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Foreword by Neal Lane

In a January 2000 speech at the California Institute of
Technology, former President W. J. Clinton talked about
the exciting promise of “nanotechnology” and the im-
portance of expanding research in nanoscale science
and engineering and in the physical sciences, more
broadly. Later that month, he announced in his State of
the Union Address an ambitious $497 million federal,
multi-agency national nanotechnology initiative (NNI)
in the fiscal year 2001 budget; and he made the NNI
atop science and technology priority within a budget that
emphasized increased investment in U.S. scientific re-
search. With strong bipartisan support in Congress, most
of this request was appropriated, and the NNI was born.
Nanotechnology is the ability to manipulate indi-
vidual atoms and molecules to produce nanostructured
materials and sub-micron objects that have applica-
tions in the real world. Nanotechnology involves the
production and application of physical, chemical and
biological systems at scales ranging from individ-
ual atoms or molecules to about 100 nanometers, as
well as the integration of the resulting nanostruc-
tures into larger systems. Nanotechnology is likely to
have a profound impact on our economy and soci-
ety in the early 21st century, perhaps comparable to
that of information technology or advances in cellu-
lar and molecular biology. Science and engineering
research in nanotechnology promises breakthroughs
in areas such as materials and manufacturing, elec-
tronics, medicine and healthcare, energy and the
environment, biotechnology, information technology
and national security. It is widely felt that nano-
technology will lead to the next industrial revolution.
Nanometer-scale features are built up from their
elemental constituents. Micro- and nanosystems compo-
nents are fabricated using batch-processing techniques
that are compatible with integrated circuits and range in
size from micro- to nanometers. Micro- and nanosys-
tems include Micro/NanoElectroMechanical Systems
(MEMS/NEMS), micromechatronics, optoelectronics,
microfluidics and systems integration. These systems
can sense, control, and activate on the micro/nanoscale
and can function individually or in arrays to generate
effects on the macroscale. Due to the enabling nature of
these systems and the significant impact they can have
on both the commercial and defense applications, indus-
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try as well as the federal government
have taken special interest in seeing
growth nurtured in this field. Micro-
and nanosystems are the next logical
step in the “silicon revolution”.

The discovery of novel mater-
ials, processes, and phenomena at
the nanoscale and the development
of new experimental and theoretic-
al techniques for research provide
fresh opportunities for the develop-
ment of innovative nanosystems and
nanostructured materials. There is
an increasing need for a multidis-
ciplinary, systems-oriented approach
to manufacturing micro/nanodevices
which function reliably. This can
only be achieved through the cross-
fertilization of ideas from different
disciplines and the systematic flow
of information and people among re-
search groups.

Nanotechnology is a broad, high-

Prof. Neal Lane

University Professor
Department of Physics and
Astronomy and James A. Baker
11l Institute for Public Policy Rice
University Houston, Texas USA

Served in the Clinton Admin-
istration as Assistant to the
President for Science and Tech-
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ly interdisciplinary, and still evolving field. Covering
even the most important aspects of nanotechnology in
a single book that reaches readers ranging from stu-
dents to active researchers in academia and industry is
an enormous challenge. To prepare such a wide-ranging
book on nanotechnology, Professor Bhushan has har-
nessed his own knowledge and experience, gained in
several industries and universities, and has assembled
about 90 internationally recognized authors from three
continents to write 38 chapters. The authors come from

both academia and industry.

Professor Bharat Bhushan’s comprehensive book
is intended to serve both as a textbook for university
courses as well as a reference for researchers. It is
a timely addition to the literature on nanotechnology,
which I anticipate will stimulate further interest in this
important new field and serve as an invaluable resource
to members of the international scientific and industrial

community.

The Editor-in-Chief and his team are to be warmly
congratulated for bringing together this exclusive,
timely, and useful Nanotechnology Handbook.
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Foreword by James R. Heath

Nanotechnology has become an increasingly popular
buzzword over the past five years or so, a trend that has
been fueled by a global set of publicly funded nano-
technology initiatives. Even as researchers have been
struggling to demonstrate some of the most fundamental
and simple aspects of this field, the term nanotechnol-
ogy has entered into the public consciousness through
articles in the popular press and popular fiction. As a con-
sequence, the expectations of the public are high for
nanotechnology, even while the actual public definition
of nanotechnology remains a bit fuzzy.

Why shouldn’t those expectations be high? The late
1990’s witnessed a major information technology (IT)
revolution and a minor biotechnology revolution. The IT
revolution impacted virtually every aspect of life in the
western world. I am sitting on an airplane at 30,000 feet
at the moment, working on my laptop, as are about half
of the other passengers on this plane. The plane itself is
riddled with computational and communications equip-
ment. As soon as we land, many of us will pull out cell
phones, others will check email via wireless modem,
some will do both. This picture would be the same if
I was landing in Los Angeles, Beijing, or Capetown.
I will probably never actually print this text, but will
instead submit it electronically. All of this was unthink-
able a dozen years ago. It is therefore no wonder that
the public expects marvelous things to happen quickly.
However, the science that laid the groundwork for the IT
revolution dates back 60 years or more, with its origins
in the fundamental solid state physics.

By contrast, the biotech revolution was relatively
minor and, at least to date, not particularly effective. The
major diseases that plagued mankind a quarter century
ago are still here. In some third world countries, the aver-
age lifespan of individuals has actually decreased from
where it was a full century ago. While the costs of elec-
tronics technologies have plummeted, health care costs
have continued to rise. The biotech revolution may have
a profound impact, but the task at hand is substantially
more difficult to what was required for the IT revolution.
In effect, the IT revolution was based on the advanced
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engineering of two-dimensional digit-
al circuits constructed from rela-
tively simple components — extended
solids. The biotech revolution is real-
ly dependent upon the ability to
reverse engineer three-dimensional
analog systems constructed from
quite complex components — pro-
teins. Given that the basic science be-
hind biotech is substantially younger
than the science that has supported
IT, it is perhaps not surprising that
the biotech revolution has not really
been a proper revolution yet, and it
likely needs at least another decade
or so to come to fruition.

Where does nanotechnology fit
into this picture? In many ways,
nanotechnology depends upon the
ability to engineer two- and three-
dimensional systems constructed
from complex components such
as macromolecules, biomolecules,
nanostructured solids, etc. Further-
more, in terms of patents, publica-
tions, and other metrics that can be
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used to gauge the birth and evolution of a field, nanotech
lags some 15-20years behind biotech. Thus, now is
the time that the fundamental science behind nanotech-
nology is being explored and developed. Nevertheless,
progress with that science is moving forward at a dra-
matic pace. If the scientific community can keep up this
pace and if the public sector will continue to support
this science, then it is possible, and perhaps even likely,
that in 20 years from now we may be speaking of the

nanotech revolution.

The Nanotechnology Handbook is timely in assem-
bling chapters in the broad field of nanotechnology with
an emphasis on reliability. The handbook should be
a valuable reference for experienced researchers as well

as for a novice in the field.
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Preface

On December 29, 1959 at the California Institute of
Technology, Nobel Laureate Richard P. Feynman gave
a talk at the Annual meeting of the American Physic-
al Society that has become one classic science lecture
of the 20th century, titled “There’s Plenty of Room at
the Bottom.” He presented a technological vision of
extreme miniaturization in 1959, several years before the
word “chip” became part of the lexicon. He talked about
the problem of manipulating and controlling things on
a small scale. Extrapolating from known physical laws,
Feynman envisioned a technology using the ultimate
toolbox of nature, building nanoobjects atom by atom or
molecule by molecule. Since the 1980s, many inventions
and discoveries in fabrication of nanoobjects have been
a testament to his vision. In recognition of this reality,
in a January 2000 speech at the same institute, former
President W. J. Clinton talked about the exciting promise
of “nanotechnology” and the importance of expanding
research in nanoscale science and engineering. Later
that month, he announced in his State of the Union Ad-
dress an ambitious $497 million federal, multi-agency
national nanotechnology initiative (NNI) in the fiscal
year 2001 budget, and made the NNI a top science and
technology priority. Nanotechnology literally means any
technology done on a nanoscale that has applications in
the real world. Nanotechnology encompasses produc-
tion and application of physical, chemical and biological
systems at size scales, ranging from individual atoms
or molecules to submicron dimensions as well as the
integration of the resulting nanostructures into larger
systems. Nanofabrication methods include the manipu-
lation or self-assembly of individual atoms, molecules,
or molecular structures to produce nanostructured ma-
terials and sub-micron devices. Micro- and nanosystems
components are fabricated using top-down lithographic
and nonlithographic fabrication techniques. Nanotech-
nology will have a profound impact on our economy
and society in the early 21st century, comparable to that
of semiconductor technology, information technology,
or advances in cellular and molecular biology. The re-
search and development in nanotechnology will lead to
potential breakthroughs in areas such as materials and
manufacturing, nanoelectronics, medicine and health-
care, energy, biotechnology, information technology and
national security. It is widely felt that nanotechnology
will lead to the next industrial revolution.
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Reliability is a critical technology for many micro-
and nanosystems and nanostructured materials. No
book exists on this emerging field. A broad based
handbook is needed. The purpose of this handbook
is to present an overview of nanomaterial synthe-
sis, micro/nanofabrication, micro- and nanocomponents
and systems, reliability issues (including nanotribology
and nanomechanics) for nanotechnology, and indus-
trial applications. The chapters have been written by
internationally recognized experts in the field, from
academia, national research labs and industry from all
over the world.

The handbook integrates knowledge from the fab-
rication, mechanics, materials science and reliability
points of view. This book is intended for three types
of readers: graduate students of nanotechnology, re-
searchers in academia and industry who are active or
intend to become active in this field, and practicing en-
gineers and scientists who have encountered a problem
and hope to solve it as expeditiously as possible. The
handbook should serve as an excellent text for one or two
semester graduate courses in nanotechnology in mech-
anical engineering, materials science, applied physics,
or applied chemistry.

We embarked on this project in February 2002, and
we worked very hard to get all the chapters to the
publisher in a record time of about 1 year. I wish to
sincerely thank the authors for offering to write compre-
hensive chapters on a tight schedule. This is generally
an added responsibility in the hectic work schedules
of researchers today. I depended on a large number
of reviewers who provided critical reviews. I would
like to thank Dr. Phillip J. Bond, Chief of Staff and
Under Secretary for Technology, US Department of
Commerce, Washington, D.C. for suggestions for chap-
ters as well as authors in the handbook. I would also
like to thank my colleague, Dr. Huiwen Liu, whose ef-
forts during the preparation of this handbook were very
useful.

I hope that this handbook will stimulate further in-
terest in this important new field, and the readers of this
handbook will find it useful.

September 2003 Bharat Bhushan

Editor
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1. Introduction to Nanotechnology

A biological system can be exceedingly small.
Many of the cells are very tiny, but they are very
active; they manufacture various substances; they
walk around; they wiggle; and they do all kinds of
marvelous things — all on a very small scale. Also,
they store information. Consider the possibility
that we too can make a thing very small which
does what we want - that we can manufacture
an object that maneuvers at that level.

(From the talk “There's Plenty of Room at the
Bottom", delivered by Richard P. Feynman at the
annual meeting of the American Physical Society at
the California Institute of Technology, Pasadena,
(A, on December 29, 1959.)

by B. Bhushan

1.1 Background and Definition
of Nanotechnology ...............................

1.2 WhyNano?..............cooiiiiiiiiiien,
1.3 Lessons from Nature .............................
1.4 Applications in Different Fields..............
1.5 Reliability Issues of MEMS/INEMS .............

1.6 Organization of the Handbook...............

u Ul F W NN

References .........ccoovvviiiiiii e

1.1 Background and Definition of Nanotechnology

On Dec. 29, 1959, at the California Institute of Tech-
nology, Nobel Laureate Richard P. Feynman gave a talk
at the annual meeting of the American Physical So-
ciety that has become one of the twentieth century’s
classic science lectures, titled “There’s Plenty of Room
at the Bottom” [1.1]. He presented a technological vi-
sion of extreme miniaturization several years before the
word “chip” became part of the lexicon. He talked about
the problem of manipulating and controlling things on
a small scale. Extrapolating from known physical laws,
Feynman envisioned a technology using the ultimate
toolbox of nature, building nanoobjects atom by atom
or molecule by molecule. Since the 1980s, many inven-
tions and discoveries in the fabrication of nanoobjects
have become a testament to his vision. In recognition of
this reality, the National Science and Technology Coun-
cil (NSTC) of the White House created the Interagency
Working Group on Nanoscience, Engineering and Tech-
nology IWGN) in 1998. In a January 2000 speech at
the same institute, former President William J. Clinton
talked about the exciting promise of nanotechnology
and, more generally, the importance of expanding re-
search in nanoscale science and technology. Later that
month, he announced in his State of the Union Ad-
dress an ambitious $497 million federal, multi-agency
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National Nanotechnology Initiative (NNI) in the fiscal
year 2001 budget, and made it a top science and tech-
nology priority [1.2,3]. The objective of this initiative
was to form a broad-based coalition in which academe,
the private sector, and local, state, and federal govern-
ments would work together to push the envelope of
nanoscience and nanoengineering to reap nanotechnol-
ogy’s potential social and economic benefits.
Nanotechnology literally means any technology per-
formed on a nanoscale that has applications in the real
world. Nanotechnology encompasses the production
and application of physical, chemical, and biological
systems at scales ranging from individual atoms or
molecules to submicron dimensions, as well as the
integration of the resulting nanostructures into larger
systems. Nanotechnology is likely to have a pro-
found impact on our economy and society in the early
twenty-first century, comparable to that of semiconduc-
tor technology, information technology, or cellular and
molecular biology. Science and technology research in
nanotechnology promises breakthroughs in such areas as
materials and manufacturing, nanoelectronics, medicine
and healthcare, energy, biotechnology, information tech-
nology, and national security. It is widely felt that
nanotechnology will be the next industrial revolution.
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Introduction to Nanotechnology

Nanometer-scale features are mainly built up from
their elemental constituents. Chemical synthesis — the
spontaneous self-assembly of molecular clusters (mo-
lecular self-assembly) from simple reagents in solution
— or biological molecules (e.g., DNA) are used as
building blocks for the production of three-dimensional
nanostructures, including quantum dots (nanocrystals)
of arbitrary diameter (about 10 to 107 atoms). A var-
iety of vacuum deposition and nonequilibrium plasma
chemistry techniques are used to produce layered
nanocomposites and nanotubes. Atomically controlled
structures are produced using molecular beam epitaxy
and organo-metallic vapor phase epitaxy. Micro- and
nanosystem components are fabricated using top-down
lithographic and nonlithographic fabrication techniques
and range in size from micro- to nanometers. Continued
improvements in lithography for use in the produc-
tion of nanocomponents have resulted in line widths
as small as 10 nanometers in experimental prototypes.
The nanotechnology field, in addition to the fabrication
of nanosystems, provides the impetus to development of
experimental and computational tools.

1.2 Why Nano?

The discovery of novel materials, processes, and phe-
nomena at the nanoscale, as well as the development
of new experimental and theoretical techniques for
research provide fresh opportunities for the develop-
ment of innovative nanosystems and nanostructured

1.3 Lessons from Nature

Nanotechnology is a new word, but it is not an entirely
new field. Nature has many objects and processes that
function on a micro- to nanoscale [1.2,4]. The under-
standing of these functions can guide us in imitating and
producing nanodevices and nanomaterials.

Billions of years ago, molecules began organiz-
ing themselves into the complex structures that could
support life. Photosynthesis harnesses solar energy to
support plant life. Molecular ensembles are present in
plants, which include light harvesting molecules, such
as chlorophyll, arranged within the cells on the nanome-
ter to micrometer scales. These structures capture light
energy, and convert it into the chemical energy that
drives the biochemical machinery of plant cells. Live
organs use chemical energy in the body. The flagella,
a type of bacteria, rotates at over 10,000 RPM [1.5].

The micro- and nanosystems include micro/nano-
electromechanical systems (MEMS/NEMS) (e.g., sen-
sors, actuators, and miniaturized systems comprising
sensing, processing, and/or actuating functions), micro-
mechatronics, optoelectronics, microfluidics, and sys-
tems integration. These systems can sense, control, and
activate on the micro/nanoscale and function individu-
ally or in arrays to generate effects on the macroscale.
The microsystems market in 2000 was about $ 15 bil-
lion, and, with a projected 10—20 % annual growth rate,
it is expected to increase to more than $ 100 billion by
the end of this decade. The nanosystems market in 2001
was about $ 100 million and the integrated nanosys-
tems market is expected to be more than $25 billion
by the end of this decade. Due to the enabling na-
ture of these systems, and because of the significant
impact they can have on the commercial and defense
applications, venture capitalists, industry, as well as
the federal government have taken a special interest
in nurturing growth in this field. Micro- and nanosys-
tems are likely to be the next logical step in the “silicon
revolution.”

materials. Nanosystems are expected to find various
unique applications. Nanostructured materials can be
made with unique nanostructures and properties. This
field is expected to open new venues in science and
technology.

This is an example of a biological molecular ma-
chine. The flagella motor is driven by the proton
flow caused by the electrochemical potential differ-
ences across the membrane. The diameter of the bearing
is about 20—30nm, with an estimated clearance of
about 1 nm.

In the context of tribology, some biological systems
have anti-adhesion surfaces. First, many plant leaves
(such as lotus leaf) are covered by a hydrophobic cuticle,
which is composed of a mixture of large hydrocar-
bon molecules that have a strong hydrophobia. Second,
the surface is made of a unique roughness distribu-
tion [1.6,7]. It has been reported that for some leaf
surfaces, the roughness of the hydrophobic leaf surface
decreases wetness, which is reflected in a greater contact
angle of water droplets on such surfaces.
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1.4 Applications in Different Fields

1.4 Applications in Different Fields

Science and technology continue to move forward in
making the fabrication of micro/nanodevices and sys-
tems possible for a variety of industrial, consumer, and
biomedical applications. A range of MEMS devices
have been produced, some of which are commercially
used [1.4,8-12]. A variety of sensors are used in indus-
trial, consumer, and biomedical applications. Various
microstructures or microcomponents are used in micro-
instruments and other industrial applications, such as
micromirror arrays. Two of the largest “killer” indus-
trial applications are accelerometers (about 85 million
units in 2002) and digital micromirror devices (about
$400 million in sales in 2001). Integrated capacitive-
type, silicon accelerometers have been used in airbag
deployment in automobiles since 1991 [1.13, 14].
Accelerometer technology was about a billion-dollar-
a-year industry in 2001, dominated by Analog Devices
followed by Motorola and Bosch. Commercial digital
light processing (DLP) equipment using digital micro-
mirror devices (DMD) were launched in 1996 by Texas
Instruments for digital projection displays in portable
and home theater projectors, as well as table-top and
projection TVs [1.15, 16]. More than 1.5 million pro-
jectors were sold before 2002. Other major industrial
applications include pressure sensors, inkjet printer
heads, and optical switches. Silicon-based piezoresis-
tive pressure sensors for manifold absolute pressure
sensing for engines were launched in 1991 by Nova-
Sensor, and their annual sales were about 25 million
units in 2002. Annual sales of inkjet printer heads with
microscale functional components were about 400 mil-
lion units in 2002. Capacitive pressure sensors for
tire pressure measurements were launched by Mo-
torola. Other applications of MEMS devices include
chemical sensors; gas sensors; infrared detectors and
focal plane arrays for earth observations; space sci-
ence and missile defense applications; pico-satellites for
space applications; and many hydraulic, pneumatic, and
other consumer products. MEMS devices are also be-
ing pursued in magnetic storage systems [1.17], where
they are being developed for super-compact and ultra-
high recording-density magnetic disk drives. Several
integrated head/suspension microdevices have been fab-
ricated for contact recording applications [1.18, 19].
High-bandwidth, servo-controlled microactuators have
been fabricated for ultrahigh track-density applications,
which serve as the fine-position control element of
a two-stage, coarse/fine servo system, coupled with
a conventional actuator [1.20-23]. Millimeter-sized
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wobble motors and actuators for tip-based recording
schemes have also been fabricated [1.24].

BIOMEMS are increasingly used in commercial and
defense applications (e.g., [1.4,25-28]). Applications of
BIOMEMS include biofluidic chips (otherwise known
as microfluidic chips, bioflips, or simply biochips)
for chemical and biochemical analyses (biosensors)
in medical diagnostics (e.g., DNA, RNA, proteins,
cells, blood pressure and assays, and toxin identifi-
cation) and implantable pharmaceutical drug delivery.
The biosensors, also referred to as lab-on-a-chip, inte-
grate sample handling, separation, detection, and data
analysis onto one platform. Biosensors are designed
to either detect a single or class of (bio)chemicals or
system-level analytical capabilities for a broad range
of (bio)chemical species known as micro total analysis
systems (WTAS). The chips rely on microfluidics and
involve the manipulation of tiny amounts of fluids in
microchannels using microvalves for various analyses.
The test fluid is pumped into the chip generally using
an external pump for analyses. Some chips have been
designed with an integrated electrostatically actuated
diaphragm-type micropump. Silicon-based, disposable
blood-pressure sensor chips were introduced in the
early 1990s by NovaSensor for blood pressure moni-
toring (about 20 million units in 2002). A variety of
biosensors are manufactured by various companies, in-
cluding ACLARA, Agilent Technologies, Calipertech,
and I-STAT.

After the tragedy of Sept. 11, 2001, concern over
biological and chemical warfare has led to the develop-
ment of handheld units with bio- and chemical sensors
for the detection of biological germs, chemical or nerve
agents, mustard agents, and chemical precursors to
protect subways, airports, the water supply, and the
population [1.29].

Other BIOMEMS applications include minimal
invasive surgery, such as endoscopic surgery, laser
angioplasty, and microscopic surgery. Implantable ar-
tificial organs can also be produced.

Micro-instruments and micro-manipulators are used
to move, position, probe, pattern, and characterize
nanoscale objects and nanoscale features. Miniatur-
ized analytical equipment includes gas chromatography
and mass spectrometry. Other instruments include
micro-STM, where STM stands for scanning tunneling
microscope.

Examples of NEMS include nanocomponents, nano-
devices, nanosystems, and nanomaterials, such as
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microcantilever with integrated sharp nanotips for STM
and atomic force microscopy (AFM), AFM array (milli-
pede) for data storage, AFM tips for nanolithography,
dip-pen nanolithography for printing molecules, bio-
logical (DNA) motors, molecular gears, molecularly
thick films (e.g., in giant magneto-resistive or GMR
heads and magnetic media), nanoparticles, (e.g., nano-
magnetic particles in magnetic media), nanowires,
carbon nanotubes, quantum wires (QWRs), quan-
tum boxes (QBs), and quantum transistors [1.30-34].
BIONEMS include nanobiosensors — a microarray of
silicon nanowires, roughly a few nm in size, to selec-
tively bind and detect even a single biological molecule,
such as DNA or protein, by using nanoelectronics to de-
tect the slight electrical charge caused by such binding,
or a microarray of carbon nanotubes to electrically de-
tect glucose, implantable drug-delivery devices — e.g.,

1.5 Reliability Issues of MEMSINEMS

There is an increasing need for a multidisciplinary,
system-oriented approach to manufacturing micro/
nanodevices that function reliably. This can only be
achieved through the cross-fertilization of ideas from
different disciplines and the systematic flow of infor-
mation and people among research groups. Common
potential failure mechanisms for MEMS/NEMS that
need to be addressed in order to increase reliability are:
adhesion, friction, wear, fracture, fatigue, and contam-
ination. Surface micro/nanomachined structures often
include smooth and chemically active surfaces. Due to
the large surface area to volume ratio in MEMS/NEMS,
they are particularly prone to stiction (high static fric-
tion) as part of normal operation. Fracture occurs when
the load on a microdevice is greater than the strength
of the material. Fracture is a serious reliability con-
cern, particularly for the brittle materials used in the
construction of these components, since it can im-
mediately, or eventually, lead to catastrophic failures.
Additionally, debris can be formed from the fracturing
of microstructures, leading to other failure processes.
For less brittle materials, repeated loading over a long
period causes fatigue that would also lead to the break-
ing and fracturing of the device. In principle, this failure
mode is relatively easy to observe and simple to pre-
dict. However, the materials properties of thin films are
often not known, making fatigue predictions prone to
error.

micro/nanoparticles with drug molecules encapsulated
in functionized shells for a site-specific targeting ap-
plication, and a silicon capsule with a nanoporous
membrane filled with drugs for long term delivery,
nanodevices for sequencing single molecules of DNA
in the Human Genome Project, cellular growth using
carbon nanotubes for spinal cord repair, nanotubes for
nanostructured materials for various applications, such
as spinal fusion devices, organ growth, and growth of
artificial tissues using nanofibers.

Nanoelectronics can be used to build computer mem-
ory, using individual molecules or nanotubes to store bits
of information, as well as molecular switches, molecu-
lar or nanotube transistors, nanotube flat-panel displays,
nanotube integrated circuits, fast logic gates, switches,
nanoscopic lasers, and nanotubes as electrodes in fuel
cells.

Many MEMS/NEMS devices operate near their ther-
mal dissipation limit. They may encounter hot spots
that can cause failures, particularly in weak structures
such as diaphragms or cantilevers. Thermal stressing
and relaxation caused by thermal variations can cre-
ate material delamination and fatigue in cantilevers.
In large temperature changes, as experienced in the
space environment, bimetallic beams will also experi-
ence warping due to mismatched coefficients of thermal
expansion. Packaging has been a big problem. The con-
tamination, which probably happens in packaging and
during storage, can also strongly influence the reliabil-
ity of MEMS/NEMS. For example, a particulate dust
landed on one of the electrodes of a comb drive can
cause catastrophic failure. There are no MEMS/NEMS
fabrication standards, which makes it difficult to transfer
fabrication steps in MEMS/NEMS between foundaries.

Obviously, studies of determination and suppres-
sion of active failure mechanisms affecting this new
and promising technology are critical to the high re-
liability of MEMS/NEMS and are determining factors
in successful practical application.

Mechanical properties are known to exhibit a depen-
dence on specimen size. Mechanical property evaluation
of nanometer-scaled structures is carried out to help
design reliable systems, since good mechanical prop-
erties are of critical importance in such applications.
Some of the properties of interest are: Young’s mod-
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2. Nanomaterials Synthesis and Applications:
Molecule-Based Devices

The constituent components of conventional 2.1 Chemical Approaches

. . . to Nanostructured Materials .................. 10
devices are carved out of larger materials relying 211 From Molecular Building Blocks
on physical methods. This top-down approach to to Nanostructures............c.coeevenne. 10
engineered building blocks becomes increasingly 2.1.2 Nanoscaled Biomolecules:
challenging as the dimensions of the target Nucleic Acids and Proteins............. 10
structures approach the nanoscale. Nature, on 2.1.3 Chemical Synthesis
the other hand, relies on chemical strategies of Artificial Nanostructures............ 12
to assemble nanoscaled biomolecules. Small 2.1.4 From Structural Control
molecular building blocks are joined to produce to Designed Properties
nanostructures with defined geometries and and Functions.............oocoveiiiini, 12
speuﬁc' LTSIl ST il apparfent that 2.2 Molecular Switches and Logic Gates ....... 14
nature's bottom-up appr.oa.ch to functional 2.2.1 From Macroscopic
nal:]c')s.tructures can b_e mimicked to p.roducEe to Molecular Switches................... 15
artificial molecules with nanoscaled dimensions 2.2.2 Digital Processing
and engineered properties. Indeed, examples of and Molecular Logic Gates............. 15
artificial nanohelices, nanotubes, and molecular 2.2.3 Molecular AND, NOT, and OR Gates.. 16
motors are starting to be developed. Some 2.2.:. Combinational Logic
of these fascinating chemical systems have at the Molecular Level .................. 17
intriguing electrochemical and photochemical 2.2.5 Intermolecular Communication...... 18

roperties that can be exploited to manipulate . .
Ehe[r)nical electrical. and gptical signals a[fc the 2.3 Solid State DeVIcgs ............. e 22
moIecuIa'r level Th;s tremendous opportunity 2:3.1 From Functhnal solutions
’ to Electroactive

has lead to the development of the molecular and Photoactive Solids.................. 22
equivalent of conventional logic gates. Simple 2.3.2 langmuir-Blodgett Films.............. 23
logic operations, for example, can be reproduced 2.3.3 Self-Assembled Monolayers........... 27
with collections of molecules operating in solution. 2.3.4 Nanogaps and Nanowires.............. 31
Most of these chemical systems, however, rely on .
bulk addressing to execute combinational and 2.4 Conclusions and Outlook ....................... 35
sequential logic operations. Itis essential to devise ~ References ................cccooceevviieniieiiiinieencann, 36
methods to reproduce these useful functions in
solid-state configurations and, eventually, with
single molecules. These challenging objectives
are stimulating the design of clever devices components. The rapid and continuous progress
that interface small assemblies of organic of this exploratory research will, we hope, lead to
molecules with macroscaled and nanoscaled an entire generation of molecule-based devices
electrodes. These strategies have already produced that might ultimately find useful applications
rudimentary examples of diodes, switches, and in a variety of fields, ranging from biomedical
transistors based on functional molecular research to information technology.
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2.1 Chemical Approaches to Nanostructured Materials

The fabrication of conventional devices relies on the
assembly of macroscopic building blocks with spe-
cific configurations. The shapes of these components
are carved out of larger materials by exploiting phys-
ical methods. This top-down approach to engineered
building blocks is extremely powerful and can deliver
effectively and reproducibly microscaled objects. This
strategy becomes increasingly challenging, however, as
the dimensions of the target structures approach the
nanoscale. Indeed, the physical fabrication of nanosized
features with subnanometer precision is a formidable
technological challenge.

2.1.1 From Molecular Building Blocks
to Nanostructures

Nature efficiently builds nanostructures by relying on
chemical approaches. Tiny molecular building blocks
are assembled with a remarkable degree of structural
control in a variety of nanoscaled materials with defined
shapes, properties, and functions. In contrast to the
top-down physical methods, small components are con-
nected to produce larger objects in these bottom-up
chemical strategies. It is becoming apparent that the
limitations of the top-down approach to artificial nano-
structures can be overcome by mimicking nature’s
bottom-up processes. Indeed, we are starting to see
emerge beautiful and ingenious examples of molecule-
based strategies to fabricate chemically nanoscaled
building blocks for functional materials and innovative
devices.

2.1.2 Nanoscaled Biomolecules:
Nucleic Acids and Proteins

Nanoscaled macromolecules play a fundamental role
in biological processes [2.1]. Nucleic acids, for exam-
ple, ensure the transmission and expression of genetic
information. These particular biomolecules are lin-
ear polymers incorporating nucleotide repeating units
(Fig.2.1a). Each nucleotide has a phosphate bridge and
a sugar residue. Chemical bonds between the phosphate
of one nucleotide and the sugar of the next ensures
the propagation of a polynucleotide strand from the 5’
to the 3’ end. Along the sequence of alternating sugar
and phosphate fragments, an extended chain of robust
covalent bonds involving carbon, oxygen, and phospho-
rous atoms forms the main backbone of the polymeric
strand.

Every single nucleotide of a polynucleotide strand
carries one of the four heterocyclic bases shown in
Fig.2.1b. For a strand incorporating 100 nucleotide
repeating units, a total of 4!%° unique polynucleotide se-
quences are possible. It follows that nature can fabricate
a huge number of closely related nanostructures relying
only on four building blocks. The heterocyclic bases
appended to the main backbone of alternating phos-
phate and sugar units can sustain hydrogen bonding and
[z - - - ] stacking interactions. Hydrogen bonds, formed
between [N—H] donors and either N or O acceptors, en-
courage the pairing of adenine (A) with thymine (T) and
of guanine (G) with cytosine (C). The stacking interac-
tions involve attractive contacts between the extended
mr-surfaces of heterocyclic bases.

In the B conformation of deoxyribonucleic acid
(DNA), the synergism of hydrogen bonds and [r - - - 7]
stacking glues pairs of complementary polynucleotide
strands in fascinating double helical supermolecules
(Fig.2.1c) with precise structural control at the sub-
nanometer level. The two polynucleotide strands wrap
around a common axis to form a right-handed double
helix with a diameter of ca. 2 nm. The hydrogen bonded
and [m - - -] stacked base pairs lie at the core of the
helix with their r-planes perpendicular to the main axis
of the helix. The alternating phosphate and sugar units
define the outer surface of the double helix. In B-DNA,
approximately ten base pairs define each helical turn cor-
responding to a rise per turn or helical pitch of ca. 3 nm.
Considering that these molecules can incorporate up
to approximately 10! base pairs, extended end-to-end
lengths spanning from only few nanometers to hundreds
of meters are possible.

Nature’s operating principles to fabricate nano-
structures are not limited to nucleic acids. Proteins are
also built joining simple molecular building blocks, the
amino acids, by strong covalent bonds [2.1]. More pre-
cisely, nature relies on 20 amino acids differing in their
side chains to assemble linear polymers, called polypep-
tides, incorporating an extended backbone of robust
[C—N] and [C—C] bonds (Fig. 2.2a). For a single poly-
mer strand of 100 repeating amino acid units, a total
of 20'% unique combinations of polypeptide sequences
are possible. Considering that proteins can incorporate
more than one polypetide chain with over 4,000 amino
acid residues each, it is obvious that nature can assemble
an enormous number of different biomolecules relying
on the same fabrication strategy and a relatively small
pool of building blocks.
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The covalent backbones of the polypeptide strands
form the main skeleton of a protein molecule. In
addition, myriad secondary interactions, involving non-
covalent contacts between portions of the amino acid
residues, control the arrangement of the individual
polypeptide chains. Intrastrand hydrogen bonds curl
single polypeptide chains around a longitudinal axis
in a helical fashion to form tubular nanostructures
ca. 0.5nm wide and ca. 2nm long (Fig.2.2b). Sim-
ilarly, interstrand hydrogen bonds can align from
2 up to 15 parallel or antiparallel polypeptide chains
to form nanoscaled sheets with average dimensions
of 2x3nm (Fig.2.2c). Multiple nanohelices and/or
nanosheets combine into a unique three-dimensional
arrangement dictating the overall shape and dimensions
of a protein.

2.1.3 Chemical Synthesis
of Artificial Nanostructures

Nature fabricates complex nanostructures relying on
simple criteria and a relatively small pool of molecular
building blocks. Robust chemical bonds join the basic
components into covalent scaffolds. Noncovalent inter-
actions determine the three-dimensional arrangement
and overall shape of the resulting assemblies. The multi-
tude of unique combinations possible for long sequences
of chemically connected building blocks provides access
to huge libraries of nanoscaled biomolecules.

Modern chemical synthesis has evolved consider-
ably over the past few decades [2.2]. Experimental
procedures to join molecular components with structural
control at the picometer level are available. A multi-
tude of synthetic schemes to encourage the formation
of chemical bonds between selected atoms in react-
ing molecules have been developed. Furthermore, the
tremendous progress of crystallographic and spectro-
scopic techniques has provided efficient and reliable
tools to probe directly the structural features of artifi-
cial inorganic and organic compounds. It follows that
designed molecules with engineered shapes and dimen-
sions can be now prepared in a laboratory relying on
the many tricks of chemical synthesis and the power of
crystallographic and spectroscopic analyses.

The high degree of sophistication reached in this
research area translates into the possibility of mimick-
ing the strategies successfully employed by nature to
fabricate chemically nanostructures [2.3]. Small mo-
lecular building blocks can be synthesized and joined
covalently following routine laboratory procedures. It
is even possible to design the stereoelectronic proper-

ties of the assembling components in order to shape
the geometry of the final product with the assistance of
noncovalent interactions. For example, five bipyridine
building blocks (Fig. 2.3) can be connected in five syn-
thetic steps to produce an oligobipyridine strand [2.4].
The five repeating units are bridged by [C—O] bonds and
can chelate metal cations in the bay regions defined by
their two nitrogen atoms. The spontaneous assembly of
two organic strands in a double helical arrangement oc-
curs in the presence of inorganic cations. In the resulting
helicate, the two oligobipyridine strands wrap around
an axis defined by five Cu(I) centers. Each inorganic
cation coordinates two bipyridine units with a tetrahe-
dral geometry imposing a diameter of ca. 0.6nm on
the nanoscaled helicate [2.5]. The overall length from
one end of the helicate to the other is ca. 3nm [2.6].
The analogy between this artificial double helix and the
B-DNA double helix shown in Fig.2.1c is obvious. In
both instances, a supramolecular glue combines two in-
dependent molecular strands into nanostructures with
defined shapes and dimensions.

The chemical synthesis of nanostructures can bor-
row nature’s design criteria as well as its molecular
building blocks. Amino acids, the basic components of
proteins, can be assembled into artificial macrocycles.
In the example of Fig.2.4, eight amino acid residues
are joined through the formation of [C—N] bonds in
multiple synthetic steps [2.7]. The resulting covalent
backbone defines a circular cavity with a diameter of
ca. 0.8nm [2.8]. In analogy to the polypeptide chains
of proteins, the amino acid residues of this artificial
oligopeptide can sustain hydrogen bonding interactions.
It follows that multiple macrocycles can pile on top of
each other to form tubular nanostructures. The walls of
the resulting nanotubes are maintained in position by the
cooperative action of at least eight primary hydrogen
bonding contacts per macrocycle. These noncovalent
interactions maintain the mean planes of independent
macrocycles in an approximately parallel arrangement
with a plane-to-plane separation of ca. 0.5 nm.

2.1.4 From Structural Control
to Designed Properties and Functions

The examples in Figs. 2.3 and 2.4 demonstrate that
modular building blocks can be assembled into target
compounds with precise structural control at the pico-
meter level through programmed sequences of synthetic
steps. Indeed, modern chemical synthesis offers access
to complex molecules with nanoscaled dimensions and,
thus, provides cost-effective strategies for the production
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and characterization of billions of engineered nano-
structures in parallel. Furthermore, the high degree of
structural control is accompanied by the possibility
of designing specific properties into the target nano-
structures. Electroactive and photoactive components
can be integrated chemically into functional molecular
machines [2.9]. Extensive electrochemical investiga-
tions have demonstrated that inorganic and organic
compounds can exchange electrons with macroscopic
electrodes [2.10]. These studies have unraveled the pro-
cesses responsible for the oxidation and reduction of
numerous functional groups and indicated viable design
criteria to adjust the ability of molecules to accept or
donate electrons [2.11]. Similarly, detailed photochem-
ical and photophysical investigations have elucidated the
mechanisms responsible for the absorption and emis-
sion of photons at the molecular level [2.12]. The
vast knowledge established on the interactions between
light and molecules offers the opportunity to engineer
chromophoric and fluorophoric functional groups with
defined absorption and emission properties [2.11, 13].
The power of chemical synthesis to deliver func-
tional molecules is, perhaps, better illustrated by the
molecular motor shown in Fig.2.5. The preparation
of this [2]rotaxane requires 12 synthetic steps starting
from known precursors [2.14]. This complex molecule
incorporates a Ru(II)-trisbipyridine stopper bridged
to a linear tetracationic fragment by a rigid triaryl
spacer. The other end of the tetracationic portion is
terminated by a bulky tetraarylmethane stopper. The
bipyridinium unit of this dumbbell-shaped compound
is encircled by a macrocyclic polyether. No covalent
bonds join the macrocyclic and linear components.
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Fig. 2.3 An oligobipyridine strand can be synthesized joining five
bipyridine subunits by covalent bonds. The tetrahedral coordination
of pairs of bipyridine ligands by Cu(I) ions encourages the assembly
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Fig. 2.4 Cyclic oligopeptides can be synthesized joining eight amino acid residues by covalent bonds. The resulting

macrocycles self-assemble into nanoscaled tube-like arrays
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Rather, hydrogen bonding and [7 - - - 7] stacking inter-
actions maintain the macrocyclic polyether around the
bipyridinium unit. In addition, mechanical constrains
associated with the bulk of the two terminal stoppers
prevent the macrocycle to slip off the thread. The ap-
proximate end-to-end distance for this [2]rotaxane is
ca. 5nm.

The bipyridinium and the 3,3'-dimethyl bipyri-
dinium units within the dumbbell-shaped component
undergo two consecutive and reversible monoelectronic
reductions [2.14]. The two methyl substituents on the
3,3/-dimethyl bipyridinium dication make this elec-
troactive unit more difficult to reduce. In acetonitrile,
its redox potential is ca. 0.29V more negative than
that of the unsubstituted bipyridinium dication. Under
irradiation at 436 nm in degassed acetonitrile, the ex-
citation of the Ru(Il)-trisbipyridine stopper is followed
by electron transfer to the unsubstituted bipyridinium
unit. In the presence of a sacrificial electron donor (tri-

Electroactive
bipyridinium

Fig. 2.5 This nanoscaled [2]rotaxane incorporates a photoactive Ru(II)-trisbipyridine stopper and two electroactive bipyridinium
units. Photoinduced electron transfer from the photoactive stopper to the encircled electroactive unit forces the macrocyclic
polyether to shuttle to the adjacent bipyridinium dication

ethanolamine) in solution, the photogenerated hole in
the photoactive stopper is filled, and undesired back
electron transfer is suppressed. The permanent and light-
induced reduction of the dicationic bipyridinium unit to
a radical cation depresses significantly the magnitude
of the noncovalent interactions holding the macrocyclic
polyether in position. As a result, the macrocycle shut-
tles from the reduced unit to the adjacent dicationic
3,3/-dimethyl bipyridinum. After the diffusion of mo-
lecular oxygen into the acetonitrile solution, oxidation
occurs restoring the dicationic form of the bipyri-
dinium unit and its ability to sustain strong noncovalent
bonds. As a result, the macrocyclic polyether shuttles
back to its original position. This amazing example
of a molecular shuttle reveals that dynamic processes
can be controlled reversibly at the molecular level re-
lying on the clever integration of electroactive and
photoactive fragments into functional and nanoscaled
molecules.

