15.6 Surface and cross-sectional SEM images of capping layer on Cu wiring pattern on Ta/
SiO

2
/Si substrates [24]
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a barrier layer on the inter-level dielectric, in this case, SiO
2
. At the beginning, the 

fabrication of electroless NiP films on SiO
2
 without sputtered seeds was investigated 

to obtain fundamental information for the formation of barriers, and then this method 
was applied to other Ni-alloys. A layer of organic molecules with a functional group 
such as an amino or pyridyl group was utilized as a catalyst-immobilizing layer 
because this layer of organic molecules is known to be highly effective for electroless 
metallization of a SiO

2
 surface. After optimization to shorten the treatment time, we 

decided to use a toluene solution of 3-aminopropyltriethoxysilane (APTES) [26]. 
Figure 15.7 shows the schematic illustrations of the formation process for a layer of 
organic molecules (APTES), following the Pd catalyst process. The formation of the 
layer of organic molecules was found to yield uniform and glossy NiP films on the 
surface (Fig. 15.8b).

On SiO
2
 without a layer of organic molecules, however, only a small area was 

coated with NiP deposit (Fig. 15.8a). This deposit seemed to have been formed on 
a few catalytic Pd particles, which remained barely attached to the surface. In the 

Fig. 15.7 Schematic illustrations of “organic molecules formation” and “catalyst immobilization” 
process

Fig. 15.8 Electroless NiP film formed on SiO
2
 substrate, (a) without layer of organic molecules, 

(b) with layer of organic molecules
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formation of NiReP films on the organic molecules-coated SiO
2
 substrate, strike 

plating in the acid NiP bath must be applied before immersion in the NiReP bath 
[22, 23]. The layer of organic molecules is probably degraded by immersing in 
NiReP solution, because the deposition rate of electroless NiReP is extremely slow. 
The pre-deposited NiP nuclei protect the organic molecules from the potential 
damage triggered by the alkaline solution. By adopting this two-step process, 
nearly perfect and uniform NiReP films with a bright appearance could be produced. 
As shown in Fig. 15.9, the NiReP films formed on an SiO

2
 substrate with a layer of 

organic molecules were confirmed to be stable up to 400°C, which was also proved 
by the AES depth profile results. Although the sudden rise of sheet resistance at 
over 500°C is suggestive of less stability of the NiReP barrier layer on organic 
molecules/SiO

2
/Si than that on Cu/Ta/SiO

2
/Si, thermal stability up to 400°C is 

sufficient for practical use. The electroless deposited NiB film is another superior 
candidate for barrier materials. Electroless NiB film can deposit on SiO

2
 substrate 

with a Pd-immobilized organic layer directly. Continuous films, which have smooth 
surfaces with Ra of 1.842 nm were obtained. The result of a peel test showed an 
excellent adhesion of the NiB film with a thickness of 20–60 nm. This film also has 
good thermal stability (Fig. 15.9). Compared to other Ni-alloys, the increase rate of 
the sheet resistance of this film is very low. This indicates the viability of the NiB 
layer as a diffusion barrier layer for the Cu wiring. Figure 15.10 shows a cross-
sectional SEM image of an SiO

2
 trenches pattern substrate with an electroless NiB 

barrier layer. The width and the aspect ratio of the trench were 130 nm and 2.5, 
respectively. It is observed that NiB films covered homogeneously on a whole side 
of the substrate surface, and that the thickness increased with the increase in the 
deposition time. In addition, this film on a patterned substrate shows adhesion as 
good as that on a non-patterned substrate.

