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FP6 Sixth Framework Program

Fp fluorescence polarization

FPR N-formyl peptide receptor

FS force spectroscopy

FTIR Fourier-transform infrared

FV force—volume

G

GABA y-aminobutyric acid

GDP guanosine diphosphate

GF gauge factor

GFP green fluorescent protein

GMR giant magnetoresistive

GOD glucose oxidase

GPCR G-protein coupled receptor

GPS global positioning system

GSED gaseous secondary-electron detector

GTP guanosine triphosphate

GW Greenwood and Williamson

H

HAR high aspect ratio

HARMEMS  high-aspect-ratio MEMS

HARPSS high-aspect-ratio combined poly- and
single-crystal silicon

HBM human body model

hep hexagonal close-packed

HDD

hard-disk drive

HDT hexadecanethiol

HDTV high-definition television

HEK human embryonic kidney 293

HEL hot embossing lithography

HEXSIL hexagonal honeycomb polysilicon

HF hydrofluoric

HMDS hexamethyldisilazane

HNA hydrofluoric-nitric-acetic

HOMO highest occupied molecular orbital

HOP highly oriented pyrolytic

HOPG highly oriented pyrolytic graphite

HOT holographic optical tweezer

HP hot-pressing

HPI hexagonally packed intermediate

HRTEM high-resolution transmission electron
microscope

HSA human serum albumin

HtBDC hexa-tert-butyl-decacyclene

HTCS high-temperature superconductivity

HTS high throughput screening

HUVEC human umbilical venous endothelial cell
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IBD ion beam deposition

IC integrated circuit

ICA independent component analysis

ICAM-1 intercellular adhesion molecules 1

ICAM-2 intercellular adhesion molecules 2

ICT information and communication
technology

IDA interdigitated array

IF intermediate filament

IF intermediate-frequency

IFN interferon

IeG immunoglobulin G

IKVAV isoleucine-lysine—valine—alanine—valine

IL ionic liquid

IMAC immobilized metal ion affinity
chromatography

IMEC Interuniversity MicroElectronics Center

IR infrared

ISE indentation size effect

ITO indium tin oxide

ITRS International Technology Roadmap for
Semiconductors

IWGN Interagency Working Group on
Nanoscience, Engineering, and
Technology

J

IC jump-to-contact

JFIL jet-and-flash imprint lithography

JKR Johnson—Kendall-Roberts
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KPFM Kelvin probe force microscopy
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LA lauric acid
LAR low aspect ratio
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LBL layer-by-layer
LCC leadless chip carrier
LCD liquid-crystal display
LCoS liquid crystal on silicon
LCP liquid-crystal polymer
LDL low-density lipoprotein
LDOS local density of states
LED light-emitting diode
LFA-1 leukocyte function-associated antigen- 1
LFM lateral force microscope
LFM lateral force microscopy
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Abformung
LJ Lennard-Jones
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LT-SFM low-temperature scanning force
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LT-SPM low-temperature scanning probe
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LTO low-temperature oxide
LTRS laser tweezers Raman spectroscopy
LUMO lowest unoccupied molecular orbital
LVDT linear variable differential transformer
M
MALDI matrix assisted laser desorption ionization
MAP manifold absolute pressure
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MD molecular dynamics
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MFM magnetic field microscopy

MFM magnetic force microscope

MEM magnetic force microscopy
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MLE maximum likelihood estimator
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MOEMS microoptoelectromechanical system

MOS metal-oxide—semiconductor

MOSFET metal-oxide—semiconductor field-effect
transistor

MP metal particle

MPTMS mercaptopropyltrimethoxysilane

MRFEM magnetic resonance force microscopy

MRFM molecular recognition force microscopy

MRI magnetic resonance imaging

MRP molecular recognition phase

MscL mechanosensitive channel of large
conductance

MST microsystem technology

MT microtubule

mTAS micro total analysis system

MTTF mean time to failure

MUMP multiuser MEMS process

MVD molecular vapor deposition

MWCNT multiwall carbon nanotube

MWNT multiwall nanotube
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Hughes—White
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NA numerical aperture

NADIS nanoscale dispensing

NASA National Aeronautics and Space
Administration

NC-AFM noncontact atomic force microscopy

NEMS nanoelectromechanical system

NGL next-generation lithography

NHS N-hydroxysuccinimidyl

NIH National Institute of Health

NIL nanoimprint lithography

NIST National Institute of Standards and
Technology

NMP no-moving-part

NMR nuclear magnetic resonance

NMR nuclear mass resonance

NNI National Nanotechnology Initiative
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PFM
PFOS
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PLC
PLD
PMAA
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PMMA
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PP
PPD
PPMA
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PSD
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PTFE
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PUR
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photolithography
phospholipase C
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QPD
QWR

quantum box
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quantum wire
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1. Introduction to Nanotechnology

Bharat Bhushan

A biological system can be exceedingly small.
Many of the cells are very tiny, but they are
very active; they manufacture various sub-
stances; they walk around; they wiggle; and
they do all kinds of marvelous things - all
on a very small scale. Also, they store in-
formation. Consider the possibility that we
too can make a thing very small which
does what we want - that we can man-
ufacture 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

1.1 Nanotechnology - Definition and

Nanotechnology literally means any technology on
a nanoscale that has applications in the real world.
Nanotechnology encompasses the production and ap-
plication 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. Nano-
technology is likely to have a profound impact on our
economy and society in the early 21st century, compa-
rable to that of semiconductor technology, information
technology, or cellular and molecular biology. Science
and technology research in nanotechnology promises
breakthroughs in areas such as materials and man-
ufacturing, nanoelectronics, medicine and healthcare,
energy, biotechnology, information technology, and na-
tional security. It is widely felt that nanotechnology will
be the next Industrial Revolution.

Nanometer-scale features are mainly built up from
their elemental constituents. Examples include chem-
ical synthesis, spontaneous self-assembly of molecular

1.1 Nanotechnology -
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at the California Institute of Technology; Pasadena,
December 29, 1959).

Examples

clusters (molecular self-assembly) from simple reagents
in solution, biological molecules (e.g., DNA) used as
building blocks for production of three-dimensional
nanostructures, and quantum dots (nanocrystals) of ar-
bitrary diameter (about 10-10° atoms). The definition
of a nanoparticle is an aggregate of atoms bonded
together with a radius between 1 and 100nm. It typi-
cally consists of 10—10° atoms. A variety of vacuum
deposition and nonequilibrium-plasma chemistry tech-
niques are used to produce layered nanocomposites and
nanotubes. Atomically controlled structures are pro-
duced using molecular-beam epitaxy and organometal-
lic vapor-phase epitaxy. Micro- and nanosystem com-
ponents 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 production of nanocom-
ponents have resulted in line widths as small as 10 nm
in experimental prototypes. The nanotechnology field,
in addition to the fabrication of nanosystems, provides
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impetus for the development of experimental and com-
putational tools.

The discovery of novel materials, processes, and
phenomena at the nanoscale and the development of
new experimental and theoretical techniques for re-
search provide fresh opportunities for the development
of innovative nanosystems and nanostructured mater-
ials. The properties of materials at the nanoscale can
be very different from those at a larger scale. When
the dimension of a material is reduced from a large
size, the properties remain the same at first, then small

MEMS: Characteristic length less than 1 mm,
larger than 100 nm

NEMS: Less than 100 nm

changes occur, until finally when the size drops be-
low 100 nm, dramatic changes in properties can occur.
If only one length of a three-dimensional nanostruc-
ture is of nanodimension, the structure is referred to
as a quantum well; if two sides are of nanometer
length, the structure is referred to as a quantum wire.
A quantum dot has all three dimensions in the nano
range. The term quantum is associated with these three
types of nanostructures because the changes in prop-
erties arise from the quantum-mechanical nature of
physics in the domain of the ultrasmall. Materials can

Human hair

50-100pum
Quzm.lum—dols lransiélnr
300 nm Red blood cell
8 pum
Molecular gear
10-100 nm
i 1 pm
SWCNT chemical sensor
2 nm
C atom
0.16 nm
0.1 1 10 100 1000 10000 100000
Size (nm)

Fig.1.1 Dimensions of MEMS/NEMS and BioNEMS in perspective. Examples shown are a single-walled carbon
nanotube (SWCNT) chemical sensor [1.1], molecular dynamic simulations of carbon-nanotube-based gears [1.2],
quantum-dot transistor obtained from [1.3]., and digital microdevice (DMD) obtained from www.dlp.com. For com-
parison, dimensions and weights of various biological objects found in nature are also presented
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Table1.1 Characteristic dimensions and weights in per-

spective

Characteristic dimensions in perspective

NEMS characteristic length < 100 nm

MEMS characteristic length < I'mm and > 100 nm

SWCNT chemical sensor A 2 nm

Molecular gear 2 10 nm

Quantum-dot transistor 300 nm

Digital micromirror 12000 nm

Individual atoms Typically a fraction of a nm
in diameter

DNA molecules
Biological cells

A2 2.5 nm wide

In the range of thousands
of nm in diameter

Human hair A 75000 nm in diameter

‘Weight in perspective
NEMS built with cross-
sections of about 10 nm

As low as 1072 N

Micromachine silicon As low as | nN

structure
Eyelash 22 100 nN
Water droplet = 10 uN

be nanostructured for new properties and novel perfor-
mance. This field is opening new avenues in science and
technology.

Micro- and nanosystems include micro/nanoelec-
tromechanical systems (MEMS/NEMS). MEMS refers
to microscopic devices that have a characteristic length
of less than 1mm but more than 100nm and that
combine electrical and mechanical components. NEMS
refers to nanoscopic devices that have a character-
istic length of less than 100nm and that combine
electrical and mechanical components. In mesoscale de-
vices, if the functional components are on the micro-
or nanoscale, they may be referred to as MEMS or
NEMS, respectively. These are referred to as intelligent
miniaturized systems, comprising sensing, processing,
and/or actuating functions and combining electrical and
mechanical components. The acronym MEMS origi-
nated in the USA. The term commonly used in Europe
is microsystem fechnology (MST), and in Japan the
term micromachines is used. Another term generally
used is micro/nanodevices. The terms MEMS/NEMS
are also now used in a broad sense and include
electrical, mechanical, fluidic, optical, and/or biolog-
ical function. MEMS/NEMS for optical applications
are referred to as micro/nanooptoelectromechanical
systems (MOEMS/NOEMS). MEMS/NEMS for elec-
tronic applications are referred to as radiofrequency

MEMS/NEMS  (RF-MEMS/RF-NEMS). MEMS/
NEMS for biological applications are referred to as
bioMEMS/bioNEMS.