2.2 Molecular Switches and Logic Gates

Everyday, we routinely perform dozens of switching
operations. We turn on and off our personal computers,
cellular phones, CD players, radios, or simple light bulbs
at a click of a button. Every single time, our finger exerts

a mechanical stimulation on a control device, namely
a switch. The external stimulus changes the physical
state of the switch closing or opening an electric cir-
cuit and enabling or preventing the passage of electrons.
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Overall, the switch transduces a mechanical input into
an electrical output.

2.2.1 From Macroscopic
to Molecular Switches

The use of switching devices is certainly not limited
to electric circuits. For example, a switch at the junc-
tion of a railroad can divert trains from one track to
another. Similarly, a faucet in a lavatory pipe can block
or release the flow of water. Of course, the nature of
the control stimulations and the character of the final
outcome vary significantly from case to case, but the
operating principle behind each switching device is the
same. In all cases, input stimulations reach the switch
changing its physical state and producing a specific
output.

The development of nanoscaled counterparts to con-
ventional switches is expected to have fundamental
scientific and technological implications. For instance,
one can envisage practical applications for ultraminia-
turized switches in areas ranging from biomedical
research to information technology. The major challenge
in the quest for nanoswitches, however, is the identifica-
tion of reliable design criteria and operating principles
for these innovative and fascinating devices. Chem-
ical approaches to implement molecule-sized switches
appear to be extremely promising. The intrinsically
small dimensions of organic molecules coupled with
the power of chemical synthesis are the main driving
forces behind these exploratory investigations.

Certain organic molecules adjust their structural and
electronic properties when stimulated with chemical,
electrical, or optical inputs. Generally, the change is
accompanied by an electrochemical or spectroscopic
response. Overall, these nanostructures transduce input
stimulations into detectable outputs and, appropriately,
are called molecular switches [2.15, 16]. The chemical
transformations associated with these switching pro-
cesses are often reversible. The chemical system returns
to the original state when the input signal is turned off.
The interconverting states of a molecular switch can
be isomers, an acid and its conjugated base, the oxi-
dized and reduced forms of a redox active molecule, or
even the complexed and uncomplexed forms of a recep-
tor [2.9,15,16]. The output of a molecular switch can be
a chemical, electrical, and/or optical signal that varies
in intensity with the interconversion process. For exam-
ple, changes in absorbance, fluorescence, pH, or redox
potential can accompany the reversible transformation
of a molecular switch.
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2.2.2 Digital Processing
and Molecular Logic Gates

In present computer networks, data are elaborated elec-
tronically by microprocessor systems [2.17] and are
exchanged optically between remote locations [2.18].
Data processing and communication require the encod-
ing of information in electrical and optical signals in the
form of binary digits. Using arbitrary assumptions, logic
thresholds can be established for each signal and, then,
0 and 1 digits can be encoded following simple con-
ventions. Sequences of electronic devices manipulate
the encoded bits executing logic functions as a result of
basic switching operations.

The three basic AND, NOT, and OR operators com-
bine binary inputs into binary outputs following precise
logic protocols [2.17]. The NOT operator converts an
input signal into an output signal. When the input is 0,
the output is 1. When the input is 1, the output is O.
Because of the inverse relationship between the input
and output values, the NOT gate is often called “invert-
er” [2.19]. The OR operator combines two input signals
into a single output signal. When one or both inputs
are 1, the output is 1. When both inputs are 0, the out-
put is 0. The AND gate also combines two input signals
into one output signal. In this instance, however, the out-
put is 1 only when both inputs are 1. When at least one
input is 0, the output is 0.

The output of one gate can be connected to one
of the inputs of another operator. A NAND gate, for
example, is assembled connecting the output of an AND
operator to the input of a NOT gate. Now the two input
signals are converted into the final output after two con-
secutive logic operations. In a similar fashion, a NOR
gate can be assembled connecting the output of an OR
operator to the input of a NOT gate. Once again, two con-
secutive logic operations determine the relation between
two input signals and a single output. The NAND and
NOR operations are termed universal functions because
any conceivable logic operation can be implemented
relying only on one of these two gates [2.17]. In fact,
digital circuits are fabricated routinely interconnecting
exclusively NAND or exclusively NOR operators [2.19].

The logic gates of conventional microprocessors are
assembled interconnecting transistors, and their input
and output signals are electrical [2.19]. But the concepts
of binary logic can be extended to chemical, mechan-
ical, optical, pneumatic, or any other type of signal.
First it is necessary to design devices that can respond
to these stimulations in the same way transistors re-
spond to electrical signals. Molecular switches respond
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to a variety of input stimulations producing specific out-
puts and can, therefore, be exploited to implement logic
functions [2.20,21].

2.2.3 Molecular AND, NOT, and OR Gates

More than a decade ago, researchers proposed a potential
strategy to execute logic operations at the molecu-
lar level [2.22]. Later, the analogy between molecular
switches and logic gates was recognized in a seminal
article [2.23], in which it was demonstrated that AND,
NOT, and OR operations can be reproduced with fluo-
rescent molecules. The pyrazole derivative 1 (Fig.2.6)
is a molecular NOT gate. It imposes an inverse rela-
tion between a chemical input (concentration of H™)
and an optical output (emission intensity). In a mix-
ture of methanol and water, the fluorescence quantum

C

N

2 Oﬁo/ﬁo 3

Lo J

yield of 1is 0.13 in the presence of only 0.1 equivalents
of HT [2.23]. The quantum yield drops to 0.003 when
the equivalents of HT are 1,000. Photoinduced electron
transfer from the central pyrazoline unit to the pendant
benzoic acid quenches the fluorescence of the protonated
form. Thus, a change in HT concentration (I) from a low
to a high value switches the emission intensity (O) from
a high to a low value. The inverse relationship between
the chemical input I and the optical output O translates
into the truth table of a NOT operation if a positive logic
convention (low =0, high = 1) is applied to both sig-
nals. The emission intensity is high (O = 1) when the
concentration of HT is low (I = 0). The emission inten-
sity is low (O = 0) when the concentration of H' is high
I=1.

The anthracene derivative 2 (Fig.2.6) is a mo-
lecular OR gate. It transduces two chemical inputs

o
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Fig.2.6 The fluorescence intensity of the pyrazoline derivative 1is high when the concentration of H* is low, and vice
versa. The fluorescence intensity of the anthracene derivative 2 is high when the concentration of Na* and/or K™ is high.
The emission is low when both concentrations are low. The fluorescence intensity of the anthracene 3 is high only when
the concentrations of H* and Na™ are high. The emission is low in the other three cases. The signal transductions of the
molecular switches 1, 2, and 3 translate into the truth tables of NOT, OR, and AND gates, respectively, if a positive logic
convention is applied to all inputs and outputs (low = 0, high = 1)
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(concentrations of Na™ and K™) into an optical out-
put (emission intensity). In methanol, the fluorescence
quantum yield is only 0.003 in the absence of metal
cations [2.23]. Photoinduced electron transfer from
the nitrogen atom of the azacrown fragment to the
anthracene fluorophore quenches the emission. After
the addition of 1,000 equivalents of either N at or
KT, the quantum Yyield raises to 0.053 and 0.14, re-
spectively. Similarly, the quantum yield is 0.14 when
both metal cations are present in solution. The com-
plexation of one of the two metal cations inside the
azacrown receptor depresses the efficiency of the pho-
toinduced electron transfer enhancing the fluorescence.
Thus, changes in the concentrations of Na* (I1) and/or
K* (I2) from low to high values switch the emission
intensity (O) from a low to a high value. The relation-
ship between the chemical inputs 11 and I2 and the
optical output O translates into the truth table of an
OR operation if a positive logic convention (low =0,
high =1) is applied to all signals. The emission in-
tensity is low (O =0) only when the concentration
of Nat and K* are low (I1 =0, 12 =0). The emis-
sion intensity is high (O = 1) for the other three input
combinations.

The anthracene derivative 3 (Fig. 2.6) is a molecular
AND gate. It transduces two chemical inputs (concen-
trations of H and Na™) into an optical output (emission
intensity). In a mixture of methanol and iso-propanol,
the fluorescence quantum yield is only 0.011 in the
absence of Ht or Na™ [2.23]. Photoinduced electron
transfer from either the tertiary amino group or the cat-
echol fragment to the anthracene fluorophore quenches
the emission. After the addition of either 100 equivalents
of H* or 1,000 equivalents of Na™, a modest change of
the quantum yield to 0.020 and 0.011, respectively, is
observed. Instead, the quantum yield increases to 0.068
when both species are present in solution. The protona-
tion of the amino group and the insertion of the metal
cation in the benzocrown ether receptor depress the ef-
ficiency of the photoinduced electron transfer processes
enhancing the fluorescence. Thus, changes in the con-
centrations of HT (I1) and Na™* (I12) from low to high
values switch the emission intensity (O) from a low to
a high value. The relationship between the chemical in-
puts I1 and I2 and the optical output O translates into
the truth table of an AND operation if a positive logic
convention (low = 0, high = 1) is applied to all signals.
The emission intensity is high (O = 1) only when the
concentration of H and Na™ are high (11 = 1,12 = 1).
The emission intensity is low (O = 0) for the other three
input combinations.
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2.2.4 Combinational Logic
at the Molecular Level

The fascinating molecular AND, NOT, and OR gates
illustrated in Fig.2.6 have stimulated the design of
related chemical systems able to execute the three
basic logic operations and simple combinations of
them [2.20, 21]. Most of these molecular switches
convert chemical inputs into optical outputs. But the
implementation of logic operations at the molecular
level is not limited to the use of chemical inputs. For ex-
ample, electrical signals and reversible redox processes
can be exploited to modulate the output of a molecular
switch [2.24]. The supramolecular assembly & (Fig. 2.7)
executes a XNOR function relying on these operating
principles. The m-electron rich tetrathiafulvalene (TTF)
guest threads the cavity of a w-electron deficient bipyri-
dinium (BIPY) host. In acetonitrile, an absorption band
associated with the charge-transfer interactions between
the complementary m-surfaces is observed at 830 nm.
Electrical stimulations alter the redox state of either the
TTF or the BIPY units encouraging the separation of the
two components of the complex and the disappearance
of the charge-transfer band. Electrolysis at a potential
of +0.5V oxidizes the neutral TTF unit to a mono-
cationic state. The now cationic guest is expelled from
the cavity of the tetracationic host as a result of elec-
trostatic repulsion. Consistently, the absorption band
at 830 nm disappears. The charge-transfer band, how-
ever, is restored after the exhaustive back reduction of
the TTF unit at a potential of 0V. Similar changes
in the absorption properties can be induced address-
ing the BIPY units. Electrolysis at —0.3 V reduces the
dicationic BIPY units to their monocationic forms en-
couraging the separation of the two components of the
complex and the disappearance of the absorption band.
The original absorption spectrum is restored after the
exhaustive back oxidation of the BIPY units at a poten-
tial of 0 V. Thus, this supramolecular system responds to
electrical stimulations producing an optical output. One
of the electrical inputs (I1) controls the redox state of the
TTF unit switching between 0 and +0.5 V. The other
(I2) determines the redox state of the bipyridinium units
switching between — 0.3 and 0 V. The optical output (O)
is the absorbance of the charge-transfer band. A posi-
tive logic convention (low = 0, high = 1) can be applied
to the input I1 and output O. A negative logic conven-
tion (low = 1, high = 0) can be applied to the input 12.
The resulting truth table corresponds to that of a XNOR
circuit (Fig. 2.7). The charge-transfer absorbance is high
(O = 1) only when one voltage input is low and the other
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Fig. 2.7 The charge-transfer absorbance of the complex & is high when the voltage input addressing the tetrathiafulvalene
(TTF) unit is low and that stimulating the bipyridinium (BIPY) units is high and vice versa. If a positive logic convention
is applied to the TTF input and to the absorbance output (low = 0, high = 1) while a negative logic convention is applied
to the BIPY input (low = 0, high = 1), the signal transduction of & translates into the truth table of a XNOR circuit

is high (I1 =0, 12 =0) or vice versa (Il =1, 12 =1).
It is important to note that the input string with both
I1 and 12 equal to 1 implies that input potentials of
+ 0.5 and — 0.3V are applied simultaneously to a solu-
tion containing the supramolecular assembly & and not
to an individual complex. Of course, the concomitant
oxidation of the TTF guest and reduction of the BIPY
units in the very same complex would be unrealistic.
In bulk solution, instead, some complexes are oxidized
while others are reduced, leaving the average solution
composition unaffected. Thus, the XNOR operation ex-
ecuted by this supramolecular system is a consequence
of bulk properties and not a result of unimolecular signal
transduction.

Optical inputs can be employed to operate the
three-state molecular switch of Fig.2.8 in acetonitrile
solution [2.25]. This chemical system responds to three
inputs producing two outputs. The three input stimula-
tions are ultraviolet light (I1), visible light (I2), and the
concentration of H (I3). One of the two optical outputs
is the absorbance at 401 nm (O1), which is high when
the molecular switch is in the yellow-green state 6 and
low in the other two cases. The other optical output is the
absorbance at 563 nm (O2), which is high when the mo-
lecular switch is in the purple state 7 and low in the other
two cases. The colorless spiropyran state 5 switches to
the merocyanine form 7 upon irradiation with ultraviolet
light. It switches to the protonated merocyanine from 6
when treated with HT. The colored state 7 isomerizes
back to 5in the dark or upon irradiation with visible light.

Alternatively, 7 switches to 6 when treated with HT. The
colored state 6 switches to 5, when irradiated with vis-
ible light, and to 7, after the removal of Ht.In summary,
this three-state molecular switch responds to two optical
inputs (I1 and I2) and one chemical input (I3) producing
two optical outputs (O1 and O2). Binary digits can be
encoded on each signal applying positive logic conven-
tions (low = 0, high = 1). It follows that the three-state
molecular switch converts input strings of three binary
digits into output strings of two binary digits. The cor-
responding truth table (Fig. 2.8) reveals that the optical
output Ol is high (O1 = 1) when only the input I3 is ap-
plied I1 = 0,12 =0, I3 = 1), when only the input 12 is
not applied (Il =1, I2 =0, I3 =0), or when all three
inputs are applied (I1 =1, 12 =0, I3 = 0). The optical
output O2 is high (O2 = 1) when only the input I1 is
applied (Il =1, 12 =0, I3 = 0) or when only the input
13 is not applied (I1 =1, 12 =0, I3 =0). The combi-
national logic circuit (Fig.2.8) equivalent to this truth
table shows that all three inputs determine the output
O1, while only I1 and I3 control the value of O2.

2.2.5 Intermolecular Communication

The combinational logic circuits in Figs. 2.7 and 2.8
are arrays of interconnected AND, NOT, and OR oper-
ators. The digital communication between these basic
logic elements ensures the execution of a sequence of
simple logic operations that results in the complex logic
function processed by the entire circuit. It follows that
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Fig. 2.8 Ultravioletlight (I1), visible light (I2), and HT (I3)
inputs induce the interconversion between the three states 5,
6, and 7. The colorless state 5 does not absorb in the visible
region. The yellow-green state 6 absorbs at 401 nm (O1).
The purple state 7 absorbs at 563 nm (O2). The truth table
illustrates the conversion of input strings of three binary
digits (I1, 12, and I3) into output strings of two binary
digits (O1 and O2) operated by this three-state molecular
switch. A combinational logic circuit incorporating nine
AND, NOT, and OR operators correspond to this particular
truth table

the logic function of a given circuit can be adjusted
altering the number and type of basic gates and their
interconnection protocol [2.17]. This modular approach
to combinational logic circuits is extremely powerful.
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Any logic function can be implemented connecting the
appropriate combination of simple AND, NOT, and OR
gates.

The strategies followed so far to implement com-
plex logic functions with molecular switches are based
on the careful design of the chemical system and on
the judicious choice of the inputs and outputs [2.20,21].
A specific sequence of AND, NOT, and OR operations
is programmed in a single molecular switch. No digital
communication between distinct gates is needed since
they are built in the same molecular entity. Though ex-
tremely elegant, this strategy does not have the same
versatility of a modular approach. A different molecule
has to be designed, synthesized, and analyzed every
single time a different logic function has to be real-
ized. In addition, the degree of complexity that can be
achieved with only one molecular switch is fairly lim-
ited. The connection of the input and output terminals
of independent molecular AND, NOT, and OR opera-
tors, instead, would offer the possibility of assembling
any combinational logic circuit from three basic building
blocks.

In digital electronics, the communication between
two logic gates can be realized connecting their ter-
minals with a wire [2.19]. Methods to transmit binary
data between distinct molecular switches are not so ob-
vious and must be identified. Recently we developed
two strategies to communicate signals between compat-
ible molecular components. In one instance, a chemical
signal is communicated between two distinct molecular
switches [2.26]. They are the three-state switch illus-
trated in Fig.2.8 and the two-state switch of Fig.2.9.
The merocyanine form 7 is a photogenerated base. Its
p-nitrophenolate fragment, produced upon irradiation of
the colorless state 5 with ultraviolet light, can abstract
a proton from an acid present in the same solution. The
resulting protonated form 6 is a photoacid. It releases
a proton upon irradiation with visible light and can pro-
tonate a base co-dissolved in the same medium. The
orange azopyridine 8 switches to the red-purple azopy-
ridinium 9 upon protonation. This process is reversible,
and the addition of a base restores the orange state 8.
It follows that photoinduced proton transfer can be ex-
ploited to communicate a chemical signal from 6 to 8
and from 9 to 7. The two colored states 8 and 9 have
different absorption properties in the visible region. In
acetonitrile, the orange state 8 absorbs at 422 nm, and
the red-purple state 9 absorbs at 556 nm. The changes in
absorbance of these two bands can be exploited to mon-
itor the photoinduced exchange of protons between the
two communicating molecular switches.
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The three-state molecular switch and the two-state
molecular switch can be operated sequentially when
dissolved in the same acetonitrile solution. In the pres-
ence of one equivalent of HT, the two-state molecular
switch is in state 9 and the absorbance at 556 nm is high
(O =1). Upon irradiation with ultraviolet light (I1 = 0),
5 switches to 7. The photogenerated base deprotonates 9
producing 8 and 6. As aresult, the absorbance at 556 nm
decreases (O = 0). Upon irradiation with visible light
(I2=1), 6 switches to 5 releasing H*. The result is
the protonation of 8 to form 9 and restore the high
absorbance at 556 nm (O = 1). In summary, the three-
state molecular switch transduces two optical inputs
(I1 = ultraviolet light, 12 = visible light) into a chem-
ical signal (proton transfer) that is communicated to the
two-state molecular switch and converted into a final
optical output (O = absorbance at 556 nm).

The logic behavior of the two communicating
molecular switches is significantly different from those
of the chemical systems illustrated in Figs. 2.6, 2.7,
and 2.8 [2.26]. The truth table in Fig. 2.9 lists the four
possible combinations of two-digit input strings and the
corresponding one-digit output. The output digit O for
the input strings 01, 10, and 11 can take only one value.
In fact, the input string 01 is transduced into a 1, and the
input strings 10 and 11 are converted into 0. Instead, the

to ultraviolet (I1) and visible (I2) inputs, the three-state mo-
lecular switch in Fig. 2.7 modulates the ratio between these
two forms and the absorbance (O) of 9 through photoin-
duced proton transfer. The truth table and sequential logic
circuit illustrate the signal transduction behavior of the two
communicating molecular switches. The interconversion
between the five three-digit strings of input (I1 and 12) and
output (O) data is achieved varying the input values in steps

output digit O for the input string 00 can be either O or 1.
The sequence of events leading to the input string 00
determines the value of the output. The boxes a—e in
Fig. 2.9 illustrates this effect. They correspond to the
five three-digit input/output strings. The transformation
of one box into any of the other four is achieved in one or
two steps by changing the values of I1 and/or I2. In two
instances (a and b), the two-state molecular switch is in
state 9, and the output signal is high (O = 1). In the other
three cases (c, d, and e), the two-state molecular switch
is in state 8, and the output signal is low (O = 0). The
strings 000 (e) and 001 (@) correspond to the first entry of
the truth table. They share the same input digits but dif-
fer in the output value. The string 000 (e) can be obtained
only from the string 100 (¢) varying the value of I1. Sim-
ilarly, the string 001 (a) can be accessed only from the
string 011 (b) varying the value of I12. In both transfor-
mations, the output digit remains unchanged. Thus, the
value of Ol in the parent string is memorized and main-
tained in the daughter string when both inputs become 0.
This memory effect is the fundamental operating prin-
ciple of sequential logic circuits [2.17], which are used
extensively to assemble the memory elements of modern
microprocessors. The sequential logic circuit equivalent
to the truth table of the two communicating molecular
switches is also shown in Fig.2.9. In this circuit, the
input data I1 and 12 are combined through NOT, OR,
and AND operators. The output of the AND gate O is
also an input of the OR gate and controls, together with
I1 and 12, the signal transduction behavior.

The other strategy for digital transmission between
molecules is based on the communication of optical sig-
nals between the three-state molecular switch (Fig. 2.8)
and fluorescent compounds [2.27,28]. In the optical net-
work of Fig.2.10, three optical signals travel from an
excitation source to a detector after passing through
two quartz cells. The first cell contains an equimolar
acetonitrile solution of naphthalene, anthracene, and
tetracene. The second cell contains an acetonitrile solu-
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Visible light Ultraviolet light source I 2 130l 0203

Excitation source H;3 Detector 0O 0 0 0 1 1
source n ¥ 0 0 I 0 0 1

0O 1 0 0 1 1

° - 1 000 00

. 02 01 1 0 11
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b T 1100 00

Molecular switch L 11 0 0 1

Naphthalene

+ 1
Anthracene 03
+ 12 02
Tetracene 13
Fig. 2.10 The excitation source sends three monochromatic light beams (275, 357, and 441 nm) to a quartz cell containing
an equimolar acetonitrile solution of naphthalene, anthracene and tetracene. The three fluorophores absorb the exciting
beams and reemit at 305, 401, and 544 nm, respectively. The light emitted in the direction perpendicular to the exciting
beams passes through another quartz cell containing an acetonitrile solution of the three-state molecular switch shown
in Fig.2.7. Ultraviolet (I1), visible (I2), and H* (I3) inputs control the interconversion between the three states of
the molecular switch. They determine the intensity of the optical outputs reaching the detector and correspond to the
naphthalene (O1), anthracene (O2), and tetracene (O3) emissions. The truth table and equivalent combinational logic

illustrate the relation between the three inputs and the three outputs. The output O1 is always 0, and it is not influenced
by the three inputs. Only two inputs determine the value of O3, while all of them control the output O2

tion of the three-state molecular switch. The excitation
source sends three consecutive monochromatic light
beams to the first cell stimulating the emission of the
three fluorophores. The light emitted in the direction per-
pendicular to the exciting beam reaches the second cell.
When the molecular switch is in state 5, the naphtha-
lene emission at 335 nm is absorbed and a low intensity
output (O1) reaches the detector. Instead, the anthracene
and tetracene emissions at 401 and 544 nm, respectively,
pass unaffected and high intensity outputs (O2 and O3)
reach the detector. When the molecular switch is in
state 6, the naphthalene and anthracene emissions are
absorbed and only the tetracene emission reaches the
detector (O1 =0, O2 =0, O3 = 1). When the molecu-
lar switch is state 7, the emission of all three fluorophores
is absorbed (O1 =0, O2 =0, O3 = 0). The interconver-
sion of the molecular switch between the three states is
induced addressing the second cell with ultraviolet (I1),
visible (12) and H™ (I3) inputs. Thus, three independent
optical outputs (O1, O2 and O3) can be modulated stim-
ulating the molecular switch with two optical and one
chemical input. The truth table in Fig.2.10 illustrates
the relation between the three inputs (I1, I2 and I3) and
the three outputs (O1, O2 and O3), when positive logic
conventions are applied to all signals. The equivalent
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logic circuit shows that all three inputs control the an-
thracene channel O2, but only I1 and I3 influence the
tetracene channel O3. Instead, the intensity of the naph-
thalene channel O1 is always low, and it is not affected
by the three inputs.

The operating principles of the optical network in
Fig. 2.10 can be simplified to implement all-optical logic
gates. The chemical input inducing the formation of the
protonated form 6 of the molecular switch can be elim-
inated. The interconversion between the remaining two
states 5 and 7 can be controlled relying exclusively on
ultraviolet inputs. Indeed, ultraviolet irradiation induces
the isomerization of the colorless form 5 to the col-
ored species 7, which reisomerizes to the original state
in the dark. Thus, a single ultraviolet source is suffi-
cient to control the switching from 5 to 7 and vice versa.
On the basis of these considerations, all-optical NAND,
NOR, and NOT gates can be implemented operating
sequentially or in parallel from one to three independent
switching elements [2.28]. For example, the all-optical
network illustrated in Fig.2.11 is a three-input NOR
gate. A monochromatic optical signal travels from a vis-
ible source to a detector. Three switching elements are
aligned along the path of the traveling light. They are
quartz cells containing an acetonitrile solution of the mo-
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Fig. 2.11 The visible source sends a monochromatic beam (563 nm) to the detector. The traveling light is forced to pass
through three quartz cells containing the molecular switch illustrated in Fig. 2.7. The three switching elements are operated
by independent ultraviolet inputs. When at least one of them is on, the associated molecular switch is in the purple form 7,
which can absorb and block the traveling light. The truth table and equivalent logic circuit illustrate the relation between

the three inputs 11, 12, and I3 and the optical output O

lecular switch shown in Fig. 2.8. The interconversion of
the colorless form 5 into the purple isomer 7 is induced
stimulating the cell with an ultraviolet input. The rei-
somerization from 7 to 5 occurs spontaneously, as the
ultraviolet sources is turned off. Using three distinct ul-
traviolet sources, the three switching elements can be
controlled independently.

The colorless form 5 does not absorb in the visible
region, while the purple isomer 7 has a strong absorption
band at 563 nm. Thus, a 563 nm optical signal leaving
the visible source can reach the detector unaffected only
if all three switching elements are in the nonabsorbing
state 5. If one of the three ultraviolet inputs I1, 12, or I3

2.3 Solid State Devices

The fascinating chemical systems illustrated in
Figs. 2.6-2.11 demonstrate that logic functions can
be implemented relying on the interplay between de-
signed molecules and chemical, electrical and/or optical
signals [2.20,21].

2.3.1 From Functional Solutions
to Electroactive
and Photoactive Solids

These molecular switches, however, are operated exclu-
sively in solution and remain far from potential
applications in information technology at this stage.

is turned on, the intensity of the optical output O drops
to 3—4% of its original value. If two or three ultraviolet
inputs are turned on simultaneously, the optical output
drops to 0%. Indeed, the photogenerated state 7 absorbs
and blocks the traveling light. Applying positive logic
conventions to all signals, binary digits can be encoded
in the three optical inputs and in the optical output.
The resulting truth table is illustrated in Fig.2.11. The
output O is 1 only if all three inputs I1, 12, or I3 are 0.
The output O is O if at least one of the three inputs
I1, 12, or I3 is 1. This signal transduction corresponds
to that executed by a three-input NOR gate, which is
a combination of one NOT and two OR operators.

The integration of liquid components and volatile or-
ganic solvents in practical digital devices is hard to
envisage. Furthermore, the logic operations executed
by these chemical systems rely on bulk addressing.
Although the individual molecular components have
nanoscaled dimensions, macroscopic collections of
them are employed for digital processing. In some in-
stances, the operating principles cannot even be scaled
down to the unimolecular level. Often bulk properties
are responsible for signal transduction. For example,
a single fluorescent compound 2 cannot execute an OR
operation. Its azacrown appendage can accommodate
only one metal cation. As a result, an individual molecu-
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lar switch can respond to only one of the two chemical
inputs. It is a collection of numerous molecular switches
dissolved in an organic solvent that responds to both
inputs enabling an OR operation.

The development of miniaturized molecule-based
devices requires the identification of methods to trans-
fer the switching mechanisms developed in solution to
the solid state [2.29]. Borrowing designs and fabrication
strategies from conventional electronics, researchers are
starting to explore the integration of molecular com-
ponents into functional circuits and devices [2.30-33].
Generally, these strategies combine lithography and sur-
face chemistry to assemble nanometer-thick organic
films on the surfaces of microscaled or nanoscaled
electrodes. Two main approaches for the deposition
of organized molecular arrays on inorganic supports
have emerged so far. In one instance, amphiphilic
molecular building blocks are compressed into orga-
nized monolayers at air/water interfaces. The resulting
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films can be transferred on supporting solids employing
the Langmuir-Blodgett technique [2.34]. Alternatively,
certain molecules can be designed to adsorb sponta-
neously on the surfaces of compatible solids from liquid
or vapor phases. The result is the self-assembly of
organic layers on inorganic supports [2.35].

2.3.2 Langmuir-Blodgett Films

Films of amphiphilic molecules can be deposited on
a variety of solid supports employing the Langmuir—
Blodgett technique [2.34]. This method can be extended
to electroactive compounds incorporating hydrophilic
and hydrophobic groups. For example, the am-
phiphile 10 (Fig. 2.12) has a hydrophobic hexadecyl tail
attached to a hydrophilic bipyridinium dication [2.36,
37]. This compound dissolves in mixtures of chloro-
form and methanol, but it is not soluble in moderately
concentrated aqueous solutions of sodium perchlorate.

Air

Moving
barrier

Water

Me

i
CLO,

Nt Fig. 2.12 The compression of the am-
O = phiphilic dication 10 with a moving
barrier results in the formation of
O 10 a packed monolayer at the air/water
N interface. The lifting of an electrode
Me pre-immersed in the aqueous sub-
phase encourages the transfer of part
of the monolayer on the solid support
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Thus the spreading of an organic solution of 10 on an
aqueous sodium perchlorate subphase affords a collec-
tion of disorganized amphiphiles floating on the water
surface (Fig. 2.12), after the organic solvent has evapo-
rated. The molecular building blocks can be compressed
into a monolayer with the aid of a moving barrier. The
hydrophobic tails align away from the aqueous phase.
The hydrophilic dicationic heads and the accompany-
ing perchlorate counterions pack to form an organized
monolayer at the air/water interface. The compression
process can be monitored recording the surface pressure
(m)-area per molecule (A) isotherm, which indicates
a limiting molecular area of ca. 50 A2, This value is
larger than the projected area of an oligomethylene
chain. It correlates reasonably, however, with the over-
all area of a bipyridinium dication plus two perchlorate
anions.

The monolayer prepared at the air/water interface
(Fig. 2.12) can be transferred on the surface of a indium-
tin oxide electrode pre-immersed in the aqueous phase.
The slow lifting of the solid support drags the mono-
layer away from the aqueous subphase. The final result
is the coating of the electrode with an organic film con-
taining electroactive bipyridinium building blocks. The
modified electrode can be integrated in a conventional
electrochemical cell to probe the redox response of the
electroactive layer. The resulting cyclic voltammograms
reveal the characteristic waves for the first reduction
process of the bipyridinium dications, confirming the
successful transfer of the electroactive amphiphiles from
the air/water interface to the electrode surface. The
integration of the redox waves indicates a surface cov-
erage of ca. 4x10'"mol cm™2. This value corresponds
to a molecular area of ca. 40 A% and is in excellent
agreement with the limiting molecular area of the 7—A
isotherm.

These seminal experiments demonstrate that elec-
troactive amphiphiles can be organized into uniform
monolayers at the air/water interface and then trans-
ferred efficiently on the surface of appropriate substrates
to produce electrode/monolayer junctions. The result-
ing electroactive materials can become the functional
components of molecule-based devices. For exam-
ple, bipyridinium-based photodiodes can be fabricated
following this approach [2.38,39]. Their operating prin-
ciples rely on photoinduced electron transfer from
chromophoric units to bipyridinium acceptors. The
electroactive and photoactive amphiphile 11 (Fig. 2.13)
incorporates hydrophobic ferrocene and pyrene tails and
a hydrophilic bipyridinium head. Chloroform solutions
of 11 containing ten equivalents of arachidic acid can

m Me
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Gold

Fig.2.13 Mixed monolayers of the amphiphile 11 and
arachidic acid can be transferred from the air/water interface
to the surface of an electrode to generate a molecule-based
photodiode

be spread on an aqueous calcium chloride subphase in
a Langmuir trough. The amphiphiles can be compressed
into a mixed monolayer, after the evaporation of the
organic solvent. Pronounced steps in the correspond-
ing m—A isotherm suggest that the bulky ferrocene and
pyrene groups are squeezed away from the water sur-
face. In the final arrangement, both photoactive groups
align above the hydrophobic dication.

A mixed monolayer of 11 and arachidic acid can be
transferred from the air/water interface to the surface
of a transparent gold electrode following the methodol-
ogy illustrated for the system in Fig.2.12. The coated
electrode can be integrated in a conventional electro-
chemical cell. Upon irradiation at 330nm under an
inert atmosphere, an anodic photocurrent of ca. 2nA
develops at a potential of 0V relative to a saturated
calomel electrode. Indeed, the illumination of the elec-
troactive monolayer induces the electron transfer from
the pyrene appendage to the bipyridinium acceptor and
then from the reduced acceptor to the electrode. A sec-
ond intramolecular electron transfer from the ferrocene
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donor to the oxidized pyrene fills its photogenerated
hole. Overall, a unidirectional flow of electrons across
the monolayer/electrode junction is established under
the influence of light.

The ability to transfer electroactive monolayers
from air/water interfaces to electrode surfaces can
be exploited to fabricate molecule-based electronic
devices. In particular, arrays of interconnected elec-
trode/monolayer/electrode tunneling junctions can be
assembled combining the Langmuir—Blodgett technique
with electron beam evaporation [2.33]. Fig.2.14 illus-
trates a schematic representation of the resulting devices.
Initially, parallel fingers are patterned on a silicon wafer
with a silicon dioxide overlayer by electron beam evap-
oration. The bottom electrodes deposited on the support
can be either aluminum wires covered by an aluminum
oxide or n-doped silicon lines with silicon dioxide over-
layers. Their widths are ca. 6 or 7 um, respectively.
The patterned silicon chip is immersed in the aque-
ous subphase of a Langmuir trough prior to monolayer

5 12 0
0

Fig. 2.14 The [2]rotaxane 12 and the [2]catenane 13 can be compressed into organized monolayers at air/water interfaces. The
resulting monolayers can be transferred on the bottom electrodes of a patterned silicon support. After the deposition of a top
electrode, electrode/monolayer/electrode junctions can be assembled. Note that only the portion of the monolayer sandwiched
between the top and bottom electrodes is shown in the diagram. The oxidation of the tetrathiafulvalene unit of the [2]catenane 13
is followed by the circumrotation of the macrocyclic polyether to afford the [2]catenane 14. The process is reversible, and the

formation. After the compression of electroactive am-
phiphiles at the air/water interface, the substrate is pulled
out of the aqueous phase to encourage the transfer of
the molecular layer on the parallel bottom electrodes as
well as on the gaps between them. Then, a second set
of electrodes orthogonal to the first is deposited through
a mask by electron beam evaporation. They consist of
a titanium underlayer plus an aluminum overlayer. Their
thicknesses are ca. 0.05 and 1 pum, respectively, and their
width is ca. 10 um. In the final assembly, portions of
the molecular layer become sandwiched between the
bottom and top electrodes. The active areas of these elec-
trode/monolayer/electrode junctions are ca. 60—70 pm?
and correspond to ca. 10® molecules.

The [2]rotaxane 12 (Fig. 2.14) incorporates a macro-
cyclic polyether threaded onto a bipyridinium-based
backbone [2.40,41]. The two bipyridinium dications
are bridged by a m-phenylene spacer and terminated by
tetraarylmethane appendages. These two bulky groups
trap mechanically the macrocycle preventing its dis-
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sociation from the tetracationic backbone. In addition,
their hydrophobicity complements the hydrophilicity of
the two bipyridinium dications imposing amphiphilic
character on the overall molecular assembly. This com-
pound does not dissolve in aqueous solutions and can
be compressed into organized monolayers at air/water
interfaces. The corresponding m—A isotherm reveals
a limiting molecular area of ca. 130 A2, This large
value is a consequence of the bulk associated with the
hydrophobic tetraarylmethane tails and the macrocycle
encircling the tetracationic backbone.

Monolayers of the [2]rotaxane 12 can be transferred
from the air/water interface to the surfaces of the bottom
aluminum/aluminum oxide electrodes of a patterned sil-
icon chip with the hydrophobic tetraarylmethane groups
pointing away from the supporting substrate. The sub-
sequent assembly of a top titanium/aluminum electrode
affords electrode/monolayer/electrode junctions. Their
current/voltage signature can be recorded grounding the
top electrode and scanning the potential of the bottom
electrode. A pronounced increase in current is observed
when the potential is lowered below —0.7 V. Under
these conditions, the bipyridinium-centered LUMOs
mediate the tunneling of electrons from the bottom
to the top electrode leading to a current enhancement.
A similar current profile is observed if the potential is
returned to 0 and then back to —2 V. Instead, a mod-
est increase in current in the opposite direction is
observed when the potential is raised above +0.7 V.
Presumably, this trend is a result of the participation
of the phenoxy-centered HOMO:s in the tunneling pro-
cess. After a single positive voltage pulse, however,
no current can be detected if the potential is returned
to negative values. In summary, the positive potential
scan suppresses irreversibly the conducting ability of
the electrode/molecule/electrode junction. The behav-
ior of this device correlates with the redox response
of the [2]rotaxane 12 in solution. Cyclic voltammo-
grams reveal reversible monoelectronic reductions of
the bipyridinium dications. But they also show two
irreversible oxidations associated, presumably, with the
phenoxy rings of the macrocycle and tetraarylmethane
groups. These observations suggest that a positive volt-
age pulse applied to the electrode/monolayer/electrode
junction oxidizes irreversibly the sandwiched molecules
suppressing their ability to mediate the transfer of
electrons from the bottom to the top electrode under
a negative bias.

The device incorporating the [2]rotaxane 13 can be
exploited to implement simple logic operations [2.40].
The two bottom electrodes can be stimulated with

voltage inputs (I1 and 12) while measuring a current
output (O) at the common top electrode. When at least
one of the two inputs is high (0V), the output is low
(< 0.7nA). When both inputs are low (—2 V), the out-
put is high (ca. 4nA). If a negative logic convention is
applied to the voltage inputs (low = 1, high = 0) and
a positive logic convention is applied to the current out-
put (low = 0, high = 1), the signal transduction behavior
translates into the truth table of an AND gate. The out-
put O is 1 only when both inputs are 1. Instead, an OR
operation can be executed if the logarithm of the current
is considered as the output. The logarithm of the cur-
rent is —12 when both voltage inputs are O V. It raises to
ca. —9 when one or both voltage inputs are lowered to
—2 V. This signal transduction behavior translates into
the truth table of an OR gate if a negative logic conven-
tion is applied to the voltage inputs (low = 1, high = 0)
and a positive logic convention is applied to the current
output (low = 0, high = 1). The output O is 1 when at
least one of the two inputs is 1.

The [2]catenane 13 (Fig. 2.14) incorporates a macro-
cyclic polyether interlocked with a tetracationic
cyclophane [2.42,43]. Organic solutions of the hexaflu-
orophosphate salt of this [2]catenane and six equivalents
of the sodium salt of dimyristoylphosphatidic acid
can be co-spread on the water surface of a Langmuir
trough [2.44]. The sodium hexafluorophosphate formed
dissolves in the supporting aqueous phase, while the
hydrophilic bipyridinium cations and the amphiphilic
anions remain at the interface. Upon compression, the
anions align their hydrophobic tails away from the
water surface forming a compact monolayer above the
cationic bipyridinium derivatives. The corresponding
m—A isotherm indicates limiting molecular areas of
ca. 125 A2. This large value is a consequence of the
bulk associated with the two interlocking macrocycles.

Monolayers of the [2]catenane 13 can be trans-
ferred from the air/water interface to the surfaces
of the bottom n-doped silicon/silicon dioxide elec-
trodes of a patterned silicon chip with the hydrophobic
tails of the amphiphilic anions pointing away from
the supporting substrate [2.45, 46]. The subsequent
assembly of a top titanium/aluminum electrode affords
electrode/monolayer/electrode arrays. Their junction
resistance can be probed grounding the top electrode
and maintaining the potential of the bottom electrode
at +0.1 V. If a voltage pulse of 42V is applied to the
bottom electrode before the measurement, the junction
resistance probed is ca. 0.7 GR2. After a pulse of =2V
applied to the bottom electrode, the junction resistance
probed at +0.1V drops ca. 0.3GS. Thus, alternat-
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ing positive and negative voltage pulses can switch
reversibly the junction resistance between high and low
values. This intriguing behavior is a result of the redox
and dynamic properties of the [2]catenane 13.

Extensive spectroscopic and crystallographic stud-
ies [2.42,43] demonstrated that the tetrathiafulvalene
unit resides preferentially inside the cavity of the tetra-
cationic cyclophane of the [2]catenane 13 (Fig.2.14).
Attractive [ --- 7] stacking interactions between the
neutral tetrathiafulvalene and the bipyridinium dicat-
ions are responsible for this co-conformation. Oxidation
of the tetrathiafulvalene generates a cationic form
that is expelled from the cavity of the tetracationic
cyclophane. After the circumrotation of the macro-
cyclic polyether, the oxidized tetrathiafulvalene is
exchanged with the neutral 1,5-dioxynaphthalene pro-
ducing the [2]catenane 14 (Fig.2.14). The reduction
of the tetrathiafulvalene back to its neutral state is
followed by the circumrotation of the macrocyclic
polyether, which restores the original state 14. The
voltage pulses applied to the bottom electrode of the
electrode/monolayer/junction oxidize and reduce the
tetrathiafulvalene unit inducing the interconversion be-
tween the forms 13 and 14. The difference in the
stereoelectronic properties of these two states translates
into distinct current/voltage signatures. Indeed, their
ability to mediate the tunneling of electrons across the
junction differs significantly. As a result, the junction
resistance probed at a low voltage after an oxidizing
pulse is significantly different from that determined
under the same conditions after a reducing pulse.