Fig. 15.9 Variation of sheet resistance of Ni-alloy films with annealing temperature. Films were 
formed on SiO

2
 (500 nm)/Si substrate with layer of organic molecules
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15.2.3  Evaluation of Catalyst Process

The catalyzed surface was confirmed by the appearance of a Pd 3d 5/2 peak in the 
XPS spectrum. Figure 15.11a shows the XPS spectrum obtained from the SiO

2
 

substrate without a catalyst process. Figure 15.11b shows the XPS spectrum 
obtained from a Pd-treated specimen. A peak at 337.3 eV was observed in the Pd, 
which means that the Pd is present in an oxidized state. In addition, it means that 
the Pd ions exist in the form of hydroxo-Pd oligomers. This result is consistent with 
the finding reported by H. Kind et al. [29]. In the subsequent process, immobilized 
hydroxo-Pd oligomers will be reduced to the metallic state by a reducing agent 
(Fig. 15.11c). The surface roughness of the modified SiO

2
 substrate was observed 

by AFM. The average roughness values of the surface before and after the forma-
tion of organic molecules, and after immobilization of the Pd ions, were 0.27, 0.16, 
0.36 and 0.31 nm, respectively, showing that the smoothness of the surfaces 
remained unchanged after each step. The catalyzed surface was also observed by 
in-plane TEM observation. All of the specimens for TEM observation were treated 
with DMAB solution before observation to reduce the Pd ions to the metal state. 
Figure 15.12a shows the TEM image of a C grid treated with APTES and a standard 
Pd solution containing 5.5 × 10−5 mol dm−3 PdCl

2
 and 0.01 mol dm−3 HCl. Significant 

small grains, present as dark spots, are observed. The dark spots indicate the Pd 
particles, whose existence is confirmed by the Pd lattice length. The Pd particles 
were discrete, and the coverage in the Pd area was almost 12.5%. Several research-
ers reported that the discrete catalysts show high catalytic activity. The grain size 
and coverage of the Pd catalyst are controllable by controlling the condition of the 
Pd solution. For example, by adding Cl ions to the Pd solution, the equilibrium state 
of Pd solution was drastically changed. Figure 15.13 shows normalized composi-
tions of the Pd solution at pH = 2 as a function of log[Cl−]. In the case of Cl ions, 

Fig. 15.10 Cross-sectional SEM image of NiB film as barrier layer deposited on the trench 
patterned SiO

2
 substrate
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Fig. 15.11 (a) Pd 3d5/2 region of the XPS spectrum of an APTES coated oxide Si wafer; (b) an 
APTES coated oxide Si wafer treated with PdCl

2
 solution; (c) wafer from part (b) after treatment 

with DMAB solution

Fig. 15.12 (a) TEM image of APTES coated C grid treated with standard PdCl
2
 solution following 

reduction process; (b) APTES coated C grid treated with PdCl
2
 solution containing 1.0 mol dm−3 

of Cl ions following reduction process

Fig. 15.13 Normalized compositions of the catalyst solution at pH = 2 as a function of log[Cl−]. 
The aqueous solution contains NaCl, PdCl

2
, HCl
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concentration was low; mainly, Pd (OH)
2
 aq. is present. On the other hand, in solu-

tion containing a high concentration of Cl ions, Pd (OH)
2
 aq. are changed to 

PdCl
4

2−. Figure 15.12b shows the TEM image of a specimen treated with Pd solu-
tion containing 1.0 mol dm−3 of Cl ions. The grain size was extremely small, with 
average grain diameters under 1 nm.

15.2.4  Void-Free Filling by Electroless Cu Deposition

In this section, we introduce the Cu filling process by electroless deposition using 
a bath containing a very small amount of polyethylene glycol (PEG) as an inhibiting 
additive [30]. Electroless Cu deposition is expected to be useful for the fabrication 
of further miniaturized interconnection structures because it is, in principle, capable 
of forming a conformal thin film on large substrates.