To put the dimensions of MEMS/NEMS and
BioNEMS in perspective, see Fig. 1.1 and Table 1.1. In-
dividual atoms are typically a fraction of a nanometer
in diameter, DNA molecules are about 2.5 nm wide, bi-
ological cells are in the range of thousands of nm in
diameter, and human hair is about 75 jum in diameter.
The smallest length of BioNEMS shown in the figure is
about 2 nm, NEMS ranges in size from 10 to 300 nm,
and the size of MEMS is 12 000 nm. The mass of a mi-
cromachined silicon structure can be a low as 1 nN, and
NEMS can be built with mass as low as 102" N with
cross-sections of about 10 nm. In comparison, the mass

a) Global MEMS market segment
US $ (billions)
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Il RF MEMS
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b) Global nanotechnology market segment
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Fig.1.2 Global MEMS and nanotechnology market seg-
ments (DLP — digital light processing)
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Introduction

of a drop of water is about 10 uN, and the mass of an
eyelash is about 100 nN,

MEMS/NEMS and BioMEMS/BioNEMS are ex-
pected to have a major impact on our lives, com-
parable to that of semiconductor technology, infor-
mation technology, or cellular and molecular biol-
ogy [1.4,5]. MEMS/NEMS and BioMEMS/BioNEMS
are used in electromechanical, electronics, informa-
tion/communication, chemical, and biological applica-
tions. The MEMS industry in 2004 was worth about
USS$ 4.5 billion, with a projected annual growth rate of
17% (Fig.1.2) [1.6]. The NEMS industry was worth
about USS 10 billion in 2004, mostly in nanomateri-
als (Fig. 1.2) [1.7]. Growth of Si-based MEMS/NEMS

may slow down and that of nonsilicon MEMS may
pick up during the next decade. It is expected to ex-
pand in this decade, for nanomaterials and biomedical
applications as well as nanoelectronics or molecu-
lar electronics. For example, miniaturized diagnostics
could be implanted for early diagnosis of illness. Tar-
geted drug-delivery devices are under development.
Due to the enabling nature of these systems and be-
cause of the significant impact they can have on both
commercial and defense applications, industry as well
as federal governments have taken special interest in
seeing growth in this field nurtured. MEMS/NEMS and
BioMEMS/BioNEMS are the next logical step in the
silicon revolution.

1.2 Background and Research Expenditures

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 Physi-
cal Society that has become one of the 20th century’s
classic science lectures, entitled There's Plenty of Room
al the Bottom [1.8]. He presented a technological vi-
sion of extreme miniaturization in 1959, several years
before the word chip became part of the lexicon. He
talked about the problem of manipulating and con-
trolling things on a small scale. Extrapolating from
known physical laws, Feynman envisioned a technology
using the ultimate toolbox of nature, building nanoob-
jects atom by atom or molecule by molecule. Since the
1980s, many inventions and discoveries in the fabrica-
tion of nanoobjects have been testaments to his vision.
In recognition of this reality, the National Science and
Technology Council (NSTC) of the White House cre-
ated the Interagency Working Group on Nanoscience,
Engineering, and Technology (IWGN) in 1998. In
a January 2000 speech at the same institute, President
W. J. Clinton talked about the exciting promise of nano-
technology and the importance of expanding research in
nanoscale science and technology more broadly. Later
that month, he announced in his State of the Union
Address an ambitious US$ 497 million federal, multia-
gency National Nanotechnology Initiative (NNI) in the
fiscal year 2001 budget, and made the NNI a top science
and technology priority [1.9, 10]. The objective of this
initiative was to form a broad-based coalition in which
academia, the private sector, and local, state, and fed-
eral governments work together to push the envelop of
nanoscience and nanoengineering to reap nanotechnol-
ogy’'s potential social and economic benefits.

a) Public expenditure in nanotechnology R&D

R&D expenditure (US §$ billions)
A

4 5
FP6
3 Europe
Japan
2 NNI

(USA) USA

Others

0 >
1997 1998 1999 2000 2001 2002 2003
Year

b) Public and private expenditure in nanotechnology R&D
in 2004

R&D expenditure (US $ billions)

A
3 Private Private
1.3 1
2 Private
1.4
Member Pub|
states + Stal 1.
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1.4 Feder Pub
0.9 )
8 EC 0.4 ] 0.
Europe USA Japan Others

Fig.1.3a,b Breakdown of expenditure in nanotechnology
R&D (a) around the world (source: European Commis-
sion, 2003), and (b) by public and private resources in 2004
(source: European Commission, 2005: figures for private
sources based upon data from Lux Research)
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1.2 Background and Research Expenditures

Funding in the USA has continued to increase.
In January 2003, the US Senate introduced a bill to
establish a National Nanotechnology Program. On De-
cember 3, 2003, President George W. Bush signed
into law the 21st Century Nanotechnology Research
and Development Act. This legislation put into law
programs and activities supported by the National
Nanotechnology Initiative. The bill gave nanotechnol-
ogy a permanent home in the federal government and
authorized US$ 3.7 billion to be spent in the 4 year pe-
riod beginning in October 2005 for nanotechnology
initiatives at five federal agencies. The funds would
provide grants to researchers, coordinate research and
development (R&D) across five federal agencies [the
National Science Foundation (NSF), the Department
of Energy (DOE), the National Aeronautics and Space
Administration (NASA), the National Institute of Stan-
dards and Technology (NIST), and the Environmental
Protection Agency (EPA)], establish interdisciplinary
research centers, and accelerate technology transfer
into the private sector. In addition, the Departments of
Defense (DOD), Homeland Security, Agriculture, and
Justice as well as the National Institutes of Health (NIH)
also fund large R&D activities. They currently account

Public and private expenditure in nanotechnology R&D in 2004
R&D expenditure (US §$ billions)

IS
4 Il Government/institutional
I'® Corporate/private

2004 global total
Corporate/private — US $ 6.6 billion
3 Government/institutional — US $ 3.7 billion
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Fig. 1.4 Breakdown of public and private expenditures in
nanotechnology R&D in 2004 in various countries (af-
ter [1.7])

a) Worldwide publications
in nanotechnology
(1997-1999)

Others
5%

EU candidate
countries
and Russia
8%

b) Worldwide patents
in nanotechnology

Fig.1.5a,b Breakdown of (a) worldwide publications and
(b) worldwide patents (source: European Commission,
2003)

for more than one-third of the federal budget for nano-
technology.

The European Union (EU) made nanosciences and
nanotechnologies a priority in the Sixth Framework
Program (FP6) in 2002 for the period 2003-2006.
There were also small dedicated funds in FP4 and
FP5 before. FP6 was tailored to help better structure
European research and to cope with the strategic ob-
jectives set out in Lisbon in 2000. Japan identified
nanotechnology as one of its main research priorities
in 2001. The funding levels increased sharply from
US$ 400 million in 2001 to around US$ 950 million in
2004. In 2003, South Korea embarked upon a 10 year
program with around USS 2 billion of public funding,
and Taiwan has committed around US$ 600 million of
public funding over 6 years. Singapore and China are
also investing on a large scale. Russia is well funded as
well.

Figure 1.3a shows the public expenditure break-
down of nanotechnology R&D around the world, with
about USS$S5hbillion in 2004, coming approximately
equally from the USA, Japan, and Europe. Next we
compare public expenditure on a per-capita basis. The
average expenditures per capita for the USA, the EU-
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Fig.1.6 Breakdown of start-up companies around the
world (1997-2002) (source: CEA, Bureau d’Etude Mar-
keting) »

25, and Japan are about US$ 3.7 billion, US§$ 2.4 billion,
and US$6.2billion, respectively [1.11]. Figure 1.3b
shows the breakdown of expenditure in 2004 by pub-
lic and private sources, with more than US$ 10 billion
spent in nanotechnology research. Two-thirds of this
came from corporate and private funding. Private ex-
penditure in the USA and Japan was slightly larger
than that from public sources, whereas in Europe it was
about one-third. Figure 1.4 shows the public and private
expenditure breakdown in 2004 in various countries.
Japan and USA had the largest expenditure, followed
by Germany, Taiwan, South Korea, the UK, Australia,
China, France, and Italy. Figure 1.5 shows a break-
down of worldwide publications and patents. USA and
Canada led, followed by Europe and Asia. Figure 1.6
shows the breakdown in start-up companies around the
world (1997-2002). Entrepreneurship in USA is clearly
evident, followed by Europe.

Start-up companies
in nanotechnology
(1997-2002)

Asia
4%

Rest of
world
11%

Switzerland
4%

Others
5%

1.3 Lessons from Nature (Biomimetics)

The word nanotechnology is a relatively new word,
but it is not an entirely new field. Nature has gone
through evolution over the 3.8 billion years since life
is estimated to have appeared on Earth. Nature has
many materials, objects, and processes which function
from the macroscale to nanoscale [1.9]. Understanding
the functions provided by these objects and processes
can guide us to imitate and produce nanomaterials,
nanodevices, and processes. Biologically inspired de-
sign, adaptation or derivation from nature is referred
to as biomimetics, a term coined by the polymath Otto
Schmitt in 1957. Biomimetics is derived from the Greek
word biomimesis. Other terms used include bionics,
biomimicry, and biognosis. The term biomimetics is rel-
atively new; however, our ancestors looked to nature
for inspiration and the development of various mater-
ials and devices many centuries ago [1.12, 13]. There
are a large number of objects, including bacteria, plants,
land and aquatic animals, seashells, and spider web,
with properties of commercial interest. Figure 1.7 pro-
vides an overview of various objects from nature and
their selected functions. Figure 1.8 shows a montage of
some examples from nature, which serve as the inspira-
tion for various technological developments.

The flagella of bacteria rotate at over 10000 rpm
[1.14]. This is an example of a biological molecular
machine. 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
=~ | nm.

Several billions years ago, molecules began orga-
nizing into complex structures that could support life.
Photosynthesis harnesses solar energy to support plant
life. Molecular ensembles present in plant leaves, which
include light-harvesting molecules such as chlorophyll,
arranged within the cells (on the nanometer to microm-
eter scales), capture light energy and convert it into the
chemical energy that drives the biochemical machin-
ery of plant cells. Live organs use chemical energy in
the body. This technology is being exploited for solar
energy applications.