2.3.3 Self-Assembled Monolayers

In the examples illustrated in Figs. 2.12-2.15, mono-
layers of amphiphilic and electroactive derivatives are
assembled at air/water interfaces and then transferred
on the surfaces of appropriate substrates. An alterna-
tive strategy to coat electrodes with molecular layers
relies on the ability of certain compounds to adsorb
spontaneously on solid supports from liquid or vapor
phases [2.35]. In particular, the affinity of certain sul-
furated functional groups for gold can be exploited to
encourage the self-assembly of organic molecules on
microscaled and nanoscaled electrodes.

The electrode/monolayer/electrode junction in
Fig.2.15a incorporates a molecular layer between two
gold electrodes mounted on a silicon nitride support.
This device can be fabricated combining chemical vapor
deposition, lithography, anisotropic etching, and self-
assembly [2.47]. Initially, a silicon wafer is coated
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Fig. 2.15
(a) A monolayer of the
thiol 15 is embedded be-
tween two gold electrodes
maintained in position
by a silicon nitride sup-
port. (b) A monolayer of
15 SH 16 the bisthiol 16 is located
between two gold elec-
Q SH trodes and stimulated by
a silicon gate
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with a 50nm thick layer of silicon nitride by low
pressure chemical vapor deposition. Then, a square of
400x400 pum is patterned on one side of the coated
wafer by optical lithography and reactive ion etch-
ing. Anisotropic etching of the exposed silicon up to
the other side of the wafer leaves a suspended silicon
nitride membrane of 40x40 wm. Electron beam lithog-
raphy and reactive ion etching can be used to carve
abowl-shaped hole (diameter = 30—50 nm) in the mem-
brane. Evaporation of gold on the membrane fills the
pore producing a bowl-shaped electrode. Immersion of
the substrate in a solution of the thiol 15 results in the
self-assembly of a molecular layer on the narrow part
of the bowl-shaped electrode. The subsequent evapora-
tion of a gold film on the organic monolayer produces
an electrode/monolayer/electrode junction (Fig.2.15a)
with a contact area of less than 2,000 nm? and approxi-
mately 1,000 molecules.

Under the influence of voltage pulses applied to one
of the two gold electrodes in Fig. 2.15a, the conductivity
of the sandwiched monolayer switches reversibly be-
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tween low and high values [2.48]. In the initial state, the
monolayer is in a low conducting mode. A current out-
put of only 30 pA is detected, when a probing voltage of
+0.25V is applied to the bowl-shaped electrode. If the
same electrode is stimulated with a short voltage pulse
of 45V, the monolayer switches to a high conducting
mode. Now a current output of 150 pA is measured at
the same probing voltage of +0.25 V. Repeated prob-
ing of the current output at various intervals of time
indicates that the high conducting state is memorized by
the molecule-based device, and it is retained for more
than 15 min. The low conducting mode is restored after
either a relatively long period of time or the stimula-
tion of the bowl-shaped electrode with a reverse voltage
pulse of —5V. Thus the current output switches from
a low to a high value, if a high voltage input is applied.
It switches from a high to a low value, under the in-
fluence of a low voltage pulse. This behavior offers the
opportunity to store and erase binary data in analogy
to a conventional random access memory [2.17]. Bi-
nary digits can be encoded on the current output of the
molecule-based device applying a positive logic conven-
tion (low = 0, high = 1). It follows that a binary 1 can
be stored in the molecule-based device applying a high
voltage input, and it can be erased applying a low voltage
input [2.48].

The electrode/monolayer/electrode junctions in
Fig.2.14 and in Fig.2.15a are two-terminal devices.
A voltage input is applied to one terminal, and a current
output is measured at the other. The implementation
of molecule-based transistors, however, requires three
terminals. A third electrode is needed to gate the cur-
rent flowing between the source and drain terminals.
These types of devices are much more versatile than
their two-terminal counterparts for the implementation
of logic functions. But the incorporation of molecular
components in a three-terminal configuration is con-
siderably more challenging. A remarkable example is
the composite assembly in Fig. 2.15b [2.49]. This field-
effect transistor integrates a monolayer of the bisthiol 16
and three electrodes. Conventional lithography and
anisotropic etching are employed to define a vertical
step in a doped silicon substrate. The resulting structure
is covered with an insulating layer of silicon dioxide with
a thickness of ca. 30 nm. Then gold is evaporated on the
bottom part of the step to allow the self-assembly the
bisthiol 16. Under the influence of the gate voltage, the
molecular components embedded in this device modu-
late the current flowing between the source and drain
electrodes. The intensity of the drain current increases
by five orders of magnitude if the gate voltage is low-

ered below —0.2V. It is important to note, however,
that only the molecules within 5nm from the mono-
layer/insulator interface are responsible for conduction.
Thus the current/voltage behavior of this three-terminal
device is determined only by few thousand molecules.

Conventional transistors are the basic building
blocks of digital circuits [2.19]. They are routinely
interconnected with specific configurations to execute
designed logic functions. The molecule-based transistor
in Fig. 2.15b is no exception. It can be used to assemble
real electronic circuits incorporating molecular compo-
nents. The connection of the drain terminals of two
molecule-based transistors affords an inverter [2.49].
In this basic circuit, an output voltage switches from
a high (0V) to a low value (—2 V) when an input volt-
age varies from a low (—2 V) to a high value (0 V) and
vice versa. This signal transduction behavior translates
into the truth table of a NOT gate, if a positive logic con-
vention (low = 0, high = 1) is applied to the input and
output voltages.

The ability of thiols to self-assemble on the surface
of gold can be exploited to fabricate nanocomposite
materials integrating organic and inorganic compo-
nents. For example, the bisthiol 17 forms monolayers
(Fig.2.16a) on gold electrodes with surface coverages
of ca. 4.1x10' molecm? [2.50, 51]. The formation of
a thiolate—gold bond at one of the two thiol ends of 17
is responsible for adsorption. The remaining thiol group
points away from the supporting surface and can be
exploited for further functionalization. Gold nanopar-
ticles adsorb on the molecular layer (Fig.2.16b), once
again, as a result of thiolate—gold bond formation.
The immersion of the resulting material in a methanol
solution of 17 encourages the adsorption of an ad-
ditional organic layer (Fig.2.16c) on the composite
material. Following these procedures, up to ten alter-
nating organic and inorganic layers can be deposited
on the electrode surface. The resulting assembly can
mediate the unidirectional electron transfer from the
supporting electrode to redox active species in solu-
tion. For example, the cyclic voltammogram of the
[Ru(NH3)6]3t/>* couple recorded with a bare gold
electrode reveals a reversible reduction process. In the
presence of ten alternating molecular and nanoparticle
layers on the electrode surface, the reduction potential
shifts by ca. —0.2'V and the back oxidation wave dis-
appears. The pronounced potential shift indicates that
[Ru(NH3)6]3+ accepts electrons only after the surface-
confined bipyridinium dications have been reduced. The
lack of reversibility indicates that the back oxidation to
the bipyridinium dications inhibits the transfer of elec-
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trons from the [Ru(NH3)6]2+ to the electrode. Thus
the electroactive multilayer allows the flow of elec-
trons in one direction only in analogy to conventional
diodes.

The current/voltage behavior of individual nanopar-
ticles in Fig. 2.16b can be probed by scanning tunneling
spectroscopy in an aqueous electrolyte under an inert
atmosphere [2.52]. The platinum-iridium tip of a scan-
ning tunneling microscope is positioned above one of the
gold particles. The voltage of the gold substrate relative
to the tip is maintained at — 0.2 V while that relative to
areference electrode immersed in the same electrolyte is
varied to control the redox state of the electroactive units.
Indeed, the bipyridinium dications in the molecular layer
can be reduced reversibly to a monocationic state. The
resulting monocations can be reduced further and, once
again, reversibly to a neutral form. Finally, the current
flowing from the gold support to the tip of the scanning
tunneling microscope is monitored as the tip—particle
distance increases. From the distance dependence of the
current, inverse length decays of ca. 16 and 7nm~! for
the dicationic and monocationic states, respectively, of
the molecular spacer can be determined. The dramatic
decrease indicates that the reduction of the electroactive
unit facilitates the tunneling of electrons through the
gold/molecule/nanoparticle/tip junction. In summary,
a change in the redox state of the bipyridinium com-
ponents can be exploited to gate reversibly the current
flowing through this nanoscaled device.

Similar nanostructured materials, combining mo-
lecular and nanoparticles layers, can be prepared on
layers on indium-tin oxide electrodes following mul-
tistep procedures [2.53]. The hydroxylated surfaces
of indium-tin oxide supports can be functionalized
with 3-ammoniumpropylysilyl groups and then ex-
posed to gold nanoparticles having a diameter of ca.
13 nm [2.54,55]. Electrostatic interactions promote the
adsorption of the nanoparticles on the organic layer
(Fig.2.17a). The treatment of the composite film with
the bipyridinium cyclophane 18 produces an organic
layer on the gold nanoparticles (Fig. 2.18b). Following
this approach, alternating layers of inorganic nanopar-
ticles and organic building blocks can be assembled on
the indium-tin oxide support. Cyclic voltammograms
of the resulting materials show the oxidation of the
gold nanoparticles and the reduction of the bipyridinium
units. The peak current for both processes increases with
the number of alternating layers. Comparison of these
values indicates that the ratio between the number of
tetracationic cyclophanes and that of the nanoparticles
isca. 100: 1.
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Fig.2.16 (a) The bisthiol 18 self-assembles on gold electrodes as
a result of thiolate—gold bond formation. (b) Gold nanoparticles
adsorb spontaneously on the molecular layer. (c) Exposure of the
composite assembly to a solution of 18 results in the formation of an
additional molecular layer on the surface of the gold nanoparticles

The tetracationic cyclophane 18 binds dioxyarenes
in solution [2.56, 57]. Attractive supramolecular forces
between the electron deficient bipyridinium units and
the electron rich guests are responsible for complexa-
tion. This recognition motif can be exploited to probe
the ability of the composite films in Fig. 2.17b,c to sense
electron rich analytes. In particular, hydroquinone is
expected to enter the electron deficient cavities of the
surface-confined cyclophanes. Cyclic voltammograms
consistently reveal the redox waves associated with the
reversible oxidation of hydroquinone even when very
small amounts of the guest (ca. 1 x 10° M) are added to
the electrolyte solution [2.54,55]. No redox response
can be detected with a bare indium—tin oxide electrode
under otherwise identical conditions. The supramolecu-
lar association of the guest and the surface confined
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cyclophanes increases the local concentration of hydro-
quinone at the electrode/solution interface enabling its
electrochemical detection.

Following a related strategy, the [2]catenane 19
(Fig.2.17) can be incorporated into similar composite
arrays [2.58,59]. This interlocked molecule incorporates
a Ru(Il)/trisbipyridine sensitizer and two bipyridinium
acceptors. Upon irradiation of the composite mater-
ial at 440 nm, photoinduced electron transfer from the

sensitizer to the appended acceptors occurs. The photo-
generated hole in the sensitizer is filled after the transfer
of an electron from a sacrificial electron donor present
in the electrolyte solution. Under a positive voltage bias
applied to the supporting electrode, an electron flow
from the bipyridinium acceptors to the indium-tin oxide
support is established. The resulting current switches be-
tween high and low values as the light source is turned
on and off.
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Another photoresponsive device, assembled com-
bining inorganic nanoparticles with molecular building
blocks, is illustrated in Fig. 2.17d. Phosphonate groups
can be used to anchor a Ru(Il)/trisbipyridine complex
with an appended bipyridinium dication to titanium
dioxide nanoparticles deposited on a doped tin oxide
electrode [2.60, 61]. The resulting composite array can
be integrated in a conventional electrochemical cell filled
with an aqueous electrolyte containing triethanolamine.
Under a bias voltage of —0.45V and irradiation at
532nm, 95% of the excited ruthenium centers trans-
fer electrons to the titanium dioxide nanoparticles. The
other 5% donate electrons to the bipyridinium dicat-
ions. All the electrons transferred to the bipyridinium
acceptors return to the ruthenium centers, while only
80% of those accepted by the nanoparticles return to
the transition metal complexes. The remaining 15%
reach the bipyridinium acceptors, while electron transfer
from sacrificial triethanolamine donors fills the photo-
generated holes left in the ruthenium sensitizers. The
photoinduced reduction of the bipyridinium dication is
accompanied by the appearance of the characteristic
band of the radical cation in the absorption spectrum.
This band persists for hours under open circuit condi-
tions. Butit fades in ca. 15 s under a voltage bias of +-1 'V,
as the radical cation is oxidized back to the dicationic
form. In summary, an optical stimulation accompanied
by a negative voltage bias reduces the bipyridinium
building block. The state of the photogenerated form
can be read optically, recording the absorption spectrum
in the visible region, and erased electrically, applying
a positive voltage pulse.

2.3.4 Nanogaps and Nanowires

The operating principles of the electroactive and pho-
toactive devices illustrated in Figs. 2.12-2.17 exploit
the ability of small collections of molecular compo-
nents to manipulate electrons and photons. Designed
molecules are deposited on relatively large electrodes
and can be addressed electrically and/or optically by
controlling the voltage of the support and/or illuminating
its surface. The transition from devices relying on col-
lections of molecules to unimolecular devices requires
the identification of practical methods to contact single
molecules. This fascinating objective demands the rather
challenging miniaturization of contacting electrodes to
the nanoscale.

A promising approach to unimolecular devices relies
on the fabrication of nanometer-sized gaps in metal-
lic features followed by the insertion of individual
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molecules between the terminals of the gap. This strat-
egy permits the assembly of nanoscaled three-terminal
devices equivalent to conventional transistors [2.62—64].
A remarkable example is illustrated in Fig. 2.18a [2.62].
It incorporates a single molecule in the nanogap gen-
erated between two gold electrodes. Initially electron
beam lithography is used to pattern a gold wire on
a doped silicon wafer covered by an insulating silicon
dioxide layer. Then the gold feature is broken by elec-
tromigration to generate the nanogap. The lateral size of
the separated electrodes is ca. 100nm and their thick-
ness is ca. 15 nm. Scanning electron microcopy indicates
that the facing surfaces of the separated electrodes are
not uniform and that tiny gaps between their protrusions
are formed. Current/voltage measurements suggest that
the size of the smallest nanogap is ca. 1 nm. When the

a) Gold Molecule Gold
source drain
T T

Silicon gate

Silicon dioxide insulator
ey
20 .0
295
S4®
HS (ON co* NO) -

N N

n 8
b) Platinum DNA Silicon
nitride

Silicon

Silicon dioxide

Fig.2.18 (a) Nanoscaled transistors can be fabricated in-
serting a single molecule (20 or 21) between source and
drain electrodes mounted on a silicon/silicon dioxide sup-
port. (b) A DNA nanowire can bridge nanoelectrodes
suspended above a silicon dioxide support
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breakage of the gold feature is preceded by the depos-
ition of a dilute toluene solution of Cgp (20), junctions
with enhanced conduction are obtained. This particular
molecule has a diameter of ca. 0.7 nm and can insert in
the nanogap facilitating the flow of electrons across the
junction.

The unique configuration of the molecule-based
device in Fig. 2.18a can reproduce the functions of a con-
ventional transistor [2.19] at the nanoscale. The two gold
terminals of the junction are the drain and source of
this nanotransistor, and the underlying silicon wafer is
the gate. At a temperature of 1.5K, the junction con-
ductance is very small, when the gate bias is low, and
increases in steps at higher voltages [2.62]. The conduc-
tance gap is a consequence of the finite energy required
to oxidize/reduce the single Ce( positioned in the junc-
tion. It is interesting that the zero-conductance window
also changes with the gate voltage and can be opened
and closed reversibly adjusting the gate bias.

A similar strategy can be employed to fabricate
a nanoscaled transistor incorporating the Co(II) com-
plex 21 shown in Fig.2.18 [2.64]. In this instance,
a silicon dioxide layer with a thickness of ca. 30 nm
is grown thermally on a doped silicon substrate. Then
a gold wire with a width of ca. 200nm and a thick-
nesses of ca. 10—15nm is patterned on the silicon
dioxide overlayer by electron beam lithography. Af-
ter extensive washing of the substrate with acetone
and methylene chloride and cleaning with oxygen
plasma, the gold wire is exposed to a solution of the
bisthiol 21. The formation of thiolate—gold bonds pro-
motes the self-assembly of the molecular building block
on the gold surface. At this point, electromigration-
induced breakage produces a gap of 1-2nm in
the gold wire. The surface-confined bisthiol 21 is
only 0.24nm long and, therefore, it can insert in
the nanogap producing an electrode/molecule/electrode
junction.

The cobalt center in 21 can be oxidized/reduced
reversibly between Co(II) and Co(Ill) [2.64]. When
this electroactive molecule is inserted in a nanogap
(Fig.2.18a), its ability to accept and donate electrodes
dictates the current/voltage profile of the resulting elec-
trode/molecule/electrode junction. More precisely, no
current flows across the junction below a certain voltage
threshold. As the source voltage is raised above this par-
ticular value, the drain current increases in steps. The
threshold associated with the source voltage varies in
magnitude with the gate voltage. This intriguing behav-
ior is a consequence of the finite energy necessary to
oxidize/reduce the cobalt center and of a change in the

relative stabilities of the oxidized and reduced forms
Co(Il) and Co(IIl) with the gate voltage. In summary,
the conduction of the electrode/molecule/electrode junc-
tion can be tuned adjusting the voltage of the silicon
support. The behavior of this molecule-based nanoelec-
tronic device is equivalent to that of a conventional
transistor [2.19]. In both instances, the gate voltage
regulates the current flowing from the source to the
drain.

The electromigration-induced breakage of pre-
formed metallic features successfully produces nano-
gaps by moving apart two fragments of the same wire.
Alternatively, nanogaps can be fabricated reducing the
separation of the two terminals of much larger gaps.
For example, gold electrodes separated by a distance
of 20—80 nm can be patterned on a silicon/silicon diox-
ide substrate by electron beam lithography [2.65]. The
relatively large gap between them can be reduced sig-
nificantly by the electrochemical deposition of gold on
the surfaces of both electrodes. The final result is the
fabrication of two nanoelectrodes separated by ca. 1 nm
and with a radius of curvature of 5—-15nm. The two ter-
minals of this nanogap can be “contacted” by organic
nanowires grown between them [2.66]. In particular, the
electropolymerization of aniline produces polyaniline
bridges between the gold nanoelectrodes. The conduc-
tance of the resulting junction can be probed immersing
the overall assembly in an electrolyte solution. Employ-
ing a bipotentiostat, the bias voltage of the two terminals
of the junction can be maintained at 20 mV, while their
potentials are scanned relative to that of a silver/silver
chloride reference electrode. Below ca. 0.15 V, the poly-
mer wire is in an insulating state and the current flowing
across the junction is less than 0.05nA. At this volt-
age threshold, however, the current raises abruptly to
ca. 30nA. This value corresponds to a conductivity for
the polymer nanojunction of 10~100S cm~!. When the
potential is lowered again below the threshold, the cur-
rent returns back to very low values. The abrupt decrease
in current in the backward scan is observed at a poten-
tial that is slightly more negative than that causing the
abrupt current increase in the forward scan. In summary,
the conductance of this nanoscaled junction switches on
and off as a potential input is switched above and below
a voltage threshold.

It is interesting to note that the influence of organic
bridges on the junction conductance can be exploited
for chemical sensing. Nanogaps fabricated following
a similar strategy but lacking the polyaniline bridge
alter their conduction after exposure to dilute solutions
of small organic molecules [2.67]. Indeed, the organic
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analytes dock into the nanogaps producing a marked
decrease in the junction conductance. The magnitude
of the conductance drop happens to be proportional
to the analyte—nanoelectrode binding strength. Thus
the presence of the analyte in solution can be de-
tected probing the current/voltage characteristics of the
nanogaps.

Nanogaps between electrodes patterned on sil-
icon/silicon dioxide supports can be bridged also by
DNA double strands [2.68,69]. The device in Fig.2.18b
has a 10.4nm long poly(G)-poly(C) DNA oligomer
suspended between two nanoelectrodes. It can be fab-
ricated patterning a 30 nm wide slit in a silicon nitride
overlayer covering a silicon/silicon dioxide support by
electron beam evaporation. Underetching the silicon
dioxide layer leaves a silicon nitride finger, which can
be sputtered with a platinum layer and chopped to
leave a nanogap of 8 nm. At this point, a microdroplet
of a dilute solution of DNA is deposited on the de-
vice and a bias of 5V is applied between the two
electrodes. Electrostatic forces encourage the depos-
ition of a single DNA wire on top of the nanogap.
As soon as the nanowire is in position, current starts
to flow across the junction. The current/voltage sig-
nature of the electrode/DNA/electrode junction shows
currents below 1 pA at low voltage biases. Under these
conditions, the DNA nanowire is an insulator. Above
a certain voltage threshold, however, the nanowire be-
comes conducting and currents up to 100nA can flow
across the junction through a single nanowire. Assum-
ing that direct tunneling from electrode to electrode is
extremely unlikely for a relatively large gap of 8 nm, the
intriguing current/voltage behavior has to be a conse-
quence of the participation of the molecular states in the
electron transport process. Two possible mechanisms
can be envisaged. Sequential hopping of the electrons
between states localized in the DNA base pairs can
allow the current flow above a certain voltage thresh-
old. But this mechanism would presumably result in
a Coulomb blockade voltage gap that is not observed
experimentally. More likely, electronic states delocal-
ized across the entire length of the DNA nanowire are
producing a molecular conduction band. The off-set be-
tween the molecular conduction band and the Fermi
levels of the electrodes is responsible for the insulat-
ing behavior at low biases. Above a certain voltage
threshold, the molecular band and one of the Fermi lev-
els align facilitating the passage of electrons across the
junction.

Carbon nanotubes are extremely versatile build-
ing blocks for the assembly of nanoscaled electronic

¢y Springer Handbook of Nanotechnology
% B. Bhushan - © Springer 2004

a)
Chromium/
Gold
electrodes
T
Carbon
nanotubes
b) Carbon Drain

nanotubes gold

Aluminium
oxide
insulator

Aluminium Gate
Silicon
Dioxide

Silicon

) Nano- Output
transistor voltage
-1,5V
Input voltage
d) Input voltage Nanotransistor

Output voltage

-15V

Input voltage Nanotransistor

Fig.2.19 (a) Nanoscaled junctions can be assembled on
silicon/silicon dioxide supports crossing pairs of or-
thogonally arranged single-wall carbon nanotubes with
chromium/gold electrical contacts at their ends. (b) Nano-
transistors can be fabricated contacting the two ends
of a single-wall carbon nanotube deposited on an alu-
minum/aluminum oxide gate with gold sources and drain.
One or two nanotube transistors can be integrated into
nanoscaled NOT (c) and NOR (d) logic gates

devices. They can be used to bridge nanogaps [2.70-73]
and assemble nanoscaled cross junctions [2.74-76].
In Fig.2.19a, a single-wall carbon nanotube crosses
over another one in an orthogonal arrangement [2.74].
Both nanotubes have electrical contacts at their ends.
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The fabrication of this device involves three main
steps. First, alignment marks for the electrodes are
patterned on a silicon/silicon dioxide support by elec-
tron beam lithography. Then the substrate is exposed
to a dichloromethane suspension of single-wall SWNT
carbon nanotubes. After washing with isopropanol,
crosses of carbon nanotubes in an appropriate align-
ment relative to the electrode marks are identified
by tapping mode atomic force microscopy. Finally
chromium/gold electrodes are fabricated on top of
the nanotube ends, again, by electron beam lithog-
raphy. The conductance of individual nanotubes can
be probed by exploiting the two electric contacts
at their ends. These two-terminal measurements re-
veal that certain nanotubes have metallic behavior,
while others are semiconducting. It follows that three
distinct types of cross junctions differing in the na-
ture of their constituent nanotubes can be identified
on the silicon/silicon dioxide support. Four terminal
current/voltage measurements indicate that junctions
formed by two metallic nanotubes have high conduc-
tance and ohmic behavior. Similarly, high junction
conductance and ohmic behavior is observed when two
semiconducting nanotubes cross. The current/voltage
signature of junctions formed when a metallic nanotube
crosses a semiconducting one are, instead, com-
pletely different. The metallic nanotube depletes the
semiconducting one at the junction region producing
a nanoscaled Schottky barrier with a pronounced recti-
fying behavior.

Similar fabrication strategies can be exploited to
assemble nanoscaled counterparts of conventional tran-
sistors. The device in Fig. 2.19b is assembled patterning
an aluminum finger on a silicon/silicon dioxide substrate
by electron beam lithography [2.76]. After exposure to
air, an insulating aluminum oxide layer forms on the
aluminum finger. Then a dichloromethane suspension of
single-wall carbon nanotubes is deposited on the result-
ing substrate. Atomic force microscopy can be used to
select carbon nanotubes with a diameter of ca. 1 nm pos-
itioned on the aluminum finger. After registering their
coordinates relative to alignment markers, gold contacts
can be evaporated on their ends by electron beam lithog-
raphy. The final assembly is a nanoscaled three-terminal
device equivalent to a conventional field effect transis-
tor [2.19]. The two gold contacts are the source and drain
terminals, while the underlying aluminum finger repro-
duces the function of the gate. At a source to drain bias
of ca. — 1.3V, the drain current jumps from ca. 0 to ca.
50nA when the gate voltage is lowered from — 1.0 to
— 1.3 V. Thus moderate changes in the gate voltage vary

significantly the current flowing through the nanotube-
based device in analogy to a conventional enhancement
mode p-type field effect transistor [2.19].

The nanoscaled transistor in Fig. 2.18a has a micro-
scaled silicon gate that extends under the entire
chip [2.62, 64]. The configuration in Fig.2.19b, in-
stead, has nanoscaled aluminum gates for every single
carbon nanotube transistor fabricated on the same
support [2.76]. It follows that multiple nanoscaled tran-
sistors can be fabricated on the same chip and operated
independently following this strategy. This unique fea-
ture offers the possibility of fabricating nanoscaled
digital circuits by interconnecting the terminals of
independent nanotube transistors. The examples in
Fig.2.19c.d illustrate the configurations of nanoscaled
NOT and NOR gates implemented using one or two
nanotube transistors. In Fig.2.19c, an off-chip bias re-
sistor is connected to the drain terminal of a single
transistor while the source is grounded. A voltage input
applied to the gate modulates the nanotube conduc-
tance altering the voltage output probed at the drain
terminal. In particular, a voltage input of — 1.5V low-
ers the nanotube resistance (26 MQ2) below that of the
bias resistor (100 M2). As a result, the voltage out-
put drops to 0V. When the voltage input is raised
to 0V, the nanotube resistance increases above that
of the bias resistor and the voltage output becomes
—1.5V. Thus the output of this nanoelectronic de-
vice switches from a high (0 V) and to alow (—1.5V)
level as the input shifts from a low (—1.5V) to a high
(0V) value. The inverse relation between input and
output translates into a NOT operation if a negative
logic convention (low = 1, high = 0) is applied to both
signals.

In Fig.2.15d, the source terminals of two indepen-
dent nanotube transistors fabricated on the same chip are
connected by a gold wire and grounded [2.76]. Similarly,
the two drain terminals are connected by another gold
wire and contacted to an off-chip bias resistors. The gate
of each nanotube can be stimulated with a voltage input
and the voltage output of the device can be probed at
their interconnected drain terminals. When the resist-
ance of at least one of the two nanotubes is below that of
the resistor, the output is 0 V. When both nanotubes are
in a nonconducting mode, the output voltage is —1.5V.
Thus if a low voltage input — 1.5V is applied to one or
both transistors, the output is high (0 V). When both volt-
age inputs are high (0 V), the output is low (—1.5V).
If a negative logic convention (low =1, high =0) is
applied to all signals, the signal transduction behavior
translates in to a NOR operation.
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Nature builds nanostructured biomolecules relying on
a highly modular approach [2.1]. Small building blocks
are connected by robust chemical bonds to generate long
strands of repeating units. The synergism of a multi-
tude of attractive supramolecular forces determines the
three-dimensional arrangement of the resulting poly-
meric chains and controls the association of independent
strands into single and well-defined entities. Nucleic
acids and proteins are two representative classes of
biomolecules assembled with subnanometer precision
through the subtle interplay of covalent and noncovalent
bonds starting from a relatively small pool of nucleotide
and amino acid building blocks.

The power of chemical synthesis [2.2] offers the
opportunity of mimicking nature’s modular approach to
nanostructured materials. Following established experi-
mental protocols, small molecular building blocks can
be joined together relying on the controlled formation
of covalent bonds between designed functional groups.
Thus artificial molecules with nanoscaled dimensions
can be assembled piece by piece with high structural
control. Indeed, helical, tubular, interlocked, and highly
branched nanostructures have been all prepared already
exploiting this general strategy and the synergism of
covalent and noncovalent bonds [2.3].

The chemical construction of nanoscaled molecules
from modular building blocks also offers the opportun-
ity for engineering specific properties in the resulting
assemblies. In particular, electroactive and photoactive
fragments can be integrated into single molecules. The
ability of these functional subunits to accept/donate elec-
trons and photons can be exploited to design nanoscaled
electronic and photonic devices. Indeed, molecules that
respond to electrical and optical stimulations producing
detectable outputs have been designed already [2.16].
These chemical systems can be employed to control
the interplay of input and output signals at the mo-
lecular level. Their conceptual analogy with the signal
transduction operated by conventional logic gates in
digital circuits is evident. In fact, electroactive and
photoactive molecules able to reproduce AND, NOT,
and OR operations as well as simple combinational
of these basic logic functions are already a real-
ity [2.20,21].

Most of the molecular switches for digital pro-
cessing developed so far rely on bulk addressing.
In general, relatively large collections of functional
molecules are addressed simultaneously in solution.
The realization of molecule-based devices with re-

Springer Handbook of Nanotechnology

&J B. Bhushan « © Springer 2004

duced dimensions as well as practical limitations
associated with liquid phases in potential applica-
tions are encouraging a transition from the solution
to the solid state. The general strategy followed so
far relies on the deposition of functional molecules
on the surfaces of appropriate electrodes following
either the Langmuir-Blodgett methodology [2.34] or
self-assembly processes [2.35]. The combination of
these techniques with the nanofabrication of insulating,
metallic, and semiconducting features on appropriate
supports has already allowed the realization of fascinat-
ing molecule-based devices [2.30-33,53]. The resulting
assemblies integrate inorganic and organic components
and, in some instances, even biomolecules to execute
specific functions. They can convert optical stimulations
into electrical signals. They can execute irreversible
and reversible switching operations. They can sense
qualitatively and quantitatively specific analytes. They
can reproduce the functions of conventional rectifiers
and transistors. They can be integrated within func-
tioning nanoelectronic devices capable of simple logic
operations.

The remarkable examples of molecule-based mater-
ials and devices now available demonstrate the great
potential and promise for this research area. At this
stage, the only limit left to the design of functional
molecules is the imagination of the synthetic chemist.
All sort of molecular building blocks with tailored
dimensions, shapes, and properties are more or less
accessible with the assistance of modern chemical syn-
thesis. Now, the major challenges are (1) to master the
operating principles of the molecule-based devices that
have been and continue to be assembled and (2) to ex-
pand and improve the fabrication strategies available
to incorporate molecules into reliable device architec-
tures. As we continue to gather further insights in
these directions, design criteria for a wide diversity of
molecule-based devices will emerge. It is not unreal-
istic to foresee the evolution of an entire generation
of nanoscaled devices, based on engineered molecular
components, that will find applications in a variety of
fields ranging from biomedical research to information
technology. Perhaps nature can once again illuminate
our path, teaching us not only how to synthesize nano-
structured molecules but also how to use them. After
all, nature is replete with examples of extremely sophis-
ticated molecule-based devices. From tiny bacteria to
higher animals, we are all a collection of molecule-based
devices.
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3. Introduction to Carbon Nanotubes

Carbon nanotubes are among the amazing 3.1 Structure of Carbon Nanotubes .............. 40
objects that science sometimes creates by 3.1.1 Single-Wall Nanotubes ................. 40
3.1.2 Multiwall Nanotubes .................... 43

accident, without meaning to, but that will

likely revolutionize the technological landscape 3.2 Synthesis of Carbon Nanotubes.............. 45
of the century ahead. Our society stands to be 3.2.1 Solid Carbon Source-Based

significantly influenced by carbon nanotubes, Production Techniques

shaped by nanotube applications in every aspect, for Carbon Nanotubes................... 45
just as silicon-based technology still shapes 3.2.2 Gaseous Carbon Source-Based

society today. The world already dreams of space- Production Techniques

elevators tethered by the strongest of cables, 3.2.3 It/(l)'r Calrlbon NanTotuhbe.s """""""""" 23
hydrogen-powered vehicles, artificial muscles, o Iscellaneous Techniques .............
and so on - feasts that would be made possible 3.2.4 Synthe5|s

. . of Aligned Carbon Nanotubes ........ 58
by the emerging carbon nanotube science.

Of course, nothing is set in stone yet. We are 3.3 Growth Mechanisms of Carbon Nanotubes 59
still at the stage of possibilities and potential. The 3.3.1 (Catalyst-Free Growth.................... 59
recent example of fullerenes — molecules closely 3.3.2 (atalytically Activated Growth........ 60
related to nanotubes, whose importance was so 3.4 Properties of Carbon Nanotubes............. 63
anticipated that their discovery in 1985 brought 3.4.1 Variability of Carbon Nanotube
a Nobel Prize to their finders in 1996 although Properties ........oocveeeeieeeiiieeeiee 63
few related applications have actually yet reached 3.4.2 General Properties ....................... 63
the market — teaches us to play the game of 3.4.3 SWNT Adsorption Properties........... 63
enthusiastic predictions with some caution. But 3.4.4 Transport Properties ..................... 65
in the case of carbon nanotubes, expectations are 3.4.5 Mechanical Properties................... 67
high. Taking again the example of electronics, 3.4.6 Reactivity....o.oooieviiiiii 67
the mln!atyrlzatlon of cr!lps is about to reach its 3.5 Carbon Nanotube-Based Nano-Objects... 68
lowest limits. Are we going to accept that our 3.5.1 Hetero-Nanotubes ....................... 68
video camera, computers, and cellular phones no 3.5.2 Hybrid Carbon Nanotubes.............. 68
longer decrease in size and increase in memory 3.5.3 Functionalized Nanotubes............. 71
every six months? Surely not. Always going deeper, 6 Applicati £ carbon N b 73
farther, smaller, higher is a characteristic unique 3. pplications o ar. °n. anotubes..........

. . L 3.6.1 Current Applications..................... 73
to humankind, and which helps to explain its R
S - 3.6.2 Expected Applications
domination of the living world on earth. Carbon :
. . Related to Adsorption................... 76
nanotubes can help us fulfill our expectation of
constant technological progress as a source of References ........cccooeeeviviiiiiiiiiiiiiiie 86

better living.

In this chapter, after the structure, synthesis
methods, growth mechanisms, and properties of
carbon nanotubes will be described, an entire

and compounds offers the prospect of an even
magnified set of properties. Finally, we will

section will be devoted to nanotube-related
nano-objects. Indeed, should pristine nanotubes
reach any limitation in some area, their ready and
close association to foreign atoms, molecules,
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describe carbon nanotube applications supporting
the idea that the future for the science and
technology of carbon nanotubes looks very
promising.
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Carbon nanotubes have been synthesized for a long time
as products from the action of a catalyst over the gaseous
species originating from the thermal decomposition of
hydrocarbons (see Sect. 3.2). Some of the first evidence
that the nanofilaments thus produced were actually nano-
tubes — i.e., exhibiting an inner cavity — can be found
in the transmission electron microscope micrographs
published by Hillert et al. in 1958 [3.1]. This was of
course related to and made possible by the progress in
transmission electron microscopy. It is then likely that
the carbon filaments prepared by Hughes and Cham-
bers in 1889 [3.2], reported by Maruyama et al. [3.3] as
probably the first patent ever deposited in the field, and
whose preparation method was also based on the cata-
Iytically enhanced thermal cracking of hydrocarbons,
were already carbon nanotube-related morphologies.
The preparation of vapor-grown carbon fibers had ac-
tually been reported as early as more than one century
ago [3.4,5]. Since then, the interest in carbon nano-
filaments/nanotubes has been recurrent, though within
a scientific area almost limited to the carbon material
scientist community. The reader is invited to consult the
review published by Baker et al. [3.6] regarding the early
works. The worldwide enthusiasm came unexpectedly
in 1991, after the catalyst-free formation of nearly per-
fect concentric multiwall carbon nanotubes (c-MWNTs,
see Sect.3.1) was reported [3.7] as by-products of the
formation of fullerenes by the electric-arc technique. But
the real breakthrough occurred two years later, when at-
tempts in situ to fill the nanotubes with various metals

3.1 Structure of Carbon Nanotubes

It is simple to imagine a single-wall carbon nanotube
(SWNT). Ideally, it is enough to consider a perfect
graphene sheet (a graphene being the same polyaro-
matic mono-atomic layer made of an hexagonal display
of sp? hybridized carbon atoms that genuine graphite is
built up with), to roll it into a cylinder (Fig.3.1) pay-
ing attention that the hexagonal rings put in contact join
coherently, then to close the tips by two caps, each cap
being a hemi-fullerene with the appropriate diameter
(Fig. 3.2a—c).

3.1.1 Single-Wall Nanotubes

Geometrically, there is no restriction regarding the
tube diameter. But calculations have shown that col-

(see Sect.3.5) led to the discovery — again unexpected
— of single-wall carbon nanotubes (SWNTs) simulta-
neously by lijima et al. [3.8] and Bethune et al. [3.9].
Single-wall carbon nanotubes were really new nano-
objects many of whose properties and behaviors are quite
specific (see Sect.3.4). They are also beautiful objects
for fundamental physics as well as unique molecules
for experimental chemistry, still keeping some mys-
tery since their formation mechanisms are a subject
of controversy and are still debated (see Sect. 3.3). Po-
tential applications seem countless, although few have
reached a marketable status so far (see Sect. 3.6). Conse-
quently, about five papers a day with carbon nanotubes
as the main topic are currently published by research
teams from around the world, an illustration of how
extraordinarily active — and highly competitive — is
this field of research. It is a quite unusual situation,
similar to that of fullerenes, which, by the way, are
again carbon nano-objects structurally closely related
to nanotubes.

This is not, however, only about scientific exaltation.
Economical aspects are leading the game to a greater and
greater extent. According to experts, the world market is
predicted to be more than 430 M $ in 2004 and estimated
to grow to several b$ before 2009. That is serious busi-
ness, and it will be closely related to how scientists and
engineers will be able to deal with the many challenges
found on the path from the beautiful, ideal molecule
to the reliable — and it is hoped, cheap — manufactured
product.

lapsing the single-wall tube into a flattened two-layer
ribbon is energetically more favorable than maintain-
ing the tubular morphology beyond a diameter value of
~2.5nm [3.10]. On the other hand, it intuitively comes
to mind that the shorter the radius of curvature, the higher
the stress and the energetic cost, although SWNTs with
diameters as low as 0.4 nm have been successfully syn-
thesized [3.11]. A suitable energetic compromise is thus
reached for ~ 1.4nm, the most frequent diameter en-
countered regardless of the synthesis techniques (at least
those based on solid carbon source) when conditions for
high SWNT yields are used. There is no such restriction
for nanotube length, which only depends on limita-
tions brought by the preparation method and the specific
conditions used for the synthesis (thermal gradients, res-
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3.1 Structure of Carbon Nanotubes
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Fig.3.1 Sketch of the way to make a single-wall car-
bon nanotube, starting from a graphene sheet (adapted
from [3.12])

Fig.3.2a-c Sketch of three different SWNT structures as
examples for (a) a zig-zag-type nanotube, (b) an armchair-
type nanotube, (c) a helical nanotube (adapted from [3.13])

idence time, etc.). Experimental data are consistent with
these statements, since SWNTs wider than 2.5 nm are
scarcely reported in literature, whatever the preparation
method, while SWNT length can be in the micrometer
or the millimeter range. These features make single-wall
carbon nanotubes a unique example of single molecules
with huge aspect ratios.

Two important consequences derive from the SWNT
structure as described above:

Springer Handbook of Nanotechnology
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1. All carbon atoms are involved in hexagonal aromatic
rings only and are therefore in equivalent position,
except at the nanotube tips where 6 x5 = 30 atoms
at each tip are involved in pentagonal rings (consid-
ering that adjacent pentagons are unlikely) — though
not more, not less, as a consequence of the Euler’s
rule that also governs the fullerene structure. In case
SWNTs are ideally perfect, their chemical reactiv-
ity will therefore be highly favored at the tube tips,
at the very location of the pentagonal rings.