The electroless plating bath contained 0.04 mol dm-3 CuSO
4
, 0.08 mol dm-3 

glyoxilic acid, and 0.08 mol dm-3 tetrasodium ethylenediamine tetraacetic acid. 
We employed polyethylene glycol (PEG) with an average molecular weight of 
4,000 as an inhibiting additive. The bath was operated at 70°C without forced agita-
tion. To investigate the effect of PEG on electroless deposition, the deposition rate 
and the deposition potential were measured with a non-patterned substrate 
(Fig. 15.14). The deposition rate measured on the non-patterned substrate (Fig. 15.14, 
open diamond) decreased with an increase in the concentration of PEG. The extent 
of the decrease in the rate of deposition was significant only at PEG concentrations 
between 0 and 1 ppm. The deposition rates were 11.0 m/h for the bath without PEG 
(additive-free bath), and 1.95 m/h for the bath with 1 ppm of PEG (PEG (1 ppm) 
bath). The deposition potential shifted in the negative direction with the decrease in 
deposition rate (Fig. 15.14, solid diamond). The deposition potential for the additive-
free bath was −0.68 V, while that for the PEG (1 ppm) bath was −0.75 V. Electroless 

Fig. 15.14 Effects of PEG concentration on the rate of Cu deposition (open diamond) and the 
deposition potential (solid diamond) on an unpatterned substrate
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Cu deposition was carried out on the trench-patterned substrate with the PEG 
(1 ppm) bath for various deposition times (Fig. 15.15). Figure 15.15a shows the 
image of trenches before the deposition. The thickness of Cu at all positions on the 
trench walls after 30 s of deposition (Fig. 15.15b) was similar to that observed before 
the deposition (Fig. 15.15a). This indicates that the Cu deposition scarcely occurred 
during the first 30 s (Fig. 15.15a, b). Then, a significant bottom-up growth of Cu 
took place during the period between 30 s (Fig. 15.15b) and 1 min (Fig. 15.15c), and 
Cu filling was completed after 5 min of deposition (Fig. 15.15f). Furthermore, as 
shown in Fig. 15.15g, Cu filled the trenches without the formation of overfill bumps. 
The absence of the overfill phenomenon observed in this study agrees with the find-
ing reported by Shingubara et al [31]. Figure 15.16a shows the thickness of electro-
less Cu at the bottom (T

bottom
) and that at the top (T

top
) of trenches, which were 

measured from cross-sections of Cu deposits shown in Fig. 15.15. Figure 15.16b 
shows the plot of the deposition rate at trench bottom against time. The data were 

Fig. 15.15 SEM images showing the change with time of cross-sectional features of copper 
deposited in trenches from PEG (1 ppm) bath. Deposition time, (a) 0 min, (b) 0.5 min, (c) 1 min, 
(d) 2 min, (e) 3 min, (f) 5 min, and (g) 10 min
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obtained from the slope of the deposit thickness–time curve shown in Fig. 15.16a. 
As noted above, a significant change in thickness of Cu deposit was found to occur 
at trench bottoms during the period between 30 s and 1 min, while the extent of 
increase in the thickness of Cu was very small during the first 30 s. As shown in 
Fig. 15.16b, the deposition rate at 1 min was 16.9 m/h. It is interesting to note that 
this deposition rate was much higher than that for the additive-free bath measured 
on a non-patterned substrate (11.0 m/h). The rate of deposition at the bottom 
decreased gradually after 1 min and continued to decrease until the trenches were 
completely filled with Cu (5 min). After that, the deposition rate remained constant 
at least for 5 min (5–10 min), and the value of the deposition rate during this period 
was nearly the same as that of the PEG (1 ppm) bath measured on the unpatterned 
substrate (1.95 m/h). Contrary to the deposition behavior at the bottom, the deposi-
tion rate at the trench opening was essentially nil during the filling process (0–3 min). 
After the trenches were almost filled with Cu, the thickness of Cu at the opening 
started to increase. During the period between 5 and 10 min, the deposition rate at 
the opening was similar to that at the bottom. Figure 15.17 shows the potential–time 
curves measured with a trench-patterned substrate immersed into the additive-free 

Fig. 15.16 (a) Change with time of the copper deposit thicknesses at bottom (Tbottom) and top 
(Ttop) of trenches, and (b) change with time of deposition rate at the bottom of trenches
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Fig. 15.17 Change with time of the potential of a patterned substrate during electroless copper 
deposition. Measurements were made in (a) additive-free bath, and (b) PEG (1 ppm) bath