Some natural surfaces, including the leaves of
water-repellent plants such as lotus, are known to
be superhydrophobic and self-cleaning due to hier-
archical roughness (microbumps superimposed with
nanostructure) and the presence of a wax coat-
ing [1.15-19]. Roughness-induced superhydrophobic
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Overview of various objects from nature and their selected functions I

Bacteria I —|P1ants I Insects, spiders, Aquatic —| Birds I
lizards, frogs animals
Biological Chemical | | Aerodynamic
motor —|energy Superhydro- Low hydrody- lift
conversion phobicity namic drag
Light
Superhydro- Reversible Energy | coloration
| |phobicity, self- adhesion in dry production
cleaning, drag and wet en-
reduction vironment
Seashells, Spider web Moth-eye Fur and skin Biological
bones, teeth effect and of polar bear systems
Biological structural
High self-assembly coloration Thermal Self-healing
mechanical insulation
strength Antireflective Sensory aid
surfaces devices
Structural
coloration

Fig.1.7 Overview of various objects from nature and their selected function (after [1.13])

and self-cleaning surfaces are of interest in various
applications, including self-cleaning windows, wind-
shields, exterior paints for buildings and navigation
ships, utensils, roof tiles, textiles, and applications
requiring a reduction of drag in fluid flow, e.g., in mi-
cro/nanofluidics. Superhydrophobic surfaces can also
be used for energy conversion and conservation [1.20].
Nonwetting surfaces also reduce stiction at contacting
interfaces in machinery [1.21,22].

The leg attachment pads of several creatures, includ-
ing many insects (e.g., beetles and flies), spiders, and
lizards (e.g., geckoes), are capable of attaching to a va-
riety of surfaces and are used for locomotion [1.23].
Biological evolution over a long period of time has led
to the optimization of their leg attachment systems. The
attachment pads have the ability to cling to different
smooth and rough surfaces and detach at will [1.24,25].
This dynamic attachment ability is referred to as re-
versible adhesion or smart adhesion. Replication of

the characteristics of gecko feet would enable the de-
velopment of a superadhesive polymer tape capable
of clean, dry adhesion which is reversible [1.25-27].
(It should be noted that common manmade adhesives
such as tape or glue involve the use of wet adhesives
that permanently attach two surfaces.) The reusable
gecko-inspired adhesives have the potential for use in
everyday objects such as tapes, fasteners, and toys, and
in high technology such as microelectronic and space
applications. Replication of the dynamic climbing and
peeling ability of geckoes could find use in the treads of
wall-climbing robots. Incidentally, Velcro was invented
based on the action of the hooked seeds of the burdock
plant [1.28].

Many aquatic animals can move in water at high
speeds with low energy input. Drag is a major hindrance
to movement. Most shark species move through water
with high efficiency and maintain buoyancy. Through
its ingenious design, their skin turns out to be an essen-
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Fig.1.8a=h Montage of some examples from nature: (a) lotus effect [1.30], (b) glands of carnivorous plant that secrete
adhesive to trap insects [1.17]. (c) water strider walking on water [1.31], (d) gecko foot exhibits reversible adhesion [1.32]
(BR — branch, SP — spatula), (e) scale structure of shark reduces drag [1.33], (f) wings of a bird in landing approach,
(g) spider web made of silk material [1.12], (h) moth’s eyes are antireflective [1.34]

tial aid to this behavior by reducing friction drag and
autocleaning ectoparasites from their surface [1.29].
The very small individual tooth-like scales of shark
skin, called dermal denticles, are ribbed with longi-
tudinal grooves, which result in water moving very
efficiently over their surface. The scales also minimize
the collection of barmacles and algae. Speedo created
the whole-body swimsuit called Fastskin, modeled on
shark skin, for elite swimming. Boat, ship, and air-
craft manufacturers are trying to mimic shark skin to
reduce friction drag and minimize the attachment of

organisms to their bodies. In addition, mucus on the
skin of aquatic animals, including sharks, acts as an
osmotic barrier against the salinity of seawater and pro-
tects the creature from parasites and infections. It also
acts as a drag-reducing agent. Artificial derivatives of
fish mucus (polymer additives) are used to propel crude
oil in the Alaska pipeline. The compliant skin of dol-
phins allows them to swim at high speed. By interacting
with the water flowing over the body’s surface it stabi-
lizes the flow and delays the transition to turbulence.
Dolphins possess an optimum shape for drag reduc-
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tion of submerged bodies. Submarines use the shape
of dolphins. The streamlined form of boxfish (Ostra-
cion meleagris) has inspired Mercedes Benz’s bionic
concept car with low aerodynamic drag. The beak of
the kingfisher was used to model the nose cone of the
Japanese Shinkansen bullet train. Power is generated
by the scalloped edges of a humpback whale, and this
design is exploited for wind turbine blades.

Bird feathers make the body water repellant, and
movable flaps create wing and tail for aerodynamic
lift during flying [1.29]. Birds and butterflies create
brilliant hues by refracting light through millions of re-
peated structures that bend light to make certain colors.
Seashells are natural nanocomposites with a laminated
structure and exhibit superior mechanical properties.
Spider web consists of silk fiber which is very strong.
The materials and structures used in these objects have
led to the development of various materials and fibers
with high mechanical strength. Moth eyes have a mul-
tifaceted surface on the nanoscale and are structured to

1.4 Applications in Different Fields

Science and technology continue to move forward in
making the fabrication of micro/manodevices and sys-
tems possible for a variety of industrial, consumer,
and biomedical applications [1.37, 38]. A variety of
MEMS devices have been produced, and some are in
commercial use [1.39-48]. A variety of sensors are
used in industrial, consumer, defense, and biomedical
applications. Various micro/nanostructures and micro/
nanocomponents are used in microinstruments and
other industrial applications such as micromirror ar-
rays. The largest killer MEMS applications include
accelerometers (some 90 million units installed in ve-
hicles in 2004), silicon-based piezoresistive pressure
sensors for manifold absolute pressure sensing for en-
gines and for disposable blood pressure sensors (about
30 million and 25 million units, respectively), capacitive
pressure sensors for tire pressure measurements (about
37million units in 2005), thermal inkjet printheads
(about 500 million units in 2004), micromirror arrays
for digital projection displays (about US$ 700 million
revenue in 2004), and optical cross-connections in
telecommunications. Other applications of MEMS de-
vices include chemical/biosensors and gas sensors,
microresonators, infrared detectors and focal-plane ar-
rays for Earth observation, space science, and missile
defense applications, picosatellites for space applica-
tions, fuel cells, and many hydraulic, pneumatic, and

reduce reflection. This antireflective design led to the
discovery of antireflective surfaces [1.35].

A remarkable property of biological tissues is their
ability for self-healing. In biological systems, chemical
signals released at the site of a fracture initiate a sys-
temic response that transports repair agents to the site of
an injury and promotes healing. Various artificial self-
healing materials are being developed [1.36]. Human
skin is sensitive to impact, leading to purple-colored
marks in areas that are hit. This idea has led to the de-
velopment of coatings indicating impact damage [1.12].
Another interesting and promising idea involves the ap-
plication of an array of sensors to develop an artificial
nose or an artificial tongue.

Other lessons from nature include the wings of fly-
ing insects, abalone shell with high-impact ceramic
properties, strong spider silk, ultrasonic detection by
bats, infrared detection by beetles, and silent flying of
owls because of frayed feathers on the edges of their
wings.

other consumer products. MEMS devices are also be-
ing pursued for use in magnetic storage systems [1.49],
where they are being developed for supercompact and
ultrahigh-recording-density magnetic disk drives.

NEMS are produced by nanomachining in a typical
top—down approach and bottom—up approach, largely
relying on nanochemistry [1.50-56]. Examples of
NEMS include microcantilevers with integrated sharp
nanotips for scanning tunneling microscopy (STM)
and atomic force microscopy (AFM), quantum cor-
rals formed using STM by placing atoms one by
one, AFM cantilever arrays for data storage, AFM
tips for nanolithography, dip-pen lithography for print-
ing molecules, nanowires, carbon nanotubes, quantum
wires (QWRs), quantum boxes (QBs), quantum-dot
transistors, nanotube-based sensors, biological (DNA)
motors, molecular gears formed by attaching benzene
molecules to the outer walls of carbon nanotubes,
devices incorporating nm-thick films [e.g., in giant
magnetoresistive (GMR) read/write magnetic heads and
magnetic media| for magnetic rigid disk drives and
magnetic tape drives, nanopatterned magnetic rigid
disks, and nanoparticles (e.g., nanoparticles in magnetic
tape substrates and magnetic particles in magnetic tape
coatings).

Nanoelectronics can be used to build computer
memory using individual molecules or nanotubes to
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store bits of information, 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.

BioMEMS/BioNEMS are increasingly used in com-
mercial and defense applications [1.57-63]. They are
used for chemical and biochemical analyses (biosen-
sors) in medical diagnostics (e.g., DNA, RNA, proteins,
cells, blood pressure and assays, and toxin iden-
tification) [1.63, 64], tissue engineering [1.65], and
implantable pharmaceutical drug delivery [1.66, 67].
Biosensors, also referred to as biochips, deal with
liquids and gases. There are two types of biosen-
sors. A large variety of biosensors are based on
micro/nanofluidics. Micro/nanofluidic devices offer the
ability to work with smaller reagent volumes and shorter
reaction times, and perform analyses multiple times
at once. The second type of biosensors includes mi-
cro/manoarrays which perform one type of analysis
thousands of times. Micro/manoarrays are a tool used
in biotechnology research to analyze DNA or pro-
teins to diagnose diseases or discover new drugs. Also

1.5 Various Issues

There is an increasing need for a multidisciplinary,
system-oriented approach to the manufacture of mi-
cro/manodevices which 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 requir-
ing relative motion that need to be addressed in order
to increase their reliability are: adhesion, friction, wear,
fracture, fatigue, and contamination [1.21,22, 69, 70].
Surface micro/manomachined 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 friction) as part
of normal operation. Fracture occurs when the load on
a microdevice is greater than the strength of the mater-
ial. Fracture is a serious reliability concern, particularly
for brittle materials used in the construction of these
components, since it can immediately or would even-
tually lead to catastrophic failures. Additionally, debris
can be formed from the fracturing of microstructures,
leading to other failure processes. For less brittle mater-
ials, repeated loading over a long period of time causes

called DNA arrays, they can identify thousands of genes
simultaneously [1.60]. They include a microarray of sil-
icon nanowires, roughly a few nm in size, to selectively
bind and detect even a single biological molecule, such
as DNA or protein, by using nanoelectronics to detect
the slight electrical charge caused by such binding, or
a microarray of carbon nanotubes to electrically detect
glucose.