2. Though carbon atoms are involved in aromatic rings,
the C=C bond angles are no longer planar as they
should ideally be. This means that the hybridization
of carbon atoms are no longer pure sp” but get some
percentage of the sp® character, in a proportion that
increases as the tube radius of curvature decreases.
For example, the effect is the same as for the Cgg
fullerene molecules, whose radius of curvature is
0.35nm, and the subsequent sp> character propor-
tion about 30%. On the one hand, this is supposed to
make the SWNT surface (though consisting of aro-
matic ring faces) a bit more reactive than regular,
planar graphene, relatively speaking. On the other
hand, this somehow induces a variable overlapping
of the bands of density of states, thereby inducing
aunique versatile electronic behavior (see Sect. 3.4).

As illustrated by Fig. 3.2, there are many ways to
roll a graphene into a single-wall nanotube, some of
the resulting nanotubes enabling symmetry mirrors both
parallel and perpendicular to the nanotube axis (such
as the SWNTs from Fig.3.2a and 3.2b), some others
not (such as the SWNT from Fig. 3.2¢c). By correspon-
dence with the terms used for molecules, the latter are
commonly called “chiral” nanotubes. “Helical” should
be preferred, however, in order to respect the definition
of chirality, which makes all chiral molecules unable to
be superimposed on their own image in a mirror. The
various ways to roll graphene into tubes are therefore
mathematically defined by the vector of helicity Cp, and
the angle of helicity 6, as follows (referring to Fig. 3.1):

OA =Cy =na; +may

with
a3 +a d a3 a
= — — n = —X— —
a > X 2y aj a > X 2y

where a=2.46A
and
2n+m
cosf =

2Vn? +m? +nm

A
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where n and m are the integers of the vector OA consid-
ering the unit vectors a; and a;.

The vector of helicity Cy,(= OA) is perpendicular to
the tube axis, while the angle of helicity 6 is taken with
respect to the so-called zig-zag axis, i.e., the vector of
helicity that makes nanotubes of the “zig-zag” type (see
below). The diameter D of the corresponding nanotube
is related to C}, by the relation:

_ @ _ accy/3(n? +m?+nm)

D ,
T T
where
141A <a. . <144A.
(graphite) B (Ce0)

The C—C bond length is actually elongated by the cur-
vature imposed, taking the average value for the Cgo
fullerene molecule as a reasonable upper limit, and the
value for flat graphenes in genuine graphite as the lower
limit (corresponding to an infinite radius of curvature).
Since Cy, 0, and D are all expressed as a function
of the integers n and m, they are sufficient to define
any SWNT specifically, by noting them (n, m). Ob-
taining the values of n and m for a given SWNT is
simple by counting the number of hexagons that sep-
arate the extremities of the C}, vector following the
unit vector a; first, then a> [3.12]. In the example of
Fig.3.1, the SWNT that will be obtained by rolling
the graphene so that the two shaded aromatic cycles
superimpose exactly is a (4,2) chiral nanotube. Simi-
larly, SWNTs from Fig. 3.2a to 3.2c are (9,0), (5,5), and
(10,5) nanotubes respectively, thereby providing exam-
ples of zig-zag—type SWNT (with an angle of helicity
= 0°), armchair-type SWNT (with an angle of helicity
of 30°) and a chiral SWNT, respectively. This also illus-
trates why the term “chiral” is sometimes inappropriate
and should preferably be replaced by “helical”. Arm-
chair (n, n) nanotubes, though definitely achiral from

Fig. 3.3 Image of two neighboring chiral SWNTs within
a SWNT bundle as seen by high resolution scanning tunnel-
ing microscopy (by courtesy of Prof. Yazdani, University
of Illinois at Urbana, USA)

a standpoint of symmetry, exhibit a “chiral angle” dif-
ferent from 0. “Zig-zag” and “armchair” qualifications
for achiral nanotubes refer to the way carbon atoms
are displayed at the edge of the nanotube cross sec-
tion (Fig. 3.2a and 3.2b). Generally speaking, it is clear
from Figs. 3.1 and 3.2a that having the vector of helicity
perpendicular to any of the three overall C=C bond di-
rections will provide zig-zag—type SWNTs, noted (n,0),
while having the vector of helicity parallel to one of the
three C=C bond directions will provide armchair-type
SWNTs, noted (n, n). On the other hand, because of
the sixfold symmetry of the graphene sheet, the angle
of helicity 6 for the chiral (n, m) nanotubes is such as
0 < 6 < 30°. Figure 3.3 provides two examples of what
chiral SWNTs look like, as seen by means of atomic
force microscopy.

Planar graphenes in graphite have r electrons, which
are satisfied by the stacking of graphenes that allows
van der Waals forces to develop. Similar reasons make
fullerenes gather and order into fullerite crystals and
SWNTs into SWNT ropes (Fig. 3.4a). Spontaneously,
SWNTs in ropes tend to arrange into an hexagonal array,
which corresponds to the highest compactness achiev-
able (Fig.3.4b). This feature brings new periodicities

Fig.3.4a,b High resolution transmis-
sion electron microscopy images of
a SWNT rope (a) longitudinal view.
At the top of the image an isolated
single SWNT also appears. (b) cross
section view (from [3.14])

Springer Handbook of Nanotechnology

B. Bhushan « © Springer 2004 3




6

Introduction to Carbon Nanotubes

3.1 Structure of Carbon Nanotubes

with respect to graphite or turbostratic polyaromatic
carbon crystals. Turbostatic structure corresponds to
graphenes which are stacked with random rotations
or translations instead of being piled up following se-
quential ABAB positions, as in graphite structure. This
implies that no lattice atom plane exists anymore other
than the graphene planes themselves (corresponding
to the (001) atom plane family). These new peri-
odicities make diffraction patterns specific and quite
different from that of other sp?-carbon-based crystals,
although hk reflections, which account for the hexa-
gonal symmetry of graphene plane, are still present.
On the other hand, 00/ reflections, which account for
the stacking sequence of graphenes in regular, “mul-
tilayered” polyaromatic crystals that does not exist in
SWNT ropes, are absent. Such a hexagonal packing
of SWNTs within the ropes requires that SWNTs ex-
hibit similar diameters, which is the common case
for SWNTs prepared by the electric arc or the laser
vaporization processes. SWNTs prepared these ways
are actually about 1.35nm wide (diameter value for
a (10,10) tube, among others), for reasons still un-
clear but related to the growth mechanisms specific
to the conditions provided by these techniques (see
Sect. 3.3).

3.1.2 Multiwall Nanotubes

Building multiwall carbon nanotubes is a little bit more
complex, since it has to deal with the various ways
graphenes can be displayed and mutually arranged
within a filament morphology. Considering the usual
textural versatility of polyaromatic solids, a similar ver-
satility can be expected. Likewise, diffraction patterns
no longer differentiate from that of anisotropic poly-
aromatic solids. The easiest MWNT to imagine is the
concentric type (c-MWNT), in which SWNTs with
regularly increasing diameters are coaxially displayed
according to a Russian-doll model into a multiwall nano-
tube (Fig.3.5). Such nanotubes are generally formed
either by the electric-arc technique (without need of
any catalyst) or by catalyst-enhanced thermal cracking
of gaseous hydrocarbons or CO disproportionation (see
Sect. 3.2). The number of walls (or number of coaxial
tubes) can be anything, starting from two, with no up-
per limit. The intertube distance is approximately that
of the intergraphene distance in turbostratic, polyaro-
matic solids, i.e. 0.34nm (as opposed to 0.335nm in
genuine graphite), since the increasing radius of cur-
vature imposed on the concentric graphenes prevents
the carbon atoms from being displayed as in graphite,
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i.e., each of the carbon atoms from a graphene fac-
ing alternatively either a ring center or a carbon atom
from the neighboring graphene. But two cases allow
such a nanotube to reach — totally or partially — the
3-D crystal periodicity of graphite. One is to consider
a high number of concentric graphenes, i.e. concen-
tric graphenes with long radius of curvature. In that
case, the shift of the relative positions of carbon atoms
from superimposed graphenes is so small with respect
to that in graphite that some commensurability is pos-
sible. It may result in MWNTSs with the association of
both structures, i. . turbostratic in the core and graphitic
in the outer part [3.15]. The other case occurs for c-
MWNTs exhibiting faceted morphologies, originating
either from the synthesis process or more likely from

R 2 Gt i YR Gy
Fig. 3.5 High resolution transmission electron microscopy
image (longitudinal view) of a concentric multiwall carbon
nanotube (c-MWNT) prepared by electric arc. In insert,
sketch of the Russian-doll-like display of graphenes
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subsequent heat-treatments at high temperatures (e.g.,
2,500°C) in inert atmospheres. Obviously, facets allow
graphenes to get back a flat arrangement of atoms —
except at the junction between neighboring facets — in
which the specific stacking sequence of graphite can
develop.

Another frequent inner texture for multiwall car-
bon nanotubes is the so-called herringbone texture
(h-MWNTs), in which graphenes make an angle with
respect to the nanotube axis (Fig. 3.6). The angle value
varies upon the processing conditions (e.g., the catalyst
morphology or the atmosphere composition), from 0 (in
which case the texture turns into that of a c-MWNT)
to 90° (in that case, the filament is no longer a tube,
see below), and the inner diameter varies so that the
tubular feature can be lost [3.19], justifying that the
latter can be called nanofibers rather than nanotubes.
h-MWNTs are exclusively obtained by processes in-
volving catalysts, generally catalyst-enhanced thermal
cracking of hydrocarbons or CO disproportionation.

tron microscopy image of a herringbone (and bamboo) multi-wall
nanotube (bh-MWNT, longitudinal view) prepared by CO dispro-
portionation on Fe-Co catalyst. (a) as-grown. The nanotube surface
is made of free graphene edges. (b) after 2,900 °C heat-treatment.
Both the herringbone and the bamboo textures have become obvi-
ous. Graphene edges from the surface have buckled with neighbors
(arrow), closing the access to the intergraphene spacing (adapted
from [3.16])

One unresolved question is whether the herringbone
texture, which actually describes the texture projection
rather than the overall three-dimensional texture, origi-
nates from the scroll-like spiral arrangement of a single
graphene ribbon or from the stacking of independent
truncated-cone-like graphenes. Although the former is
more likely for energetic reasons since providing a min-
imal and constant amount of transitorily unsatisfied
bonds during the nanotube growth (similar to the well-
known growth mechanism from a screw dislocation), the
question is still debated.

Another common feature is the occurrence, at a vari-
able frequency, of a limited amount of graphenes
oriented perpendicular to the nanotube axis, thus form-
ing the so-called “bamboo” texture. It cannot be a texture
by its own but affects in a variable extent either
c-MWNT (bc-MWNT) or h-MWNT (bh-MWNT) tex-
tures (Figs. 3.6 and 3.7). The question may be addressed
whether such filaments, though hollowed, should still
be called nanotubes, since the inner cavity is no longer
opened all along the filament as it is for a genuine tube.
They therefore are sometimes referred as “nanofibers”
in literature.

Nanofilaments that definitely cannot be called
nanotubes are those built from graphenes oriented per-
pendicular to the filament axis and stacked as piled-up
plates. Although they actually correspond to h-MWNTSs
with the graphene/MWNT axis angle = 90°, the oc-
currence of inner cavity is no longer possible, and
such filaments are therefore most often referred to as
“platelet-nanofibers” in literature [3.19].

Fig.3.7a,b Transmission electron microscopy images
from bamboo-multi-wall nanotubes (longitudinal views).
(a) low magnification of a bamboo-herringbone multi-wall
nanotube (bh-MWNT) showing the nearly periodic feature
of the texture, which is very frequent. (from [3.17]); (b) high
resolution image of a bamboo-concentric multi-wall nano-
tube (bc-MWNT) (modified from [3.18])
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As opposed to SWNTs, whose aspect ratio is so
high that acceding the tube tips is almost impossible,
aspect ratio for MWNTs (and carbon nanofibers) are
generally lower and often allow one to image tube
ends by transmission electron microscopy. Except for
¢-MWNTs from electric arc (see Fig.3.5) that grow
following a catalyst-free process, nanotube tips are fre-
quently found associated with the catalyst crystal from
which they have been formed.

MWNT properties (see Sect. 3.4) will obviously de-
pend on the perfection and orientation of graphenes in
the tube more than any other feature (e.g., the respective
spiral angle of the constituting nanotubes for c-MWNTs
has little importance). Graphene orientation is a mat-
ter of texture, as described above. Graphene perfection
is a matter of nanotexture, which is commonly used
to describe other polyaromatic carbon materials, and
which is quantified by several parameters preferably
obtained from high resolution transmission electron mi-
croscopy (Fig. 3.8). Both texture and nanotexture depend
on the processing conditions. While the texture type is
a permanent, intrinsic feature only able to go toward
complete alteration upon severe degradation treatments
(e.g., oxidation), however, nanotexture can be improved

3.2 Synthesis of Carbon Nanotubes

Producing carbon nanotubes so that the currently
planned applications become marketable requires solv-
ing some problems that are more or less restrictive
depending on the cases. One example is to specifically
control the configuration (chirality), the purity, or the
structural quality of SWNTSs, with the production cap-
acity adapted to the application. One condition would be
to understand perfectly the mechanism of nanotube nu-
cleation and growth, which remains the object of a lot of
controversy in spite of an intense, worldwide experimen-
tal effort. This problem is partly explained by the lack
of knowledge regarding several parameters controlling
the synthesis conditions. For instance, neither the tem-
peratures of nanotube condensation and formation nor
the manner in which they are influenced by the synthesis
parameters are known. Equally often unknown is the ex-
act and accurate role of the catalysts in nanotube growth.
Given the large number of experimental parameters and
considering the large range of conditions that the several
synthesis techniques correspond to, it is quite legitimate
to think of more than one mechanism intervening in the
nanotube formation.
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Fig. 3.8 Sketch explaining the various parameters obtained
from high resolution (lattice fringe mode) transmission
electron microscopy for quantifying nanotexture: L is the
average length of perfect (distortion-free) graphenes of co-
herent areas; N is the number of piled-up graphenes in the
coherent (distortion-free) areas; L, is the average length
of continuous though distorted graphenes within graphene
stacks; B is the average distortion angle. L1 and N are more
or less related to L, and L. obtained from X-ray diffraction

by subsequent thermal treatments at high temperatures
(e.g., > 2,000 °C) or, reversibly, possibly degraded by
chemical treatments (e.g., slight oxidation conditions).

3.2.1 Solid Carbon Source-Based Production
Techniques for Carbon Nanotubes

Among the different SWNT production techniques, the
three processes (laser ablation, solar energy, and electric
arc) presented in this section have at least two common
points: a high temperature (1,000K < T < 6,000 K)
medium and the fact that the carbon source originates
from the erosion of solid graphite. In spite of these
common points, both the morphologies of the carbon
nanostructures and the SWNT yields can differ notably
with respect to the experimental conditions.

Before being utilized for carbon nanotube synthesis,
these techniques permitted the production of fullerenes.
Laser vaporization of graphite was actually the very first
method to demonstrate the existence of fullerenes, in-
cluding the most popular one (because the most stable
and therefore the most abundant), Cgg [3.20]. On the
other hand, the electric arc technique was (and still
is) the first method to produce fullerenes in relatively
large quantities [3.21]. As opposed to the fullerene for-
mation, which requires the presence of carbon atoms
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in high temperature media and the absence of oxy-
gen, the utilization of these techniques for the synthesis
of nanotubes requires an additional condition, i.e. the
presence of catalysts in one of the electrode or the
target.

In case of these synthesis techniques requiring
relatively high temperatures to sublime graphite, the
different mechanisms such as the carbon molecule disso-
ciation and the atom recombination processes take place
at different time scales, from nanosecond to microsec-
ond and even millisecond. The formation of nanotubes
and other graphene-based products appears afterward
with a relatively long delay.

The methods of laser ablation, solar energy, and elec-
tric arc are based on an essential mechanism, i.e. the
energy transfer resulting from the interaction between
either the target material and an external radiation (laser
beam or radiation emanating from solar energy) or the
electrode and the plasma (in case of electric arc). This
interaction is at the origin of the target or anode erosion
leading to the formation of a plasma, i.e. an electri-
cally neutral ionized gas, composed of neutral atoms,
charged particles (molecules and ionized species), and
electrons. The ionization degree of this plasma, defined
by the ratio (ne/ne +no), where n. and n, are the den-
sity of electrons and that of neutral atoms respectively,
highlights the importance of energy transfer between
the plasma and the material. The characteristics of this
plasma and notably the fields of temperature and of con-
centration of the various species present in the plasma
thereby depend not only on the nature and composi-
tion of the target or that of the electrode but also on the
energy transferred.

One of the advantages of these different synthesis
techniques is the possibility of varying a large number
of parameters, which allow the composition of the high
temperature medium to be modified and, consequently,
the most relevant parameters to be determined, in order
to define the optimal conditions for the control of car-
bon nanotube formation. But a major drawback of these
techniques — as for any other technique for the produc-
tion of SWNTs — is that SWNTSs never come pure, i. €.
they are associated with other carbon phases and catalyst
remnants. Although purification processes are proposed
in literature and by some commercial companies to rid
these undesirable phases, they are all based on oxidation
(e.g. acidic) processes that are likely to affect deeply
the SWNT structure [3.14]. Subsequent thermal treat-
ments at ~ 1,200 °C under inert atmosphere, however,
succeed somewhat in recovering the former structure
quality [3.24].

Laser Ablation
After the first laser was built in 1960, physicists immedi-
ately made use of it as a means of concentrating a large
quantity of energy inside a very small volume within
a relatively short time. The consequences of this energy
input naturally depends on the characteristics of the de-
vice employed. During the interaction between the laser
beam and the material, numerous phenomena superim-
pose and/or follow each other within the time range,
each of these processes being sensitive to such different
parameters as the laser beam characteristics, the incom-
ing power density (also termed “fluence”), the nature of
the target, and the environment surrounding it. For in-
stance, the solid target can merely heat up, or melt, or
vaporize depending on the power provided.

While this technique was used successfully to syn-
thesize fullerene-related structures for the very first
time [3.20], the synthesis of SWNTs by laser ablation
came only ten years later [3.22].

Laser Ablation — Experimental Devices
Two types of laser devices are utilized nowadays for
carbon nanotube production: lasers operating in pulsed
mode on the one hand and lasers operating in continuous
mode on the other hand, the latter generally providing
a smaller influence.

An example of the layout indicating the principle of
a laser ablation device is given in Fig.3.9. A graphite
pellet containing the catalyst is put in the middle of an
inert gas-filled quartz tube placed in an oven maintained
at a temperature of 1,200 °C [3.22,23]. The energy of
the laser beam focused on the pellet permits it to vapor-
ize and sublime the graphite by uniformly bombarding
its surface. The carbon species swept by a flow of neutral
gas are thereafter deposited as soot in different regions:
on the conical water-cooled copper collector, on the
quartz tube walls, and on the backside of the pellet.

Furnace
Water-cooled
Laser beam Cu collector
Firiniree Graphite
target

Fig.3.9 Sketch of an early laser vaporization apparatus
(adapted from [3.22,23])
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Various improvements have been made to this de-
vice in order to increase the production efficiency. For
example, Thess et al. [3.25] employed a second pulsed
laser that follows the initial impulsion but at a differ-
ent frequency in order to ensure a more complete and
efficient irradiation of the pellet. This second impul-
sion has the role of vaporizing the coarse aggregates
issued from the first ablation and thereby making them
participate in the active carbon feedstock involved in
the nanotube growth. Other modifications were brought
by Rinzler et al. [3.24], who inserted a second quartz
tube of a smaller diameter coaxially disposed inside
to the first one. This second tube has the role of re-
ducing the vaporization zone and thereby permitting an
increase in the quantity of sublimed carbon. They also
arranged to place the graphite pellet on a revolving sys-
tem so that the laser beam uniformly scans its whole
surface.

Other groups have realized that, as far as the tar-
get contains both the catalyst and the graphite, the latter
evaporates in priority and the pellet surface becomes
more and more metal rich, resulting in a decrease of
the efficiency in nanotube formation in the course of the
process. To solve this problem, Yudasaka et al. [3.27]
utilized two pellets facing each other, one entirely
made from the graphite powder and the other from
an alloy of transition metals (catalysts), and irradiated
simultaneously.

A sketch of a synthesis reactor based on the
vaporization of a target at a fixed temperature by a con-
tinuous CO, laser beam (A = 10.6 um) is shown in
Fig.3.10 [3.26]. The power can be varied from 100 W to
1,600 W. The temperature of the target is measured with
an optical pyrometer, and these measurements are used
to regulate the laser power to maintain a constant vapor-
ization temperature. The gas, heated by the contact with
the target, acts as a local furnace and creates an extended
hot zone, making an external furnace unnecessary. The
gas is extracted through a silica pipe, and the solid prod-
ucts formed are carried away by the gas flow through the
pipe and then collected on a filter. The synthesis yield
is controlled by three parameters: the cooling rate of the
medium where the active, secondary catalyst particles
are formed, the residence time, and the temperature (in
the 1,000-2,100K range) at which SWNTs nucleate
and grow [3.28].

But devices equipped with facilities to gather in situ
data such as the target temperature are few and, generally
speaking, among the numerous parameters of the laser
ablation synthesis technique. The most studied are the
nature of the target, the nature and concentration of the
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Fig.3.10 Sketch of a synthesis reactor with a continuous
CO; laser device (adapted from [3.26])

catalysts, the nature of the neutral gas flow, and the
temperature of the outer oven (when any).

Laser Ablation — Results
In the absence of catalysts in the target, the soot collected
mainly contains multiwall nanotubes (c-MWNTs). Their
lengths can reach 300nm. Their quantity and struc-
ture quality are dependent on the oven temperature.
The best quality is obtained for an oven temperature
set at 1,200 °C. At lower oven temperatures, the struc-
ture quality decreases, and the nanotubes start presenting
many defects [3.23]. As soon as small quantities (few
percents or less) of transition metals (Ni, Co) playing
the role of catalysts are incorporated into the graphite
pellet, products yielded undergo significant modifica-
tions, and SWNTs are formed instead of MWNTs.
The yield of SWNTs strongly depends on the type of
metal catalyst used and is seen to increase with furnace
temperature, among other factors. The SWNTs have
remarkably uniform diameter and they self-organize
into rope-like crystallites 5—20 nm in diameter and tens
to hundreds of micrometers in length (Fig.3.11). The
ends of all SWNTs appear to be perfectly closed with
hemispherical end caps showing no evidence of any as-
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SWNT material obtained from the laser vaporization tech-
nique. Fibrous morphologies are SWNT bundles, and dark
particles are catalyst remnants. Raw SWNT materials from
electric arc exhibit a similar aspect (from [3.14])

sociated metal catalyst particle, although, as pointed out
in Sect. 3.1, finding the two tips of a SWNT is rather
challenging, considering the huge aspect ratio of the
nanotube and their entanglement. Another feature of
SWNTs produced with this technique is that they are
supposedly “cleaner” than those produced employing
other techniques, i. e., associated with a lower amount of
an amorphous carbon phase, either coating the SWNTs
or gathered into nano-particles. Such an advantage, how-
ever, stands only for synthesis conditions specifically set
to ensure high quality SWNTs. It can no longer be true
when conditions are such that high yields are preferred,
and SWNTs from electric arc may appear cleaner than
SWNTs from laser vaporization [3.14].

The laser vaporization technique is one of the three
methods currently used to prepare SWNTs as com-
mercial products. SWNTs prepared that way were first
marketed by Carbon Nanotechnologies Inc. (Texas,
USA), with prices as high as $1,000/g (raw mater-
ials) until December 2002. As a probable consequence
of the impossibility to lower the amount of impurities
in the raw materials, they have recently decided to fo-
cus on fabricating SWNTs by the HiPCo technique (see
Sect. 3.2.2). Though laser-based method are generally
considered not competitive in the long term for the
low-cost production of SWNTs compared to CCVD-
based methods (see Sect.3.2.2), prediction of prices
as low as $0.03 per gram of raw high concentration
SWNT soot are expected in the near future (Acolt S.A.,
Switzerland).

Electric-Arc Method

Electric arcs between carbon electrodes have been stud-
ied as light sources and radiation standards for a very
long time. Lately they have received renewed attention
for their use in producing new fullerenes-related mo-
lecular carbon nanostructures such as genuine fullerenes
or nanotubes. This technique was first brought to light
by Krdatschmer et al. [3.21] who utilized it to achieve
the production of fullerenes in macroscopic quantities.
In the course of investigating the other carbon nano-
structures formed along with the fullerenes and more
particularly the solid carbon deposit forming onto the
cathode, lijima [3.7] discovered the catalyst-free forma-
tion of perfect cc-MWNT-type carbon nanotubes. Then,
as mentioned in the introduction of this chapter, the
catalyst-promoted formation of SWNTs was inciden-
tally discovered after some amounts of transition metals
were introduced into the anode in an attempt to fill the
c-MWNTs with metals while they grow [3.8, 9]. Since
then, a lot of work has been carried out by many groups
using this technique to understand the mechanisms of
nanotube growth as well as the role played by the cata-
lysts (when any) for the synthesis of MWNTSs and/or
SWNTs [3.29-41].

Electric-Art Method — Experimental Devices
The principle of this technique is to vaporize carbon in
the presence of catalysts (iron, nickel, cobalt, yttrium,
boron, gadolinium, and so forth) under reduced atmos-
phere of inert gas (argon or helium). After the triggering
of the arc between two electrodes, a plasma is formed
consisting of the mixture of carbon vapor, the rare gas
(helium or argon), and the vapors of catalysts. The va-
porization is the consequence of the energy transfer from
the arc to the anode made of graphite doped with cata-
lysts. The anode erosion rate is more or less important
depending on the power of the arc and also on the other
experimental conditions. It is noteworthy that a high an-
ode erosion does not necessarily lead to a high carbon
nanotube production.

An example of a reactor layout is shown in Fig. 3.12.
It consists of a cylinder of about 30 cm in diameter and
about 1m in height, equipped with diametrically op-
posed sapphire windows located so that they face the
plasma zone in view of observing the arc. The reactor
possesses two valves, one for carrying out the primary
evacuation (0.1Pa) of the chamber, the other permit-
ting it to fill with a rare gas up to the desired working
pressure.

Contrary to the solar energy technique, SWNTs are
deposited (provided appropriate catalysts are used) in
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Fig.3.12 Sketch of an electric arc reactor

different regions of the reactor: (1) the collaret, which
forms around the cathode; (2) the web-like deposits
found above the cathode; (3) the soot deposited all
around the reactor walls and bottom. On the other hand,
MWNTs are formed embedded in a hard deposit adher-
ent to the cathode, whenever catalysts are used or not.
The cathode deposits formed under the cathode. The
formation of collaret and web is not systematic and de-
pends on the experimental conditions as indicated in
Table 3.1, as opposed to cathode deposit and soot that
are systematically found.

Two graphite rods of few millimeters in diameter
constitute the electrodes between which a potential dif-
ference is applied. The dimensions of these electrodes
vary according to the authors. In certain cases, the cath-
ode has a greater diameter than the anode in order to
facilitate their alignment [3.32,42]. Other authors uti-
lize electrodes of the same diameter [3.41]. The whole
device can be designed horizontally [3.33,41] or verti-
cally [3.34,36-38]. The advantage of the latter is the
symmetry brought by the verticality with respect to
gravity, which facilitates computer modeling (regarding
convection flows, for instance).

Two types of anodes can be utilized as soon as cata-
lysts need to be introduced: (1) graphite anodes in which
a coaxial hole is drilled several centimeters in length
and in which catalyst and graphite powders are mixed;
(2) graphite anodes in which the catalysts are homoge-
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neously dispersed [3.43]. The former are by far the most
popular, due to their ease of fabrication.

The optimization of the process regarding the nano-
tube yield and quality is attempted by studying the
role of various parameters such as the type of doped
anode (homogeneous or heterogeneous catalyst disper-
sion), the nature as well as the concentration of catalysts,
the nature of the plasmagenic gas, the buffer gas pres-
sure, the arc current intensity, and the distance between
electrodes. Investigating the result of varying these
parameters on the type and amount of carbon nanostruc-
tures formed is, of course, the preliminary work that
has been done. Though electric arc reactors equipped
with the related facilities are few (see Fig. 3.12), inves-
tigating the missing link, i.e. the effect of varying the
parameters on the plasma characteristics (fields of con-
centration species and temperature), is likely to provide
a more comprehensive understanding of the phenomena
involved in nanotube formation. This has been recently
developed by atomic and molecular optical emission
spectroscopy [3.34,36-39,41].

Finally, mention has to be made of attempts to make
the electric arc within liquid media such as liquid ni-
trogen [3.44] or water [3.45,46], the goal being easier
processing since they do not require pumping devices
or a closed volume and therefore are likely to allow
continuous synthesis. This adaptation has not, however,
reached the state of mass production.

Electric-Arc Method — Results
In view of the numerous results obtained with this
electric-arc technique, it appears clearly that both the
nanotube morphology and the nanotube production effi-
ciency strongly depend on the experimental conditions
and, in particular, on the nature of the catalysts. It is
worth noting that the products obtained do not consist
solely in carbon nanotubes but also in nontubular forms
of carbon such as nanoparticles, fullerene-like structures
including Cgp, poorly organized polyaromatic carbons,
nearly amorphous nanofibers, multiwall shells, single-
wall nanocapsules, and amorphous carbon as reported
in Table 3.1 [3.35,37,38]. In addition, catalyst remnants
are found all over the place, i.e. in the soot, collaret,
web, and cathode deposit in various concentration. Gen-
erally, at pressure value of about 600 mbar of helium,
for 80 A arc current and 1 mm electrode gap, the use of
Ni/Y as coupled catalysts favors more particularly the
synthesis of SWNTs [3.8,33,47]. For such conditions
providing high SWNT yields, SWNT concentrations are
higher in the collaret (in the range of 50-70 %), then
in the web (~ 50% or less), then in the soot. On the
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Table 3.1 Different carbon morphologies obtained by changing the type of anode, the type of catalysts, and pressure value, in
a series of arc-discharge experiments (electrode gap = 1 mm)

Catalyst
(atom %)

Arc
conditions

Soot

Web

Collaret

Cathode
deposit

0.6Ni+ 0.6Co
(homogeneous anode)
P ~ 60 kPa

I~80A

o MWNT + MWS +
POPAC or Cn = cat-
alysts ¢ ~3-35nm

o NANF + catalysts

e AC particles + cata-
lysts

o [DWNT], [SWNT],
ropes or isolated,

+ POPAC

o [MWNT], DWNT,
$2.7—4—5.7nm
SWNT
¢1.2—1.8nm,
isolated or ropes
¢ < 15nm,

+ POPAC + Cn

e AC particles + catalysts
¢~3—-40nm + MWS

e [NANF]

e POPAC and SWNC
particles

e Catalysts
¢ ~3-250 nm,
< 50 nm + MWS

o SWNT ¢ 1-1.2 nm,
[opened], distorted,
isolated or ropes
¢ < 15nm, + Cn

e [AC] particles

e POPAC and SWNC
particles

o Catalysts ¢ ~
5-300 nm MWS

e MWNT ¢ < 50 nm

o [SWNT] ¢~ 1.6nm
clean + Cn, isolated
or ropes

Abundant — Present — [Rare]
Glossary: AC: amorphous carbon; POPAC: poorly organised polyaromatic carbon; Cn: fullerene-like structure,
including Cgp; NANF: nearly amorphous nanofiber; MWS: multiwall shell; SWNT: single-wall nanotube;

DWNT: double-wall nanotube, MWNT: multiwall nanotube; SWNC: single-wall nanocapsule.

0.6Ni+0.6Co
(homogeneous anode)
P ~ 40 kPa

I~80A

¢ POPAC and AC
particles + catalysts
¢ ~2-20nm

o NANF + catalysts
¢ ~5-20nm
+ MWS

o [SWNT] ¢~1-1.4nm,
distorted or damaged,
isolated or ropes + Cn

None

e AC and POPAC
particles + catalysts
¢ ~3-25nm

¢ SWNT ¢~1-1.4nm
clean + Chn, [isolated]
or ropes ¢ < 25 nm

e Catalysts
¢ ~5-50nm
+ MWS,

o [SWNC]

¢ POPAC and SWNC
particles + Cn

o Catalysts
¢ ~20-100 nm
+ MWS

0.5Ni+0.5Co

P ~ 60kPa
I~80A

e AC and POPAC par-
ticles + catalysts
¢ ~3-35nm

e NANF -+ catalysts
¢ ~4—15nm

o [SWNT] ¢~ 1.2nm,
isolated or ropes

None

o Catalysts
¢ ~3-170 nm
+ MWS

e AC or POPAC par-
ticles + catalysts
¢ ~3-50nm

e SWNT ¢ ~ 1.4nm
clean + Cn isolated
or ropes ¢ < 20 nm

o MWS, catalyst-free
e MWNT ¢ < 35nm
e POPAC and PSWNC
particles
o [SWNT], isolated or
ropes
o [Catalysts]
¢ ~3-30nm

4.2Ni+1Y

P ~ 60kPa
I~80A

o POPAC and AC
+ particles + cata-
lysts ¢ < 30nm

o SWNT ¢ ~ 1.4nm,
clean + Cn, short
with tips, [dam-
aged], isolated or
ropes ¢ < 25nm

o [SWNC] particles

e SWNT, ¢~1.4nm,
isolated or ropes
¢ <20nm, + AC

e POPAC and AC
particles +catalysts
¢ ~ 3 —10 — 40nm
+ MWS

o SWNT
¢ ~1.4-2.5nm,
clean + Cn, [dam-
aged], isolated or
ropes ¢ < 30 nm

e POPAC or AC par-
ticles + catalysts
¢ ~3-30nm

o [MWS] + catalysts
or catalyst-free.

oSWNT
¢ ~1.4—4.1nm,
clean + Cn, short

with tips, isolated or
ropes ¢ < 20nm.

e POPAC or AC par-
ticles + catalysts
¢ ~3-30nm

e MWS + catalysts
¢ < 40nm or
catalyst-free

o [MWNT]
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other hand, c-MWNTs are found in the cathode deposit.
SWNT lengths are micrometric and, typically, outer
diameters range around 1.4 nm. Taking the latter con-
ditions as a reference experiment (Table 3.1, column 4),
Table 3.1 illustrates the consequence of changing the
parameters. For instance (Table 3.1, column 3), using
Ni/Coinstead of Ni/Y as catalysts prevents the formation
of SWNTs. But when the Ni/Co catalysts are homoge-
neously dispersed in the anode (Table 3.1, column 1), the
formation of nanotubes is promoted again, but MWNTs
with two or three walls prevail over SWNTs, among
which DWNTs (double-wall nanotubes) make a major-
ity. But it is enough to decrease the ambient pressure
from 60 to 40kPa (Table 3.1, column 2) for getting
back to conditions where the nanotube formation is
impeached.

Recent works have attempted to replace graphite
powder (sp? hybridized carbon) by diamond powder
(sp> hybridized carbon) to mix with the catalyst pow-
der and fill hollowed-type graphite anodes. The result
was an unexpected but quite significant increase (up to
4230%) in the SWNT yield [3.39,40]. Such experiments
reveal, as for the comparison between the results from
using homogeneous instead of heterogeneous anodes
that the physical phenomena (charge and heat transfers)
that occurred in the anode during the arc are of utmost
importance, which was neglected until now.

It is clear that while the use of rare earth element
(such as Y) as a single catalyst does not provide the
conditions to grow SWNTs, associating it with a tran-
sition metal (such as Ni/Y) seems to correspond to the
most appropriate combinations, leading to the highest
SWNT yields [3.42]. On the other hand, using a single
rare earth element may lead to unexpected results, such
as the anticipated closure of graphene edges from a c-
MWNT wall with the neighboring graphene edges from
the same wall side, leading to the preferred formation
of telescope-like and open c-MWNTs able to contain
nested Gd crystals [3.36,38]. Such a need for bimetallic
catalysts has just begun to be understood as a possi-
ble requirement to promote the transitory formation of
nickel particles coated with yttrium carbide, whose lat-
tice constants are somewhat commensurable with that
of graphenes [3.48].

Figure 3.13 illustrates the kind of information pro-
vided by the analysis of the plasma by means of emission
spectroscopy, i. e. radial temperature (Fig. 3.13a) or Cy
species concentration (Fig. 3.13b) profiles in the plasma.
A common feature is that a huge vertical gradient
(~ 500 K/mm) rapidly establishes (at ~ 0.5 mm from
the center in the radial direction) from the bottom to the
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Fig.3.13a,b Typical temperature (a) and C, concentration
(b) profiles in the plasma at the anode surface (square), at
the plasma center (dot), and at the cathode surface (triangle)
for “standard” conditions (see text). Gradients are similar
whatever the catalyst, although absolute value may vary

top of the plasma, as a probable consequence of convec-
tion phenomena (Fig. 3.13a). The zone of actual SWNT
formation is beyond the limit of the volume analyzable
in the radial direction, corresponding to colder areas.
The C, concentration increases dramatically from the
anode to the cathode and decreases dramatically in the
radial direction (Fig. 3.13b). This demonstrates that C;
moieties are secondary products resulting from the re-
combination of primary species formed from the anode.
It also suggests that C, moieties may be the building
blocks for MWNTs (formed at the cathode) but not for
SWNTs [3.38,40].
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Although many aspects of it still need to be un-
derstood, the electric-arc method is one of the three
methods currently used to produce SWNTs as com-
mercial products. At the French company Nanoledge
S.A. (Montpellier, France), for instance, current produc-
tion (for 2003) reaches ~ 20kg/year (raw SWNTs, i. e.
not purified), with a marketed price of ~ 90 Euros/g,
which is much cheaper than any other production
method so far. A decrease to 2—5 Euros/g is expected for
sometime before 2007, with a SWNT production cap-
acity of 4-5tons/year. Amazingly, raw SWNTs from
electric arc proposed by Bucky USA (Texas, USA) are
still proposed at a marketed price of $ 1,000/g.

Solar Furnace
Solar furnace devices were originally utilized by
several groups to produce fullerenes [3.49-51].
Heben et al. [3.52] and Laplaze et al. [3.53] later mod-
ified their former devices in order to use them for
carbon nanotube production. This modification con-
sisted mainly in using more powerful ovens [3.54,55].

Solar Furnace — Experimental Devices
The principle of this technique is again based on the
sublimation in an inert gas of a mixture of graphite
powder and catalysts formerly placed in a crucible. An
example of such a device is shown in Fig. 3.14. The so-
lar rays are collected by a plain mirror and reflected
toward a parabolic mirror that focuses them directly
onto a graphite pellet under controlled atmosphere. The
high temperature of about 4,000K permits both the
carbon and the catalysts to vaporize. The vapors are
then dragged by the neutral gas and condense onto
the cold walls of the thermal screen. The reactor con-
sists of a brass support cooled by water circulation, on
which Pyrex® chambers with various shapes can be fixed
(Fig. 3.14b). This support contains a watertight passage
permitting the introduction of the neutral gas and a cop-
per rod on which the target is mounted. The target is
surrounded by a graphite tube that plays both the role of
a thermal screen to reduce radiation losses (very impor-
tant in the case of graphite) and the role of a duct to lead
carbon vapors to a filter in order to avoid soot deposits on
the Pyrex® chamber wall. A graphite crucible filled with
powdered graphite (for fullerene synthesis) or a mix-
ture of graphite and catalysts (for nanotube synthesis) is
utilized in order to reduce the conduction losses.

These studies primarily investigated the target com-
position, the type and concentration of catalysts, the
flow-rate, the composition and pressure of the plasma-
genic gas inside the chamber, and the oven power. The

objectives are similar to that of works carried out with
the other solid-carbon-source-based processes. When
possible, specific in situ diagnostics (pyrometry, optic-
al emission spectroscopy, etc.) are also performed in
order to understand better the role of the various param-
eters (temperature measurements at the crucible surface,
along the graphite tube acting as thermal screen, Cp
radical concentration in the immediate vicinity of the
crucible).

Solar Furnace - Results
Some results obtained by different groups concerning
the influence of the catalysts can be summarized as
follows. With Ni/Co and at low pressure, the sample
collected contains mainly MWNTs with bamboo tex-
ture, carbon shells, and some bundles of SWNTs [3.54].
At higher pressures, only bundles of SWNTs are ob-
tained with fewer carbon shells. With Ni/Y and at a high
pressure, relatively long bundles of SWNTs are ob-
served. With Co, SWNT bundles are obtained in the
soot with SWNT diameters ranging from 1 to 2nm.
Laplaze et al. [3.54] observed very few nanotubes but
a large quantity of carbon shells.

In order to proceed to a large-scale synthesis of
single-wall carbon nanotubes, which is still a challenge
for chemical engineers, Flamant et al. [3.56] recently
demonstrated that solar energy—based synthesis is a ver-
satile method to obtain SWNTs and can be scaled from
0.1-0.5g/h to 10 g/h and then to 100 g/h productivity
using existing solar furnaces. Experiments at medium
scale (10-g/h, 50 kW solar power) have proven the fea-
sibility of designing and building such a reactor and of
the scaling-up method. Numerical simulation was mean-
while performed in order to improve the selectivity of the
synthesis, in particular by controlling the carbon vapor
cooling rate.

3.2.2 Gaseous Carbon Source-Based
Production Techniques
for Carbon Nanotubes

As mentioned in the introduction of this chapter, the
catalysis-enhanced thermal cracking of gaseous car-
bon source (hydrocarbons, CO) — commonly referred
to as catalytic chemical vapor deposition (CCVD) —
has been known to produce carbon nanofilaments for
a long time [3.4], so that reporting all the works pub-
lished in the field since the beginning of the century
is almost impossible. Until the 90s, however, carbon
nanofilaments were mainly produced to act as a core
substrate for the subsequent growth of larger (micro-
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metric) carbon fibers — so-called vapor-grown carbon
fibers — by means of thickening through mere catalyst-
free CVD processes [3.57, 58]. We therefore are going
to focus instead on the more recent attempts made to
prepare genuine carbon nanotubes.