(curve a) and the PEG (1 ppm) (curve b) baths. Before the measurements, the pat-
terned substrate was activated with H

2
SO

4
, and rinsed with UPW. We should empha-

size here that the substrate pretreatment procedure immediately before the 
electroless deposition was the rinse in UPW. In this trench size of 130 nm in width 
and 350 nm in depth, the initial process that takes place after the UPW rinse must 
be to fill the trenches with UPW, and this process is followed by the replacement of 
the UPW by the electroless plating solution just before the electroless plating. For 
the first 10 s after the substrate was immersed into the bath, the potentials measured 
in both the additive-free and PEG (1 ppm) baths were less negative than −0.5 V, 
where Cu deposition did not proceed. This initial period of 10 s was regarded as the 
induction period involved in the overall electroless Cu deposition. The induction 
period measured with   non-patterned substrate was very short, and was less than 
1 s. It was also found that, when the patterned substrate was immersed, as an extra 
intermediate step, into the additive-free bath at 20°C between the UPW rinse and the 
immersion in the additive-free bath, the incubation period became much shorter than 
that observed in the measurement carried out without the extra intermediate step 
(Fig. 15.17b).

The longer induction period observed in the potential measurement with the pat-
terned substrate (Fig. 15.17), as compared with that for the unpatterned substrate, 
is attributed to the presence of rinse water remaining in the trenches of the pat-
terned substrate after the pretreatment process. Because the trenches were very 
small in diameter, the mass-transfer from the bulk of the plating solution into the 
trenches must have been greatly restricted. Consequently, the concentrations of the 
bath constituents, such as Cu(II)-EDTA complex and glyoxylic acid, were consid-
ered to be essentially nil inside the trenches at the initial stages of the filling pro-
cess. Therefore, it is assumed that the diffusion of bath constituents from the bulk 
of the solution into the trenches began to proceed when the substrate was immersed 
into the bath, and that the Cu deposition began when the concentrations of 
bath constituents in trenches became sufficiently high. After the induction period 



26915 Electrochemical Fabrication Process for ULSI Interconnects

was over, the deposition potential for the PEG (1 ppm) bath shifted to −0.7 V 
(Fig. 15.17b), which was similar to the deposition potential of an unpatterned sub-
strate in the additive-free (PEG-free) bath. The deposition potential in the PEG 
(1 ppm) bath continued to shift gradually in the negative direction during the period 
between 10 and 70 s (Fig. 15.17b), while that in the additive-free bath was almost 
constant (Fig. 15.17a). The potential measured with a patterned substrate after 70 s 
was −0.76 V. This potential was essentially identical to that measured on a unpat-
terned substrate in the PEG (1 ppm) bath. The observed change in the potential is 
attributed to the change in PEG concentration in trenches during the initial diffu-
sion process of PEG. The increase in the concentration of PEG is assumed to be 
slower than that for the other bath constituents, because this additive is a large 
polymer molecule. According to the literature [32, 33], the diffusion coefficient of 
PEG (Mw 4,000) is less than 1/10th of that of Cu(II)-EDTA complex at the same 
temperature. Thus, the concentration of PEG at the trench bottom must have been 
lower than that at the opening during trench filling. We believe that the observed 
difference in the deposition behavior at the bottom and at the opening (Fig. 15.16) 
is due to the lower concentration of PEG inside the trenches, where the mass transfer 
of bath constituent species is greatly restricted.