After the tragedy of September 11, 2001, concern
about biological and chemical warfare has led to the
development of handheld units with bio- and chemical
sensors for detection of biological germs, chemical or
nerve agents, and mustard agents, and chemical precur-
sors to protect subways, airports, water supplies, and the
population at large [1.68].

BioMEMS/BioNEMS are also being developed for
minimal invasive surgery, including endoscopic surgery,
laser angioplasty, and microscopic surgery. Other ap-
plications include implantable drug-delivery devices
(micro/manoparticles with drug molecules encapsulated
in functionalized shells for site-specific targeting ap-
plications) and a silicon capsule with a nanoporous
membrane filled with drugs for long-term delivery.

fatigue that can also lead to the breaking and fracturing
of the device. In principle, this failure mode is relatively
easy to observe and simple to predict. However, the
materials properties of thin films are often not known,
making fatigue predictions error prone.

Many MEMS/NEMS devices operate near their
thermal dissipation limit. They may encounter hot spots
that may 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.
When exposed to large temperature changes, as ex-
perienced in the space environment, bimetallic beams
will also experience warping due to mismatched co-
efficients of thermal expansion. Packaging has been
a big problem. The contamination that probably hap-
pens in packaging and during storage also can strongly
influence the reliability of MEMS/NEMS. For example,
a dust particle that lands on one of the electrodes of
a comb drive can cause catastrophic failure. There are
no MEMS/NEMS fabrications standards, which make
it difficult to transfer fabrication steps in MEMS/NEMS
between foundries.
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1.7 Organization of the Handbook

Obviously, studies of the determination and sup-
pression of active failure mechanisms affecting this new
and promising technology are critical to high reliabil-
ity of MEMS/NEMS and are determining factors for
successful practical application.

Adhesion between a biological molecular layer and
the substrate, referred to as bioadhesion, and reduction
of friction and wear of biological layers, biocompat-
ibility, and biofouling for BioMEMS/BioNEMS are
important.

Mechanical properties are known to exhibit a de-
pendence on specimen size. Mechanical property eval-
uation of nanoscale 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-
ulus of elasticity, hardness, bending strength, fracture
toughness, and fatigue life. Finite-element modeling

1.6 Research Training

With the decreasing number of people in Western coun-
tries going into science and engineering and the rapid
progress being made in nanoscience and nanotechnol-
ogy, the problem of ensuring a trained workforce is
expected to become acute. Education and training are
essential to produce a new generation of scientists, engi-
neers, and skilled workers with the flexible and interdis-
ciplinary R&D approach necessary for rapid progress
in the nanosciences and nanotechnology [1.71]. The
question is being asked: is the traditional separation
of academic disciplines into physics, chemistry, biol-
ogy, and various engineering disciplines meaningful at
the nanolevel? Generic skills and entrepreneurship are

1.7 Organization of the Handbook

This Handbook integrates knowledge from the fab-
rication, mechanics, materials science, and reliability
points of view. Organization of the Handbook is
straightforward. The Handbook is divided into nine
parts. The first part of the book includes an introduc-
tion to nanostructures, micro/nanofabrication, methods,
and materials. The second part introduces various
MEMS/NEMS and BioMEMS/BioNEMS devices. The
third part introduces scanning probe microscopy. The
fourth part provides an overview of bio/nanotribology
and bio/manomechanics, which will prepare the reader

is carried out to study the effects of surface rough-
ness and scratches on stresses in nanostructures. When
nanostructures are smaller than a fundamental physical
length scale, conventional theory may no longer apply,
and new phenomena emerge. Molecular mechanics is
used to simulate the behavior of a nanoobject.

The societal, ethical, political, and health/safety im-
plications of nanotechnology are also attracting major
attention [1.11]. One of the prime reasons is to avoid
some of the public skepticism that surrounded the de-
bate over biotechnology advances such as genetically
modified foods, while at the same time dispelling some
of the misconceptions the public may already have
about nanotechnology. Health/safety issues need to be
addressed as well. For example, one key question is
what happens to nanoparticles (such as buckyballs or
nanotubes) in the environment and whether they are
toxic in the human body, if digested.

needed to transfer scientific knowledge into products.
Scientists and engineers in cooperation with relevant ex-
perts should address the societal, ethical, political, and
health/safety implications of their work for society at
large.

To increase the pool of students interested in sci-
ence and technology, science needs to be projected to
be exciting at the high-school level. Interdisciplinary
curricula relevant for nanoscience and nanotechnology
need to be developed. This requires the revamping of
education, the development of new courses and course
material including textbooks [1.47, 56, 70, 72-74] and
instruction manuals, and the training of new instructors.

to understand the interface reliability in industrial ap-
plications. The fifth part provides an overview of
molecularly thick films for lubrication. The sixth part
focuses on the emerging field of biomimetics, in
which one mimics nature to develop products and
processes of interest. The seventh part focuses on in-
dustrial applications, and the eighth part focuses on
micro/nanodevice reliability. The final part focuses
on technological convergence from the nanoscale as
well as social, ethical, and political implications of
nanotechnology.

n
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2. Nanomaterials Synthesis and Applications:

Frangisco M. Raymo

The constituent components of conventional de-
vices are carved out of larger materials relying
on physical methods. This top-down approach to
engineered building blocks becomes increasingly
challenging as the dimensions of the target struc-
tures approach the nanoscale. Nature, on the other
hand, relies on chemical strategies to assemble
nanoscaled biomolecules. Small molecular build-
ing blocks are joined to produce nanostructures
with defined geometries and specific functions.
It is becoming apparent that nature's bottom-
up approach to functional nanostructures can
be mimicked to produce artificial molecules with
nanoscaled dimensions and engineered proper-
ties. Indeed, examples of artificial nanohelices,
nanotubes, and molecular motors are starting to
be developed. Some of these fascinating chem-
ical systems have intriguing electrochemical and
photochemical properties that can be exploited to
manipulate chemical, electrical, and optical signals
at the molecular level. This tremendous opportu-
nity has led to the development of the molecular
equivalent of conventional logic gates. Simple
logic operations, for example, can be reproduced
with collections of molecules operating in solution.
Most of these chemical systems, however, rely on
bulk addressing to execute combinational and se-
quential logic operations. It is essential to devise
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 that in-
terface small assemblies of organic molecules with
macroscaled and nanoscaled electrodes. These
strategies have already produced rudimentary ex-
amples of diodes, switches, and transistors based
on functional molecular components. The rapid
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and continuous progress of this exploratory re-

search will, we hope, lead to an entire generation
of molecule-based devices that might ultimately
find useful applications in a variety of fields,
ranging from biomedical 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 re-
peating units, a total of 4'°° unique polynucleotide
sequences are possible. It follows that nature can fab-
ricate a huge number of closely related nanostructures
relying only on four building blocks. The heterocyclic
bases appended to the main backbone of alternating
phosphate and sugar units can sustain hydrogen bonding
and [m---m] stacking interactions. Hydrogen bonds,
formed between [N—H] donors and either N or O ac-
ceptors, encourage the pairing of adenine (A) with
thymine (T) and of guanine (G) with cytosine (C).
The stacking interactions involve attractive contacts be-
tween the extended m-surfaces of heterocyclic bases.

In the B conformation of deoxyribonucleic acid
(DNA), the synergism of hydrogen bonds and [ - - - 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 & 2 nm. The hydrogen bonded
and [m - - - m] stacked base pairs lie at the core of the
helix with their m-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, = 10 base pairs define each helical turn cor-
responding to a rise per turn or helical pitch of & 3 nm.
Considering that these molecules can incorporate up to
2z 10! base pairs, extended end-to-end lengths span-
ning 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'%0 unique combinations of polypeptide sequences
are possible. Considering that proteins can incorporate
more than one polypetide chain with over 4000 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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(a) incorporates alternating phosphate
and sugar residues joined by covalent
bonds. Each sugar carries one of four
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The covalent backbones of the polypeptide strands
form the main skeleton of a protein molecule. In ad-
dition, a myriad of secondary interactions, involving
noncovalent contacts between portions of the amino
acid residues, control the arrangement of the individ-
ual polypeptide chains. Intrastrand hydrogen bonds curl
single polypeptide chains around a longitudinal axis
in a helical fashion to form tubular nanostructures
2z (.5nm wide and =~ 2nm long (Fig.2.2b). Similarly,
interstrand hydrogen bonds can align from 2 up to
15 parallel or antiparallel polypeptide chains to form
nanoscaled sheets with average dimensions of 2 x 3 nm>
(Fig.2.2¢). 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 mo-
lecular building blocks. Robust chemical bonds join
the basic components into covalent scaffolds. Non-
covalent interactions determine the three-dimensional
arrangement and overall shape of the resulting assem-
blies. The multitude 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 struc-
tural control at the picometer level are available.
A multitude of synthetic schemes to encourage the for-
mation of chemical bonds between selected atoms in
reacting molecules have been developed. Furthermore,
the tremendous progress of crystallographic and spec-
troscopic 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—0O 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(l) centers. Each inorganic
cation coordinates two bipyridine units with a tetra-
hedral geometry imposing a diameter of = 0.6 nm on
the nanoscaled helicate [2.5]. The overall length from
one end of the helicate to the other is = 3nm [2.6].
The analogy between this artificial double helix and the
B-DNA double helix shown in Fig.2.1¢ 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
=~ 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 = 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 pro-
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duction and characterization of billions of engineered
nanostructures 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 do-
nate electrons [2.11]. Similarly, detailed photochemical
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(Il)-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. Rather, hydrogen
bonding and [ - - - ] stacking interactions maintain the
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Fig.2.3 An oligobipyridine strand can be synthesized joining five
bipyridine subunits by covalent bonds. The tetrahedral coordi-
nation of pairs of bipyridine ligands by Cu(I) ions encourages
the assembly two oligobipyridine strands into a double helical
arrangement

Me O 0.8 nm
J_AI\NH CO;H
T @/ ¥ 0.5mm
E NHMC
= /l; Self-_

-I—

,(&
0 CONIH,
Mc

Oligopeptide macrocycle 8 Synthetic nanotube
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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

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 approximate end-to-end distance
for this [2|rotaxane is = 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 = 0.29 V 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
(triethanolamine) 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 bipyri-
dinium unit to a radical cation depresses significantly
the magnitude of the noncovalent interactions hold-
ing the macrocyclic polyether in position. As a result,
the macrocycle shuttles from the reduced unit to the
adjacent dicationic 3,3'-dimethyl bipyridinum. After
the diffusion of molecular oxygen into the acetoni-
trile solution, oxidation occurs restoring the dicationic
form of the bipyridinium 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 relying on the clever integration of elec-
troactive 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 comput-
ers, cellular phones, CD players, radios, or simple light
bulbs at a click of a button. Every single time, our fin-
ger 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 elec-
tric circuit and enabling or preventing the passage of

electrons. 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 junction
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2.2 Molecular Switches and Logic Gates

of a railroad can divert trains from one track to an-
other. 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 chal-
lenge in the quest for nanoswitches, however, is the
identification of reliable design criteria and operat-
ing principles for these innovative and fascinating
devices. Chemical 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, 13,15, 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
example, changes in absorbance, fluorescence, pH, or
redox potential can accompany the reversible transfor-
mation of a molecular switch.