The synthesis of carbon nanotubes (either single- or
multiwalled) by CCVD methods involves the catalytic
decomposition of a carbon containing source on small
metallic particles or clusters. This technique involves
either an heterogeneous process if a solid substrate
has a role or an homogeneous process if everything
takes place in the gas phase. The metals generally used
for these reactions are transition metals, such as Fe,
Co, and Ni. It is a rather “low temperature” process
compared to arc-discharge and laser-ablation methods,
with the formation of carbon nanotubes typically oc-
curring between 600 °C and 1,000 °C. Because of the
low temperature, the selectivity of the CCVD method is
generally better for the production of MWNTSs with re-
spect to graphitic particles and amorphous-like carbon,
which remain an important part of the raw arc-discharge
SWNT samples, for example. Both homogeneous and
heterogeneous processes appear very sensitive to the
nature and the structure of the catalyst used, as well as
to the operating conditions. Carbon nanotubes prepared
by CCVD methods are generally much longer (few tens
to hundreds of micrometers) than those obtained by arc
discharge (few micrometers). Depending on the experi-
mental conditions, it is possible to grow dense arrays
of nanotubes. It is a general statement that MWNTs
from CCVD contain more structural defects (i.e., ex-
hibit a lower nanotexture) than MWNTSs from arc, due
to the lower temperature reaction, which does not al-
low any structural rearrangements. These defects can be
removed by subsequently applying heat treatments in
vacuum or inert atmosphere to the products. Whether
such a discrepancy is also true for SWNTSs remains
questionable. CCVD SWNTs are generally gathered into
bundles that are generally of smaller diameter (few tens
of nm) than their arc-discharge and laser-ablation coun-
terparts (around 100 nm in diameter). CCVD provides
reasonably good perspectives of large-scale and low-cost
processes for the mass production of carbon nanotubes,
a key point for their applications at the industrial scale.

A last word concerns the nomenclature. Because
work in the field started more than one century ago,
denomination of the carbon objects prepared by this
method has changed with time with regard to the
authors, research areas, and fashions. The same ob-
jects are found to be called vapor grown carbon
fibers, nanofilaments, nanofibers, and from now on,
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Fig.3.14a,b Sketch of a solar energy reactor in use in Odeilho
(France). (a) Gathering of sun rays, focused in F; (b) Example of
Pyrex® chamber placed in (a) so that the graphite crucible is at the

point F (adapted from [3.56])

nanotubes. Specifically regarding multilayered fibrous
morphologies (since single-layered fibrous morpholo-
gies cannot be otherwise than SWNT anyway), the
exact name should be vapor-grown carbon nanofila-
ments (VGCNF). Whether or not the filaments are
then tubular is a matter of textural description, which
should go with other textural features such as bamboo,
herringbone, concentric, etc. (see Sect.3.1.2). But the
usage has decided otherwise. In the following, we will
therefore use MWNTs for any hollowed nanofilament,
whether they contain transversally oriented graphene
walls or not. Any other nanofilament will be named
“nanofiber.”

Heterogeneous Processes
Heterogeneous CCVD processes are basically simple
and consist, within a furnace heated to the desired tem-
perature, in passing a gaseous flow containing a given
proportion of a hydrocarbon (mainly CHy4, CoHj, CoHy,
or C¢Hg, usually as a mixture with either H, or an in-
ert gas such as Ar) over small transition metal particles
(Fe, Co, Ni). The latter are previously deposited onto an
inert substrate, for instance, by spraying a suspension of
the metal particles on it, or any other method. The reac-
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tion is chemically defined as catalysis-enhanced thermal
cracking

C.H, — xC+y/2H;.

Catalysis-enhanced thermal cracking was used as
early as the late 19th century (see beginning of chapter).
Further extensive works before the 90s include those
by Baker et al. [3.6,59], or Endo et al. [3.60,61]. Sev-
eral review papers have been published since then, such
as [3.62], in addition to many regular papers.

CO can be used instead of hydrocarbons, the reac-
tion is then chemically defined as catalysis-enhanced
disproportionation

2CO — C+COy.

Heterogeneous Processes -

Experimental Devices
The ability of catalysis-enhanced CO disproportiona-
tion in making carbon nanofilaments was reported by
Davis et al. [3.63] as early as 1953, probably for the
first time. Extensive following works were performed by
Boehm [3.64], Audier et al. [3.16,65-67], and Gadelle
etal. [3.68-71].

Although formation mechanisms for SWNTs and
MWNTs can be quite different (see Sect. 3.3, or refer to
areview article such as [3.72]), many of the parameters
of the catalytic processes have a similar and important
role on the type of nanotubes formed: the temperature,
the duration of the treatment, the gas composition and
flow rate, and of course the catalyst nature and size.
At a given temperature, depending mainly on the na-
ture of both the catalyst and the carbon-containing gas,
the catalytic decomposition will take place at the sur-
face of the metal particles, followed by a mass-transport
of the freshly produced carbon either by surface or vol-
ume diffusion until the carbon concentration reaches the
solubility limit, and the precipitation starts.

It is now agreed that the formation of CCVD car-
bon nanotubes occurs on metal particles of a very small
size, typically in the nanometer-size range [3.72]. These
catalytic metal particles are prepared mainly by re-
duction of transition metals compounds (salts, oxides)
by Hpy, prior to the nanotube formation step (where the
carbon containing gas is required). It is possible, how-
ever, to produce these catalytic metal particles in situ in
presence of the carbon source, allowing for a one-step
process [3.73]. Because the control of the metal particle
size is the key point (they have to be kept at a nanometric
size), their coalescence is generally avoided by support-
ing them on an inert support such as an oxide (Al,O3,

Si02, zeolites, MgAl,O4, MgO, etc.), or more rarely on
graphite. A low concentration of the catalytic metal pre-
cursor is required to limit the coalescence of the metal
particles that may happen during the reduction step.

There are two main ways for the preparation of the
catalyst: (a) the impregnation of a substrate with a so-
lution of a salt of the desired transition metal catalyst,
and (b) the preparation of a solid solution of an oxide
of the chosen catalytic metal in a chemically inert and
thermally stable host oxide. The catalyst is then reduced
to form the metal particles on which the catalytic de-
composition of the carbon source will lead to carbon
nanotube growth. In most cases, the nanotubes can then
be separated from the catalyst (Fig. 3.15).

Heterogeneous Processes — Results with CCVD

Involving Impregnated Catalysts
A lot of work was already done in this area even before
the discovery of fullerenes and carbon nanotubes, but
although the formation of tubular carbon structures by
catalytic processes involving small metal particles was
clearly identified, the authors did not focus on the prepa-
ration of SWNTs or MWNTs with respect to the other
carbon species. Some examples will be given here to
illustrate the most striking improvements obtained.

With the impregnation method, the process generally
involves four different and successive steps: (1) the im-
pregnation of the support by a solution of a salt (nitrate,
chloride) of the chosen metal catalyst; (2) the drying and
calcination of the supported catalyst to get the oxide of
the catalytic metal; (3) the reduction in a Hp-containing
atmosphere to make the catalytic metal particles and at
last (4) the decomposition of a carbon-containing gas
over the freshly prepared metal particles that will lead to
the nanotube growth. For example, Ivanov et al. [3.74]
have prepared nanotubes by the decomposition of CoH;
(pure or in mixture with Hy) on well-dispersed transition
metal particles (Fe, Co, Ni, Cu) supported on graphite or
Si0,. Co-SiO; was found to be the best catalyst/support
combination for the preparation of MWNTS, but most of
the other combinations led to carbon filaments, some-
times covered with amorphous-like carbon. The same
authors have developed a precipitation-ion-exchange
method that provides a better dispersion of metals on
silica compared to the classical impregnation technique.
The same group has then proposed the use of a zeolite-
supported Co catalyst [3.75,76], resulting in very finely
dispersed metal particles (from 1 to 50 nm in diameter).
Only on this catalyst could they observe MWNTSs with
a diameter around 4 nm and only two or three walls.
Dai et al. [3.77] have prepared SWNTs by CO dispro-
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portionation on nano-sized Mo particles. The diameters
of the nanotubes obtained are closely related to that of
the original particles and range from 1 to 5nm. The
nanotubes obtained by this method are free of amor-
phous carbon coating. It is also found that a synergetic
effect occurs in the case of an alloy instead of the com-
ponents alone, and one of the most striking examples is
the addition of Mo to Fe [3.78] or Co [3.79].

Heterogeneous Processes — Results with CCVD
Involving Solid-Solutions-Based Catalysts
A solid solution of two metal oxides is formed when
some ions of one of the metals are found in substi-
tution of the other metal ions. For example, Fe,O3
can be prepared in solid solution into Al,O3 to give
a Aly_»,Fe, O3 solid solution. The use of a solid solu-
tion allows a perfect homogeneity of the dispersion of
each oxide one in the other. These solid solutions can
be prepared by different ways but the co-precipitation
of mixed-oxalates and the combustion synthesis have
been used mainly for the preparation of nanotubes.
The synthesis of nanotubes by catalytic decomposi-
tion of CHy over Al,_;,Fey,O3 solid solutions was
originated by Peigney et al. [3.73] and then studied
extensively by the same group using different oxides
such as spinel-based solid solutions (Mg;_yM,Al>,O4
with M = Fe, Co, Ni, or a binary alloy [3.80, 81] or
magnesia-based solid solutions [3.80,82] (Mg;_,M,O,
with M = Fe, Co or Ni)). Because of the very homo-
geneous dispersion of the catalytic oxide, it is possible
to produce very small catalytic metal particles, at the
high temperature required for the decomposition of
CHy4 (which was chosen for its greater thermal sta-
bility compared to other hydrocarbons). The method
proposed by these authors involves the heating of the
solid solution from room temperature to a tempera-
ture between 850°C and 1,050°C in a mixture of
H, and CHy, typically containing 18 mol.% of CHj.
The nanotubes obtained depend clearly on the nature
of both the transition metal (or alloy) used and the in-
ert oxide (matrix), the latter because the Lewis acidity
seems to play an important role [3.83]. For example, in
the case of solid solutions containing around 10 wt% of
Fe, the amount of carbon nanotubes obtained is decreas-
ing in the following order depending of the matrixoxide:
MgO > Al,O3 > MgAl,O4 [3.80]. In the case of MgO-
based solid solutions the nanotubes can be very easily
separated from the catalyst by dissolving it, in diluted
HCI, for example [3.82]. The nanotubes obtained are
typically gathered into small diameter bundles (less than
15nm) with lengths up to 100 wm. The nanotubes are
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Fig. 3.15 Formation of nanotubes by the CCVD-based impregnation
technique. (1) Formation of the catalytic metal particles by reduction
of a precursor; (2) Catalytic decomposition of a carbon-containing
gas, leading to the growth of carbon nanotubes (CNTs); (3) Removal
of the catalyst to recover the CNTs (from [3.80])
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mainly SWNTs and DWNTs, with diameters ranging
between 1 and 3 nm.

Obtaining pure nanotubes by the CCVD method re-
quires, as for all the other techniques, the removal of the
catalyst. When a catalyst supported (impregnation) in
a solid solution is used, the supporting — and catalytical-
ly inactive — oxide is the main impurity, both in weight
and volume. When oxides such as Al,O3 or SiO; (or
even combinations) are used, aggressive treatments in-
volving hot caustic solutions (KOH, NaOH) for Al,O3
or the use of HF for SiO, are required. These treat-
ments have no effect, however, on the other impurities
such as other forms of carbon (amorphous-like carbon,
graphitized carbon particles and shells, and so on). Ox-
idizing treatments (air oxidation, use of strong oxidants
such as HNO3, KMnOy4, HyO,) are thus required and
allow for the removal of most of the unwanted forms
of carbon but are resulting in a low yield of remain-
ing carbon nanotubes, which are often quite damaged.
Flahaut et al. [3.82] were the first to use a MgCoO solid
solution to prepare SWNTs and DWNTs that could be
easily separated without any damage by a fast and safe
washing with an aqueous HCI solution.

In most cases, only very small quantities of catalyst
(typically less than 500 mg) have been used, and most
claims for “high yield” productions of nanotubes are
based on laboratory experimental data, without taking
into account all the technical problems related to the
scaling up of a laboratory-scale CCVD reactor. At the
present time, although the production of MWNTs is
possible at an industrial scale, the production of SWNTs
at an affordable cost is still a challenge.

Homogeneous Processes
The homogenous route, also called “floating catalyst
method,” differs from the other CCVD-based meth-
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ods because it uses only gaseous species and does not
require the presence of any solid phase in the reac-
tor. The basic principle of this technique, similar to
the other CCVD processes, is to decompose a carbon
source (ethylene, xylene, benzene, carbon monoxide,
etc.) on nanometric transition metallic (generally Fe,
Co, or Ni) particles in order to obtain carbon nano-
tubes. The catalytic particles are formed directly in the
reactor, however, and are not introduced before the
reaction, as it happens in the supported CCVD, for
instance.

Homogeneous Processes —

Experimental Devices
The typical reactor used in this technique is a quartz
tube placed in an oven to which the gaseous feedstock,
containing the metal precursor, the carbon source, some
hydrogen, and a vector gas (N>, Ar, or He), is sent.
The first zone of the reactor is kept at a lower tem-
perature, and the second zone, where the formation of
tubes occurs, is heated to 700—1,200 °C. The metal pre-
cursor is generally a metal-organic compound, such as
a zero-valent carbonyl compound like Fe(CO)s [3.84],
or a metallocene [3.85-87], for instance ferrocene, nick-
elocene or cobaltocene. It may be advantageous to make
the reactor vertical, in order for the effect of gravity to
be symmetrically dispatched on the gaseous volume in-
side the furnace and to help in maintaining for a while
the solid products in fluidized bed.

Homogeneous Processes — Results
The metal-organic compound decomposes in the first
zone of the reactor to generate the nanometric metallic
particles that can catalyze the nanotubes formation. In
the second part of the reactor, the carbon source is de-
composed to atomic carbon which then is responsible
for the formation of nanotubes.

This technique is quite flexible and both single-
walled nanotubes [3.88] and multiwalled nano-
tubes [3.89] have been obtained depending on the
carbon feedstock gas; it has also been exploited for
some years in the production of vapor grown carbon
nanofibers [3.90].

The main drawback of this type of process is again,
as for heterogeneous processes, the difficulty to control
the size of the metal nanoparticles, and thus the nano-
tube formation is often accompanied by the production
of undesired carbon forms (amorphous carbon or poly-
aromatic carbon phases found as various phases or as
coatings). In particular, encapsulated forms have been
often found, as the result of the creation of metallic par-

ticles that are too big to be active for growing nanotubes
(but are still effective for catalytically decomposing the
carbon source) and be totally recovered by graphene
layers.

The same kind of parameters as for heterogeneous
processes have to be controlled in order to finely tune
this process and obtain selectively the desired morphol-
ogy and structure of the nanotubes formed, such as: the
choice of the carbon source; the reaction temperature;
the residence time; the composition of the incoming
gaseous feedstock with a particular attention paid to the
role played by hydrogen proportion, which can control
the orientation of graphenes with respect to the nanotube
axis thus switching from c-MWNT to h-MWNT [3.69];
and the ratio of the metallorganic precursor to the carbon
source (for lower values, SWNTs are obtained [3.85]).
As recently demonstrated, the overall process can be
improved by adding other compounds such as ammonia
or sulfur-containing species to the reactive gas phase.
The former allows aligned nanotubes and mixed C-N
nanotubes [3.91] to be obtained, the latter results in
a significant increase in productivity [3.90].

It should be emphasized that only small productions
have been achieved so far, and the scale up toward in-
dustrial exploitation seems quite difficult because of the
large number of parameters that have to be considered.
A critical one is to be able to increase the quantity of
metallorganic compound that has to be sent in the reac-
tor, as a requirement to increase the production, without
obtaining too big particles. This problem has not yet
been solved. An additional problem inherent in the pro-
cess is the possibility of clogging the reactor due to the
deposition of metallic nanoparticles on the reactor walls
followed by carbon deposition.

A significant breakthrough concerning this tech-
nique could be the process developed at Rice University,
the so-called HiPCo™ process to produce SWNTs of
very high purity [3.92]. This gas phase catalytic reac-
tion uses carbon monoxide to produce, from [Fe(CO)s],
a SWNT material claimed to be relatively free of
by-products. The temperature and pressure conditions
required are applicable to industrial plants. The company
Carbon Nanotechnologies Inc. (Houston, TX, USA) ac-
tually sells raw SWNT materials prepared that way,
at a marketed price of $375/g, doubled if purified
(2003 data). Other companies are more specialized in
MWNTs such as Applied Sciences Inc. (Cedarville,
Ohio, USA), which currently has a production facility of
~ 40 tons/year of ~ 100 nm large MWNTSs (Pyrograf-
IT), or Hyperion Catalysis (Cambridge, MA, USA),
which makes MWNT-based materials.
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3.2 Synthesis of Carbon Nanotubes

Templating

Another technique interesting to describe briefly, though
definitely not suitable for mass production, is the tem-
plating technique. It is the second method only (the
first being the electric-arc technique, when consider-
ing the formation of MWNTs on the cathode) able
to synthesize carbon nanotubes without any catalyst.
Any other work reporting the catalyst-free formation
of nanotubes is likely to have been fooled by metal-
lic impurities present in the reactor or by some other
factors having brought a chemical gradient to the sys-
tem. Another original aspect is that it allows aligned
nanotubes to be obtained naturally, without the help
of any subsequent alignment procedure. But recovering
the nanotubes only requires the template to be removed
(dissolved), which means the former alignment of the
nanotubes is lost.

Templating — Experimental Devices

The principle of the technique is to deposit a solid
carbon coating obtained from CVD method onto
the walls of an appropriate porous substrate whose
pores are displayed as parallel channels. The feed-
stock is again a hydrocarbon, as a common carbon
source. The substrate can be alumina or zeolite for in-
stance, however, which present natural channel pores,
while the whole is heated to a temperature able
to crack the hydrocarbon selected as carbon source
(Fig. 3.16).

Carbon tubes

Carbon deposition
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Fig. 3.16 Principle of the templating technique for the catalyst-free
formation of single-walled or concentric-type multi-walled carbon
nanotubes (from [3.93])
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Templating — Results

Provided the chemical vapor deposition mechanism
(which is actually better described as a chemical vapor
infiltration mechanism) is well controlled, the synthe-
sis results in the coating of the channel pore walls by
a variable number of graphenes. Both MWNTs (exclu-
sively concentric type) or SWNTs can be obtained. The
smallest SWNTs (diameters ~ 0.4nm) ever obtained
mentioned in Sect.3.1 have actually been synthesized
by this technique [3.11]. Lengths are directly determined
by channel lengths, i. e. by the thickness of the substrate
plate. A main advantage is the purity of the tubes (no
catalyst remnants, and little other carbon phases). On
the other hand, the nanotube structure is not closed at
both ends, which can be an advantage or a drawback,
depending on the application. For instance, recovering
the tubes requires the porous matrix to dissolve using
one of the chemical treatment previously cited. The fact
that tubes are open makes them even more sensitive to
the acid attack.

3.2.3 Miscellaneous Techniques

In addition to the major techniques described in
Sects. 3.2.1 and 3.2.2, many attempts can be found in
literature to produce nanotubes by various ways, with
a generally specific goal, such as looking for a low-cost
or a catalyst-free production process. None has been suf-
ficiently convincing so far to be presented as a serious
alternative to the major processes described previously.
Some examples are provided in the following.

Hsu et al. [3.94] have succeeded in preparing
MWNTs (including coiled MWNTs, a peculiar mor-
phology resembling a spring) by a catalyst-free
(although Li was present) electrolytic method, by run-
ning a 3—-5 A current between two graphite electrodes
(a graphite crucible as the anode and a graphite rod
as the cathode). The graphite crucible was filled with
lithium chloride, while the whole was heated in air or
argon at ~ 600 °C. As with many other techniques, by-
products such as encapsulated metal particles, carbon
shells, amorphous carbon, and so on, are formed.

Cho et al. [3.95] have proposed a pure chemistry
route, by the polyesterification of citric acid onto ethylen
glycol at 50 °C, followed by a polymerization at 135 °C,
then carbonized at 300 °C under argon, then oxidized
at 400°C in air. Despite the latter oxidation step, the
solid product surprisingly contains short MWNTs, al-
though obviously with a poor nanotexture. By-products
such as carbon shells and amorphous carbon are also
formed.
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Li et al. [3.96] have also obtained short MWNTs by
a catalyst-free (although Si is present) pyrolytic method
which involves heating silicon carbonitride nanograins
in a BN crucible to 1,200—1,900 °C in nitrogen within
a graphite furnace. No details are given about the pos-
sible occurrence of by-products, but they are likely
considering the complexity of the chemical system (Si-
C-B-N) and the high temperatures involved.

Terranova et al. [3.98] have investigated the cata-
lyzed reaction between a solid carbon source and atomic
hydrogen. Graphite nanoparticles (~20nm) are sent
with a stream of Hp onto a Ta filament heated at
2,200°C. The species produced, whatever they are,
then hit a Si polished plate warmed to 900°C and
supporting transition metal particles. The whole cham-
ber is under a dynamic vacuum of 40 torr. SWNTSs are
supposed to form according to the authors, although im-
ages are poorly convincing. One major drawback of the
method, besides its complexity compared to others, is
the difficulty of recovering the “nanotubes” from the Si
substrates onto which they seem to be firmly bonded.

A last example is an attempt to prepare nanotubes
by diffusion flame synthesis [3.99]. A regular gaseous
hydrocarbon source (ethylene, . . . ) added with ferrocene
vapor is sent within a laminar diffusion flame made from
air and CH4 whose temperature range is 500—1,200 °C.
SWNTs are actually formed, together with encapsulated
metal particles, soot, and so on. In addition to a low yield,
the SWNT structure is quite poor.

3.2.4 Synthesis
of Aligned Carbon Nanotubes

Several applications (such as field-emission-based dis-
play, see Sect. 3.6) require that carbon nanotubes grow
as highly aligned bunches, in highly ordered arrays, or
located at specific positions. In that case, the purpose
of the process is not mass production but controlled
growth and purity, with subsequent control of nanotube
morphology, texture, and structure. Generally speaking,
the more promising methods for the synthesis of aligned
nanotubes are based on CCVD processes, which involve
molecular precursors as carbon source, and method of
thermal cracking assisted by the catalytic activity of tran-
sition metal (Co, Ni, Fe) nanoparticles deposited onto
solid supports. Few attempts have been made so far to
obtain such materials with SWNTs. But the catalyst-
free templating methods related to that described in
Sect.3.2.2 are not considered here, due to the lack of
support after the template removal, which does not allow
the former alignment to be maintained.

During the CCVD-growth, nanotubes can self-
assemble into nanotube bunches aligned perpendicular
to the substrate if the catalyst film on the substrate has
a critical thickness [3.100], the driving forces for this
alignment are the van der Waals interactions between the
nanotubes, which allow them to grow perpendicularly to
the substrates. If the catalyst nanoparticles are deposited
onto a mesoporous substrate, the mesoscopic pores may
also cause a certain effect on the alignment when the
growth starts, thus controlling the growth direction of
the nanotubes. Two kinds of substrates have been used
so far in this purpose: mesoporous silica [3.101, 102]
and anodic alumina [3.103].

Different methods have been reported in the lit-
erature for metal particles deposition onto substrates:
(i) deposition of a thin film on alumina substrates from
metallic-salt precursor impregnation followed by oxida-
tion/reduction steps [3.104], (ii) embedding catalyst par-
ticles in mesoporous silica by sol-gel processes [3.101],
(iii) thermal evaporation of Fe, Co, Ni, or Co-Ni metal
alloys on SiO; or quartz substrates under high vac-
uum [3.105, 106], (iv) photolithographic patterning of
metal-containing photoresist polymer with the aid of
conventional black and white films as a mask [3.107]
and, electrochemical deposition at the bottom of the
pores in anodic aluminum oxide templates [3.103].

Depositing the catalyst nanoparticles onto a pre-
viously patterned substrate allows one to control the
frequency of local occurrence and the display of
the MWNT bunches formed. The as-produced ma-
terials mainly consist in arrayed, densely packed,
freestanding, aligned MWNTs (Fig. 3.17), which is quite

tained from the pyrolysis of a gaseous carbon source over
catalyst nanoparticles previously deposited onto a patterned
substrate. Each square-base rod is a bunch of MWNTs
aligned perpendicular to the surface (from [3.97])
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Fig.3.18a-c Sketch of a double-furnace CCVD device for the organo-metallic/hydrocarbon co-pyrolysis process. In (a): subli-
mation of the precursor; in (b): decomposition of the precursor and MWNTSs growth onto the substrate. (c) Example of the densely

packed and aligned MWNT material obtained (from [3.108])

suitable for field emission-based applications for in-
stance [3.97].

When a densely packed coating of vertically
aligned MWNTs is desired (Fig.3.18b), another route
is the pyrolysis of hydrocarbons in the presence of
organometallic precursor molecules like ferrocene or
iron pentacarbonyl, operating in a dual furnace sys-
tem (Fig.3.18a). The organo-metallic precursor (e.g.,
ferrocene) is first sublimed at low temperature in
the first furnace or is injected as a solution along
with the hydrocarbon feedstock, then the whole com-
ponents are pyrolyzed at higher temperature in the
second furnace [3.88, 108—111]. The parameters that
must be taken into account are the heating or feed-
ing rate of ferrocene, the flow rate of the vector gas
(Ar or Nj) and of the gaseous hydrocarbon, and the
temperature of pyrolysis (650—1,050°C). Generally
speaking, the co-deposition process using [Fe(CO)s]
as catalyst source implies its thermal decomposition
at elevated temperatures to produce atomic iron that

deposits on the substrates in the hot zone of the re-
actor. As the nanotube growth occurs simultaneously
with the introduction of [Fe(CO)s], the temperatures
chosen for the growth depend on the carbon feedstock
utilized, e.g., they can vary from 750°C for acety-
lene to 1,100°C for methane. Mixtures of [FeCpa]
and xylene or [FeCpz] and acetylene have also been
used successfully for the production of freestanding
MWNTs.

The nanotube yield and quality are directly linked
with the amount and size of the catalyst particles, and
since the planar substrates used do not exhibit high sur-
face area, the dispersion of the metal can be a key step
in the process. It has been observed that an etching pre-
treatment of the surface of the deposited catalyst thin
film with NH3 may be critical for an efficient growth of
nanotubes by bringing the appropriate metal particle size
distribution. It may also favor the alignment of MWNTs
and prevent the formation of amorphous carbon from
thermal cracking of acetylene [3.112].

3.3 Growth Mechanisms of Carbon Nanotubes

Growth mechanisms of carbon nanotubes are still
debated. But researchers have been impressively im-
aginative and have made a number of hypotheses. One
reason is that conditions allowing carbon nanofilaments
to grow are very diverse, which means that related grow-
ing mechanisms are many. For given conditions, the
truth is even probably a combination or a compromise
between some of the proposals. Another reason is that
phenomena are quite fast and difficult to observe in situ.
It is generally agreed, however, that growth should oc-
cur so that the number of dangling bonds is limited, for
energetic reasons.
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3.3.1 Catalyst-Free Growth

As already mentioned, in addition to the templating tech-
nique which merely relates to chemical vapor infiltration
mechanism for pyrolytic carbon, the growth of c-MWNT
as a deposit onto the cathode in the electric-arc method
is a rare example of catalyst-free carbon nanofilament
growth. The driving forces are obviously related to the
electric field, i.e. related to charge transfers from an
electrode to the other via the particles contained in the
plasma. How the MWNT nucleus forms is not clear, but
once it has started, it may include the direct incorpora-
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tion of C; species to the primary graphene structure as
it was formerly proposed for fullerenes [3.113]. This is
supported by recent C; radical concentration measure-
ments that revealed an increasing concentration of Cy
from the anode being consumed to the growing cath-
ode (Fig.3.13), indicating, first, that C, are secondary
species only, and second, that Cy species could actu-
ally participate actively in the growth mechanism of
c-MWNTs in the arc method.

3.3.2 Catalytically Activated Growth

Growth mechanisms involving catalysts are more
difficult to ascertain, since they are more diverse.
Although a more or less extensive contribution of
a VLS (Vapor-Liquid-Solid [3.114]) mechanism is
rather well admitted, it is quite difficult to find com-
prehensive and plausible explanations able to account
for both the various conditions used and the various
morphologies observed. What follows is an attempt to
provide overall explanations of most of the phenom-
ena, while remaining consistent with the experimental
data. We did not consider hypotheses for which there
are a lack of experimental evidence, such as the moving
nano-catalyst mechanism, which proposed that dangling
bonds from a growing SWNT may be temporarily sta-
bilized by a nano-sized catalyst located at the SWNT
tip [3.23], or the scooter mechanism, which proposed
that C dangling bonds are temporarily stabilized by
a single catalyst atom, moving all around the SWNT
cross section edge, allowing subsequent C atom addi-
tion [3.115].

From the various results, it appears that the most
important parameters are probably the thermodynamic
conditions (only temperature will be considered here),
the catalyst particle size, and the presence of a substrate.
Temperature is critical and basically corresponds to the
discrepancy between CCVD methods and solid-carbon-
source based method.

Low Temperature Conditions
Low temperature conditions are typical from CCVD
conditions, since nanotubes are frequently found to grow
far below 1,000 °C. If conditions are such that the cata-
lyst is a crystallized solid, the nanofilament is probably
formed according to a mechanism close to a VLS mech-
anism, in which three steps are defined: (i) adsorption
then decomposition of C-containing gaseous moieties
at the catalyst surface; (ii) dissolution then diffusion
of the C-species through the catalyst, thus forming
a solid solution; (iii) back precipitation of solid car-

bon as nanotube walls. The texture is then determined
by the orientation of the crystal faces relative to the fila-
ment axis (Fig. 3.19), as demonstrated beyond doubt by
transmission electron microscopy images such as that
in Rodriguez et al. [3.19]. This mechanism can there-
fore provide either c-MWNT, or h-MWNT, or platelet
nanofiber.

If conditions are such that the catalyst is a liquid
droplet, either because of higher temperature condi-
tions or because of lower temperature melting catalyst,
a mechanism similar to that above can still occur, real-
ly VLS (vapor = gaseous C species, liquid = molten
catalyst, S = graphenes), but there are obviously no
more crystal faces to orientate preferentially the re-
jected graphenes. Energy minimization requirements
will therefore tend to make them concentric and parallel
to the filament axis.

With large catalyst particles (or in the absence of
any substrate), the mechanisms above will generally fol-
low a “tip growth” scheme, i.e., the catalyst will move
forward while the rejected carbon form the nanotube
behind, whether there is a substrate or not. In that case,

Fig. 3.19 Illustration of the relationships between the cat-
alyst crystal outer morphology and the subsequent carbon
nanofilament inner texture. Crystal are drawn from their
images in the projected plane perpendicular to the electron
beam in a transmission electron microscope, i.e. crystal
morphology in the out-of-plane dimension is not ascer-
tained (adapted from [3.19])
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chances are high that one end is open. On the contrary,
when catalyst particles deposited onto a substrate are
small enough (nanoparticles) to be refrained to move
by the interaction forces with the substrate, the growth
mechanism will follow a “base growth” scheme, i.e.
the carbon nanofilament grows away from the substrate
leaving the catalyst nanoparticle attached to the substrate
(Fig. 3.20).

The bamboo texture that affects both the herringbone
and the concentric texture may reveal a specificity of the
dissolution-rejection mechanism, i. e. a periodic, discon-
tinuous dynamics of the phenomenon. Once the catalyst
has reached the saturation threshold regarding its content
in carbon, it expulses it quite suddenly. Then it becomes
again able to incorporate a given amount of carbon with-
out having any catalytic activity for a little while, then
over-saturation is reached again, etc. Factors controlling
such a behavior, however, are not determined.

It is then clear that, in any of the mechanisms above,
1 catalyst particle = 1 nanofilament. This explains why,
although making SWNT by CCVD methods is possible,
controlling the catalyst particle size is critical, since
it thereby controls the subsequent nanofilament to be
grown from it. Reaching a really narrow size distribu-
tion in CCVD is quite challenging, specifically as far
as nanosizes are concerned when growing SWNTs is
the goal. Only particles < 2nm will be able to make
it (Fig. 3.20), since larger SWNTs would energetically
not be favored [3.10]. Another specificity of the CCVD
method and from the related growth mechanisms is that
the process can be effective all along the isothermal
zone of the reactor furnace since continuously fed with
a carbon-rich feedstock, which is generally in excess,
with a constant composition at a given time of flight of
the species. Coarsely, the longer the isothermal zone in
gaseous carbon excess conditions, the longer the nano-
tubes. This is why the nanotube lengths can be much
longer than that obtained by solid-carbon-source-based
methods.

Table 3.2 provides guidelines for the relationships
between the synthesis conditions and the type of nano-
tube formed.

High Temperature Conditions
High temperature conditions are typical from solid-
carbon-source based methods such as electric arc, laser
vaporization, or solar furnace (see Sect.3.2). The huge
temperatures involved (several thousands °C) atomize
both the carbon source and the catalyst. Of course,
catalyst-based SWNTs do not form in the area of highest
temperatures (contrary to c-MWNT in the electric arc
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Fig.3.20 High resolution transmission electron mi-
croscopy images of several SWNTs grown from iron-based
nanoparticles by CCVD method, showing that particle
sizes determine SWNT diameters in that case (adapted

from [3.116])

method), but the medium is made of atoms and radicals
all mixed, some of which are likely to condense into the
same droplet (since it will be liquid at the beginning). At
some distance from the atomization zone, the medium is
therefore made of carbon metal alloy droplets and of sec-
ondary carbon species that range from C; to higher order
molecules such as corannulene which is made of a cen-
tral pentagon surrounded by 5 hexagons. (The preferred
formation of such a molecule can be explained by the
former association of carbon atoms into a pentagon, be-
cause it is the fastest way to limit dangling bonds at low
energetic cost, thereby providing a fixation site for other
carbon atoms (or C;) which also will tend to close into a
ring, again to limit dangling bonds. Since adjacent pen-
tagons are not energetically favoured, these cycles will
be hexagons. Such a molecule is thought to be a probable
precursor for fullerenes. Fullerenes are actually always
produced, even in conditions which produce SWNTs.)
The same event of saturation in C of the carbon-metal
alloy droplet occurs as described in Sect. 3.3.2, result-
ing in the precipitation of excess C outside the particle
upon the effect of the decreasing thermal gradient in the
reactor, which decreases the solubility threshold of C
in the metal [3.117]. Once the “inner” carbon atoms
reach the catalyst particle surface, they meet the “outer”
carbon species, including corannulene, that will con-
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Table 3.2 Guidelines indicating the relationships between possible carbon nanofilament morphologies and some basic synthesis

conditions
Increasing temperature . . . Substrate Thermal
. and physical state of catalyst gradient
Solid Liquid from Liquid from
(crystallized) melting clusters
<~ 3nm SWNT SWNT ? base-
Catalyst growth .
particle ~~3nm MWNT tip- long short
size tip- growth  length length
(ch,b) c-MWNT SWNT P
platelet
nanofiber
(heterogeneous homogeneous
Nanotube related to catalyst particle (independent)
diameter size) from particle
size)
Nanotube/particle one nanotube/particle several
SWNTs/particle

tribute to cap the merging nanotubes. Once formed and
capped, nanotubes can grow both from the inner carbon
atoms (Fig.3.21a), according to the VLS mechanism
proposed by Saito et al. [3.117], and from the outer
carbon atoms, according the adatom mechanism pro-
posed by Bernholc et al. [3.118]. In the latter, carbon
atoms from the surrounding medium in the reactor are
attracted then stabilized by the carbon/catalyst interface
at the nanotube/catalyst surface contact, promoting their
subsequent incorporation at the tube base. The growth
mechanism therefore mainly follows the base growth
scheme. But once the nanotubes are capped, C; species
still remaining in the medium and which meet the grow-
ing nanotubes far from the nanotube/catalyst interface,
may still incorporate the nanotubes from both the side

a) Vaporisation Internal C supply
(to nucleate SWNTSs)
+ external C supply

(to close tips)

T°%

M-C alloy

SWNT nucleation

Fig. 3.21 (a) Mechanism proposed for SWNT growth (see text). (b) Transmission electron microscopy image of SWNT

SWNT growth

wall or the tip, thereby giving rise to some propor-
tion of Stone—Wales defects [3.40]. The occurrence of
a nanometer-thick surface layer of yttrium carbide (onto
the main Ni-containing catalyst core), whose some lat-
tice distances are commensurable with that of the C—C
distance in graphene, as recently revealed by Gavil-
let et al. [3.48], could possibly play a beneficial role
in the stabilization effect at the nanotube/catalyst inter-
face and explain why SWNT yield is enhanced by such
bimetallic alloys (as opposed to single metal catalysts).

A major difference with the low temperature mech-
anisms described for CCVD methods is that many
nanotubes are formed from a single, relatively large
(~ 10-50 nm) catalyst particle (Fig. 3.21b), whose size
distribution is therefore not as critical as for the low

s

growing radial to a large Ni catalyst particle surface in the electric arc experiment. (modified from [3.17])
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temperature mechanisms (particles that are too large,
however, would induce polyaromatic shells instead of
nanotubes). That is why SWNT diameters are much
more homogeneous than for CCVD methods. Why the
most frequent diameter is ~ 1.4nm is again a matter
of energy balance. Single-wall nanotubes larger than
~ 2.5 nm are not stable [3.10]. On the other hand, strain
to the C—C angles increases as the radius of curva-
ture decreases. Such diameter (1.4 nm) should therefore
correspond to the best energetic compromise. Another
difference with the low temperature mechanisms for
CCVD s that temperature gradients are huge, and the gas
phase composition surrounding the catalysts droplets is
also subjected to rapid changes (as opposed to what

3.4 Properties of Carbon Nanotubes

Carbon is a unique light atom that can form one-, two-,
or threefold strong chemical bonds. The planar threefold
configuration forms graphene planes that can, under cer-
tain growth conditions (see Sect.3.3), adopt a tubular
geometry. Properties of the so-called carbon nanotubes
may change drastically depending on whether SWNTs
or MWNTs are considered (see Sect. 3.1).

3.4.1 Variability
of Carbon Nanotube Properties

Properties of MWNTs are generally not much differ-
ent from that of regular polyaromatic solids (which may
exhibit graphitic, or turbostratic, or intermediate crys-
tallographic structure), and variations are then mainly
driven by the textural type of the MWNTSs consid-
ered (concentric, herringbone, bamboo) and the quality
of the nanotexture (see Sect.3.1), both of which con-
trol the extent of anisotropy. Actually, for polyaromatic
solids, whose structural entities are built with stacked
graphenes, bond strength is quite different depending
on whether the in-plane direction is considered (which
includes only very strong — covalent — and therefore
very short — 0.142 nm bonds) or the direction perpen-
dicular to it (which includes only very weak — van der
Waals — and therefore very loose — ~ 0.34 nm bonds).
Such heterogeneity is not found in single (isolated)
SWNTs. But the heterogeneity is back along with the
related consequences when SWNTs associate into bun-
dles. Therefore, properties — and applicability — for
SWNTs may also change dramatically depending on
whether single SWNT or SWNT ropes are involved.
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could happen in a laminar flow of a gaseous feedstock
whose carbon source is in excess). This explains why
nanotubes from arc are generally shorter than nanotubes
from CCVD, and why mass production by CCVD should
be favored. In the latter, the catalytic role of the metal-
lic particle can be recurrent as long as the conditions
are maintained. In the former, surrounding conditions
change continuously, and the window for efficient catal-
ysis effect can be very narrow. Lowering temperature
gradients in solid carbon source-based SWNT producing
methods such as the electric-arc reactor should therefore
be a way to increase the SWNT yield and length [3.119].
Amazingly, this is in opposition to fullerene production
from arc.

In the following, we will emphasize SWNT prop-
erties, as far as their original structure often leads
to original properties with respect to that of regular
polyaromatic solids. But we will also sometimes cite
properties of MWNTs for comparison.

3.4.2 General Properties

SWNT-type carbon nanotube diameters fall in the
nanometer range and can be hundreds of micrometers
long. SWNTSs are narrower in diameter than the thinnest
line able to be obtained by electron beam lithography.
SWNTs are stable up to 750°C in air (but start be-
ing damaged earlier through oxidation mechanisms, as
demonstrated by their subsequent ability to be filled with
molecules, see Sect. 3.5) and up to ~ 1,500—-1,800°C in
inert atmosphere beyond which they transform into reg-
ular, polyaromatic solids (i. e., phases built with stacked
graphenes instead of single graphenes) [3.120]. They
have half the mass density of aluminum. While the
length of SWNTs can be macroscopic, the diameter has
a molecular dimension. As a molecule, properties are
closely influenced by the way atoms are displayed along
the molecule direction. The physical and chemical be-
havior of SWNTs are therefore related to their unique
structural features [3.121].

3.4.3 SWNT Adsorption Properties

An interesting feature of SWNTs is their very high sur-
face area, the highest ever due to the fact that a single
graphene sheet is probably the unique example of a ma-
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terial energetically stable in normal conditions while
consisting of a single layer of atoms. Ideally, i.e. not
considering SWNTs in bundles but isolated SWNTs, and
provided the SWNTs have one end opened (by oxida-
tion treatment for instance), the real surface area can be
equal to that of a single, flat graphene, i. e. ~ 2,700 m? /g
(accounting for both sides).