15.3  Electroless Barrier Formation Process Application  
to the Low Dielectric Materials

15.3.1  Surface Modification of Low Dielectric Materials

Two types of low dielectric films were used in this study. One was an inorganic hydro-
gen silsesquioxane, HSQ (dielectric constant, 2.9), while the other was an organic 
methyl silsesquioxane, MSQ, (dielectric constant, 2.7). These materials were spin-
coated on Si (100) substrates. The modification of the low dielectric film surface by 
UV irradiation in the O

2
 atmosphere was investigated. Note that the HSQ and MSQ 

materials do not contain -OH groups while they do contain a large number of Si–H and 
Si–CH

3
 groups, respectively. Therefore, surface modification was required because 

-OH groups were necessary for the silane-coupling reaction to form the organic mol-
ecules. The surface modification by UV irradiation was carried out, and the change in 
surface condition was followed by measuring the change in contact angle with DI 
water and also by FT-IR measurements. Wettability was found to depend on the tem-
perature during the UV irradiation. The low dielectric film surface was found to 
change from hydrophobic to hydrophilic. The surface of the inorganic dielectric mate-
rial was more easily modified than that of the organic material. Significant changes 
took place even at temperatures lower than 30°C. The surfaces of the  UV-irradiated 
low dielectric films were analyzed by FT-IR. A significant peak for the -OH group was 
observed for the organic material treated at 250°C. With the inorganic material, a peak 
for the -OH group was observed after the treatment at lower temperatures. Such an 
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-OH group peak in the FT-IR spectra (the peak near 3,000–4,000 cm−1) was not 
observed before the UV treatment. It is thus confirmed that the -OH group was influ-
enced by the UV treatment on the low dielectric film surface. The formation of an APS 
on a low dielectric film, MSQ, without UV treatment was investigated by XPS. No 
NH

2
 peak (398.7 eV) attributable to APS was detected. However, with UV treatment, 

a small peak for NH
2
 and a more intense C 1s peak originating from APS were 

detected. The surface morphology of the modified film was evaluated by AFM. A 
smooth and defect-free surface was obtained with Ra value lower than 1.0 nm even 
after organic molecules formed. These results confirmed the successful formation of 
the organic molecules by immersion into the toluene solution of APS. It was revealed 
that UV treatment was critical for high-quality surface modification.

15.3.2  Effect of Low-k Dielectric Film Composition on Barrier 
Layer Formation

The formation of an electroless NiB layer as a barrier on catalyzed low dielectric film 
was carried out. The film thickness was controlled by immersion time. The deposited 
layer had a metallic luster and uniform surface, and exhibited an excellent adhesion 
on both HSQ and MSQ films. Figure 15.18 shows FE-SEM images of the electroless 
NiB layer. The thickness of these samples was 20 nm. The layer consisted of small 
grains, and no pits were observed. On the low dielectrics films without a layer of 
organic molecules, the electroless deposition reaction did not proceed. The surface 
morphology of the barrier layer was evaluated by AFM. The surface was very 
smooth, i.e., surface roughness (Ra) values of the as-deposited films were 0.704 nm 
for the organic film and 1.20 nm for the inorganic film, as compared to an initial 
surface roughness of 0.334 nm for the organic film and 0.628 nm for the inorganic 
substrate. The formation of a NiB layer on the surface of deep sub-micron trenches 
was carried out. Figure 15.19 shows a cross-sectional TEM image of trench-patterned 
substrate coated with the electroless barrier layer. In this figure, electroless barrier 
layer was deposited on a SiO

2
/p-SiOC/SiO

2
 substrate with a trench pattern. The thick-

ness of the NiB layer was 30 nm. The NiB layer was found to be very uniform and 
conformal over a wide range of trench width from about 80 nm to 3 m.

Fig. 15.18 FE-SEM images of electroless NiB film deposited on (a) the organic substrate, (b) the 
inorganic substrate
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15.3.3  Barrier Property and Low-k Dielectric Property

Thermal stability of the electroless NiB barrier layer was evaluated by measuring the 
change in sheet resistance with time and temperature. The samples were prepared on 
bare low dielectric films of MSQ. A 100 nm thick layer of Cu was deposited on the 
barrier layer by evaporation as a wiring material. Figure 15.20 shows the sheet resis-
tance of the Cu layer versus annealing temperature. The increase in sheet resistance 
indicates the occurrence of Cu diffusion into the barrier layer. Plots of sheet resis-
tance versus annealing temperature for barrier layers of electroless NiReP, NiP, and 
NiWP 50 nm thick are also included in   Fig. 15.20 for comparison. It was found that 
the sheet resistance of specimens containing either HSQ or MSQ film remained 
unchanged up to the annealing temperature of 400°C, thereby indicating that no 

Fig. 15.19 Cross-sectional TEM image of trench patterned substrate coated with the electroless 
NiB film. The thickness of the film was 6 nm. This TEM observation was performed by 
Semiconductor Leading Edge Technologies Inc.

