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Preface

Ever since the U.S. National Nanotechnology Initiative was unveiled in 2000,
nanotechnology as a field of research has exploded due to its potential impact
on electronics, computing, memory and data storage, communications,
materials and manufacturing, health and medicine, energy, transportation,
national security, and other economic sectors. Fundamental to the success in
any of these sectors is the development of novel nanostructured materials.
It is a well-established fact that properties do change at the nanoscale relative
to their bulk counterparts. There is no shortage of candidates for nanostruc-
tured materials for any of the above applications. Carbon nanotubes (CNTs)
certainly top any list, followed by nanoparticles, powders, quantum dots,
conducting organic molecules, and biomolecules. In the last five to seven
years, inorganic nanowires (INWs) have received much attention since semi-
conducting, metallic, oxide, and other nanowires exhibit properties that are
interesting and appropriate enough for the applications listed above and
they can potentially compete with any of the other nanostructured material
candidates, including CNTs in some cases.

There is a long history to inorganic materials synthesized in the form
of cylindrical wires; R.S. Wagner demonstrated submicron-scale wires of
semiconducting materials in the 1960s. More recently, with the advances
in nanofabrication, characterization tools, and the drive to commercialize
nanotechnology products, the size of the wires has reached the sub-10 nm
level with corresponding interesting properties. There has been a signifi-
cant increase in INW research as evidenced by the number of publications
in peer-reviewed journals and focused sessions in international conferences.
The future of INWs appears to be bright, with the field growing rapidly. This
book attempts to provide a comprehensive and coherent account of INWs,
as currently there are no books available apart from one or two edited vol-
umes. Inorganic materials span across the entire periodic table, and therefore
the coverage includes the growth, the characterization, the properties, and
the applications of Group IV elements, compound semiconductors, oxides,
nitrides, and other materials—all in the form of nanowires.

This book is organized as follows: Chapter 1 traces the evolution of
nanotechnology and provides a classification of nanomaterials, thus pro-
viding a context to INWs. A summary that lists various nanowires and
their potential applications is provided. Micron- and larger-sized wires of
semiconducting and other inorganic materials have been grown since the
1960s and before. Chapter 2 covers these pioneering works, not only from
a historical perspective, but also from a technical point of view to under-
stand and appreciate what has come in the nano era, showing connectivity
and continuity. Chapter 3 provides a detailed discussion of various growth

xi
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techniques, including vapor-liquid-solid (VLS), laser ablation, sol-gel
processing, template-assisted techniques, and direct spontaneous nucle-
ation methods. Growth apparatuses—both laboratory scale and commer-
cial, if any—are described along with source materials, growth conditions,
substrate preparation, catalyst preparation, and post-growth processing.
The bulk production of nanowires is also covered.

Chapter 4 critically evaluates and provides the most important aspects of
classical thermodynamics that underline the nucleation and growth of nano-
wires. This chapter also reviews the current understanding of various kinetic
processes involved with nanowire growth, that is, nanowire growth rates,
nanowire faceting, surface diffusion, and adatom incorporation processes.
Modeling and simulation provide an insight into growth mechanisms and
an understanding of the process to enable the control of the dimensions and
to improve the quality of the nanomaterials. There is very little of this in
the literature at present. A review of the current status and the gaps therein
is presented in Chapter 5. Nanowires exhibit differences in properties, for
example, melting point, thermal conductivity, and other physical proper-
ties, from their bulky counterparts. Modeling results predicting the changes
in properties and limited comparisons with the experiments are available.
These results and other specific cases of characterization results are reserved
for later chapters under each type of nanowire, as appropriate.

The growth of silicon, germanium, gallium arsenide, and other semicon-
ducting nanowires is discussed in detail in Chapter 6, outlining growth
recipes, precursors, and results. There is extensive work on the understand-
ing of the physical and electronic properties of these nanowires, which is
an important coverage here. Phase change materials have successfully pen-
etrated CD and DVD applications. However, as the programming current
required to read/write is very high in thin-film devices, their use in random
access memory is facing difficulties. The programming current and power
requirement are expected to reduce with the use of nanowires and hence the
successful reporting of GeTe, GeSbTe, and In,Se; nanowires to date. Growth,
characterization, and property differences from the corresponding thin films
are highlighted in Chapter 7.