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 0.
Because of the inverse relationship between the input
and output values, the NOT gate is often called in-
verter [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 output is 0. The AND gate also combines two input
signals into one output signal. In this instance, however,
the output 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 ex-
ample, 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 consecutive 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 consecutive logic operations determine the
relation between two input signals and a single output.
The NAND and NOR operations are termed univer-
sal 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 rou-
tinely 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
to a variety of input stimulations producing specific out-
puts and can, therefore, be exploited to implement logic
functions [2.13,20,21].
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2.2.3 Molecular AND, NOT, and OR Gates

More than a decade ago, researchers proposed a poten-
tial strategy to execute logic operations at the molecular
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 HT)
and an optical output (emission intensity). In a mix-
ture of methanol and water, the fluorescence quantum
yield of 1 is 0.13 in the presence of only 0.1 equiva-
lents of HT [2.23]. The quantum yield drops to 0.003
when the equivalents of H are 1000. Photoinduced
electron transfer from the central pyrazoline unit to the
pendant benzoic acid quenches the fluorescence of the

2

protonated form. Thus, a change in H' concentration
(I) from a low to a high value switches the emission
intensity (O) from a high to a low value. The inverse re-
lationship between the chemical input I and the optical
output O translates into the truth table of a NOT opera-
tion if a positive logic convention (low = 0, high = 1) is
applied to both signals. The emission intensity is high
(O = 1) when the concentration of HT is low (I = 0).
The emission intensity is low (O = () when the concen-
tration of H™ is high (I=1).

The anthracene derivative 2 (Fig.2.6) is a mo-
lecular OR gate. It transduces two chemical inputs
(concentrations of Na™ and KT) 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 an-
thracene fluorophore quenches the emission. After the

H* Emission Na® K" Emission H* Na" Emission

Low  High Low Low Low Low Low Low

High Low Low High High Low High Low
High Low  High High Low Low
High High High High High High

-

11 I1
! _|>°_0 ]2:D_0 2 o

NOT OR
I o 11 12
0 0
0 1 0 1
10 1 0
1 1

(0]
0
1
1
1

—oc oo |0

0
0
1
1

Fig. 2.6 The fluorescence intensity of the pyrazoline derivative 1 is 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 Nat 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 HY 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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addition of 1000 equivalents of either Nat or K¥, the
quantum vield raises to 0.053 and 0.14, respectively.
Similarly, the quantum yield is 0.14 when both metal
cations are present in solution. The complexation of one
of the two metal cations inside the azacrown receptor
depresses the efficiency of the photoinduced electron
transfer enhancing the fluorescence. Thus, changes in
the concentrations of Na™ (I1) and/or KT (12) from low
to high values switch the emission intensity (O) from
a low to a high value. The relationship between the
chemical inputs I1 and 12 and the optical output O trans-
lates into the truth table of an OR operation if a positive
logic convention (low = 0, high = 1) is applied to all
signals. The emission intensity is low (O =0) only
when the concentration of Nat and KT are low (I1 = 0,
[2 = 0). The emission 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 (con-
centrations of HT 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 catechol fragment to the anthracene fluorophore
quenches the emission. After the addition of either 100
equivalents of H" or 1000 equivalents of Na™, a modest
change of the quantum yield to 0.020 and 0.011, respec-
tively, is observed. Instead, the quantum yield increases
to 0.068 when both species are present in solution. The
protonation of the amino group and the insertion of the
metal cation in the benzocrown ether receptor depress
the efficiency of the photoinduced electron transfer pro-
cesses enhancing the fluorescence. Thus, changes in the
concentrations of H (I1) and Na™ (I2) 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 12 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*t are high (I1 = 1,12 = 1).
The emission intensity is low (O = 0) for the other three
input combinations.

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 re-
lated chemical systems able to execute the three basic

logic operations and simple combinations of them [2.13,
20,21]. Most of these molecular switches convert chem-
ical inputs into optical outputs. But the implementation
of logic operations at the molecular level is not limited
to the use of chemical inputs. For example, 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 -
electron rich tetrathiafulvalene (TTF) guest threads the
cavity of a m-electron deficient bipyridinium (BIPY)
host. In acetonitrile, an absorption band associated with
the charge-transfer interactions between the comple-
mentary 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 monoca-
tionic 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 O 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 +0.5V. The
other (I12) determines the redox state of the bipyridinium
units switching between — 0.3 and O V. The optical out-
put (O) is the absorbance of the charge-transfer band.
A positive logic convention (low = 0, high = 1) can be
applied to the input I1 and output O. A negative logic
convention (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 ab-
sorbance is high (O = 1) only when one voltage input
is low and the other is high (I1 =0, 12 =0) or vice
versa (I1 =1, 12 = 1). It is important to note that the
input string with both Il and I2 equal to 1 implies that
input potentials of 4+ 0.5 and — 0.3 V are applied simul-
taneously to a solution containing the supramolecular
assembly & and not to an individual complex. Of course,
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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

the concomitant oxidation of the TTF guest and reduc-
tion of the BIPY units in the very same complex would
be unrealistic. In bulk solution, instead, some com-
plexes are oxidized while others are reduced, leaving
the average solution composition unaffected. Thus, the
XNOR operation executed by this supramolecular sys-
tem 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 stimu-
lations are ultraviolet light (11), visible light (I12), 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 opti-
cal output is the absorbance at 563 nm (O2), which is
high when the molecular switch is in the purple state 7
and low in the other two cases. The colorless spiropy-
ran state 5 switches to the merocyanine form 7 upon
irradiation with ultraviolet light. It switches to the pro-
tonated merocyanine from 6 when treated with H'.
The colored state 7 isomerizes back to 5 in the dark
or upon irradiation with visible light. Alternatively,
7 switches to 6 when treated with H'. The colored
state 6 switches to 5, when irradiated with visible light,
and to 7, after the removal of HY. In summary, this
three-state molecular switch responds to two optical in-
puts (I1 and 12) 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 O1 is high (O1 = 1) when only the input I3 is
applied (11 = 0,12 =0, I3 = 1), when only the input 12
is not applied (I1 =1, 12 = 0, I3 = 0), or when all three
inputs are applied (I1 = 1, I2 =0, I3 = 0). The optical
output O2 is high (O2 = 1) when only the input I1 is
applied (I1 =1, I2 =0, I3 = 0) or when only the input
I3 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 op-
erators. 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
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.
Any logic function can be implemented connecting the
appropriate combination of simple AND, NOT, and OR
gates.
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Fig.2.8 Ultraviolet light (I1), visible light (I2), and H™
(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 (Ol and O2) operated by this three-state
molecular switch. A combinational logic circuit incorpo-
rating nine AND, NOT, and OR operators correspond to
this particular truth table

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 [2.13,20,21].
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 sin-
gle time a different logic function has to be realized. In
addition, the degree of complexity that can be achieved
with only one molecular switch is fairly limited. The
connection of the input and output terminals of indepen-
dent molecular AND, NOT, and OR operators, instead,
would offer the possibility of assembling any combina-
tional 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
monitor the photoinduced exchange of protons between
the two communicating molecular switches.

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 a result, the ab-
sorbance at 556 nm decreases (O = 0). Upon irradiation
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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 sum-
mary, the three-state molecular switch transduces two
optical inputs (I1 = ultraviolet light, 12 = visible light)
into a chemical signal (proton transfer) that is commu-
nicated 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—
2.8 [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. In-
stead, the output digit O for the input string 00 can
be either 0 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 corre-
spond 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 (¢, d, and e), the

Fig.2.9 The concentration of HT controls the reversible
interconversion between the two states 8 and 9. In response
to ultraviolet (I1) and visible (I2) inputs, the three-state
molecular switch in Fig. 2.7 modulates the ratio between
these two forms and the absorbance (O) of 9 through pho-
toinduced proton transfer. The truth table and sequential
logic circuit illustrate the signal transduction behavior of
the two communicating molecular switches. The intercon-
version between the five three-digit strings of input (11 and
12) and output (O) data is achieved varying the input values
in steps «

two-state molecular switch is in state 8, and the out-
put signal is low (O = 0). The strings 000 (e) and 001
(a) correspond to the first entry of the truth table. They
share the same input digits but differ in the output value.
The string 000 (e) can be obtained only from the string
100 (¢) varying the value of 1. Similarly, the string 001
(a) can be accessed only from the string 011 (b) vary-
ing the value of I2. In both transformations, the output
digit remains unchanged. Thus, the value of O1 in the
parent string is memorized and maintained in the daugh-
ter string when both inputs become 0. This memory
effect is the fundamental operating principle of sequen-
tial logic circuits [2.17], which are used extensively to
assemble the memory elements of modern microproces-
sors. 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 11
and 12 are combined through NOT, OR, and AND op-
erators. The output of the AND gate O is also an input
of the OR gate and controls, together with 11 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]. 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-
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
perpendicular to the exciting beam reaches the sec-
ond cell. When the molecular switch is in state 5, the
naphthalene 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,
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Fig.2.10 The excitation source sends three monochromatic light beams (275, 357, and 441 nm) to a quartz cell con-
taining 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 (I12), and HT (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 il-
lustrate 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

respectively, pass unaffected and high intensity outputs
(02 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, 02=0, O3 = 1). When
the molecular switch is state 7, the emission of all three
fluorophores is absorbed (O1 = 0,02 = 0,03 =0). The
interconversion of the molecular switch between the
three states is induced addressing the second cell with
ultraviolet (I1), visible (I2) and H™ (I3) inputs. Thus,
three independent optical outputs (O1, O2 and O3) can
be modulated stimulating 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 sig-
nals. The equivalent logic circuit shows that all three
inputs control the anthracene channel O2, but only I1
and I3 influence the tetracene channel O3. Instead, the
intensity of the naphthalene 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
eliminated. The interconversion between the remaining

two states 5 and 7 can be controlled relying exclusively
on ultraviolet inputs. Indeed, ultraviolet irradiation in-
duces the isomerization of the colorless form 5 to the
colored species 7, which reisomerizes to the original
state in the dark. Thus, a single ultraviolet source is suf-
ficient 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 op-
erating 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 visible source to a detector. Three switching el-
ements are aligned along the path of the traveling light.
They are quartz cells containing an acetonitrile solution
of the molecular switch shown in Fig. 2.8. The intercon-
version of the colorless form 5 into the purple isomer 7
is induced stimulating the cell with an ultraviolet input.
The reisomerization from 7 to 5 occurs spontaneously,
as the ultraviolet sources is turned off. Using three dis-
tinct ultraviolet sources, the three switching elements
can be controlled independently.