Fig. 15.20 Sheet resistances of electroless Ni-alloy films as a function of annealing temperature. 
Cu layer was deposited by evaporation on electroless Ni-alloy film
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interdiffusion occurred between the Cu wiring film and the low dielectric film. This 
result suggests that the electrolessly deposited NiB layer prevented Cu atoms from 
diffusing into the substrate. Additionally, the barrier property of the layer on HSQ 
film seemed better than that on MSQ film, perhaps because the inorganic film sur-
face is more easily modified by UV irradiation. A large number of OH groups exist 
on the HSQ surface. A surface with a high density of OH groups promotes the for-
mation of a high-quality layer of organic molecules. The surface condition is an 
important factor in this process. We also studied the degradation of the dielectric 
constant of low dielectric films during this wet processing. The dielectric constant 
was measured after each processing step, i.e., after organic molecules formation, 
after Pd activation, and after electroless plating. The result showed that the dielectric 
constant remained unchanged during the entire wet formation process. Additionally, 
we attempted to use a porous, low dielectric film with pore diameter smaller than 
1 nm. This film consisted of an inorganic material, and its dielectric constant was 
equal to 2.8. After the organic molecules formation process, the dielectric constant 
increased by only 5%. From these results, it is concluded that the proposed wet 
process could possibly be applied on various low dielectric films.

15.3.4  Demonstration of All-Electroless Process

Cu filling on the trench pattern by electroless plating was performed with an elec-
troless barrier layer of NiB. Electroless Cu solution containing PEG was used for 
this experiment. Figure 15.21 shows a cross-sectional SEM image of the specimen. 
Cu is filled in the trenches without any defects. We demonstrated the establishment 
of “all-electroless” Cu wiring process. By combining with our    on-going investiga-

Fig. 15.21 Cross-sectional SEM image of Cu filled trench patterned substrate fabricated by “all-
electroless process”



27315 Electrochemical Fabrication Process for ULSI Interconnects

tions concerning fundamental aspects of Cu superfilling, this technique can be 
more sophisticated. We believe that our proposal is a promising technology in 
advanced ULSI applications.
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Nanoelectromechanical systems (NEMS), 

187–219
Nanofabrication, 196, 227
Nanofluids, 243–244
Nanogaps, 214–215
Nanomaterials, 163, 227–228, 236, 238, 251
Nanomotor, 211
Nanoparticle or sol for active material, 3–4, 

37–38, 152, 202–203, 205, 207–209, 
241–245

Nanosensor, 216–217
Nano-structured material, 40
Nanostructures, 196–207, 209, 219, 245–248
Nanowire array, 201, 203, 215–216, 249–250
Nanowire assembly, 209
Nanowires, 196–199, 201–212, 215–219, 

248–250
NEMS. See Nanoelectromechanical systems
NiB, 260, 262–263, 270–272
NiB/SAM seed layer, 103–104
NiFe, 72, 77–78, 80, 82

O
On-chip pH sensors, 135–136
On-chip typed flow immunoassay system, 

155, 157
Organic methyl silsesquioxane (MSQ), 269–272
Organic package, 235
Organosilane, 136–140, 144
Overpotential, 30, 32, 206
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P
Packaging hierarchy, 228
Paddle plating cell system, 72–73, 78
Paddle plating system, 101–102
PdCl

2
, 92, 263–265

Pd cluster seeds, 92–94
PECVD. See Plasma enhanced chemical vapor 

deposition
PEM. See Polymer electrolyte membrane
Permalloy, 67–68, 70–72, 74, 76–78,  