But practically, nanotubes — specifically SWNTs —
are more often associated with many other nanotubes to
form bundles, then fibers, films, papers, etc. than as a sin-
gle entity. Such architectures develop various porosity
ranges important for determining adsorption properties
(the latter aspects are also developed in Sect. 3.6.2, fo-
cused on applications). It is thus most appropriate to
discuss adsorption on SWNT-based materials in term of
adsorption on the outer or inner surfaces of such bundles.
Furthermore, theoretical calculations have predicted that
the molecule adsorption on the surface or inside of the
nanotube bundle is stronger than that on an individual
tube. A similar situation exists for MWNTSs where ad-
sorption could occur either on or inside the tubes or
between aggregated MWNTs. Additionally, it has been
shown that the curvature of the graphene sheets consti-
tuting the nanotube walls can result in a lower heat for
adsorption with respect to that of a planar graphene (see
Sect.3.1.1).

Accessible SWNT Surface Area
Various studies dealing with the adsorption of nitro-
gen on MWNTs [3.122, 123] and SWNTSs [3.124] have
highlighted the porous nature of these two materials.
Pores in MWNTs can be divided mainly into inner hol-
low cavities of small diameter (narrowly distributed,
mainly 3-10nm) and aggregated pores (widely dis-
tributed, 20—40 nm), formed by interaction of isolated
MWNTs. It is also worth noting that the ultra-strong
nitrogen capillarity in the aggregated pores contributes
to the major part of the total adsorption, showing that
the aggregated pores are much more important than
the inner cavities of the MWNTs for adsorption. Ad-
sorption of Ny has been studied on as-prepared and
acid-treated SWNTs, and the results obtained point out
the microporous nature of SWNT materials, as op-
posed to the mesoporous MWNT materials. Also, as
opposed to isolated SWNTs (see above), surface areas
well above 400 m?>g~! have been measured for SWNT-
bundle-containing materials, with internal surface areas
of 300m?g " or higher.

The theoretical specific surface area of carbon nano-
tubes ranges over a broad scale, from 50 to 1,315 m? g_l
depending on the number of walls, the diameter, or the

number of nanotubes in a bundle of SWNTs [3.125].
Experimentally, the specific surface area of SWNTs is
often larger than that of MWNTs. Typically, the total
surface area of as-grown SWNTs ranges between 400
and 900 m?g~! (micropore volume, 0.15-0.3 cm3g~1),
whereas values ranging between 200 and 400 m*>g~! for
as-produced MWNTs are often reported. In the case
of SWNTs, the diameter of the tubes and the num-
ber of tubes in the bundle will affect mainly the BET
value. It is worth noting that opening/closing of the
central canal noticeably contributes to the adsorption
properties of nanotubes. In the case of MWNTS, chem-
ical treatments such as KOH activation are efficient
to develop a microporosity, and surface areas as high
as 1,050m?g~! have been reported [3.126]. Thus it
appears that opening or cutting as well as chemical
treatments (purification step for example) of carbon
nanotubes can considerably affect their surface area and
pore structure.

Adsorption Sites and Binding Energy

of the Adsorbates
An important problem to solve when considering ad-
sorption on nanotubes is the identification of the
adsorption sites. Adsorption of gases in a SWNT bundle
can occur inside the tubes (pore), in the interstitial trian-
gular channels between the tubes, on the outer surface of
the bundle, or in a groove formed at the contact between
adjacent tubes on the outside of the bundle (Fig. 3.22).
Starting from closed-end SWNTSs, simple molecules can
adsorb on the walls of the outer nanotubes of the bundle
and preferably on the external grooves. For the more
attractive sites, corresponding to the first adsorption
stages, it seems that adsorption or condensation in the
interstitial channel of SWNT bundles depends on the
size of the molecule (or on the SWNT diameters) and on
their interaction energies [3.127]. Then, adapted treat-
ments to open the tubes will favour the gas adsorption
(e.g., Oz, N> in the inner walls [3.128, 129]). For hydro-
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gen and other small molecules, computational methods
have shown that, for open SWNTs, the pore, intersti-
tial, and groove sites are energetically more favourable
than the surface site, with respect to the increasing num-
ber of carbon nanotubes interacting with the adsorbed
molecules [3.130].

For MWNTs, adsorption can occur in the aggre-
gated pores, inside the tube or on the external walls. In
the latter case, the presence of defects, as incomplete
graphene layers, has to be taken into consideration. Al-
though adsorption between the graphenes (intercalation)
has been proposed in the case of hydrogen adsorption
in h-MWNTs or platelet nanofibers [3.132], it is un-
likely for many molecules due to steric effect and should
not prevail for small molecules due to long diffusion
path.

Few studies deal with adsorption sites in MWNTs,
however it has been shown that butane adsorbs more
in the case of MWNTSs with smaller outside diameters,
which is consistent with another statement that the strain
brought to curved graphene surfaces affects sorption.
Most of the butane adsorbs to the external surface of
the MWNTs while only a small fraction of the gas con-
densed in the pores [3.133]. Comparative adsorption of
krypton or of ethylene on MWNTSs or on graphite has
allowed scientists to determine the dependence of the
adsorption and wetting properties on the specific mor-
phology of the nanotubes. Higher condensation pressure
and lower heat of adsorption were found on nanotubes
with respect to graphite [3.134]. These differences result
mainly from a decrease in the lateral interactions be-
tween the adsorbed molecules, related to the curvature
of the graphene sheets.

A limited number of theoretical as well as experi-
mental works exist on the values of the binding energies
for gases on carbon nanotubes. If most of these stud-
ies report low binding energies on SWNTSs, consistent
with a physisorption, some experimental results, in par-
ticular in the case of hydrogen, are still controversial
(see Sect.3.6.2). In the case of platelet nanofibers,
the initial dissociation of hydrogen on graphite edge
sites, which constitute the majority of the nanofiber
surface has been proposed [3.135]. For carbon nano-
tubes, a mechanism that involves Hp dissociation on
residual metal catalyst followed by H spillover and
adsorption on the most reactive nanotube sites could
be envisaged [3.136]. Doping nanotubes with alkali
may enhance hydrogen adsorption, due to the charge
transfer from the alkali metal to the nanotube, which
polarizes the Hy molecule and induces dipole interac-
tion [3.137].

Generally speaking, the adsorbates can be either
charge donors or acceptors to the nanotubes. The ob-
served trends in the binding energies of gases with
different van der Waals radii suggest that the groove
sites of SWNTs are the preferred low coverage adsorp-
tion sites due to their higher binding energies. Finally,
several studies have shown that, at low coverage, the
binding energy of the adsorbate on SWNT is between
25% and 75% higher than the binding energy on a single
graphene. This discrepancy can be attributed to an in-
crease of the effective coordination in the binding sites,
such as the groove sites, in SWNTs bundles [3.138,139].
Representative results concerning the adsorption prop-
erties of SWNTs and MWNTs are summarized on
Table 3.3.

Table 3.3 Adsorption properties and sites of SWNTs and MWNTs. Letters in column 5 refer to Fig. 3.22. Data of two
last columns are from [3.131]

Type of Porosity Surface Binding energy Adsorption Attractive  Surface
nanotube  (cm3g!) area of the adsorbate sites potential area

(m?/g) per site  per site
(V) (m*/g)

Microporous Low, mainly Surface (A) 0.049 483

SWNT oo 400-900 physisorption Groove (B) 0.089 22

(bundle) 0.15-0.3 25-75 % > graphite Pore (C) 0.062 783

Interstitial (D) 0.119 45

Surface
MWNT  Mesoporous 200-400 Physisorption Pore — —
Aggregated
pores

Springer Handbook of Nanotechnology
B. Bhushan + © Springer 2004

65

#7°€ |V Hed



66 PartA | Nanostructures, Micro/Nanofabrication, and Micro/Nanodevices

'€ |V Hed

3.4.4 Transport Properties

The narrow diameter of SWNTSs has a strong influence
on its electronic excitations due to its small size com-
pared to the characteristic length scale of low energy
electronic excitations. Combined with the particular
shape of the electronic band structure of graphene, car-
bon nanotubes are ideal quantum wires. The conduction
and the valence band of the graphene touch on the 6 cor-
ners (K points) of the Brillouin zone [3.140]. By rolling
the graphene to form a tube, new periodic boundary
conditions for the electronic wave functions superim-
pose, which give rise to one-dimensional sub-bands:
C,K =2q where ¢ is an integer and C, the vector
na) +may characteristic of the diameter and the helic-
ity of the tube (see Sect. 3.1). If one of these sub-bands
passes through one of the K points, the nanotube will be
metallic, otherwise it will be semiconductor with a gap
inversely proportional with the diameter. For a tube with
a diameter of 3nm, the gap falls in the range of the
thermal energy at room temperature. As pointed out in
Sect. 3.1 already, knowing (#, m) then allows one to pre-
dict whether or not the tube exhibits a metallic behavior.
To summarize, we can say that the electronic structure
of SWNTs depends both on the orientation of the honey-
comb lattice with respect to the tube axis and the radius
of curvature imposed to the bent graphene sheet. This
explains why properties of MWNTSs quickly become no
different from regular, polyaromatic solids as the num-
ber of walls (graphenes) increases, since the radius of
curvature increases meanwhile. In addition, the conduc-
tion occurs essentially through the external tube (for
c-MWNTs), but the interactions with the internal coaxial
tubes may make the electronic properties vary. For small
diameter MWNTs exhibiting a low number of walls, typ-
ically two (DWNTs), the relative lattice orientation of
the two superimposed graphenes remains determinant,
and the resulting overall electronic behavior can either
be metallic or semiconductor upon structural consid-
erations [3.141]. Another consequence, valid for any
nano-sized carbon nanotube whatever the number of
walls, is that applying stresses to the tube is also likely to
change its electronic behavior, as a consequence of the
variation brought to the position of the sub-bands with
respect to the K points of the Brillouin zone [3.142].
The details of electronic properties of SWNTs
are not well understood yet, and numerous theoretic-
al and experimental works have revealed fascinating
effects [3.143]. An assembly of agglomerated tubes
(ropes) increases the complexity. Moreover, investigat-
ing the electron properties of a single SWNT requires

one to characterize and control the properties of the
electrical contacts. Likewise, the interaction with the
substrate influence the bulk transport properties a lot
when SWNTs embedded in a medium (e.g., a compos-
ite) are considered. The conduction of charge carriers
in metallic SWNTs is thought to be ballistic (i.e.,
independent from length) due to the expected small
number of defects [3.144—146] with a predicted elec-
tric conductance twice the fundamental conductance
unit Go = 4e/h because of the existence of two prop-
agating modes. Because of the reduced scattering,
metallic SWNTs can transport huge current densities
(max 10° A/cm?) without being damaged, i.e. about
three orders of magnitude higher than in Cu. On the
other hand, in a one-dimensional system, electrons of-
ten localize due to structural defects or disorder. In
case the contact resistance is too high, a tunnel bar-
rier is formed, and the charge transport is dominated
by tunneling effects. Several transport phenomena were
reported in the literature of this regime: weak local-
ization due to quantum interferences of the electronic
wave functions that leads to an increase of the resistiv-
ity [3.147-149], Coulomb blockade at low temperature
that characterizes by conductance oscillations as the gate
voltage increases [3.148], superconductivity induced
by superconductor contacts [3.150], or spin polariza-
tion effects induced by ferromagnetic contacts [3.151].
Furthermore, due to enhanced Coulomb interactions,
one-dimensional metals are expected to show drastic
changes in the density of states at the Fermi level and
are described by a Luttinger liquid [3.148]. This behav-
ior is expected to result in the variation of conductance
vs. temperature that follows a power law, with a zero
conductance at low temperature.

As mentioned previously, SWNTs are model
systems to study one-dimensional charge transport phe-
nomena. Due to the of mesoscopic dimension of the
morphology, the one-dimensional structure of the nano-
tube has strong singularities in the electronic density
of states (DOS) that fall in the energy range of vis-
ible light. As a consequence, visible light is strongly
absorbed. It has been observed that flash illumination
with a broadband light can lead to spontaneous burning
of a macroscopic sample of agglomerated (i. e., ropes)
carbon nanotubes in air and room temperature [3.152].

As aprobable consequence of both the small number
of defects (at least the kind of defects that oppose phonon
transport) and the cylindrical topography, SWNTs ex-
hibit a large phonon mean free path, which results in
a high thermal conductivity. The thermal conductivity
of SWNTs is comparable to that of a single, isolated
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graphene layer or high purity diamond [3.153] or pos-
sibly higher (~ 6,000 W/mK).

Finally, carbon nanotubes may also exhibit a posi-
tive or negative magneto-resistance depending on the
current, the temperature, and the field, whether they are
MWNTs [3.154] or SWNTs [3.149].

3.4.5 Mechanical Properties

While tubular nano-morphology is also observed for
many two-dimensional solids, carbon nanotubes are
unique through the particularly strong threefolded bond-
ing (sp? hybridization of the atomic orbitals) of the
curved graphene sheet, which is stronger than in dia-
mond (sp> hybridization) as revealed by their difference
in C—C bond length (0.142 vs. 0.154 nm for graphene
and diamond respectively). This makes carbon nano-
tubes — SWNTs or c-MWNTSs — particularly stable
against deformations. The tensile strength of SWNTs
can be 20 times that of steel [3.155] and has actually been
measured equal to ~ 45 GPa [3.156]. Very high tensile
strength values are also expected for ideal (defect-free)
c-MWNTs, since combining perfect tubes concentri-
cally is not supposed to be detrimental to the overall tube
strength, provided the tube ends are well capped (other-
wise, concentric tubes could glide relative to each other,
inducing high strain). Tensile strength values as high
as ~ 150 GPa have actually been measured for perfect
MWNTs from electric arc [3.157], although the reason
for such a high value compared to that measured for
SWNTs is not clear. It probably reveals the difficulty in
carrying out such measurements in a reliable manner. At
least, flexural modulus, for perfect MWNTSs should log-
ically exhibit higher values than SWNTs [3.155], with
a flexibility that decreases as the number of walls in-
creases. On the other hand, measurements performed on
defective MWNTs obtained from CCVD gave a range
of 3—30 GPa [3.158]. Tensile modulus, also, reaches the
highest values ever, 1 TPa for MWNTs [3.159], and pos-
sibly even higher for SWNTs, up to 1.3 TPa[3.160,161].
Figure 3.23 illustrates how spectacularly defect-free car-
bon nanotubes could revolutionize the current panel of
high performance fibrous materials.

3.4.6 Reactivity

The chemical reactivity of graphite, fullerenes, and car-
bon nanotubes exhibits some common features. Like
any small object, carbon nanotubes have a large sur-
face with which they can interact with their environment
(see Sect.3.4.1). It is worth noting, however, that the
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Fig. 3.23 Plot of the tensile strength versus tensile modulus for cur-
rent fibrous materials, as compared to SWNTSs. Large circles are
PAN-based carbon fibers, which include the highest tensile strength
fiber available on the market (T1000 from Torayca); Triangles are
pitch-based carbon fibers, which include the highest tensile modulus
fiber on the market (K1100 from Amoco)

chemistry of nanotubes chemistry differs from that of
regular polyaromatic carbon materials because of their
unique shape, small diameter, and structural proper-
ties. Compared to graphite, perfect SWNTs have no
chemically active dangling bonds (the reactivity of
polyaromatic solids is known to occur mainly through
graphene edges). Compared to fullerenes, the ratio of
“weak” sites (C—C bonds involved in heterocycles) over
strong sites (C—C bonds between regular hexagons) is
only slightly different from O for ideally perfect tubes
(as opposed to 1 in Cgo fullerenes — Cgp molecules
have 12 pentagons (therefore accounting for 5x 12 =30
C—C bonds) and 20 hexagons, each of them having
three C—C bonds not involved in an adjacent pentagon
but shared with a neighboring hexagon (therefore ac-
counting for 20x3x1/2 =30 C—C bonds involved in
hexagons only). Although graphene faces are chemically
relatively inert, the radius of curvature imposed on the
graphene in nanotubes enforces the three formerly planar
C—C bonds characteristic of the genuine sp? hybridiza-
tion to accept distortions in bond angles that make them
closer and closer to the situation of three of the four C—C
bonds in diamond (characteristic of the genuine sp> hy-
bridization) as the radius of curvature decreases. Even
though it is not enough to bring a genuine chemical reac-
tivity to the carbon atoms, a consequence is to consider
that either nesting sites are created at the concave sur-
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face, or strong physisorption sites are created above each
carbon atom of the convex surface, both with a bond-
ing efficiency that increases as the nanotube diameter
decreases.

As already pointed out in Sect.3.1, the chemical
reactivity of SWNTs (and c-MNWTS) is supposed to
come mainly from the caps, since they contain six
pentagons each, as opposed to the tube body, which
supposedly contains hexagons only. Indeed, oxidizing
treatments applied to carbon nanotubes (air oxidation,
wet-chemistry oxidation) are known to open the nano-
tube tips rather selectively [3.162]. But the ability of
SWNTs to be opened by oxidation methods then filled
with foreign molecules such as fullerenes (see Sect. 3.5)
reveals the occurrence of side defects [3.14], whose iden-
tification and occurrence were discussed then proposed
to be an average of one Stone—Wales defect every 5 nm
along the tube length, involving an amount of about

2% of the carbon atoms for the example of a reg-
ular (10,10) SWNT [3.163] — a Stone—Wales defect
is made of four adjacent heterocycles, two pentagons
and two heptagons, displayed by pairs in opposition.
Such a defect actually allows localized double bonds
to be formed between the carbon atoms involved in the
defect (instead of the electrons participating to the de-
localized electron cloud above the graphene as usual,
enhancing the chemical reactivity, e.g. toward chloro-
carbenes [3.163]). This means that the overall chemical
reactivity of carbon nanotubesshould strongly depend
on the way they are synthesized. For example, SWNTs
prepared by the arc-discharge method are supposed to
contain fewer structural defects compared to CCVD-
synthesized SWNTs, which have a higher chemical
reactivity. Of course, the reactivity of h-MWNT-type
nanotubes is intrinsically higher, due to the occurrence
of accessible graphene edges at the nanotube surface.

3.5 Carbon Nanotube-Based Nano-0Objects

3.5.1 Hetero-Nanotubes

Hetero-nanotubes are defined here as carbon nanotubes
whose carbon atoms, part or all of them, are substi-
tuted with another element while the overall honeycomb
lattice-based graphene structure is maintained. Elements
involved are, therefore, boron and/or nitrogen. Benefits
can be new behaviors (e.g., BN nanotubes are electrical
insulators), improved properties (e.g., regarding the re-
sistance to oxidation), or better control of the properties.
One current challenge is actually to control the process-
ing so that the desired SWNT structure is selectively
synthesized (metallic or semiconductor). In this regard,
it was demonstrated that substituting some C atoms by
N or B atoms lead to SWNTSs whose electrical behavior
is systematically metallic [3.164, 165].

Some examples of hetero-nanotubes, though mainly
MWNTs, are found in literature, whose hetero-atom
involved is generally nitrogen due to the ease of in-
troducing some gaseous or solid nitrogen and/or boron
containing species (e.g., No, NH3z, BN, HfB,) in existing
MWNT synthesis devices [3.164, 166] until complete
substitution of carbon [3.167, 168]. An amazing re-
sult of such attempts to synthesize hetero-MWNTs was
the subsequent formation of “multilayered” c-MWNTs,
i.e. MWNTs whose constituting coaxial tubes were
alternatively made of carbon graphenes and boron
nitride graphenes [3.169]. On the other hand, exam-

ples of hetero-SWNTs are few. But the synthesis of
B- or N-containing SWNTs has been recently re-
ported [3.165, 170].

3.5.2 Hybrid Carbon Nanotubes

Hybrid carbon nanotubes are here defined as carbon
nanotubes, SWNTs or MWNTSs, whose inner cav-
ity has been filled, partially or entirely, by foreign
atoms, molecules, compounds, or crystals. Such hy-
brids are thereby noted as X@SWNT (or X@MWNT,
if appropriate, where X is the atom, molecule, etc.
involved) [3.171].

Motivation
Why filling carbon nanotubes? The very small inner cav-
ity of nanotubes is an amazing tool to prepare and study
the properties of confined nanostructures of any nature,
such as salts, metals, oxides, gases, or even discrete
molecules like Cgp, for example. Because of the almost
one-dimensional structure of carbon nanotubes (specif-
ically considering SWNTs), different physical and/or
chemical properties can be expected for the encapsulated
foreign materials or possibly for the overall hybrid ma-
terials. Indeed, when the volume available inside a car-
bon nanotube is small enough, the foreign material can
be made mainly of “surface atoms” of reduced coordi-
nence. The overall former motivation was then to tenta-
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tively form metal nanowires likely to be interesting for
electronic applications (quantum wires). Metals were the
preferred fillers, and nanotubes were mostly considered
merely as nano-molds, likely to be removed afterward.
But it is likely that the removal of the SWNT “container”
to liberate the confined one-dimensional structure may
destroy or at least transform it because of the stabilizing
effect brought by the interactions with the nanotube wall.

Filling nanotubes while they grow (in situ filling)
was one of the pioneering methods. In most cases,
however, the filling step is separated from the step of
synthesis of the nanotubes. Three methods can then
be distinguished: (a) wet chemistry procedures, and
physical procedures, involving (b) capillarity filling by
a molten material or (c) filling by a sublimated material.

Generally speaking, the estimation of the filling rate
is problematic and most of the time is taken merely
from the TEM observation, without any statistics on the
number of tubes observed. Moreover, as far as SWNTs
are concerned, the fact that the nanotubes are gathered
into bundles makes difficult the observation of the exact
number of filled tubes, as well as the estimation of the
filled length for each tube.

Filling carbon nanotubes with materials that could
not have been introduced directly is also possible. This
can be accomplished by first filling the nanotubes with
an appropriate precursor (i. €., able to sublime, or melt,
or solubilize) that will later be transformed by chemical
reaction or by a physical interaction such as electron
beam irradiation, for example [3.172]. In the case of
secondary chemical transformation, the reduction by Hp
is the most frequently used to obtain nanotubes filled
with metals [3.173]. Sulfides can be obtained as well by
using HS as reducing agent [3.173].

Because the inner diameter of SWNTs is generally
smaller than that of MWNTs, it is more difficult to fill
them, and the driving forces involved in the phenomena
are not yet totally understood (see the review paper by
[3.163]). Consequently, more than one hundred articles
dealing with filled MWNTs were already published by
the time this chapter was written. We, therefore, did
not attempt to review all the works. We chose to cite
the pioneering works, then to focus on the more recent
works dealing with the more challenging topic of filling
SWNTs.

In Situ Filling Method
Most of the first hybrid carbon nanotubes ever syn-
thesized were directly obtained in the course of their
processing. This concerns only MWNTs, prepared by
the arc-discharge method in its early hours, for which the
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filling materials were easily introduced in the system by
drilling a central hole in the anode and filling it with the
heteroelements. First attempts were all reported the same
year [3.174-178], with elements such as Pb, Bi, YC,,
TiC, etc. Later on, Loiseau et al. [3.179] showed that
MWNTs could also be filled to several pm in length by
elements such as Se, Sb, S, and Ge, but only as nanopar-
ticles with elements such as Bi, B, Al and Te. Sulfur was
suggested to play an important role during the in situ for-
mation of filled MWNTSs by arc-discharge [3.180]. This
technique is no longer the preferred one because of the
difficulty in controling the filling ratio and yield and in
achieving mass production.

Wet Chemistry Filling Method
The wet chemistry method requires the opening of the
nanotubes tips by chemical oxidation prior to the fill-
ing step. This is generally obtained by refluxing the
nanotubes in diluted nitric acid [3.181-183], although
other oxidizing liquid media may work as well, e.g.
[HC1+ CrO3] [3.184] or chlorocarbenes formed from
the photolytic dissociation of CHCl3 [3.163] as arare ex-
ample of a nonacidic liquid route for opening SWNTs. If
a dissolved form (salt, oxide, etc.) of the desired metal is
meanwhile introduced during the opening step, some of
it will get inside the nanotubes. An annealing treatment
(after washing and drying of the treated nanotubes) may
then lead to the oxide or to the metal, depending on the
annealing atmosphere [3.162]. Although the wet chem-
istry method looked promising because a wide variety of
materials can be introduced within nanotubes this way,
and because it operates at temperature not much differ-
ent from room temperature, attention has to be paid to
the oxidation method that has to be carried out as the first
steps. The damages brought to the nanotubes by severe
treatments (e.g., nitric acid) make them improper for
use with SWNTs. Moreover, the filling yield is not very
important, as a probable consequence of the presence
of the solvent molecules that also enter the tube cavity,
and the subsequent filled lengths rarely exceed 100 nm.
Recent results have been obtained, however, using wet
chemistry filling by Mittal et al. [3.184] who have filled
SWNTs ropes by CrO3 with an average yield of ~ 20%.

Molten State Filling Method
The physical method involving a liquid (molten) phase
is more restrictive, first, because some materials may
start decomposing when they melt, and second because
the melting point has to be compatible with the nano-
tubes, i. e. thermal treatment temperature should remain
below the temperature of transformation or damaging
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Fig. 3.24 HRTEM images and corresponding structural model for

of the nanotubes. Because the filling is occurring by
capillarity, the surface tension threshold of the molten
material was found to be 100-200 N/cm2 [3.185]. But
this threshold was proposed for MWNTSs, whose inner
diameters (5—10nm) are generally larger than those of
SWNTs (1-2nm). In a typical filling experiment, the
MWNTs are closely mixed with the desired amount of
filler by gentle grinding, and the mixture is then vacuum-
sealed in a silica ampoule. The ampoule is then slowly
heated to a temperature above the melting point of the
filler, then is slowly cooled. The use of this method does
not require any opening of the nanotubes prior to the
heat treatment. The mechanism of nanotube opening is
not yet established clearly, but it is certainly related to
the chemical aggressivity of the molten materials toward
carbon and more precisely toward graphene defects in
the tube structure (see Sect. 3.4.4).

Most of the works on SWNTs involving this method
were performed by Sloan and coworkers at Oxford
University [3.187], although other groups followed the
same procedure [3.86, 181, 183]. Precursors to fill the
nanotubes were mainly metals halides. Although little
is known yet about the physical properties of halides
crystallized within carbon nanotubes, the crystallization
itself of molten salts within small diameter SWNTSs has
been studied in detail, revealing a strong interaction be-
tween the one-dimensional crystals and the surrounding
graphene wall. For example, Sloan et al. [3.188] have
described two-layer 4 : 4 coordinated KI crystals formed
within SWNTSs of around 1.4 nm diameter. These two-

Pbl, filled SWNTs (from [3.186])

layer crystals are “all surface” and have no “internal”
atoms. Significant lattice distortions occur compared to
the bulk structure of KI, where the normal coordinence
is 6 : 6 (meaning that each ion is surrounded by six iden-
tical closer neighbors). Indeed, the distance between two
ions across the SWNT capillary is 1.4 times the same
distance along the tube axis. This denotes an accommo-
dation of the KI crystal to the confined space provided
by the inner nanotube cavity in the constrained crys-
tal direction (across the tube axis). This implies that
the interactions between the ions and the surrounding
carbon atoms are strong. The volume dimension avail-
able within the nanotubes thus somehow controls the
crystal structure of inserted materials. For instance, the
structure and orientation of encapsulated Pbl, crystals
inside their capillaries were found to arrange in dif-
ferent ways inside SWNTs and DWNTs, with respect
to the diameter of the confining nanotubes [3.186]. In
the case of SWNTs, most of the obtained encapsulated
one-dimensional Pbl, crystals exhibit a strong preferred
orientation with their (110) planes aligning at an angle
of ca. 60° to the SWNT axes as shown in Fig.3.24a
and 3.24b. Due to the extremely small diameter of
the nanotube capillaries, individual crystallites are of-
ten only a few polyhedral layers thick, as outlined in
Fig.3.24d to 3.24h. As a result of lattice terminations
enforced by capillary confinement, the edging poly-
hedra must be of reduced coordination, as indicated
in Fig.3.24g and 3.24h. In the case of Pbl, formed
inside DWNTs, similar crystal growth behavior was
generally observed to occur in narrow nanotubes with
diameters comparable to that of SWNTSs. As the diam-
eter of the encapsulating capillaries increases, however,
different preferred orientations are frequently observed
(Fig. 3.25). In this example, the Pbl, crystal is oriented
with the [121] direction parallel to the direction of the
electron beam (Fig. 3.25a to 3.25d). If the Pbl @ DWNT
hybrid is viewed “side-on” (as indicated by the arrow in
Fig.3.25¢) polyhedral slabs are seen to arrange along
the capillary, oriented at an angle of ca. 45° with respect
to the tubule axis.

Sublimation Filling Method
This method is even more restrictive than the previous
one, since it is applicable only to a very limited num-
ber of compounds due to the requirement for the filling
materials to sublimate within the temperature range of
thermal stability of the nanotubes. Examples are there-
fore few. Actually, except for an attempt to fill SWNTs
with ZrCly [3.189], the only example published so far is
the formation of Cgo @ SWNT (whose popular nickname
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is “peapods”), reported for the first time in 1998 [3.190],
where regular ~ 1.4nm large SWNTs are filled with
Ceo fullerene molecule chains (Fig. 3.26a). Of course,
the process requires a pre-opening of the SWNTs by
some method, as discussed previously, typically either
acid attack [3.191] or heat-treatment in air [3.192]. Then
the opened SWNTs are put into a sealed glass tube to-
gether with fullerene powder and placed into a furnace
heated above the sublimation temperature for fullerite
(>~ 350°C). Since there is no limitation related to
Laplace’s law or the presence of solvent since only
gaseous molecules are involved, filling efficiency may
actually reach ~ 100% [3.192].

Remarkable behaviors have been revealed since
then, such as the ability of the Cgp molecules to move
freely within the SWNT cavity (Fig.3.26b and 3.26¢)
upon random ionization effects from electron irradi-
ation [3.193], or to coalesce into 0.7nm large inner
elongated capsules upon electron irradiation [3.194],
or into a 0.7 nm large nanotube upon subsequent ther-
mal treatment above 1,200 °C [3.193, 195]. Annealing
of Ceo@SWNT materials may thus appear as an effi-
cient way to produce DWNTs with nearly constant inner
(~0.7nm) and outer (~ 1.4nm) diameters. DWNTSs
produced this way are actually the smallest MWNTs
synthesized so far.

Based on the successful synthesis of so-called
endofullerenes previously achieved [3.13], further
development of the process has recently led to
the synthesis of more complex nanotube-based hy-
brid materials such as La, @Cgg@SWNTs [3.196],
Gd@Cg; @SWNTs [3.197], or Er,Sc3_yN@Cgy@
SWNT [3.198] among other examples. These provide
even more extended perspective regarding the poten-
tial applications of peapods, which are still being
investigated.

Finally the last example to cite is the successful at-
tempt to produce peapods by a related method, by using
accelerated fullerene ions (instead of neutral gaseous
molecules) to enforce the fullerenes to enter the SWNT
structure [3.199].

3.5.3 Functionalized Nanotubes

Based on the reactivity of carbon nanotubes as dis-
cussed in Sect. 3.4.6, the functionalization reactions can
be divided into two main groups. One is based on the
chemical oxidation of the nanotubes (tips, structural de-
fects) leading to carboxylic, carbonyl, and/or hydroxyl
functions. These functions are then used for additional
reactions, to attach oligomeric or polymeric functional
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responding structural model for a Pbl, filled double-wall carbon
nanotube (from [3.186])

S O R . L
Fig.3.26a-c HRTEM images of (a) example of five regular Cgo
molecules encapsulated together with two higher fullerenes (Cj2¢
and Cjgo) as distorted capsules (on the right) within a regular
1.4 nm diameter SWNT. (a)-(c) Example of the diffusion of the Cg-
molecules along the SWNT cavity. The time between each image
of the sequence is about 10 s. The fact that nothing occurs between
(a) and (b) reveals the randomness of the ionisation events generated
by the microscope electron beam and assumed to be responsible for
the molecule displacement

entities. The second group is based on direct addition to
the graphitic-like surface of the nanotubes (i. e. without
any intermediate step). Examples of the latter reactions
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include oxidation or fluorination (an important first step
for further functionalization with other organic groups).
Properties and applications of functionalized nanotubes
have been reviewed recently [3.200].

Oxidation of Carbon Nanotubes

Carbon nanotubes are often oxidized and therefore
opened before chemical functionalization to increase
their chemical reactivity (creation of dangling bonds).
Chemical oxidation of nanotubes is mainly achieved us-
ing either wet chemistry or gaseous oxidants such as
oxygen (typically air) or CO,. Depending on the syn-
thesis process, the oxidation resistance of the nanotubes
can vary. When oxidation is carried out through gas
phases, thermo-gravimetric analysis (TGA) is of great
use to determine at which temperature the treatment
should be applied. It is important to know that TGA ac-
curacy increases as the heating rate diminishes, while
the literature often provides TGA analyses obtained in
nonoptimized conditions, leading to overestimated oxi-
dation temperatures. The presence of catalyst remnants
(metals, more rarely oxides), the type of nanotubes
(SWNTs, c-MWNTs, h-MWNTs), and the oxidizing
agent (air, Oy is an inert gas, CO,, etc.) as well as
the flow rate used make difficult the comparison of
published results. It is generally agreed, however, that
amorphous carbon burns first, followed by SWNTSs and
then multiwall materials (shells, MWNTSs), even if TGA
is often unfortunately not able to clearly separate the
different oxidation steps. The more common method
used for nanotube oxidation is that of aqueous solutions
of oxidizing reagents. The main one is nitric acid, ei-
ther concentrated or diluted (around 3 moles per liter in
most cases), but oxidants such as potassium dichromate
(K2Cr207), hydrogen peroxide (H2O»), or potassium
permanganate (KMnOy) are very often used as well.
HCI, like HF, do not damage nanotubes because these
acids are not oxidizing.

Functionalization

of Oxidized Carbon Nanotubes
Carboxylic groups located at the nanotube tips can
be coupled with different chemical groups. Oxidized
nanotubes are usually reacted with thionyl chloride
(SOCly) to generate the acyl chloride, even if a di-
rect reaction is theoretically possible with alcohols or
amines, for example. Reaction of SWNTs with octade-
cylamine (ODA) was reported by Chen et al. [3.201]
after reaction of oxidized SWNTs with SOCl,. The
functionalized SWNTs have substantial solubility in
chloroform (CHCl3), dichloromethane (CH,Cl,), aro-

matic solvents, and carbon bisulfide (CS;). Many other
reactions between functionalized nanotubes (after re-
action with SOCl;) and amines have been reported
in the literature and will not be reviewed here. Non-
covalent reactions between the carboxylic groups of
oxidized nanotubes and octadecylammonium ions are
possible [3.202], providing solubility in tetrahydrofuran
(THF) and CH,Cl,. Functionalization by glucosamine
using similar procedures [3.203] allowed the water sol-
ubilization of SWNTs, which is of special interest when
considering biological applications of functionalized
nanotubes. Functionalization with lipophilic and hy-
drophilic dendra (with long alkyl chains and oligomeric
poly(ethyleneglycol) groups) has been achieved by am-
ination and esterification reactions [3.204], leading to
solubility of the functionalized nanotubes in hexane,
chloroform, and water. It is interesting to note that in
the latter case, the functional groups could be removed
just by modifying the pH of the solution (base- and acid-
catalyzed hydrolysis reaction conditions, [3.205]). A last
example is the possible interconnection of nanotubes
via chemical functionalization. This has been recently
achieved by Chiu et al. [3.206] using the already de-
tailed acyl chloride way and a bifunctionalized amine to
link the nanotubes by the formation of amide bonds.

Sidewall Functionalization
of Carbon Nanotubes
The covalent functionalization of the nanotube walls
is possible by means of fluorination reactions. It was
first reported by Mickelson et al. [3.207], with F; gas
(the nanotubes can then be defluorinated, if required,
with anhydrous hydrazine). As recently reviewed by
Khabashesku et al. [3.208], itis then possible to use these
fluorinated nanotubes to carry out subsequent derivati-
zation reactions. Thus, sidewall-alkylated nanotubes can
be prepared by nucleophilic substitution (Grignard syn-
thesis or reaction with alkyllithium precursors [3.209]).
These alkyl sidewall groups can be removed by air ox-
idation. Electrochemical addition of aryl radicals (from
the reduction of aryl diazonium salts) to nanotubes has
also been reported by Bahr et al. [3.210]. Functionaliza-
tion of the nanotube external wall by cycloaddition of
nitrenes, addition of nuclephilic carbenes, or addition of
radicals has been described by Holzinger et al. [3.211].
Electrophilic addition of dichlorocarbene to SWNTs oc-
curs by reaction with the deactivated double bonds in the
nanotube wall [3.212]. Silanization reactions are another
way to functionalize nanotubes, although only tested
with MWNTSs. Velasco-Santos et al. [3.213] have re-
acted oxidized MWNTs with an organosilane (RsiRj,
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with R being an organo-functional group attached to sil-
icon) and obtained organo-functional groups attached to
the nanotubes by silanol groups.

Noncovalent sidewall functionalization of nanotubes
is important because the covalent bonds are associated
with changes from sp? to sp> in the hybridization of
the carbon atoms involved, which corresponds to a loss
of the graphite-like character. As a consequence, phys-
ical properties of functionalized nanotubes, specifically
SWNTs, may be modified. One possibility for achiev-
ing noncovalent functionalization of nanotubes is to
wrap the nanotubes in a polymer [3.214], which al-
lows their solubilization (thus improving the processing
possibilities) while preserving their physical properties.

Finally, it is worth keeping in mind that all these
chemical reactions are not specific to nanotubes and may
occur to most of the carbonaceous impurities present in
the raw materials. This makes difficult the characteri-
zation of the functionalized samples and thus requires
one to perform the experiments starting with very pure
carbon nanotube samples, which is unfortunately not al-
ways the case for the results reported in the literature. On
the other hand, purifying the nanotubes to start with may
also bias the functionalization experiments since purifi-
cation requires chemical treatments. But the demand for
such products does exist already, and purified then fluo-
rinated SWNTSs can be found on the market at $900/g
(Carbon Nanotechnologies Inc., 2003).

3.6 Applications of Carbon Nanotubes

Carbon nanotubes can be inert and can have a high as-
pect ratio, high tensile strength, low mass density, high
heat conductivity, large surface area, and versatile elec-
tronic behavior including high electron conductivity.
While these are the main characteristics of the prop-
erties for individual nanotubes, a large number of them
can form secondary structures such as ropes, fibers, pa-
pers, thin films with aligned tubes, etc., with their own
specific properties. The combination of these proper-
ties makes them ideal candidates for a large number of
applications provided their cost is sufficiently low. The
cost of carbon nanotubes depends strongly on both the
quality and the production process. High quality sin-
gle shell carbon nanotubes can cost 50—100 times more
than gold. But synthesis of carbon nanotubes is con-
stantly improving, and sale prizes fall by 50% per year.
Application of carbon nanotubes is therefore a very fast
moving area with new potential applications found every
year, even several times per year. Making an exhaustive
list is again a challenge we will not take. Below are
listed applications considered “current” (Sect. 3.6.1) ei-
ther because already marketed, or because up-scaling
synthesis is being processed, or because prototypes are
currently developed by profit-based companies. Other
applications are said to be “expected” (Sect. 3.6.2).

3.6.1 Current Applications

High mechanical strength of carbon nanotubes makes
them a near to ideal force sensor in scanning probe mi-
croscopy (SPM) with a higher durability and the ability
to image surfaces with a high lateral resolution, the latter
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being a typical limitation of conventional force sensors
(ceramic tips). The idea was first proposed and experi-
mented by Dai et al. [3.77] using c-MWNTs. It was
extended to SWNTs by Hafner etal. [3.215], since small
diameters of SWNTSs were supposed to bring higher res-
olution than MWNTs due to the extremely short radius
of curvature of the tube end. But commercial nanotube-
based tips (e.g., Piezomax, Middleton, WI, USA) use
MWNT:s for processing convenience. Itis also likely that
the flexural modulus of SWNTs is too low and therefore
induces artifacts affecting the lateral resolution when
scanning a rough surface. On the other hand, the flexu-
ral modulus of c-MWNTs is supposed to increase with
the number of walls, but the radius of curvature of the
tip meanwhile increases.

Near-Field Microscope Probes
SWNT or MWNT, such nanotube-based SPM tips also
offer the perspective of being functionalized, in the
prospect of making selective images based on chemical
discrimination by “chemical force microscopy” (CFM).
Chemical function imaging using functionalized nano-
tubes represents a huge step forward in CFM because
the tip can be functionalized very accurately (ideally at
the very nanotube tip only, where the reactivity is the
highest), increasing the spatial resolution. The interac-
tion between chemical species present at the end of the
nanotube tip and a surface containing chemical func-
tions can be recorded with great sensitivity, allowing the
chemical mapping of molecules [3.216,217].

Today the cost of nanotube-based SPM tips is in the
range of $200/tip. Such a high cost is explained both
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Fig.3.27 Scan-
ning electron
microscopy
image of

a carbon nano-
tube (MWNT)
mounted onto
aregular ceramic
tip as a probe
for atomic force
microscopy

by the processing difficulty, which ideally requires one
to grow or mount a single MWNT in the appropriate
direction at the tip of a regular SPM probe (Fig. 3.27),
and by the need to individually control the tip quality.
Such a market has been estimated at ~ $ 20 M/year.