The colorless form 5 does not absorb in the vis-
ible region, while the purple isomer 7 has a strong
absorption band at 563 nm. Thus, a 563 nm optical sig-
nal leaving the visible source can reach the detector
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Fig. 2.1 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 oper-
ated 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

unaffected only if all three switching elements are in
the nonabsorbing state 5. If one of the three ultravio-
let inputs I1, 12, or 13 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 simul-
taneously, the optical output drops to 0%. Indeed, the
photogenerated state T absorbs and blocks the traveling
light. Applying positive logic conventions to all signals,

2.3 Solid State Devices

The fascinating chemical systems illustrated in Figs. 2.6
—2.11 demonstrate that logic functions can be im-
plemented relying on the interplay between designed
molecules and chemical, electrical and/or optical sig-
nals [2.13,20,21].

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.
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-

binary digits can be encoded in the three optical inputs
and in the optical output. The resulting truth table is il-
lustrated 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 11,12, or I3 is 1. This signal transduc-
tion corresponds to that executed by a three-input NOR
gate, which is a combination of one NOT and two OR
operators.

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-
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
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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
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 or-
ganic 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 ex-
tended to electroactive compounds incorporating hy-
drophilic and hydrophobic groups. For example, the
amphiphile 10 (Fig.2.12) has a hydrophobic hex-

adecyl tail attached to a hydrophilic bipyridinium
dication [2.36, 37]. This compound dissolves in mix-
tures of chloroform and methanol, but it is not
soluble in moderately concentrated aqueous solutions
of sodium perchlorate. Thus the spreading of an organic
solution of 10 on an aqueous sodium perchlorate sub-
phase affords a collection of disorganized amphiphiles
floating on the water surface (Fig.2.12), after the
organic solvent has evaporated. The molecular build-
ing 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 accompanying perchlorate
counterions pack to form an organized monolayer at
the air/water interface. The compression process can
be monitored recording the surface pressure (ir)-area
per molecule (A) isotherm, which indicates a limit-
ing molecular area of = 50 A2, This value is larger
than the projected area of an oligomethylene chain.
It correlates reasonably, however, with the overall
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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 & 4% 10'° molem™2. This value corresponds
to a molecular area of ~ 40A? 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 sub-
strates to produce electrode/monolayer junctions. The
resulting electroactive materials can become the func-
tional components of molecule-based devices. For
example, bipyridinium-based photodiodes can be fabri-
cated following this approach [2.38,30]. Their operating
principles 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 solu-
tions of 11 containing ten equivalents of arachidic acid
can be spread on an aqueous calcium chloride subphase
in a Langmuir trough. The amphiphiles can be com-
pressed into a mixed monolayer, after the evaporation
of the organic solvent. Pronounced steps in the corre-
sponding m—A isotherm suggest that the bulky ferrocene
and pyrene groups are squeezed away from the wa-
ter surface. 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 330 nm under an inert
atmosphere, an anodic photocurrent of = 2nA devel-
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Fig.2.13 Mixed monolayers of the amphiphile 11 and
arachidic acid can be transferred from the air/water inter-
face to the surface of an electrode to generate a molecule-
based photodiode

ops at a potential of 0V relative to a saturated calomel
electrode. Indeed, the illumination of the electroactive
monolayer induces the electron transfer from the pyrene
appendage to the bipyridinium acceptor and then from
the reduced acceptor to the electrode. A second in-
tramolecular electron transfer from the ferrocene 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 tech-
nique with electron beam evaporation [2.33]. Fig-
ure 2.14 illustrates a schematic representation of the
resulting devices. Initially, parallel fingers are patterned
on a silicon wafer with a silicon dioxide overlayer by
electron beam evaporation. The bottom electrodes de-
posited on the support can be either aluminum wires
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covered by an aluminum oxide or n-doped silicon lines
with silicon dioxide overlayers. Their widths are ~ 6
or 7 wm, respectively. The patterned silicon chip is im-
mersed in the aqueous subphase of a Langmuir trough
prior to monolayer formation. After the compression of
electroactive amphiphiles at the air/water interface, the
substrate is pulled out of the aqueous phase to encour-
age 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 evapo-
ration. They consist of a titanium underlayer plus an
aluminum overlayer. Their thicknesses are ~ (.05 and
1 pum, respectively, and their width is = 10 um. In the
final assembly, portions of the molecular layer become
sandwiched between the bottom and top electrodes.
The active areas of these electrode/monolayer/electrode
junctions are = 60—70 um? and correspond to = 10°
molecules.

The [2]rotaxane 12 (Fig. 2.14) incorporates a macro-
cyclic polyether threaded onto a bipyridinium-based
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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 1%&. The process is reversible, and the
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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-
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 a2 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
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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 —0.7V. 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 modest
increase in current in the opposite direction is observed
when the potential is raised above +0.7V. Presum-
ably, this trend is a result of the participation of the
phenoxy-centered HOMOSs in the tunneling process. Af-
ter 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 sup-
presses irreversibly the conducting ability of the elec-
trode/molecule/electrode junction. The behavior of this
device correlates with the redox response of the [2]ro-
taxane 12 in solution. Cyclic voltammograms reveal re-
versible monoelectronic reductions of the bipyridinium
dications. But they also show two irreversible oxida-
tions associated, presumably, with the phenoxy rings of
the macrocycle and tetraarylmethane groups. These ob-
servations suggest that a positive voltage pulse applied
to the electrode/monolayer/electrode junction oxidizes
irreversibly the sandwiched molecules suppressing their
ability to mediate the transfer of electrons from the bot-
tom 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 I2) 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 (= 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
output (low = 0, high = 1), the signal transduction be-
havior translates into the truth table of an AND gate.
The output O is 1 only when both inputs are 1. In-
stead, an OR operation can be executed if the logarithm
of the current is considered as the output. The loga-
rithm of the current is — 12 when both voltage inputs are
0V. It raises to & —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 neg-
ative logic convention 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 cyclo-
phane [2.42, 43]. Organic solutions of the hexafluo-
rophosphate 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
w—A isotherm indicates limiting molecular areas of
~ 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 +2 V is applied to the
bottom electrode before the measurement, the junction
resistance probed is & 0.7 GS2. After a pulse of =2V
applied to the bottom electrode, the junction resistance
probed at +0.1V drops = 0.3 GR. Thus, alternating
positive and negative voltage pulses can switch re-
versibly 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 [ ... m] stacking interactions between the
neutral tetrathiafulvalene and the bipyridinium dicat-
ions are responsible for this co-conformation. Oxi-
dation of the tetrathiafulvalene generates a cationic
form that is expelled from the cavity of the tetra-
cationic cyclophane. After the circumrotation of the
macrocyclic polyether, the oxidized tetrathiafulvalene
is exchanged with the neutral 1,5-dioxynaphthalene
producing the [2]catenane 14 (Fig.2.14). The reduc-
tion of the tetrathiafulvalene back to its neutral state
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is followed by the circumrotation of the macrocyclic
polyether, which restores the original state 1&. 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 un-
der the same conditions after a reducing pulse.

2.3.3 Self-Assembled Monolayers

In the examples illustrated in Figs. 2.12-2.14, 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.2.15 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
with a 50nm thick layer of silicon nitride by low
pressure chemical vapor deposition. Then, a square of
400 %400 pm? 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 sil-
icon nitride membrane of 40 x40 um?. Electron beam
lithography and reactive ion etching can be used to
carve a bowl-shaped hole (diameter = 30—50nm) in the
membrane. Evaporation of gold on the membrane fills
the pore producing a bowl-shaped electrode. Immer-
sion 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 evaporation of a gold film on the organic
monolayer produces an electrode/monolayer/electrode
junction (Fig.2.15) with a contact area of less than
2000 nm? and & 1000 molecules.

Fig.2.15 A monolayer of the thiol 15 is embedded between
two gold electrodes maintained in position by a silicon
nitride support

Under the influence of voltage pulses applied to one
of the two gold electrodes in Fig. 2.15, the conductivity
of the sandwiched monolayer switches reversibly be-
tween low and high values [2.48]. In the initial state,
the monolayer is in a low conducting mode. A current
output of only 30 pA is detected, when a probing volt-
age of 4 0.25 V is applied to the bowl-shaped electrode.
If the same electrode is stimulated with a short volt-
age 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 +0.25V.
Repeated probing of the current output at various in-
tervals of time indicates that the high conducting state
is memorized by the molecule-based device, and it is
retained for more than 15min. The low conducting
mode is restored after either a relatively long period
of time or the stimulation of the bowl-shaped elec-
trode 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 influence of a low
voltage pulse. This behavior offers the opportunity to
store and erase binary data in analogy to a conven-
tional random access memory [2.17]. Binary digits can
be encoded on the current output of the molecule-based
device applying a positive logic convention (low = 0,
high = 1). It follows that a binary 1 can be stored
in the molecule-based device applying a high voltage
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Fig.2.16 (a) The bisthiol 16 self-assembles on gold electrodes as
a result of thiolate—gold bond formation. (b) Gold nanoparticles
adsorb spontaneously on the molecular layer. (€) Exposure of the
composite assembly to a solution of 16 results in the formation of an
additional molecular layer on the surface of the gold nanoparticles

input, and it can be erased applying a low voltage in-
put [2.48].