89, 215
Permeability ( ?, 43–44, 69, 78, 121,  

189, 238
Perpendicular magnetic recording (PMR), 67, 

87–96, 99, 113–127
Photolithography, 18, 25, 49–51, 57, 70, 72, 

159, 193, 214
pH responsibility, 134
Physical vapor deposition (PVD), 9, 230, 255
Plasma enhanced chemical vapor deposition 

(PECVD), 13, 134, 139–140, 230, 
239–240

Pole erasure, 106
Polyamidoamine dendrimer, 159–160
Polydimethylsiloxane (PDMS), 60–61, 

159–160
Polyethylene glycol (PEG), 158, 240, 

265–269, 272
Polymerase chain reaction (PCR), 158–160
Polymer electrolyte membrane (PEM), 23, 29, 

40–44, 51–52
Polymer electrolyte membrane fuel cell 

(PEMFC), 23, 40–44
Polymer MEMS, 49
Pore filling membrane, 40
Porous electrode, 35–36
Porous silica, 41–43, 203
Practical energy densities, 23, 27
Primary battery, 7, 201
Printed circuit board (PCB), 152, 171, 228, 

235–236
Printed wiring boards, 25

R
Reactive ion etching (RIE), 25, 49, 51, 53, 57, 

62, 102, 140, 213, 255
Rechargeable lithium ion battery, 35–40
Reference device, 135
Remanence coercivity, 121, 123, 125
Remanent magnetization, 104, 125–126
Resistivity ( ?, 1, 67–68, 74–79, 82, 241,  

249, 255
Resonance frequency, 212–213
Return yoke, 99–101, 104

S
Saturation magnetic flux density (B

s
), 1, 67, 99

Saturation moment (M
s
), 115–116

Secondary batteries, 7
Segmented nanostructures,  197, 215–216
Self-assembled monolayers, 135–136
Shape anisotropy, 104, 121, 209
Shielded SPT head, 107
Silica templates, 43, 45, 202–203
Silicon mold, 17, 19–21
Single nucleotide polymorphisms (SNPs), 

144, 146, 162
Single-pole-type (SPT) heads, 99–111
SmCo

5
 alloy, 94–96

SnCl
2
, 94

Soft magnetic underlayer (SUL), 88–92, 94, 
120–121

Solid-state battery, 9
Solution resistance, 30
Spike noise, 88–90, 92
Spintronics, 215–216
SPM method, 25
Spray coating system, 52
Sputter-deposited, 88, 92–94, 101–102
Stepped pole, 108
Stripe magnetic domains, 89
Super capacitor, 35
Switching field, 114, 117, 122–123

T
TaN, 256
Tapered pole, 108, 111
Template synthesis, 197–199, 202, 205, 212
Thermal interface material (TIM), 228–229, 

236–237, 239–240, 243, 251
Thermally stable condition, 118
Thermal management, 229, 236–237, 239, 

245–248
Thermal stability of the patterned media, 

118–120
Thermodynamic energy densities, 23–24
Thermoelectric coolers (TEC), 239, 248, 251
Thermoelectric devices, 217–219, 248
Thin-film inductive head, 69–70, 97
Thin film transistor (TFT) photosensor, 

161–163, 199
Three dimensional battery (3D battery), 39–40
Three dimensionally ordered macroporous 

polyimide, 43–44
Three dimensionally ordered porous 

structures, 36
Three-dimensional (3-D) microbattery, 13, 

17–20
TiSi

2
, 140
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Top down approach, 191, 196–197, 216
Track-etched templates, 200–202
Tunneling magnetoresistance (TMR)

effect, 71
head, 71

Two-dimensional (2-D) battery, 13, 17, 47, 
161, 203, 208

U
ULSI. See Ultra large scale integration
Ultra large scale integration (ULSI), 1, 103, 

190, 239, 255–273

V
Void-free filling, 265–269

W
Water toxicity, 163, 172–175
Wet processes, 101, 256

X
XPS, 137, 139, 263–264, 270
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