Field Emission-Based Devices
Based on a pioneering work by de Heer et al. [3.218],
carbon nanotubes have been demonstrated to be effi-
cient field emitters and are currently being incorporated
in several applications, including flat panel display for
television sets or computers (whose a first prototype
was exhibited by Samsung in 1999) or any devices re-

a)

; } Top view
Glass plate y

Anode:
ITO film

Conductive Extraction

column

Nanotube L

Fig.3.28 (a) Principle of a field-emitter-based screen. (b) Scanning
electron microscope image of a nanotube-based emitter system (top
view). Round dots are MWNT tips seen through the holes corre-
sponding to the extraction grid. By courtesy of Legagneux (Thales
Research & Technology, Orsay, USA)

500 nm

Glass plate

quiring an electron producing cathode, such as X-ray
sources. The principle of a field-emission-based screen
is demonstrated in Fig. 3.28a. Briefly, a potential differ-
ence is brought between emitting tips and an extraction
grid so that electrons are taking out from the tips and
sent onto an electron sensitive screen layer. Replacing
the glass support and protection of the screen by some
polymer-based material will even allow the develope
of flexible screens. As opposed to regular (metallic)
electron emitting tips, the structural perfection of car-
bon nanotubes allows higher electron emission stability,
higher mechanical resistance, and longer life time. First
of all, it allows energy savings since it needs lower (or
no) heating temperature of the tips and requires much
lower threshold voltage. As an illustration for the latter,
producing a current density of 1 mA /cm? is possible for
a threshold voltage of 3 V/pum with nanotubes, while it
requires 20 V/um for graphite powder and 100 V/um
for regular Mo or Si tips. The subsequent reductions in
cost and energy consumption are estimated at 1/3 and
1/10 respectively. Generally speaking, the maximum
current density obtainable ranges between 10° A/cm?
and 108 A/cm? depending on the nanotubes involved
(e.g., SWNT or MWNT, opened or capped, aligned or
not) [3.219-221]. Although nanotube side-walls seem
to emit as well as nanotube tips, many works have
dealt (and are still dealing) with growing nanotubes
perpendicular to the substrate surface as regular arrays
(Fig. 3.28b). Besides, using SWNTs instead of MWNTs
does not appear necessary for many of these applica-
tions when they are used as bunches. On the other hand,
when considering single, isolated nanotubes, SWNTs
are generally less preferable since they allow much lower
electron doses than do MWNTSs, although they are likely
meanwhile to provide an even higher coherent source (an
useful feature for devices such as electron microscopes
or X-ray generators).

The market associated with this application is huge.
With such major companies involved as Motorola, NEC,
NKK, Samsung, Thales, Toshiba, etc., the first commer-
cial flat TV sets and computers using nanotube-based
screens are about to be seen in stores, and compa-
nies such as Oxford Instruments and Medirad are about
to commercialize miniature X-ray generators for med-
ical applications on the basis of nanotube-based cold
cathodes developed by Applied Nanotech Inc.

Chemical Sensors
The electrical conductance of semiconductor SWNTs
was recently demonstrated to be highly sensitive to the
change in the chemical composition of the surround-
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ing atmosphere at room temperature, due to the charges
transfer between the nanotubes and the molecules from
the gases adsorbed onto the SWNT surface. It has also
been shown that there is a linear dependence between
the concentration of the adsorbed gas and the difference
in electrical properties, and that the adsorption is re-
versible. First tries involved NO, or NH3 [3.222] and
O, [3.223]. SWNT-based chemical NO, and NH3 sen-
sors are characterized by extremely short response time
(Fig.3.29), thus being different from conventionally
used sensors [3.222,224]. High sensitivity toward water
or ammonia vapors has been measured on SWNT-SiO;
composite [3.225]. This study indicated the presence
of p-type SWNTs dispersed among the predominant
metallic SWNTs, and that chemisorption of gases on
the surface of the semiconductor SWNTs is responsible
for the sensing action. The determination of CO; and O,
concentrations on SWNT-SiO; composite has also been
reported [3.226]. By doping nanotubes with palladium
nanoparticles, Kong et al. [3.227] have also shown that
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Fig.3.29a,b Demonstration of the ability of SWNTs in de-
tecting molecule traces in inert gases. (a) Increase in a single
SWNT conductance when 20 ppm of NO, are added to an
argon gas flow. (b) Same with 1% NH3 added to the argon
gas flow (from [3.222])
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the modified material could reveal the presence of hy-
drogen up to 400 ppm whereas the as-grown material
was totally ineffective.

Generally speaking, the sensitivity of the new
nanotube-based sensors is three orders of magnitude
higher than that of standard solid state devices. In addi-
tion, the interest in using nanotubes as opposed to current
sensors is the simplicity and the very small size of the
system in which they can be placed, the fact that they
can operate at room temperature, and their selectivity,
which allows a limited number of sensor device archi-
tectures to be built for a variety of industrial purposes,
while the current technology requires a large diversity
of devices based on mixed metal oxide, opto-mechanics,
catalytic beads, electrochemistry, etc. The market oppor-
tunity is expected to be $ 1.6 billion by 2006, including
both the biological area and the chemical industrial area.
Nanotube-based sensors are currently developed in both
large and small companies, such as Nanomix (USA), for
example.

Catalyst Support
Carbon materials are attractive supports in heteroge-
neous catalytic processes due to their ability to be
tailored to specific needs: indeed, activated carbons are
already currently employed as catalyst supports because
of their high surface area, their stability at high tem-
peratures (under not oxidizing atmosphere), and the
possibility of controlling both their porous structure
and the chemical nature of their surface [3.228, 229].
The attention has been brought to nano-sized fibrous
morphologies of carbon that appeared during the last
decade, showing novel interesting potentialities as sup-
ports [3.230]. Carbon nanofibers (also improperly called
graphite nanofibers) and carbon nanotubes have been
used successfully and shown to present, as catalyst-
supporting materials, properties superior to that of such
other regular catalyst-supports as activated carbon, soot,
or graphite [3.231]. The use of graphite nanofibers as
a direct catalyst for oxidative dehydrogenation has also
been reported [3.232].

The morphology and size of carbon nanotubes, es-
pecially since they do present huge lengths vs. diameters
(= aspect ratio), can play a significant role in catalytic
applications due to their ability to disperse catalytic-
ally active metal particles. Their electronic properties
are also of primary importance [3.233] since this con-
ductive support may be exerting electronic perturbation
as well as geometric constraint on the dispersed metal
particles. A recent comparison between the interaction
of transition metal atoms with carbon nanotube walls

3.6 Applications of Carbon Nanotubes

9°¢ |V Med



76 PartA

Nanostructures, Micro/Nanofabrication, and Micro/Nanodevices

9°¢ |V Med

and that with graphite indicates major differences in
bonding sites, magnetic moments, and charge-transfer
direction [3.234]. Thus the possibility of strong metal-
support interaction has to be taken into account. Their
mechanical strength is also important and makes them
resistant to attrition in view of recycling. Their exter-
nal or internal surface presents strong hydrophobicity
and strong adsorption ability toward organic molecules.
Finally, for MWNT-based catalyst-supports, the rela-
tively high surface area and the absence of microporosity
(i.e., pores < 2nm) associated with a high meso- and
macropore volume (see Sect.3.4.3) result in signif-
icant improvements of the catalytic activity, in the
case of liquid-phase reactions when compared to cata-
lysts supported on activated carbon. With nanotube
supports, the mass transfer limitation of the reactants
to the active sites is actually prevented due to the
absence of microporosity, and the apparent contact
time of the products with the catalyst is diminished,
leading to more active and more selective catalytic
effects.

The most widely used technique to prepare carbon
nanotube-supported catalysts is the incipient wetness
impregnation, in which the purified support is im-
pregnated with a solution of the metal precursor, then
dried, calcinated and/or reduced in order to obtain metal
particles dispersed on the support. The chemical treat-
ment and/or the modification of the carbon nanotube
surface was found to be a useful tool to control its hy-
drophobic or hydrophilic character [3.236]. A strong
metal/support interaction can thus be expected from
the occurrence of functionalized groups created by the
oxidation of the support surface, resulting in smaller
particle sizes [3.237]. A more sophisticated technique
to achieve the grafting of metal particles onto carbon
nanotubes consists of functionalizing the outer surface
of the tubes and then performing a chemical reaction
with a metal complex, thus resulting in a good dispersion
of the metallic particles (Fig. 3.30) [3.235].

Selected examples of some carbon nanotube-based
catalysts together with the related preparation routes and
catalytic activities are listed in Table 3.4.

The market is huge for this application since it most
often concerns the “heavy” chemical industry. It implies
and requires mass production of low-cost nanotubes,
processed by methods other than solid-carbon-source-
based methods (see Sect. 3.2.1). Such an application also
requires some surface reactivity, making the h-MWNT
type nanotubes with a poor nanotexture (see Sect. 3.1.2)
the most suitable starting material for preparing such
catalyst supports. Catalysis-enhanced thermal cracking

i

Fig.3.30 Transmission electron microscopy image show-
ing rhodium nanoparticles supported on MWNT surface
(from [3.235])

of gaseous carbon precursors is therefore preferred, and
pilot plants are already being built by major chemical
industrial companies (e.g., Ato-Fina, France).

3.6.2 Expected Applications
Related to Adsorption

The adsorption and interaction of gases, liquids, or metal
with carbon nanotubes has attracted much attention in
the past several years. The applications resulting from
the adsorption properties of carbon nanotubes can be ar-
bitrarily divided into two groups. The first group is based
on the consequences of molecule adsorption on nano-
tube electronic properties, whose main application is the
chemical sensors (see Sect. 3.6.1). The second group in-
cludes gas storage, gas separation, or the use of carbon
nanotubes as adsorbent and results from the morpholog-
ical characteristics of carbon nanotubes (surface area,
aspect ratio, and so forth). Among the three latter po-
tential applications, the possibility of storing gases, and
more particularly hydrogen, on carbon nanotubes has
received most of the attention.
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Table 3.4 Preparation and catalytic performances of some nanotube-supported catalysts

Catalyst Preparation route
Ru/MWNT+SWNT Liquid phase impregnation,
[3.230] no pretreatment of the tubes

Pt/MWNT electrodes
[3.149]

Electrode-less plating with
pre-functionalization of
MWNT

Surface mediated organo-
metallic synthesis, pre-func-
tionalization of MWNT
Liquid phase impregnation,

Rb/MWNT [3.235]

Ru-alkali/MWNT

[3.238] no pretreatment of the tubes
Rh-phosphine/MWNT  Liquid phase grafting from
[3.239] [RhH(CO) (PPh3)3]

Gas Storage — Hydrogen
The development of lightweight and safe system for hy-
drogen storage is necessary for a wide use of highly
efficient Hy-air fuel cells in transportation vehicles. The
U.S. Department of Energy Hydrogen Plan has set a stan-
dard by providing a commercially significant benchmark
for the amount of reversible hydrogen adsorption. This
benchmark requires a system-weight efficiency (the ra-
tio of Hp weight to system weight) of 6.5 wt% hydrogen
and a volumetric density of 63 kgH, /m>.

From now on, the failure to produce a practical
storage system for hydrogen has prevented hydrogen
from coming to the commercial forefront as a trans-
portation fuel. The ideal hydrogen storage system needs
to be light, compact, relatively inexpensive, safe, easy
to use, and reusable without the need for regeneration.
While research and development are continuing on such
technologies as liquid hydrogen systems, compressed
hydrogen systems, metal hydride systems, and super-
activated carbon systems, all have serious disadvantages.
For example, liquid hydrogen systems are very expen-
sive, primarily because the hydrogen must be cooled
to about —252 °C. For example, a liquid hydrogen sys-
tem will cost about four times more than an equivalent
amount of gasoline. Further, liquid hydrogen must be
kept cooled to prevent it from boiling away, even when
the vehicle is parked.

Compressed hydrogen is much cheaper than liquid
hydrogen but also much bulkier.

Metal hydride systems store hydrogen as a solid in
combination with other materials. For example, metal
hydrides are produced by bathing a metal, such as pal-
ladium or magnesium, in hydrogen. The metal splits the

Springer Handbook of Nanotechnology

% B. Bhushan - © Springer 2004

Catalytic reaction Comments

Liquid phase cinnamalde-

hyde hydrogenation port interaction compared to
activated carbon

Oxygen reduction for fuel High electrocatalytic

cells applications activity

Liquid phase hydroformyla-
tion and hydrogenation

Higher activity of

Rh/activated carbon
Ammonia synthesis, gas
phase reaction
Liquid phase hydroformyla-
tion lective catalyst

than with graphite

dihydrogen gas molecules and binds the hydrogen atoms
to the metal until released by heating. The disadvantages
of a metal hydride system are its weight (typically about
eight times more than an equivalent amount of liquid
hydrogen or an equivalent amount of gasoline) and the
need to warm it up to release the hydrogen.

Superactivated carbon is the basis of another system
for storing hydrogen that initially showed commercial
potential. Superactivated carbon is a material similar to
the highly porous activated carbon used in water filters
but can gently hold hydrogen molecules by physisorp-
tion at sub-zero temperatures. The colder the carbon, the
less heat is needed to disturb the weak forces holding
the carbon and hydrogen together. Again, a major disad-
vantage of such a system is that preventing the hydrogen
from escaping requires it to constantly remain at very
low temperatures, even when the vehicle is parked.

Consequently there still remains a great need for
a material that can store hydrogen and is light, compact,
relatively inexpensive, safe, easy to use, and reusable
without regeneration. Recently some articles or patents
concerning the very high, reversible adsorption of hy-
drogen in carbon nanotubes or platelet nanofibers have
aroused tremendous interest in the research community,
stimulating much experimental and theoretical works.
Most of the works on hydrogen adsorption on carbon
nanotubes have been recently reviewed [3.240-243].

A group from Northeastern University [3.132,244]
was the first to report the supposedly successful hydro-
gen storage in carbon layered nanostructures possessing
some crystallinity. The authors claimed that, in platelet
nanofibers (3—50 nm in width), hydrogen can be stored
up to 75 wt%, meaning a C/H ratio of 1/9. Complete

Different kind of metal sup-

Rh/MWNT compared to
Higher activity with MWNT

Highly active and regiose-
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hydrogen desorption occurs only at very high tempera-
ture. The same authors have recently pointed out the
dramatic role of the treatment that has to be applied to
the carbon nanofibers prior to Hy adsorption [3.244].
This thermal treatment, though simple (1,000 °C in an
inert gas), is a critical procedure in order to remove
chemisorbed gases from the edge and step regions of
the carbon structures. Failure to achieve this condi-
tion results in a dramatic decrease in the hydrogen
adsorption performance of the materials. In this work,
the authors have performed the experiments at room
temperature, and 100 bar of Hp, hydrogen uptake be-
tween 20 and 40 wt% were recorded. The authors have
also demonstrated by XRD measurements that structural
perturbation of the material was produced following
hydrogen treatment, and that it was manifested by an ex-
pansion of the graphitic interplane distance (from 0.34
before Hy adsorption to 0.347 after H, uptake).

Hydrogen adsorption and desorption measurements
on nanofibers similar to that used by Rodriguez
et al. [3.19] were also performed by Ahn et al. [3.245].
The authors have measured a hydrogen uptake of
2.4 wt%. In fact, in their study, none of the graphite
nanofiber material tested has indicated hydrogen stor-
age abilities that exceed the values already reported for
activated carbons.

Adsorption of H on platelet nanofibers was com-
puted by Monte Carlo simulations [3.246]. The graphene
spacing was optimized to maximize the weight fraction
of Hp adsorbed. Given the results of their calcula-
tions, the authors concluded that no physically realistic
graphite-hydrogen potential can account for the tremen-
dous adsorption ability reported by the group from Penn
State.

Rzepka et al. [3.247] have also used theoretical
Monte Carlo calculation to calculate the amount of phys-
ically adsorbed hydrogen molecules in carbon slit pores
of dimensions similar to that used by the Penn State
group (i. e., 0.34 nm as the interplanar distance between
graphenes in the nanofibers). They reached the conclu-
sion that no hydrogen can be adsorbed at all. Even if
the interplanar distance is assumed to expand during
the adsorption process, the maximum calculated adsorp-
tion is 1 wt% for d = 0.7 nm. These authors concluded
that the Penn State experimental results could not be
attributed to some “abnormal capillary condensation ef-
fect” as initially claimed. Since then, nobody has been
able to duplicate it experimentally.

Meanwhile, hydrogen storage experiments were also
attempted on SWNTs. The first work was reported by
Dillon et al. [3.248] who used temperature-programmed

desorption measurements. A major drawback of their
experimental procedure was that they used only 1 mg of
unpurified soot containing 0.1% of SWNTs. They at-
tributed the reversible hydrogen capacity of 0.01 wt%
observed to the SWNTs only, therefore leading to a pre-
sumable capacity of 5-10wt% for a pure nanotubes
sample. TPD experiments shown H; desorption between
—170 and 4100 °C. Despite the weakness of the demon-
stration, the paper, which was published not much before
that of Chambers et al. [3.132], has induced a worldwide
excitement for the field.

Hydrogen adsorption measurements were also per-
formed on SWNT samples of high purity [3.249]. At
—193°C, 160bar of H, were admitted and the hydro-
gen adsorption was found to exceed 8 wt%. In this case,
the authors proposed that hydrogen is first adsorbed on
the outer surfaces of the crystalline material. But no data
concerning Hy desorption are given.

In recent reports, Dresselhaus and coworkers [3.240,
250] reported hydrogen storage in SWNTs (1.85nm
of average diameter) at room temperature. A hydrogen
storage capacity of 4.2 wt% was achieved reproducibly
under 100 bar for a SWNT-containing material of about
0.5 g that was previously soaked in hydrochloric acid and
then heat-treated (500 °C) in vacuum. The purity of the
sample was estimated from TGA and TEM observations
to be about 50 to 60%. Moreover, 78% of the adsorbed
hydrogen could be released under ambient pressure
at room temperature, while the release of the residual
stored hydrogen required some heating at 200 °C.

A valuable input to the topic was brought by
Hirscher et al. [3.251], who demonstrated that several
of the supposedly successful experiments regarding the
storage of Hy in SWNTs were actually misled by the
hydrogen storage capacity of Ti nanoparticles originat-
ing from the sonoprobe frequently used at one step or
another of the procedure, specifically when the SWNT
material is previously purified.

Density functional theory (DFT) was used [3.252]
to estimate H, adsorption in SWNTs. From their calcu-
lations, within the regime of operating conditions where
adsorptive storage seems attractive, the storage proper-
ties of Hy in a SWNT system appear to fall far short
of the DOE target. In their model, rolling graphite into
a cylindrical sheet does not significantly alter the nature
of the carbon—H; interaction, in contradiction with the
latest calculations, which indicate that the possibilities
of physisorption increase as the radius of curvature of
SWNTs decreases [3.253].

More recently, however, Lee et al. [3.254,255] have
also used DFT calculations to search for hydrogen ad-
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sorption sites and predict maximum storage capacity in
SWNTs. They have found two chemisorption sites, at
the exterior and the interior of the tube wall. Thus they
predict a maximum hydrogen storage capacity that can
exceed 14 wt% (160kgH» /m3). The authors have also
considered H, adsorption in multiwall carbon nanotubes
and have predicted lower storage capacities for the latter.

Calculations are constrained, however, by the start-
ing hypotheses. While considering the same (10,10)
SWNT, although calculations based on DFT predict
a 14.3% storage [3.254], calculations based on a geomet-
rical model predict 3.3% [3.240], and calculations based
on quantum mechanical molecular dynamics model pre-
dict 0.47% [3.256].

In conclusion, neither the experimental results, ob-
viously biased by some problem in the procedures, nor
theoretical results are yet able to demonstrate that an ef-
ficient storage of Hy is achievable for carbon nanotubes,
whatever the type. But the definitive failure statement
cannot yet be claimed. Further efforts have to be made
to enhance Hj adsorption of these materials, in par-
ticular (i) by adjusting the surface properties that can
be modified by chemical or mechanical treatments, and
(ii) by adjusting the material structure (pore size and
curvature). Whether the best carbon material will then
be nanotube-based is another story.

Gas Storage — Gases Other than Hydrogen
Encouraged by the potential applications related to hy-
drogen adsorption, several research groups have tried
to use carbon nanotubes as a stocking and transporting
mean for other gases such as: oxygen, nitrogen, noble
gases (argon and xenon), and hydrocarbons (methane,
ethane, and ethylene). These studies have shown that
carbon nanotubes could become the world’s smallest
gas cylinders combining low weight, easy transporta-
bility, and safe use with acceptable adsorbed quantities.
Thanks to their nano-sizes, nanotubes might also be used
in medicine where physically confining special gases
(like '3 Xe for instance) prior to injection would be
extremely useful.

Kusnetzova et al. [3.257] have conducted experi-
ments with xenon and found that a very significant
enhancement (280 times more, up to a molar ratio
Ny ./N.=0.045) can be achieved by opening the
SWNT bundles by thermal activation at 800 °C. With
this treatment the gas can be adsorbed inside the nano-
tubes and the rates of adsorption are also increased.

The possibility of storing argon in carbon nano-
tubes has been studied with encouraging results by
Gadd et al. [3.258]: their experiments show that large
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amounts of argon can be trapped into catalytically grown
MWNTs (20—150nm) by hot isostatic pressing (HIP-
ing) for 48 hours at 650 °C under an argon pressure of
1,700 bar. Energy dispersive X-ray spectroscopy was
used to determine that the gas was located inside the
tubes and not on their walls. Further studies determined
the argon pressure inside the tubes at room temperature.
The authors estimated this feature to be around 600 bars,
indicating that the equilibrium pressure was attained in
the tubes during the HIP-ing and that MWNTSs would be
a convenient material for storing that gas.

Gas Separation
As SWNTs or MWNTs have regular geometries that
can, to some extent, be controllable, they could be
used to develop precise separation tools. If the sorption
mechanisms are known, it should be possible to control
sorption of various gases through combinations of tem-
perature, pressure, and nanotube morphology. Since the
large-scale production of nanotubes is now constantly
progressing and may result in low costs, accurate sepa-
ration methods based on carbon nanotubes have started
to be investigated.

A theoretical study has aimed to determine the ef-
fect of different factors such as the diameter of the tubes,
the density and the type of the gas used on the flow
of molecules inside the nanotubes. An atomistic simu-
lation with methane, ethane, and ethylene [3.259] has
shown that the molecule mobility decreases with the de-
crease of the diameter of the tube for each of the three
gases. Ethane and ethylene have a smaller mobility due
to the stronger interaction they seem to have with the
nanotube walls. In another theoretical study on the pos-
sibility of hydrocarbon mixture separation on SWNT
bundles, the authors conclude on the possibility of us-
ing carbon nanotubes to separate methane/n-butane and
methane/isobutene mixtures [3.260], with an efficiency
that increases as the average tube diameter decreases.
An experimental work was also performed by the same
group on the sorption of butane on MWNTs [3.133].

Simulation by grand canonical Monte Carlo for sep-
aration of hydrogen and carbon monoxide by adsorption
on SWNT has also been reported [3.261]. In most of the
situations studied, SWNTSs are found to adsorb more CO
than Hp, and an excellent separation effect could prob-
ably be obtained, again, by varying the SWNT average
diameter.

Adsorbents
Carbon nanotubes were recently found to be able to
adsorb some toxic gases such as dioxins [3.262], fluo-
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ride [3.263], lead [3.264], or alcohols [3.265] better than
the materials used so far, such as activated carbon. These
pioneering works opened a new field of applications as
cleaning filters for many industrial processes having haz-
ardous by-products. Adsorption of dioxins, which are
very common and persistent carcinogenic by-products
of many industrial processes, is a good example of the
interest of nanotubes in this field. Ecological conscious-
ness has imposed emission limits on dioxin-generating
sources in many countries, but finding materials that
can act as effective filters, even at extremely low con-
centrations, is a big issue. Long et al. [3.262] have
found that nanotubes can attract and trap more dioxins
than activated carbons or other polyaromatic materials
that are currently used as filters. This improvement is
probably due to the stronger interaction forces that ex-
ist between dioxin molecules and the nanotube curved
surfaces compared to those for flat graphene sheets.

The adsorption capacity of Al,O3/MWNT for fluo-
ride from water has been reported to be 13.5 times that
of activated carbon and 4 times that of Al,O3 [3.263].
The same group has also reported an adsorption capacity
of lead from water by MWNTs higher than that by ac-
tivated carbon [3.264]. The possibility to using graphite
nanofibers to purify water from alcohols has also been
explored [3.265]. These experimental results suggest
that carbon nanotubes may be promising adsorbents for
the removal of polluting agents from water.

Bio-Sensors
Attaching molecules of biological interest to carbon
nanotubes is an ideal way to realize nanometer-sized
biosensors. Indeed, the electrical conductivity of such
functionalized nanotubes would depend on modifica-
tions of the interaction of the probe with the studied
media, because of chemical changes or as result of their
interaction with target species. The science of attaching
biomolecules to nanotubes is rather recent and was in-
spired by similar research in the fullerene area. Some
results have already been patented, and what was look-
ing like a dream a couple of years ago may become
reality in the near future. The use of the internal cavity
of nanotubes for drug delivery would be another amaz-
ing application, but little work has been carried out so far
to investigate the harmfulness of nanotubes in the human
body. MWNTs have been used by Mattson et al. [3.266]
as a substrate for neuronal growth. They have compared
the activity of untreated MWNTs with that of MWNTSs
coated with a bioactive molecule (4-hydroxynonenal)
and observed that on these latter functionalized nano-
tubes, neurons elaborated multiple neurites. This is an

important result illustrating the feasibility of using nano-
tubes as substrate for nerve cell growth.

Davis et al. [3.267] have immobilized different
proteins (metallothionein, cytochrome c and c3, S-lac-
tamase I) in MWNTs and checked that these molecules
were still catalytically active compared to the nonimmo-
bilized ones. They have shown that confining a protein
within a nanotube provides some protection toward the
external environment. Protein immobilization via non-
covalent sidewall functionalization was proposed by
Chen et al. [3.268] by using a bifunctional molecule
(1-pyrenebutanoic acid, succinimidyl ester). This mol-
ecule is maintained to the nanotube wall by the pyrenyl
group, and amine groups or biological molecules can
react with the ester function to form amid bonds. This
method was also used to immobilize ferritin and strepta-
vidin onto SWNTs. It has the main advantage of not
modifying the SWNT wall and keeping unperturbed
the sp? structure, maintaining the physical properties
of the nanotubes. Shim et al. [3.269] have functionalized
SWNTs with biotin and observed specific binding with
streptavidin, illustrating biomolecular recognition possi-
bilities. Dwyer et al. [3.270] have functionalized SWNTs
by covalently coupling DNA strands to them using
EDC(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride) but did not test biomolecular recog-
nition; other proteins such as bovine serum albumin
(BSA) [3.271] have been attached to nanotubes us-
ing the same process (diimide-activated amidation with
EDC) and most of the attached proteins remained bioac-
tive. Instead of working with individual nanotubes (or
more likely nanotube bundles in the case of SWNTSs),
Nguyen et al. [3.272] have functionalized nanotubes
arrayed with a nucleic acid, still using EDC as the
coupling agent, in order to facilitate the realization of
biosensors based on protein-functionalized nanotubes.
Recently Azamian et al. [3.273] have immobilized a se-
ries of biomolecules (cytochrome c, ferritin, and glucose
oxydase) on SWNTs and observed that the use of EDC
was not always necessary, indicating that the binding
was predominantly noncovalent. In the case of glucose
oxydase, they have tested the catalytic activity of func-
tionalized nanotubes immobilized on a glassy carbon
electrode and observed a tenfold greater catalytic re-
sponse compared to that in the absence of modified
SWNTs.

Functionalization of nanotubes with biomolecules is
still in its infancy, and their use as biosensors may lead
to practical applications earlier than expected. For ex-
ample, functionalized nanotubes can be used as AFM
tips (see Sect.3.6.1) allowing to perform ‘“‘chemical
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force microscopy” (CFM), allowing single-molecule
measurements. Even in the case of nonfunctionalized
CNT-based tips, important improvements have been ob-
tained for the characterization of biomolecules (see the
review by [3.215]).

Composites
Because of their exceptional morphological, electric-
al, thermal, and mechanical characteristics, carbon
nanotubes are particularly promising materials as rein-
forcement in composite materials with metal, ceramic,
or polymer matrix. Key basic issues include the good
dispersion of the nanotubes, the control of the nanotube/
matrix bonding, the densification of bulk composites
and thin films, and the possibility of aligning the nano-
tubes. In addition, the nanotube type (SWNT, c-MWNT,
h-MWNT, etc.) and origin (arc, laser, CCVD, etc.) is
also an important variable since determining the struc-
tural perfection, surface reactivity, and aspect ratio of
the reinforcement.

Considering the major breakthrough that carbon
nanotubes are expected to make in the field, the fol-
lowing will give an overview of the current work on
metal-, ceramic- and polymer-matrix composites rein-
forced with nanotubes. We will not consider nanotubes
merely coated with another material will not be consid-
ered here. We discussed filled nanotubes in Sect. 3.5.2.
Applications involving the incorporation of nanotubes
to materials for purposes other than structural will be
mentioned in Sect. 3.6.2.

Metal Matrix Composites
Nanotube-metal matrix composites are still rarely stud-
ied. The materials are generally prepared by standard
powder metallurgy techniques, but the dispersion of
the nanotubes is not optimal. Thermal stability and
electrical and mechanical properties of the compos-
ites are investigated. The room temperature electrical
resistivity of hot-pressed CCVD MWNTs-Al compos-
ites increases slightly by increasing the MWNT volume
fraction [3.274]. The tensile strength and elongation
of nonpurified arc-discharge MWNT-AI composites are
only slightly affected by annealing at 873K in con-
trast to that of pure Al [3.275]. The Young’s modulus
of nonpurified arc-discharge MWNTs-Ti composites is
about 1.7 times that of pure Ti [3.276]. The formation
of TiC, probably resulting from the reaction between
amorphous carbon and the matrix, was observed, but the
MWNTs themselves were not damaged. An increase of
the Vickers hardness by a factor 5.5 over that of pure
Ti was associated with the suppression of coarsening
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of the Ti grains, the TiC formation, and the addition
of MWNTs with an extremely high Young’s modu-
lus. CCVD MWNTs-Cu composites [3.277] also show
a higher hardness and a lower friction coefficient and
wear loss. A deformation of 50—60 % of the composites
was observed. A MWNTs-metallic glass Fe82P18 com-
posite [3.278] with a good dispersion of the MWNTS
was prepared by the rapid solidification technique.

Ceramic Matrix Composites
Carbon nanotube-containing ceramic-matrix compos-
ites are a bit more frequently studied, most efforts
made to obtain tougher ceramics [3.279]. Compos-
ites can be processed following the regular processing
route, in which the nanotubes are usually mechanically
mixed with the matrix (or a matrix precursor) then
densified using hot-pressing sintering of the slurry or
powders. Zhan et al. [3.280] ball-milled SWNT bundles
(from the HiPCo technique) and nanometric alumina
powders, producing a fairly homogeneous dispersion,
supposedly without damaging the SWNTs. On the other
hand, interesting results were obtained using the spark
plasma sintering (SPS) technique, which was able to
prepare fully dense composites without damage to the
SWNTs [3.281]. Other original composite processing
include sol-gel route, by which bulk and thin film com-
posites were prepared [3.282], and in situ SWNT growth
in ceramic foams, using procedures closely related to
that described in Sect. 3.2.2 [3.283].

Ma et al. [3.284] prepared MWNT-SiC composites
by hot-pressing mixtures of CCVD MWNTs and nano-
SiC powders. They claimed that the presence of the
MWNTs provides an increase of about 10% of both the
bending strength and fracture toughness, but the dis-
persion of the MWNTSs looks poor. Several detailed
studies [3.82, 285-288] have dealt with the prepara-
tion of nanotube-Fe-Al,O3, nanotube-Co-MgO, and
nanotube-Fe/Co-MgAl,O4 composites by hot-pressing
of the corresponding composite powders. The nanotubes
were grown in situ in the starting powders by a CCVD
method [3.73, 80,289-293] and thus are very homoge-
neously dispersed between the metal-oxide grains, in
a way that could be impossible to achieve by mechanic-
al mixing. The nanotubes (mostly SWNTs and DWNTs)
gather in long, branched bundles smaller than 50 nm in
diameter, which appear to be very flexible. Depending
on the matrix and hot-pressing temperature, a fraction of
the nanotubes seems to be destroyed during hot-pressing
in a primary vacuum. The increase of the quantity of
nanotubes (ca. 2—12 wt%) leads to a refinement of the
microstructure but also to a strong decrease in rela-
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tive density (70-93 %). Probably because of this, the
fracture strength and the toughness of the nanotube-
containing composites are generally lower than those
of the nanotube-free metal-oxide composites and only
marginally higher than those of the corresponding cer-
amics. SEM observations revealed both the trapping of
some of the nanotubes within the matrix grains or at
grain boundaries and a relatively good wetting in the
case of alumina. Most nanotubes are cut near the frac-
ture surface after some pull-out and could contribute to
a mechanical reinforcement.

Siegel et al. [3.294] claimed that the fracture
toughness of 10vol.% MWNTs-alumina hot-pressed
composites is increased by 24% (to 4.2MPam!/?)
over that of pure alumina. But the density and grain
size are not reported, so it is difficult to consider this
result as an evidence for the beneficial role of the
MWNTs themselves. A confirmation could be found
in the work by Sun et al. [3.281] who developed a col-
loidal route to coat the nanotubes with alumina particles
prior to another mixing step with alumina particles then
densification by SPS. A very large gain in fracture tough-
ness (calculated from Vickers indentation) is reported
(from 3.7 MPam!/? for pure Al,O3 to 4.9 MPa m!/2
for an addition of 0.1 wt% of SWNT nanotubes, and to
9.7MPam!/? for an addition of 10 wt%). But it is pos-
sible that the beneficial input of the nanotubes is due to
the previous coating of the nanotubes before sintering,
resulting in an improved bonding with the matrix.

Bulk properties other than mechanical are also worth
being investigated. Interestingly, the presence of well
dispersed nanotubes confers an electrical conductivity
to the otherwise insulating ceramic-matrix composites.
The percolation threshold is very low — in the range
0.2-0.6 wt% of carbon — due to the very high as-
pect ratio of nanotubes. Varying the nanotube quantity
in the starting powders allows the electrical conduc-
tivity to be controlled in the range 0.01-10Scm™!.
Moreover, the extrusion at high temperatures in vac-
uum allows the nanotubes to be aligned in the matrix,
thus inducing an anisotropy in the electrical conductiv-
ity [3.295]. One of the early works involved MWNTSs
in a superconducting BizSr,CaCu;Og5 matrix [3.296].
The application of SWNTs for thermal management in
partially stabilized zirconia [3.297] and of MWNTs-
lanthanum cobaltate composites for application as an
oxygen electrode in zinc/air [3.298] were reported more
recently. The friction coefficient was also shown to
increase and the wear loss to decrease upon the in-
crease in nanotube volume fraction in carbon/carbon
composites [3.299].

The latter is one of the few examples in which car-
bon has been considered as a matrix. Another one is the
work reported by Andrews et al. [3.300], who introduced
5 wt% of SWNTs into a pitch material before spinning
the whole as a SWNT-reinforced pitch-fiber. Subsequent
carbonization transformed it into a SWNT-reinforced
carbon fiber. Due to the contribution of the SWNTs,
which were aligned by the spinning stresses, the re-
sulting gain in tensile strength, modulus, and electrical
conductivity with respect to the nonreinforced carbon
fiber was claimed to be 90, 150, and 340%, respectively.

Polymer Matrix Composites
Nanotube-polymer composites, first reported by
Ajayanetal. [3.301] are now intensively studied, notably
epoxy- and polymethylmethacrylate (PMMA)-matrix
composites. Regarding the mechanical characteristics,
the three key issues affecting the performance of a fiber-
polymer composite are the strength and toughness of the
fibrous reinforcement, its orientation, and a good interfa-
cial bonding crucial for the load transfer to occur [3.302].
The ability of the polymer to form large-diameter helices
around individual nanotubes favors the formation of
a strong bond with the matrix [3.302]. Isolated SWNTs
may be more desirable than MWNTs or bundles for
dispersion in a matrix because of the weak frictional
interactions between layers of MWNTs and between
SWNTs in bundles [3.302]. The main mechanisms of
load transfer are micromechanical interlocking, chem-
ical bonding, and van der Waals bonding between the
nanotubes and the matrix. A high interfacial shear stress
between the fiber and the matrix will transfer the ap-
plied load to the fiber over a short distance [3.303].
SWNTs longer than 10—100 um would be needed for
significant load-bearing ability in the case of non-
bonded SWNT-matrix interactions, whereas the critical
length for SWNTs cross-linked to the matrix is only
1 pm [3.304]. Defects are likely to limit the working
length of SWNTs [3.305], however.

The load transfer to MWNTS dispersed in an epoxy
resin was much higher in compression than in ten-
sion [3.303]. It was proposed that all the walls of the
MWNTs are stressed in compression, whereas only the
outer walls are stressed in tension because all the in-
ner tubes are sliding within the outer. Mechanical tests
performed on 5 wt% SWNT-epoxy composites [3.306]
showed that SWNTs bundles were pulled out of the ma-
trix during the deformation of the material. The influence
of the nanotube/matrix interfacial interaction was evi-
denced by Gong et al. [3.307]. It was also reported that
coating regular carbon fiber with MWNTs prior to their
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dispersion into an epoxy matrix improves the interfacial
load transfer, possibly by local stiffening of the matrix
near interface [3.308].

As for ceramic matrix composites, the electrical
characteristics of SWNT- and MWNT-epoxy compos-
ites are described with the percolation theory. Very
low percolation threshold (below 1wt%) is often re-
ported [3.309-311]. Industrial epoxy loaded with 1 wt%
unpurified CCVD-prepared SWNTSs showed an increase
in thermal conductivity of 70% and 125% at 40 K and at
room temperature, respectively [3.309]. Also, the Vick-
ers hardness rose with the SWNT loading up to a factor
of 3.5 at 2 wt%. Thus both the thermal and mechanical
properties of such composites are improved without the
need to chemically functionalize the SWNTs.

Likewise, the conductivity of laser-prepared SWNT-
PMMA composites increases with the load in SWNTs
(1-8 wt% SWNTs) [3.302]. Thermogravimetric analy-
sis shows that, compared to pure PMMA, the thermal
degradation of PMMA films occurs at a slightly higher
temperature when 26 wt% MWNTs are added [3.312].
Improving the wetting between the MWNTs and the
PMMA by coating the MWNTs with poly(vinylidene
fluoride) prior to melt-blending with PMMA resulted
in an increased storage modulus [3.313]. The impact
strength in aligned SWNT-PMMA composites was sig-
nificantly increased with only 0.1wt% of SWNTs,
possibly because of a weak interfacial adhesion, and/or
of the high flexibility of the SWNTSs, and/or the pullout
and sliding effects of individual SWNTs within bun-
dles [3.314]. The transport properties of arc-discharge
SWNTs-PMMA composite films (10 wm thick) were
studied in great detail [3.315,316]. The electrical con-
ductivity increases by nine orders of magnitude from
0.1 to 8 wt% SWNTs. The room temperature conductiv-
ity is again well described with the standard percolation
theory, confirming the good dispersion of the SWNTs in
the matrix.

Polymer composites with other matrices include
CCVD-prepared MWNT-polyvinyl alcohol [3.317],
arc-prepared MWNT-polyhydroxyaminoether [3.318],
arc-prepared MWNT-polyurethane acrylate [3.319,
320], SWNT-polyurethane acrylate [3.321], SWNT-
polycarbonate [3.322], MWNT-polyaniline [3.323],
MWNT-polystyrene  [3.324], SWNT-polyethylene
[3.325], CCVD-prepared MWNT-polyacrylonitrile.
[3.326], MWNT-oxotitanium phthalocyanine [3.327],
arc-prepared MWNT-poly(3-octylthiophene) [3.328],
SWNT-poly(3-octylthiophene) [3.329], and CCVD
MWNTs-poly(3-hexylthiophene) [3.330]. These works
deal mainly with films 100—200 micrometer thick and
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aim to study the glass transition of the polymer,
mechanical, and electrical characteristics as well as
photoconductivity.

A great deal of work is also devoted to nano-
-tube-polymer composites for applications as ma-
terials for molecular optoelectronics, using pri-
marily poly(m-phenylenevinylene-co-2,5-dioctoxy-p-
phenylenevinylene) (PmPV) as the matrix. This
conjugated polymer tends to coil, forming a helical
structure. The electrical conductivity of the composite
films (4-36 wt% MWNTs) is increased by eight orders
of magnitude compared to that of PmPV [3.331]. Using
the MWNT-PmPV composites as the electron-transport-
layer in light-emitting diodes results in a significant
increase in brightness [3.332]. The SWNTs act as a hole-
trapping material blocking the holes in the composites,
this being probably induced through long-range inter-
actions within the matrix [3.333]. Similar investigations
were carried out on arc-discharge SWNTs-polyethylene
dioxythiophene (PEDOT) composite layers [3.334] and
MWNTs-polyphenylenevinylene composites [3.335].

To conclude, two critical issues have to be considered
for the application of nanotubes as reinforcement for
advanced composites. One is to chose between SWNTs
and MWNTs. The former seem more beneficial for the
purpose of mechanical strengthening, provided they are
isolated or arranged into cohesive yarns so that the load
is able to be conveniently transferred from a SWNT to
another. Unfortunately, despite recent advances [3.336—
339], this is still a technical challenge. The other issue
is to tailor the nanotube/matrix interface with respect to
the matrix. This is a current topic for many laboratories
involved in the field.