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 16 forms monolayers
(Fig.2.16a) on gold electrodes with surface coverages
of = 4.1x10!° molem? [2.49, 50]. The formation of
a thiolate—gold bond at one of the two thiol ends of 16
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 16 encourages the adsorption of an ad-
ditional organic layer (Fig.2.16¢) 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)(,]3+/2‘ 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 &~ — 0.2V 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-
trons from the [Ru(NHj)6]*t to the electrode. Thus the
electroactive multilayer allows the flow of electrons 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 [2.51]. The platinum-iridium tip of a scan-
ning tunneling microscope is positioned above one
of the gold particles. The voltage of the gold sub-
strate relative to the tip is maintained at — 0.2V while
that relative to a reference electrode immersed in the
same electrolyte is varied to control the redox state of
the electroactive units. Indeed, the bipyridinium dicat-
ions 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 cur-
rent, inverse length decays of ~ 16 and 7nm~" for the
dicationic and monocationic states, respectively, of the
molecular spacer can be determined. The dramatic de-
crease 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 [2.52]. The hydroxylated surfaces of
indium-tin oxide supports can be functionalized with
3-ammoniumpropylysilyl groups and then exposed to
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gold nanoparticles having a diameter of =2 13 nm [2.53,
54]. 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 17 produces an organic layer on the gold
nanoparticles (Fig.2.18b). Following this approach,
alternating layers of inorganic nanoparticles 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

Fig.2.17 (a) Gold nanoparticles
assemble spontaneously on pre-
functionalized indium-tin oxide
electrodes. (b) Electrostatic interac-
tions encourage the adsorption of
the tetracationic cyclophane 17 on
the surface-confined nanoparticles.
(€) An additional layer of nano-
particles assembles on the cationic
19 organic coating. Similar composite
films can be prepared using the tetra-

Me
cationic [2]catenane 18 instead of
the cyclophane 17. (d) Phosphonate
Me
O groups can be used to anchor molecu-
o R 2+N lar building blocks to titanium dioxide
u .
N N nanoparticles
N IO

and the reduction of the bipyridinium units. The peak
current for both processes increases with the number
of alternating layers. Comparison of these values indi-
cates that the ratio between the number of tetracationic
cyclophanes and that of the nanoparticles is = 100 : 1.
The tetracationic cyclophane 17 binds dioxyarenes
in solution [2.55, 56]. 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
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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 (= 1 x 1073 M) are added
to the electrolyte solution [2.53,54]. 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
cyclophanes increases the local concentration of hydro-
quinone at the electrode/solution interface enabling its
electrochemical detection.

Following a related strategy, the [2]catenane 18
(Fig.2.17) can be incorporated into similar composite
arrays [2.57, 58]. This interlocked molecule incorpo-
rates a Ru(Il)/trisbipyridine sensitizer and two bipyri-
dinium acceptors. Upon irradiation of the composite
material at 440 nm, photoinduced electron transfer from
the sensitizer to the appended acceptors occurs. The
photogenerated 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 volt-
age 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 between high and low values as the light
source is turned on and off.

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 ox-
ide electrode [2.59, 60]. The resulting composite array
can be integrated in a conventional electrochemi-
cal cell filled with an aqueous electrolyte containing
triethanolamine. Under a bias voltage of —0.45V
and irradiation at 532nm, 95% of the excited ruthe-
nium centers transfer electrons to the titanium dioxide
nanoparticles. The other 5% donate electrons to the
bipyridinium dications. All the electrons transferred to
the bipyridinium acceptors return to the ruthenium cen-
ters, while only 80% of those accepted by the nanopar-
ticles return to the transition metal complexes. The
remaining 15% reach the bipyridinium acceptors, while
electron transfer from sacrificial triethanolamine donors
fills the photogenerated holes left in the ruthenium
sensitizers. The photoinduced reduction of the bipyri-
dinium dication is accompanied by the appearance of

the characteristic band of the radical cation in the ab-
sorption spectrum. This band persists for hours under
open circuit conditions. But it fades in = 15s under
a voltage bias of 41V, as the radical cation is oxidized
back to the dicationic form. In summary, an optical
stimulation accompanied by a negative voltage bias re-
duces 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 illumi-
nating its surface. The transition from devices relying
on collections of molecules to unimolecular devices re-
quires 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 re-
lies on the fabrication of nanometer-sized gaps in
metallic features followed by the insertion of indi-
vidual molecules between the terminals of the gap.
This strategy permits the assembly of nanoscaled
three-terminal devices equivalent to conventional tran-
sistors [2.61-63]. A remarkable example is illustrated
in Fig.2.18a [2.61]. It incorporates a single molecule
in the nanogap generated between two gold electrodes.
Initially electron beam lithography is used to pat-
tern a gold wire on a doped silicon wafer covered
by an insulating silicon dioxide layer. Then the gold
feature is broken by electromigration to generate the
nanogap. The lateral size of the separated electrodes
is &= 100nm and their thickness is ~ 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. Cur-
rent/voltage measurements suggest that the size of the
smallest nanogap is = 1 nm. When the breakage of the
gold feature is preceded by the deposition of a dilute
toluene solution of Cgg (19), junctions with enhanced
conduction are obtained. This particular molecule has
a diameter of = 0.7nm and can insert in the nanogap
facilitating the flow of electrons across the junction.
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Fig.2.18 (a) Nanoscaled transistors can be fabricated in-
serting a single molecule (19 or 20) 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

The unique configuration of the molecule-based
device in Fig.2.18a can reproduce the functions of
a conventional 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 junc-
tion conductance is very small, when the gate bias is
low, and increases in steps at higher voltages [2.61]. The
conductance gap is a consequence of the finite energy
required to oxidize/reduce the single Cgp positioned in
the junction. 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(Il) com-
plex 20 shown in Fig.2.18 [2.63]. In this instance,
a silicon dioxide layer with a thickness of =~ 30nm

is grown thermally on a doped silicon substrate. Then
a gold wire with a width of = 200 nm and a thicknesses
of 2 10—15nm is patterned on the silicon dioxide over-
layer by electron beam lithography. After 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 20. The
formation of thiolate—gold bonds promotes the self-
assembly of the molecular building block on the gold
surface. At this point, electromigration-induced break-
age produces a gap of 1-2nm in the gold wire. The
surface-confined bisthiol 20 is only 0.24 nm long and,
therefore, it can insert in the nanogap producing an
electrode/molecule/electrode junction.

The cobalt center in 20 can be oxidized/reduced
reversibly between Co(ll) and Co(Ill) [2.63]. When
this electroactive molecule is inserted in a nanogap
(Fig.2.18a), its ability to accept and donate electrons
dictates the current/voltage profile of the resulting elec-
trode/molecule/electrode junction. More precisely, no
current flows across the junction below a certain volt-
age threshold. As the source voltage is raised above
this particular value, the drain current increases in
steps. The threshold associated with the source volt-
age varies in magnitude with the gate voltage. This
intriguing behavior is a consequence of the finite
energy necessary to oxidize/reduce the cobalt cen-
ter and of a change in the relative stabilities of the
oxidized and reduced forms Co(Il) and Co(Ill) with
the gate voltage. In summary, the conduction of the
electrode/molecule/electrode junction can be tuned ad-
justing the voltage of the silicon support. The behavior
of this molecule-based nanoelectronic device is equiva-
lent 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—80nm can be patterned on a silicon/silicon diox-
ide substrate by electron beam lithography [2.64]. 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 = 1 nm
and with a radius of curvature of 5—15nm. The two
terminals of this nanogap can be contacted by organic
nanowires grown between them [2.65]. In particular, the

39

€'2|VMed



40

€°C7|VHed

Part A

Nanostructures, Micro-/Nanofabrication and Materials

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. Em-
ploying a bipotentiostat, the bias voltage of the two
terminals of the junction can be maintained at 20mV,
while their potentials are scanned relative to that of a sil-
ver/silver chloride reference electrode. Below =~ 0.15 V,
the polymer wire is in an insulating state and the current
flowing across the junction is less than 0.05nA. At this
voltage threshold, however, the current raises abruptly
to 2 30nA. This value corresponds to a conductivity
for the polymer nanojunction of 10—-100S ecm™!. When
the potential is lowered again below the threshold, the
current returns back to very low values. The abrupt de-
crease in current in the backward scan is observed at
a potential that is slightly more negative than that caus-
ing 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 [2.66]. Indeed, the organic
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 pres-
ence of the analyte in solution can be detected 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 [2.67,68]. 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 8nm. At this point, a microdroplet of
a dilute solution of DNA is deposited on the device
and a bias of 5V is applied between the two elec-
trodes. Electrostatic forces encourage the deposition 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 signature of
the electrode/DNA/electrode junction shows currents

below I pA at low voltage biases. Under these condi-
tions, the DNA nanowire is an insulator. Above a certain
voltage threshold, however, the nanowire becomes con-
ducting and currents up to 100nA can flow across the
Jjunction through a single nanowire. Assuming that di-
rect tunneling from electrode to electrode is extremely
unlikely for a relatively large gap of 8 nm, the intrigu-
ing current/voltage behavior has to be a consequence
of the participation of the molecular states in the elec-
tron transport process. Two possible mechanisms can
be envisaged. Sequential hopping of the electrons be-
tween states localized in the DNA base pairs can allow
the current flow above a certain voltage threshold. But
this mechanism would presumably result in a Coulomb
blockade voltage gap that is not observed experimen-
tally. More likely, electronic states delocalized across
the entire length of the DNA nanowire are produc-
ing a molecular conduction band. The off-set between
the molecular conduction band and the Fermi levels of
the electrodes is responsible for the insulating behav-
ior at low biases. Above a certain voltage threshold,
the molecular band and one of the Fermi levels align
facilitating the passage of electrons across the junction.