Numerous metals have been grown in the form of nanowires. Chapter 8
covers boron, bismuth, silver, tungsten, gold, nickel, cobalt, copper, and other
metallic nanowires. Numerous oxides, such as ZnO, InO, SnO, ITO, CuQO, etc.,
have also been grown in the form of nanowires. Most of these are wide band
gap semiconductors as well and have interesting applications in the ultravio-
let (UV) regime for lasers, laser emitting diode (LEDs), and in field emission,
as discussed in Chapter 9. Nitrides, especially group IIl nitrides, are popular
with the nanowire community, and are discussed in Chapter 10. Chapter 11
deals with nanowire forms of all other materials such as antimonides, tel-
lurides, phosphides, and silicides.

There is a tremendous interest in exploring Si, Ge, and Si Ge,_, nanowires
for logic devices to allow the continuation of Moore’s law scaling and go
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beyond, and for memory devices as well. These applications are covered in
Chapter 12, with Chapter 13 focusing on optoelectronics. There are numer-
ous nanowires in the UV (ZnO, GaN, SiC, etc.) and infrared (IR) (Insb, GaSb)
regimes that are applied in detectors. Lasers in visible, UV, and IR regimes
have been demonstrated using several nanowires. Chapter 13 focuses on the
principles, development, and results of these applications. Chapter 14 consid-
ers applications in chemicals and biosensors, while Chapter 15 focuses on
energy covering the use of nanowires in solar cells and batteries. Finally, all
other applications, such as field emission devices and thermoelectric devices,
are discussed in Chapter 16. First, the principles behind the device operation
are covered, along with references to further sources. This is followed by
a discussion of the need that the nanowires fill in to replace current can-
didates, device fabrication, performance results, and future prospects and
challenges.

Any undertaking of this magnitude is only possible with the help of
colleagues. The nanotechnology group at NASA Ames, particularly for-
mer and current members of the INW technology team, namely, Bin Yu,
Xuhui Sun, HT. Ng, Pho Nguyen, Aaron Mao, Sreeram Vaddiraju,
Cun-Zheng Ning, Alan Chin, and Q. Ye, are acknowledged for educating
one of the authors (MM) and for providing some of the figures used in
this book. The works of several former students and associates: Shashank
Sharma, Hari Chandrasekaran, Radhika C. Mani, Gopinath Bhimarasetti,
Hongwei Li, Sreeram Vaddiraju, Ramakrishna Mulpuri, and Zhigiang
Chen at the University of Louisville; and colleagues: Miran Mozetic and
Uros Cvelbar from Institute Jozef Stefan, Slovenia, have been of great help.
Most importantly, the following students have provided considerable assis-
tance to the writing of some of the chapters: Vivekanand Kumar (Chapter 3),
Chandrashekhar Pendyala (Chapters 4 and 10), Praveen Meduri (Chapters 5
and 15), Jyothish Thangala (Chapter 9), Suresh Gubbala (Chapter 15), Boris
Chernomordik (Chapter 15), and Santoshrupa Dumpala (Chapter 16). The
hard work and contributions of all these students are gratefully acknowl-
edged. Finally, this book would not have been possible without the assis-
tance of Julianne Hildebrand, who diligently worked on the preparation of
the manuscript, copyright permissions, and other logistical aspects.

M. Meyyappan
Moffett Field, California

Mahendra K. Sunkara
Louisville, Kentucky
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ceedings, four book chapters and was awarded seven U.S. patents along
with several additional U.S. patent applications pending. Several national
and international news articles appeared on his research work in the area of
nanoscale materials and their applications in to Li Ion batteries and sensors,
etc. In the last seven years, Dr. Sunkara delivered over 40 invited and keynote
lectures in Germany, United States, Taiwan, Slovenia, and India. Three of his
research articles appeared on the covers of prestigious journals, Advanced
Materials and Advanced Functional Materials. He is the founding organizer of
an annual statewide workshop on the theme of Materials Nanotechnology
(KYNANOMAT) held since 2002. He was awarded the Ralph E. Powe Junior
Faculty in Engineering award in 1999 and was the first recipient of the presti-
gious CAREER grant in Speed School from the National Science Foundation
in 1999. In 2002, the Louisville Magazine placed him in the list of top 25 young
guns in the city of Louisville. In 2009, he received the 2009 UofL President’s
distinguished faculty award for research.
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