Multifunctional Materials
One of the major benefits expected from incorporating
carbon nanotubes in other solid or liquid materials is
bringing some electrical conductivity to them while not
affecting the other properties or behaviors of these ma-
terials. As already mentioned in the previous section, the
percolation threshold is reached at very low load with
nanotubes. Tailoring the electrical conductivity of a bulk
material is then achievable by adjusting the nanotube
volume fraction in the formerly insulating material while
not making this fraction too large anyway. As demon-
strated by Maruyama [3.3], there are three regimes of
interest regarding the electrical conductivity: (i) electro-
static discharge, e.g., to prevent fire or explosion hazard
in combustible environments or perturbations in elec-
tronics, which requires electrical resistivity less than
10'2 Qcm; (ii) electrostatic painting, which requires
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the material to be painted to be electrical conductive
enough (electrical resistivity below 10° Q cm) to prevent
the charged paint droplets to be repelled; (iii) electro-
magnetic interference shielding, which is achieved for
electrical resistivity lower than 10 €2 cm.

Materials are often asked to be multifunctional, e.g.
having both high electrical conductivity and high tough-
ness, or high thermal conductivity and high thermal
stability, etc. The association of several materials, each
of them bringing one of the desired features, there-
fore generally meets this need. Exceptional features and
properties of carbon nanotubes make them likely to be
a perfect multifunctional material in many cases. For
instance, materials for satellites are often required to
be electrical conductive, mechanically self-supporting,
able to transport the excess heat away, sometimes be pro-

tected against electromagnetic interferences, etc., while
exhibiting minimal weight and volume. All these proper-
ties should be possible with a single nanotube-containing
composite material instead of complex multi-materials
combining layers of polymers, aluminum, copper, etc.
Table 3.5 provides an overview of various fields in which
nanotube-based multifunctional materials should find an
application.

Nano-Electronics
As reported in Sects. 3.1.1 and 3.4.4, SWNT nanotubes
can be either metallic (with an electrical conductivity
higher than that of copper), or semiconductor. This has
inspired the design of several components for nano-
electronics. First, metallic SWNTs can be used as
mere ballistic conductors. Moreover, as early as 1995,

Table3.5 Applications for nanotube-based multifunctional materials (from [3.3]), by courtesy of B. Maruyama (WPAFB, Dayton,

Ohio)
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3.6 Applications of Carbon Nanotubes

realizing a rectifying diode by joining one metallic
SWNT to one semiconductor SWNT (hetero-junction)
was proposed by Lambin et al. [3.340], then later by
Chico et al. [3.341] and Yao et al. [3.342]. Also, field-
effect transistors (FET) can be built by the attachment of
a semiconductor SWNT across two electrodes (source
and drain) deposited on an insulating substrate that
serves as a gate electrode [3.343, 344]. Recently the-
association of two such SWNT-based FETs has made
a voltage inverter [3.345].

All the latter developments are fascinating and
provide promising perspectives for nanotube-based elec-
tronics. But progress is obviously needed before making
SWNT-based integrated circuits on a routine basis.
A key point is the need to be able to prepare se-
lectively either metallic or semiconductor nanotubes.
Although a way has been proposed to destroy selec-
tively metallic SWNTSs from bundles of undifferentiated
SWNTs [3.347], the method is not scalable and selec-
tive synthesis would be preferable. Also, defect-free
nanotubes are required. Generally speaking, it relates
to another major challenge, which is to be able to
fabricate at industrial scale integrated circuits includ-
ing nanometer-size components that only sophisticated
imaging methods (AFM) are able to visualize.

Nano-Tools, Nano-Devices, Nano-Systems
Due to the ability of graphene to expand slightly when
electrically charged, nanotubes have been found to act
conveniently as actuators. Kim et al. [3.346] demon-
strated it by designing “nano’-tweezers able to grab,
manipulate, release nano-objects (the “nano”-bead hav-
ing been handled for the demonstration was actually

— |

Deposit independent
metal coatings

P ——"

/

Attach
carbonnanotubes

+r\|§,

|

_L’/|’—;—'

Fig.3.31 Sketch explaining how the first nano-tweezers
were designed. First is a glass micropipette (dark cone,
top). Then two Au coatings (in grey, middle) are deposited
so that they are not in contact. Then a voltage is applied to
the electrodes (from [3.346])
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closer to micrometer than nanometer), and measure their
electrical properties. This was made possible quite sim-
ply by depositing two non-interconnected gold coatings
onto a pulled glass micropipette (Fig. 3.31), then attach-
ing two MWNTs (or two SWNT-bundles) ~ 20—50 nm
in diameter to each of the gold electrodes. Applying
a voltage (0-8.5V) between the two electrodes then
makes the tube tips to open and close reversibly in
a controlled manner.

A similar experiment, again rather simple, was pro-
posed by Baughman et al. the same year (1999) [3.348],
consisting in mounting two SWNT-based paper strips
(“bucky-paper”) on both sides of an insulating double-
side tape. The two bucky-paper strips were previously
loaded with Na™ and CI~, respectively. When 1V was
applied between the two paper strips, both expand, but
the strip loaded with Na™ expands a bit more, forcing
the whole system to bend. Though performed in a liquid
environment, such a behavior has inspired the authors to
predict a future for their system as “artificial muscles.”

Another example of amazing nano-tools is the nano-
thermometer proposed by Gao et al. [3.349]. A single
MWNT was used, in that case, partially filled with li-
quid gallium. Upon the effect of temperature variations
in the range 50—500 °C, the gallium goes up and down
reversibly within the nanotube cavity at reproducible
level with respect to the values of the temperature
applied.

Of course, nano-tools such as nano-tweezers or
nano-thermometers will hardly reach a commercial de-
velopment so to justify industrial investments. But such
experiments are more than amazing laboratory curiosi-
ties. They definitely demonstrate the ability of carbon
nanotubes as parts for future nano-devices, including
nanomechanics-based systems.

Supercapacitors
Supercapacitors include two electrodes immersed in an
electrolyte (e.g., 6 M KOH), separated by an insulat-
ing ion-permeable membrane. Charging the capacitors
is achieved by applying a potential between the two
electrodes, making the cations and the anions mov-
ing toward the electrode oppositely charged. Suitable
electrodes should exhibit a high electrical conductiv-
ity and a high surface area since the capacitance is
proportional to it. Actually, the surface area should
originate mainly from the appropriate combination of
mesopores (to allow the electrolyte components to cir-
culate well, which is related to the charging speed) and
micropores (whose walls are the surface of attraction
and fixation sites for the ions). Based on early works by
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Niu et al. [3.350], such a combination was found to be
reached with the specific architecture offered by packed
and entangled h-MWNTs with a poor nanotexture (see
Sect.3.1.2). But, activation pre-treatments are neces-
sary. For instance, a capacitor made from nanotubes
with surface area = 220 m?/g exhibited a capacitance
of 20F/g, which increased up to 100F/g after an ac-
tivation treatment was applied to the nanotubes so that
their surface area reaches 880 m? /g [3.126]. Alterna-
tively, again due to their specific architecture induced
by their huge aspect ratio, nanotubes can also be used as
supports for conductive polymer coatings, e.g., polypyr-
role or polyaniline [3.351], which otherwise would make
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Nanowires are especially attractive for nanoscience
studies as well as for nanotechnology applications.
Nanowires, compared to other low dimensional
systems, have two quantum confined directions
while still leaving one unconfined direction for
electrical conduction. This allows them to be
used in applications which require electrical
conduction, rather than tunneling transport.
Because of their unique density of electronic
states, nanowires in the limit of small diameters
are expected to exhibit significantly different
optical, electrical, and magnetic properties from
their bulk 3-D crystalline counterparts. Increased
surface area, very high density of electronic states
and joint density of states near the energies of
their van Hove singularities, enhanced exciton
binding energy, diameter-dependent bandgap,
and increased surface scattering for electrons
and phonons are just some of the ways in which
nanowires differ from their corresponding bulk
materials. Yet the sizes of nanowires are typically
large enough (>1nm in the quantum confined
direction) to have local crystal structures closely
related to their parent materials, thereby allowing
theoretical predictions about their properties to
be made on the basis of an extensive literature
relevant to their bulk properties.

Not only do nanowires exhibit many properties
that are similar to, and others that are distinctly
different from those of their bulk counterparts,
nanowires have the advantage from an applica-
tions standpoint in that some of the materials
parameters critical for certain properties can be
independently controlled in nanowires but not
in their bulk counterparts. Certain properties can
also be enhanced nonlinearly in small diameter
nanowires by exploiting the singular aspects of
the 1-D electronic density of states. Furthermore,
nanowires have been shown to provide a promis-
ing framework for applying the "bottom-up"”
approach [4.1] for the design of nanostructures for
nanoscience investigations and for potential
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nanotechnology applications. Driven by: (1) these
new research and development opportunities,
(2) the smaller and smaller length scales now being
used in the semiconductor, opto-electronics, and
magnetics industries, and (3) the dramatic
development of the biotechnology industry where
the action is also at the nanoscale, the nanowire
research field has developed with exceptional
speed in the last few years. A review of the
current status of nanowire research is therefore
of significant broad interest at the present
time. This review aims to focus on nanowire
properties that differ from those of their parent
crystalline bulk materials, with an eye toward
possible applications that might emerge from the
unique properties of nanowires and from future
discoveries in this field.
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For quick reference, examples of typical nanowires
that have been synthesized and studied are listed in
Table 4.1. Also of use to the reader are review ar-
ticles that focus on a comparison between nanowire

4.1 Synthesis

In this section we survey the most common synthetic
approaches that have successfully afforded high quality
nanowires of a large variety of materials (see Table 4.1).
In Sect. 4.1.1, we discuss methods that make use of vari-
ous templates with nanochannels to confine the nanowire
growth to two dimensions. In Sect. 4.1.2, we present the
synthesis of nanowires by the vapor-liquid-solid mech-
anism and its many variations. In Sect. 4.1.3, we present
examples of other synthetic methods of general applica-
bility. The last part of this section (Sect. 4.1.4) features
several approaches that have been developed to organize
nanowires into simple architectures.

4.1.1 Template-Assisted Synthesis

The template-assisted synthesis of nanowires is a con-
ceptually simple and intuitive way to fabricate nano-
structures [4.7—10]. These templates contain very small
cylindrical pores or voids within the host material, and
the empty spaces are filled with the chosen material,
which adopts the pore morphology, to form nanowires.
In this section, we describe the templates first and then
describe strategies for filling them to make nanowires.

Template Synthesis
In template-assisted synthesis of nanostructures, the
chemical stability and mechanical properties of the tem-
plate, as well as the diameter, uniformity, and density of
the pores are important characteristics to consider. Tem-
plates frequently used for nanowire synthesis include

and nanotube properties [4.2] and the many reviews
that have been written about carbon nanotubes [4.3-5],
which can be considered as a model one-dimensional
system.

anodic alumina (AlpO3), nano-channel glass, ion track-
etched polymers, and mica films.

Porous anodic alumina templates are produced by
anodizing pure Al films in various acids [4.11-13].
Under carefully chosen anodization conditions, the re-
sulting oxide film possesses a regular hexagonal array
of parallel and nearly cylindrical channels, as shown
in Fig. 4.1a. The self-organization of the pore structure
in an anodic alumina template involves two coupled
processes: pore formation with uniform diameters and
pore ordering. The pores form with uniform diameters
because of a delicate balance between electric-field-
enhanced diffusion, which determines the growth rate
of the alumina, and dissolution of the alumina into
the acidic electrolyte [4.12]. The pores are believed to
self-order because of mechanical stress at the aluminum-
alumina interface due to volume expansion during the
anodization. This stress produces a repulsive force be-
tween the pores, causing them to arrange in a hexagonal
lattice [4.14]. Depending on the anodization condi-
tions, the pore diameter can be systematically varied
from < 10 nm up to 200 nm with a pore density in the
range of 109-10!! pores/cm2 [4.11,12, 15, 16]. Many
groups have shown that the pore size distribution and
the pore ordering of the anodic alumina templates can be
significantly improved by a two-step anodization tech-
nique [4.6, 17, 18] in which the aluminum oxide layer
is dissolved after the first anodization in an acidic solu-
tion followed by a second anodization under the same
conditions.

Fig. 4.1 (a) SEM images of the top
surfaces of porous anodic alumina
templates anodized with an average
pore diameter of 44 nm [4.6]. (b) SEM
image of the particle track-etched
polycarbonate membrane, with a pore
diameter of 1 um [4.7]

Springer Handbook of Nanotechnology
B. Bhushan « © Springer 2004

é



Nanowires | 4.1 Synthesis 101

Table 4.1 Selected syntheses

Material  Growth Technique Reference . .
of nanowires by material
Ag DNA-template, redox [4.23]
template, pulsed ECD* [4.24]
Au template, ECD [4.25,26]
Bi stress-induced [4.27]
template, vapor-phase [4.28]
template, ECD* [4.29], [4.30], [4.31]
template, pressure-injection [4.32], [4.16,33]
Bi;Tes template, dc ECD* [4.34]
CdS liquid-phase (surfactant), recrystallization  [4.35]
template, ac ECD* [4.36], [4.37]
CdSe liquid-phase (surfactant), redox [4.38]
template, ac ECD [4.39], [4.40]
Cu vapor deposition [4.41]
template, ECD* [4.42]
Fe template, ECD¢ [4.15], [4.43]
shadow deposition [4.44] >
GaN template, CVD¢ [4.45] -
VLS? [4.46,47] =
GaAs template, liquid/vapor OMCVD? [4.48] :
Ge high-T, high-P liquid-phase, redox [4.49]
VLS? [4.50]
oxide-assisted [4.51]
InAs template, liquid/vapor OMCVD? [4.48]
InP VLS? [4.52]
Mo step decoration, ECD“+ redox [4.53]
Ni template, ECD [4.22], [4.31,54]
PbSe liquid phase [4.55]
Pd step decoration, ECD* [4.56]
Se liquid-phase, recrystallization [4.57]
template, pressure injection [4.58]
Si VLS? [4.59]
laser-ablation VLS? [4.60]
oxide-assisted [4.61]
low-T VLS? [4.62]
Zn template, vapor-phase [4.63]
template, ECD* [4.64]
ZnO VLS? [4.65]
template, ECD [4.64, 66]

¢ Electrochemical deposition

b Vapor-liquid-solid growth

¢ Chemical vapor deposition

4 Organometallic chemical vapor deposition
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Another type of porous template commonly used
for nanowire synthesis is the template type fabricated
by chemically etching particle tracks originating from
ion bombardment [4.19], such as track-etched polycar-
bonate membranes (Fig. 4.1b) [4.7,20,21] and also mica
films [4.22].

Other porous materials can be used as host templates
for nanowire growth, as discussed by Ozin [4.8]. Nano-
channel glass (NCG), for example, contains a regular
hexagonal array of capillaries similar to the pore struc-
ture in anodic alumina with a packing density as high
as 3x 1010 pores/cm? [4.9]. Porous Vycor glass that
contains an interconnected network of pores less than
10 nm was also employed for the early study of nano-
structures [4.68]. Mesoporous molecular sieves [4.69],
termed MCM-41, possess hexagonally packed pores
with very small channel diameters that can be varied
between 2nm and 10nm. Conducting organic fila-
ments have been fabricated in the nanochannels of
MCM-41 [4.70]. Recently the DNA molecule has also
been used as a template for growing nanometer-sized
wires [4.23].

Diblock copolymers, polymers that consist of two
chain segments with different properties, have also been
utilized as templates for nanowire growth. When the
two segments are immiscible in each other, phase seg-
regation occurs, and depending on their volume ratio,
spheres, cylinders, and lamellae may self-assemble. To
form self-assembled arrays of nanopores, copolymers
composed of polystyrene and polymethylmethacrylate
[P(S-b-MMA)] [4.71] were used. By applying an elec-
tric field while the copolymer was heated above the
glass transition temperature of the two constituent poly-
mers, the self-assembled cylinders of PMMA could be
aligned with their main axis perpendicular to the film.
Selective removal of the PMMA component afforded
the preparation of 14-nm-diameter ordered pore arrays
with a packing density of 1.9x 10! cm=3.

Nanowire Template Assisted Growth

by Pressure Injection
The pressure injection technique is often employed when
fabricating highly crystalline nanowires from a low-
melting point material and when using porous templates
with robust mechanical strength. In the high-pressure
injection method, the nanowires are formed by pressure
injecting the desired material in liquid form into the
evacuated pores of the template. Due to the heating and
the pressurization processes, the templates used for the
pressure injection method must be chemically stable and
be able to maintain their structural integrity at high tem-

peratures and high pressures. Anodic aluminum oxide
films and nano-channel glass are two typical materials
used as templates in conjunction with the pressure injec-
tion filling technique. Metal nanowires (Bi, In, Sn, and
Al) and semiconductor nanowires (Se, Te, GaSb, and
Bi;Tes) have been fabricated in anodic aluminum oxide
templates using this method [4.32,58,67].

The pressure P required to overcome the surface
tension for the liquid material to fill the pores with
a diameter dw is determined by the Washburn equa-
tion [4.72]:

dw = —4ycosb/P, (4.1)

where y is the surface tension of the liquid, and 6 is the
contact angle between the liquid and the template. To
reduce the required pressure and to maximize the filling
factor, some surfactants are used to decrease the surface
tension and the contact angle. For example, the intro-
duction of Cu in the Bi melt can facilitate filling the

Intensity (arb. units)
A

b)lL k

a) R |
20 30 40 50 60
20 (%)

Fig. 4.2a-c XRD patterns of bismuth/anodic alumina
nano-composites with average bismuth wire diameters of
(a) 40nm, (b) 52nm, and (c) 95nm [4.67]. The Miller
indices corresponding to the lattice planes of bulk Bi
are indicated above the individual peaks. The majority
of the Bi nanowires are oriented along the [1011] and
[0112] directions for dyw > 60 nm and dy < 50 nm, respec-
tively [4.16,67]. The existence of more than one dominant
orientation in the 52-nm Bi nanowires is attributed to the
transitional behavior of intermediate-diameter nanowires as
the preferential growth orientation is shifted from [1011] to
[0112] with decreasing dw
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pores in the anodic alumina template with liquid Bi and
can increase the number of nanowires prepared [4.16].
But some of the surfactants might cause contamination
problems and therefore should be avoided. Nanowires
produced by the pressure injection technique usually
possess high crystallinity and a preferred crystal orien-
tation along the wire axis. For example, Fig. 4.2 shows
the X-ray diffraction (XRD) patterns of Bi nanowire
arrays of three different wire diameters with an injec-
tion pressure of ~ 5,000 psi [4.67], demonstrating that
the major (> 80%) crystal orientation of the wire axes
in the 95-nm and 40-nm diameter Bi nanowire arrays
are, respectively, normal to the (202) and (012) lattice
planes. These are denoted by [1011] and [0112] when
using a hexagonal unit cell, suggesting a wire-diameter-
dependent crystal growth direction. On the other hand,
30 nm Bi nanowires produced using a much higher pres-
sure of > 20,000 psi show a different crystal orientation
of (001) along the wire axis [4.33], indicating that the
preferred crystal orientation may also depend on the ap-
plied pressure, with the most dense packing direction
along the wire axis for the highest applied pressure.

Electrochemical Deposition
The electrochemical deposition technique has attracted
increasing attention as an alternative method for fab-
ricating nanowires. Traditionally, electrochemistry has
been used to grow thin films on conducting surfaces.
Since electrochemical growth is usually controllable
in the direction normal to the substrate surface, this
method can be readily extended to fabricate 1-D or 0-
D nanostructures, if the deposition is confined within
the pores of an appropriate template. In the electro-
chemical methods, a thin conducting metal film is
first coated on one side of the porous membrane to
serve as the cathode for electroplating. The length of
the deposited nanowires can be controlled by vary-
ing the duration of the electroplating process. This
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method has been used to synthesize a wide variety of
nanowires e.g., metals (Bi [4.21, 29]; Co [4.73, 74];
Fe [4.15,75]; Cu [4.20,76]; Ni [4.22,73]; Ag [4.24,77];
Au [4.25,26]); conducting polymers [4.7,29]; supercon-
ductors (Pb [4.78]); semiconductors (CdS [4.37]); and
even superlattice nanowires with A/B constituents (such
as Cu/Co [4.20,76]) have been synthesized electrochem-
ically (see Table 4.1).

In the electrochemical deposition process, the cho-
sen template has to be chemically stable in the electrolyte
during the electrolysis process. Cracks and defects in the
templates are detrimental to the nanowire growth, since
the deposition processes primarily occur in the more ac-
cessible cracks, leaving most of the nanopores unfilled.
Particle track-etched mica films or polymer membranes
are typical templates used in the simple dc electrolysis.
To use anodic aluminum oxide films in the dc elec-
trochemical deposition, the insulating barrier layer that
separates the pores from the bottom aluminum substrate
has to be removed, and a metal film is then evapo-
rated onto the back of the template membrane [4.79].
Compound nanowire arrays, such as Bi,Tes, have been
fabricated in alumina templates with a high filling factor
using the dc electrochemical deposition [4.34]. Fig-
ures 4.3a and b, respectively, show the top view and
cross-sectional SEM images of a BipTes nanowire ar-
ray [4.34]. The light areas are associated with BiyTe3
nanowires, the dark regions denote empty pores, and the
surrounding gray matrix is alumina.

Surfactants are also used with electrochemical de-
position when necessary. For example, when using
templates derived from PMMA/PS diblock copolymers
(see above), methanol is used as a surfactant is used to
facilitate pore filling [4.71], thereby achieving ~ 100%
filling factor.

It is also possible to employ an ac electrodepos-
ition method in anodic alumina templates without the
removal of the barrier layer, by utilizing the rectifying

Fig. 4.3 (a) SEM image of a Bi;Tes

nanowire array in cross section show-
ing arelatively high pore filling factor.
(b) SEM image of a Bi, Te3 nanowire
array composite along the wire axis

[4.34]
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properties of the oxide barrier. In ac electrochemical
deposition, although the applied voltage is sinusoidal
and symmetric, the current is greater during the ca-
thodic half-cycles, making deposition dominant over the
stripping, which occurs in the subsequent anodic half-
cycles. Since no rectification occurs at defect sites, the
deposition and stripping rates are equal, and no ma-
terial is deposited. Hence, the difficulties associated
with cracks are avoided. In this fashion, metals, such as
Co [4.74] and Fe [4.15,75], and semiconductors, such
as CdS [4.37], have been deposited into the pores of an-
odic aluminum oxide templates without removing the
barrier layer.

In contrast to nanowires synthesized by the pressure
injection method, nanowires fabricated by the elec-
trochemical process are usually polycrystalline, with
no preferred crystal orientations, as observed by XRD
studies. Some exceptions exist, however. For exam-
ple, polycrystalline CdS nanowires, fabricated by an
ac electrodeposition method in anodic alumina tem-
plates [4.37], possibly have a preferred wire growth
orientation along the c-axis. In addition, Xu et al. have
prepared a number of single-crystal II-VI semiconductor
nanowires, including CdS, CdSe, and CdTe, by dc elec-
trochemical deposition in anodic alumina templates
with a nonaqueous electrolyte [4.36, 40]. Furthermore,
single-crystal Pb nanowires can be formed by pulse
electrodeposition under over-potential conditions, but
no specific crystal orientation along the wire axis was
observed [4.78]. The use of pulse currents is believed to
be advantageous for the growth of crystalline wires be-
cause the metal ions in the solution can be regenerated
between the electrical pulses and, therefore, uniform

b)

15 nm

Fig. 4.k (a) TEM image of a single Co(10 nm)/Cu(10 nm)
multilayered nanowire. (b) A selected region of the sample
at high magnification [4.76]

deposition conditions can be produced for each deposi-
tion pulse. Similarly, single crystal Ag nanowires were
fabricated by pulsed electro-deposition [4.24].

One advantage of the electrochemical deposition
technique is the possibility of fabricating multilayered
structures within nanowires. By varying the cathodic
potentials in the electrolyte that contains two different
kinds of ions, different metal layers can be control-
lably deposited. In this fashion, Co/Cu multilayered
nanowires have been synthesized [4.20, 76]. Figure 4.4
shows TEM images of a single Co/Cu nanowire of
about 40nm in diameter [4.76]. The light bands rep-
resent Co-rich regions, and the dark bands represent
Cu-rich layers. This electrodeposition method provides
alow-cost approach to preparing multilayered 1-D nano-
structures.

Vapor Deposition
Vapor deposition of nanowires includes physical va-
por deposition (PVD) [4.28], chemical vapor deposition
(CVD) [4.80], and metallorganic chemical vapor deposi-
tion (MOCVD) [4.48]. Like electrochemical deposition,
vapor deposition is usually capable of preparing smaller-
diameter (< 20nm) nanowires than pressure injection
methods, since it does not rely on the high pressure and
surface tension involved to insert the material into the
pores.

In the physical vapor deposition technique, the
material to be filled is first heated to produce a vapor,
which is then introduced through the pores of the
template and cooled to solidify. Using an especially de-
signed experimental setup [4.28], nearly single-crystal
Bi nanowires in anodic aluminum templates with pore
diameters as small as 7 nm have been synthesized, and
these Bi nanowires were found to possess a preferred
crystal growth orientation along the wire axis, simi-
lar to the Bi nanowires prepared by pressure injection
[4.16,28].

Compound materials that result from two react-
ing gases have also been prepared by the chemical
vapor deposition (CVD) technique. For example, single-
crystal GaN nanowires have been synthesized in anodic
alumina templates through a gas reaction of GayO va-
por with a flowing ammonia atmosphere [4.45, 80].
A different liquid/gas phase approach has been used
to prepare polycrystalline GaAs and InAs nanowires in
a nanochannel glass array [4.48]. In this method, the
nanochannels are filled with one liquid precursor (e.g.,
MesGaor Et3In) via a capillary effect, and the nanowires
are formed within the template by reactions between the
liquid precursor and the other gas reactant (e.g., AsHz).
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Nanotube Synthesis with Templates

and as Templates
Recently carbon nanotubes, an important class of 1-D
nanostructures, have been fabricated within the pores of
anodic alumina templates using a chemical vapor de-
position technique [4.81-84] to form highly ordered
two-dimensional carbon nanotube arrays. A small
amount of metal catalyst (e.g., Co) is first electro-
chemically deposited on the bottom of the pores. The
templates are then placed in a furnace and heated to
~ 700-800 °C with a flowing gas consisting of a mix-
ture of N and acetylene (CyH») or ethylene (CaHy).
The hydrocarbon molecules are pyrolyzed to form car-
bon nanotubes in the pores of the template with the help
of the metal catalysts. Well-aligned nanotube arrays have
stimulated much interest because of their great poten-
tial in various applications, such as cold-cathode flat
panel displays. Of particular interest is the use of zeo-
lite templates with very narrow pores (< 1 nm diameter)
that permit the growth of carbon nanotubes with diam-
eters of 0.42nm, having only 10 carbon atoms around
the circumference [4.85].

The hollow cores of carbon nanotubes have also been
used to synthesize a variety of nanowires of very small
diameter [4.86]. These very small diameter nanowires
have been extensively studied by high resolution TEM
but have not yet been characterized to the same degree
regarding their physical properties.

4.1.2 VLS Method for Nanowire Synthesis

Some of the recent successful syntheses of semi-
conductor nanowires are based on the so-called
vapor-liquid-solid (VLS) mechanism of anisotropic
crystal growth. This mechanism was first proposed for
the growth of single crystal silicon whiskers 100 nm to
hundreds of microns in diameter [4.87]. The proposed
growth mechanism (see Fig.4.5) involves the absorp-
tion of source material from the gas phase into a liquid
droplet of catalyst (a molten particle of gold on a silicon
substrate in the original work [4.87]). Upon supersatu-
ration of the liquid alloy, a nucleation event generates
a solid precipitate of the source material. This seed
serves as a preferred site for further deposition of mater-
ial at the interface of the liquid droplet, promoting the
elongation of the seed into a nanowire or a whisker, and
suppressing further nucleation events on the same cata-
lyst. Since the liquid droplet catalyzes the incorporation
of material from the gas source to the growing crystal,
the deposit grows anisotropically as a whisker whose
diameter is dictated by the diameter of the liquid alloy
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Fig. 4.5 Schematic diagram illustrating the growth of silicon

nanowires by the VLS mechanism

droplet. The nanowires thus obtained are of high purity,
except for the end containing the solidified catalyst as
an alloy particle (see Figs. 4.5, 4.6a). Real-time obser-
vations of the alloying, nucleation, and elongation steps
in the growth of germanium nanowires from gold nan-
oclusters by the VLS method were recorded by in situ
TEM [4.88].

Reduction of the average wire diameter to the
nanometer scale requires the generation of nanosized
catalyst droplets. Due to the balance between the
liquid-vapor surface free energy and the free energy
of condensation, however, the size of a liquid droplet,
in equilibrium with its vapor, is usually limited to the
micrometer range. This obstacle was overcome in recent
years by several new methodologies: 1) Advances in the
synthesis of metal nanoclusters have made monodis-
persed nanoparticles commercially available. These can
be dispersed on a solid substrate in high dilution so that
when the temperature is raised above the melting point,
the liquid clusters do not aggregate [4.59]. 2) Alterna-
tively, metal islands of nanoscale sizes can self-form
when a strained thin layer is grown or heat treated
on a non-epitaxial substrate [4.50]. 3) Laser-assisted
catalytic VLS growth is a method used to generate
nanowires under nonequilibrium conditions. By laser
ablation of a target containing both the catalyst and the
source materials, a plasma is generated from which cat-
alyst nanoclusters nucleate as the plasma cools down.
Single crystal nanowires grow as long as the particle re-
mains liquid [4.60]. 4) Interestingly, by optimization of
the material properties of the catalyst-nanowire system,
conditions can be achieved for which nanocrystals nu-
cleate in a liquid catalyst pool supersaturated with the
nanowire material, migrate to the surface due to a large
surface tension, and continue growing as nanowires per-
pendicular to the liquid surface [4.62]. In this case,
supersaturated nanodroplets are sustained on the outer
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Fig. 4.6 (a) TEM images of Si nanowires produced after laser ablating a Sig 9Fe | target. The dark spheres with a slightly
larger diameter than the wires are solidified catalyst clusters [4.60]. (b) Diffraction contrast TEM image of a Si nanowire.
The crystalline Si core appears darker than the amorphous oxide surface layer. The inset shows the convergent beam
electron diffraction pattern recorded perpendicular to the wire axis, confirming the nanowire crystallinity [4.60]. (c) STEM
image of Si/Si;_,Ge, superlattice nanowires in the bright field mode. The scale bar is 500 nm [4.90]

end of the nanowire due to the low solubility of the
nanowire material in the liquid [4.89].

A wide variety of elemental, binary, and compound
semiconductor nanowires has been synthesized by the
VLS method, and relatively good control over the
nanowire diameter and diameter distribution has been
achieved. Researchers are currently focusing attention
on the controlled variation of the materials properties
along the nanowire axis. To this context, researchers
have modified the VLS synthesis apparatus to gener-
ate compositionally modulated nanowires. GaAs/GaP
modulated nanowires have been synthesized by alter-
nately ablating targets of the corresponding materials
in the presence of gold nanoparticles [4.92]. p-Si/n-Si
nanowires were grown by chemical vapor deposi-
tion from alternating gaseous mixtures containing the
appropriate dopant [4.92]. Si/Sij_,Ge, nanowires were
grown by combining silicon from a gaseous source
with germanium from a periodically ablated target (see
Fig.4.6¢) [4.90]. Finally, using an ultra-high vacuum
chamber and molecular beams, InAs/InP nanowires with
atomically sharp interfaces were obtained [4.93]. These
compositionally modulated nanowires are expected to
exhibit exciting electronic, photonic, and thermoelectric
properties.

Silicon and germanium nanowires grown by the
VLS method consist of a crystalline core coated by
a relatively thick amorphous oxide layer (2—3 nm) (see
Fig.4.6b). These layers are too thick to be the result
of ambient oxidation, and it has been shown that these
oxides play an important role in the nanowire growth
process [4.61,91]. Silicon oxides were found to serve
as a special and highly selective catalyst, that signifi-
cantly enhances the yield of Si nanowires, without the

need for metal catalyst particles [4.61,91,94]. A simi-
lar yield enhancement was also found in the synthesis
of Ge nanowires from the laser ablation of Ge pow-
der mixed with GeO; [4.51]. The Si and Ge nanowires
produced from these metal-free targets generally grow
along the [112] crystal direction [4.95] and have the
benefit that no catalyst clusters are found on either
ends of the nanowires. Based on these observations

Fig. 4.7 TEM image showing the two major morpholo-
gies of Si nanowires prepared by the oxide assisted growth
method [4.91]. Notice the absence of metal particles when
compared to Fig. 4.6a. The arrow points at an oxide-linked
chain of Si nanoparticles
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and other TEM studies, an oxide-enhanced nanowire
growth mechanism different from the classical VLS
mechanism was proposed, in which no metal catalyst
is required during the laser ablation-assisted synthe-
sis [4.91]. It is postulated that the nanowire growth
is dependent on the presence of SiO (or GeO) vapor.
This decomposes in the nanowire tip region into Si (or
Ge), which is incorporated into the crystalline phase,
and SiOy (or GeO;), which contributes to the outer
coating. The initial nucleation events generate oxide-
coated spherical nanocrystals. The [112] crystal faces
have the fastest growth rate, and therefore the nanocrys-
tals soon begin elongating along this direction to form
one-dimensional structures. The Si,,, O or Ge,,,O (m > 1)
layer on the nanowire tips may be at temperatures
near their molten states, catalyzing the incorporation of
gas molecules in a directional fashion [4.95]. Besides
nanowires with smooth walls, a second morphology
of chains of non-oriented nanocrystals linked by ox-
ide necks is frequently observed (indicated by an arrow
in Fig.4.7). In addition, it was found by STM studies
that about 1% of the wires consist of a regular array
of two alternating segments, 10 nm and 5nm in length,
respectively [4.96]. The segments, whose junctions form
an angle of 30°, are probably a result of alternating
growth along different crystallographic orientations (see
Sect. 4.2.1).

4.1.3 Other Synthesis Methods

In this section we review several other general pro-
cedures available for the synthesis of a variety of
nanowires. We focus on “bottom-up” approaches, which
afford many kinds of nanowires in large numbers and
do not require highly sophisticated equipment (such as
scanning microscopy or lithography based methods). We
exclude cases for which the nanowires are not self sus-
tained (such as in the case of atomic rows on the surface
of crystals).

Gates et al. have demonstrated a solution-phase syn-
thesis of nanowires with controllable diameters [4.57,
97], without the use of templates, catalysts, or surfac-
tants. They make use of the anisotropy of the crystal
structure of trigonal selenium and tellurium, which can
be viewed as rows of 1-D helical atomic chains. They
base their approach on the mass transfer of atoms during
an aging step from a high free-energy solid phase (e.g.,
amorphous selenium) to a seed (e.g., trigonal selenium
nanocrystal) that grows preferentially along one crystal-
lographic axis. The lateral dimension of the seed, which
dictates the diameter of the nanowire, can be controlled
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by the temperature of the nucleation step. Furthermore,
Se/Te alloy nanowires were synthesized by this method,
and AgySe compound nanowires were obtained by treat-
ing selenium nanowires with AgNO3 [4.98—100].

More often, however, the use of surfactants is
necessary to promote the anisotropic 1-D growth of
nanocrystals. Solution phase synthetic routes have been
optimized to produce monodispersed quantum dots, i. .,
zero-dimensional isotropic nanocrystals [4.101]. Surfac-
tants are necessary in this case to stabilize the interfaces
of the nanoparticles and retard oxidation and aggrega-
tion processes. Detailed studies on the effect of growth
conditions revealed that they can be manipulated to
induce a directional growth of the nanocrystals, usu-
ally generating nanorods (aspect ratio of ~ 10), and in
favorable cases, nanowires of high-aspect ratios. Heath
and LeGoues [4.49] synthesized germanium nanowires
by reducing a mixture of GeCly and phenyl-GeCl3 at
high temperature and high pressure. The phenyl lig-
and was essential for the formation of high-aspect ratio
nanowires [4.49]. In growing CdSe nanorods [4.38],
Alivisatos et al. used a mixture of two surfactants,
whose concentration ratio influenced the structure of
the nanocrystal. It is believed that different surfactants
have different affinities and different absorption rates
for the different crystal faces of CdSe, thereby regu-
lating the growth rate of these faces. A coordinating
alkyl-diamine solvent was used to grow polycrystalline
PbSe nanowires at low temperatures [4.55]. Here, the
surfactant-induced directional growth is believed to oc-
cur, through the formation of organometallic complexes
in which the bidentate ligand assumes the equatorial
positions, thus hindering the ions from approaching
each other in this plane. Additionally, the alkyl-amine
molecules coat the external surface of the wire, pre-
venting lateral growth. The aspect ratio of the wires
increased as the temperature was lowered in the range
10 < T < 117°C. Ethylenediamine was used to grow
CdS nanowires and tetrapods by a solvo-thermal re-
crystallization process starting with CdS nanocrystals
or amorphous particles [4.35]. While the coordinating
solvent was crucial for the nanowire growth, the re-
searchers did not clarify its role in the shape and phase
control.

Stress-induced crystalline bismuth nanowires have
been grown from sputtered films of layers of Bi and
CrN. The nanowires presumably grow from defects
and cleavage fractures in the film and are up to sev-
eral millimeter in lengths with diameters ranging from
30 to 200nm [4.27]. While the exploration of this
technique has only begun, stress-induced unidirectional
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growth should be applicable to a variety of composite
films.

Selective electrodeposition along the step edges in
highly oriented pyrolytic graphite (HOPG) was used
to obtain MoO, nanowires as shown in Fig.4.8. The
site-selectivity was achieved by applying a low over-
potential to the electrochemical cell in which the HOPG
served as cathode, thus minimizing the nucleation events
on less favorable sites (i.e., plateaus). While these
nanowires cannot be removed from the substrate, they
can be reduced to metallic molybdenum nanowires,
which can then be released as free-standing nanowires.
Other metallic nanowires were also obtained by this
method [4.53, 102]. In contrast to the template synthesis
approaches described above, in this method the sub-
strate defines only the position and orientation of the
nanowire, not its diameter. In this context, other surface
morphologies, such as self-assembled grooves in etched

Graphite

Elektrodeposition
of MoO, nanowires

"

Reduction to Mo® in H,
at 500 °C for ~ 1h

Cast poly(styrene) film

Nt

Lift-off of embedded
Mo® nanowires

Poly(styrene)

Fig. 4.8 Schematic of the electrodeposition step edge dec-
oration of HOPG (highly oriented pyrolytic graphite) for
the synthesis of molybdenum nanowires [4.53, 102]

crystal planes, have been used to generate nanowire
arrays via gas-phase shadow deposition (for example:
Fe nanowires on (110)NaCl [4.44]). The cross-section
of artificially prepared superlattice structures has also
been used for site-selective electrodeposition of paral-
lel and closely spaced nanowires [4.103]. Nanowires
prepared on the above-mentioned substrates would have
semicircular, rectangular, or other unconventional cross-
sectional shapes.

4.1.4 Hierarchical Arrangement
and Superstructures of Nanowires

Ordering nanowires into useful structures is another
challenge to address in order to harness the full poten-
tial of nanowires for applications. We will first review
examples of nanowires having a nontrivial structure and
then proceed to describe methods to create assemblies
of nanowires of a predetermined structure.

We have already mentioned in Sect.4.1.2 that the
preparation of nanowires with a graded composition
or with a superlattice structure along their main axis
was demonstrated by controlling the gas-phase chem-
istry as a function of time during the growth of the
nanowires by the VLS method. Control of the composi-
tion along the axial dimension was also demonstrated by
a template-assisted method, for example by the consecu-
tive electrochemical deposition of different metals in the
pores of an alumina template [4.104]. Alternatively, the
composition can be varied along the radial dimension of
the nanowire, for example, by first growing a nanowire
by the VLS method and then switching the synthesis
conditions to grow a different material on the surface
of the nanowire by CVD. This technique was demon-
strated for the synthesis of Si/Ge and Ge/Si coaxial (or
core-shell) nanowires [4.105], and it was shown that by
athermal annealing process the outer shell can be formed
epitaxially on the inner core. A different approach was
adopted by Wang et al. who generated a mixture of
coaxial and biaxial SiC-SiO, nanowires by the catalyst-
free high-temperature reaction of amorphous silica and
a carbon/graphite mixture [4.106].

A different category of nontrivial nanowires is that
of nanowires having a nonlinear structure, resulting
from multiple one-dimensional growth steps. Members
of this category are tetrapods, which were mentioned
in the context of liquid-phase synthesis (Sect.4.1.3).
In this process, a tetrahedral quantum-dot core is first
grown, and then the conditions are modified to induce
a one-dimensional growth of a nanowire from each
one of the facets of the tetrahedron. A similar process
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Fig. 4.9a-d SEM images of (a) 6-fold (b) 4-fold and (c) 2-fold symmetry nanobrushes made of an In,O3 core and ZnO

nanowire brushes [4.107], and of (d) ZnO nanonails [4.108]

produced high-symmetry In,O3/ZnO hierarchical nano-
structures. From a mixture of heat-treated In,O3, ZnO
and graphite powders, faceted In,O3 nanowires were
first obtained, on which oriented shorter ZnO nanowires
crystallized [4.107]. Brush-like structures were obtained
as a mixture of 11 structures of different symmetries. For
example, two, four, or six rows of ZnO nanorods could
be found on different core nanowires, depending on the
crystallographic orientation of the main axis of the core
nanowire, as shown in Fig.4.9. Comb-like structures
entirely made of ZnO were also reported [4.65].
Control of the position of a nanowire in the growth
process is important for preparing devices or test struc-
tures containing nanowires, especially when involving
a large array of n