Carbon nanotubes are extremely versatile build-
ing blocks for the assembly of nanoscaled electronic
devices. They can be used to bridge nanogaps [2.69-72]
and assemble nanoscaled cross junctions [2.73-75].
In Fig.2.19a, a single-wall carbon nanotube crosses
over another one in an orthogonal arrangement [2.73].
Both nanotubes have electrical contacts at their ends.
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 alignment
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 lithography. The conductance
of individual nanotubes can be probed by exploiting
the two electric contacts at their ends. These two-
terminal measurements reveal that certain nanotubes
have metallic behavior, while others are semiconduct-
ing. It follows that three distinct types of cross junctions
differing in the nature of their constituent nano-
tubes can be identified on the silicon/silicon dioxide
support. Four terminal current/voltage measurements
indicate that junctions formed by two metallic nano-
tubes have high conductance and ohmic behavior.
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Similarly, high junction conductance and ohmic behav-
ior is observed when two semiconducting nanotubes
cross. The current/voltage signature of junctions formed
when a metallic nanotube crosses a semiconducting one
are, instead, completely different. The metallic nano-
tube depletes the semiconducting one at the junction
region producing a nanoscaled Schottky barrier with
a pronounced rectifying 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 sub-
strate by electron beam lithography [2.75]. 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 resulting substrate. Atomic force microscopy
can be used to select carbon nanotubes with a diam-
eter of = 1 nm positioned on the aluminum finger. After
registering their coordinates relative to alignment mark-
ers, gold contacts can be evaporated on their ends
by electron beam lithography. The final assembly is
a nanoscaled three-terminal device equivalent to a con-
ventional field effect transistor [2.19]. The two gold
contacts are the source and drain terminals, while the
underlying aluminum finger reproduces the function of
the gate. At a source to drain bias of & — 1.3V, the
drain current jumps from & () to &= 50 nA when the gate
voltage is lowered from — 1.0 to — 1.3 V. Thus mod-
erate 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 [2.61, 63]. The configuration in Fig.2.19b, in-
stead, has nanoscaled aluminum gates for every single
carbon nanotube transistor fabricated on the same
support [2.75]. 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.2.19¢,d illustrate the configurations of nanoscaled
NOT and NOR gates implemented using one or two
nanotube transistors. In Fig. 2.19¢, 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 conductance
altering the voltage output probed at the drain termi-

a)
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7 gold
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E

Carbon

nanotubes I:I

Source |Carbon
nanotubes

Drain
gold

Aluminum
oxide
insulator

|

Aluminum gate
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t) Nano- QOutput
\transistor voltage

- W15y
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d) Input voltage Nanotransistor
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-1.5V
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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

nal. In particular, a voltage input of — 1.5V lowers the
nanotube resistance (26 M) below that of the bias re-
sistor (100 M2). As a result, the voltage output drops
to 0 V. When the voltage input is raised to 0V, the
nanotube resistance increases above that of the bias re-
sistor and the voltage output becomes — 1.5V. Thus
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the output of this nanoelectronic device switches from
a high (O0V) and to a low (—1.5V) level as the in-
put shifts from a low (= 1.5V) to a high (0V) value.
The inverse relation between input and output trans-
lates 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 [2.75]. Simi-
larly, 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 volt-

2.4 Conclusions and Outlook

Nature builds nanostructured biomolecules relying on
a highly modular approach [2.1]. Small building blocks
are connected by robust chemical bonds to gener-
ate long strands of repeating units. The synergism
of a multitude of attractive supramolecular forces de-
termines the three-dimensional arrangement of the
resulting polymeric chains and controls the association
of independent strands into single and well-defined en-
tities. 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
electrons and photons can be exploited to design
nanoscaled electronic and photonic devices. Indeed,
molecules that respond to electrical and optical stimula-

age input and the voltage output of the device can be
probed at their interconnected drain terminals. When
the resistance of at least one of the two nanotubes is
below that of the resistor, the output is 0V. When
both nanotubes are in a nonconducting mode, the out-
put voltage is —1.5V. Thus if a low voltage input
— 1.5V is applied to one or both transistors, the out-
put is high (0V). When both voltage inputs are high
(0V), 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.

tions producing detectable outputs have been designed
already [2.16]. These chemical systems can be em-
ployed to control the interplay of input and output
signals at the molecular level. Their conceptual analogy
with the signal transduction operated by conventional
logic gates in digital circuits is evident. In fact, elec-
troactive and photoactive molecules able to reproduce
AND, NOT, and OR operations as well as simple com-
binational of these basic logic functions are already
areality [2.13,20,21].

Most of the molecular switches for digital process-
ing 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 reduced dimensions
as well as practical limitations associated with liquid
phases in potential applications are encouraging a tran-
sition from the solution to the solid state. The general
strategy followed so far relies on the deposition of func-
tional molecules on the surfaces of appropriate elec-
trodes following either the Langmuir-Blodgett method-
ology [2.34] or self-assembly processes [2.35]. The
combination of these techniques with the nanofabrica-
tion of insulating, metallic, and semiconducting features
on appropriate supports has already allowed the real-
ization of fascinating molecule-based devices [2.30—
33, 52]. 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 oper-
ations. They can sense qualitatively and quantitatively
specific analytes. They can reproduce the functions
of conventional rectifiers and transistors. They can be
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integrated within functioning nanoelectronic devices
capable of simple logic operations.

The remarkable examples of molecule-based mater-
ials and devices now available demonstrate the great po-
tential 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 synthesis. Now, the
major challenges are (1) to master the operating prin-
ciples of the molecule-based devices that have been
and continue to be assembled and (2) to expand and
improve the fabrication strategies available to incorpo-
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rate molecules into reliable device architectures. 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 unrealistic 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 nanostructured molecules
but also how to use them. After all, nature is replete
with examples of extremely sophisticated 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

Marc Monthioux, Philippe Serp, Emmanuel Flahaut, Manitra Razafinimanana, Christophe Laurent,
Alain Peigney, Wolfgang Bacsa, Jean-Marc Broto

Carbon nanotubes are remarkable objects that
look set to revolutionize the technological land-
scape in the near future. Tomorrow's society
will be shaped by nanotube applications, just
as silicon-based technologies dominate so-
ciety today. Space elevators tethered by the
strongest of cables; hydrogen-powered vehi-
cles; artificial muscles: these are just a few of
the technological marvels that may be made
possible by the emerging science of carbon
nanotubes.

0f course, this prediction is still some way

by reactions and associations of all-carbon
nanotubes with foreign atoms, molecules and
compounds, which may provide the path
to hybrid materials with even better prop-
erties than pristine nanotubes. Finally, we
will describe the most important current and
potential applications of carbon nanotubes,
which suggest that the future for the car-
bon nanotube industry looks very promising
indeed.
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Carbon nanotubes have long been synthesized as prod-
ucts of the action of a catalyst on the gaseous species
originating from the thermal decomposition of hydro-
carbons (Sect.3.2) [3.1]. The first evidence that the
nanofilaments produced in this way were actually nano-
tubes — that they exhibited an inner cavity — can be
found in the transmission electron microscope micro-
graphs published by Radushkevich and Lukyanovich in
1952 [3.2]. This was of course related to and made
possible by the progress in transmission electron mi-
croscopy. It is then likely that the carbon filaments
prepared by Hughes and Chambers in 1889 [3.3],
which is probably the first patent ever deposited in
the field, and whose preparation method was also
based on the catalytically enhanced thermal cracking
of hydrocarbons, were already carbon nanotube-related
morphologies. The preparation of vapor-grown carbon
fibers was actually reported over a century ago [3.4,5].
Since then, the interest in carbon nanofilaments/nano-
tubes has been recurrent, though within a scientific area
almost limited to the carbon material scientist com-
munity. The reader is invited to consult the review
published by Baker and Harris [3.6] regarding the early
works. Worldwide enthusiasm came unexpectedly in
1991, after the catalyst-free formation of nearly per-
fect concentric multiwall carbon nanotubes (c-MWNTs,
Sect. 3.1) was reported [3.7] as by-products of the for-
mation of fullerenes via the electric-arc technique. But
the real breakthrough occurred two years later, when at-
tempts to fill the nanotubes in situ with various metals

3.1 Structure of Carbon Nanotubes

It is relatively easy to imagine a single-wall carbon
nanotube (SWNT). Ideally, it is enough to consider
a perfect graphene sheet (graphene is a polyaromatic
monoatomic layer consisting of sp>-hybridized carbon
atoms arranged in hexagons; genuine graphite consists
of layers of this graphene) and to roll it into a cylinder
(Fig.3.1), making sure that the hexagonal rings placed
in contact join coherently. Then the tips of the tube are
sealed by two caps, each cap being a hemi-fullerene of
the appropriate diameter (Fig. 3.2a—c).

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

This is not, however, only about scientific exalta-
tion. Economic aspects are leading the game to a greater
and greater extent. According to experts, the world mar-
ket was estimated to be more than 430 million dollars in
2004 and it is predicted to grow to several billion dol-
lars before 2009. That is serious business, and it will be
closely related to how scientists and engineers deal with
the many challenges found on the path from the beau-
tiful, ideal molecule to the reliable — and it is hoped,
cheap — manufactured product.

3.1.1 Single-Wall Nanotubes

Geometrically, there is no restriction on the tube diam-
eter. However, calculations have shown that collapsing
the single-wall tube into a flattened two-layer rib-
bon is energetically more favorable than maintaining
the tubular morphology beyond a diameter value of
~ 2.5nm [3.10]. On the other hand, it is easy to grasp
intuitively that the shorter the radius of curvature,
the higher the stress and the energetic cost, although
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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])
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Fig.3.2a=c Sketches of three different SWNT structures
that are examples of (a) a zigzag-type nanotube, (b) an
armchair-type nanotube, (c) a helical nanotube (adapted
from [3.13])

SWNTs with diameters as low as 0.4nm have been
synthesized successfully [3.11]. A suitable energetic
compromise is therefore reached for ~ 1.4 nm, the most
frequent diameter encountered regardless of the synthe-
sis technique (at least for those based on solid carbon
sources) when conditions ensuring high SWNT yields
are used. There is no such restriction on the nanotube
length, which only depends on the limitations of the
preparation method and the specific conditions used

for the synthesis (thermal gradients, residence time,
and so on). Experimental data are consistent with these
statements, since SWNTs wider than 2.5nm are only
rarely reported in the literature, whatever the prepara-
tion method, while the length of the SWNTSs 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:

1.

All carbon atoms are involved in hexagonal aro-
matic rings only and are therefore in equivalent
positions, except at each nanotube tip, where 6x
5 = 30 atoms are involved in pentagonal rings (con-
sidering that adjacent pentagons are unlikely) —
though not more, not less, as a consequence of Eu-
ler’s rule that also governs the fullerene structure.
For ideal SWNTs, chemical reactivity will therefore
be highly favored at the tube tips, at the locations of
the pentagonal rings.

Although carbon atoms are involved in aromatic
rings, the C=C bond angles are not planar. This
means that the hybridization of carbon atoms is not
pure sz; it has some degree of the sp3 character, in
a proportion that increases as the tube radius of cur-
vature decreases. The effect is the same as for the
Cgp fullerene molecules, whose radius of curvature
is 0.35 nm, and whose bonds therefore have 10% sp3
character [3.14]. On the one hand, this is believed
to make the SWNT surface a bit more reactive than
regular, planar graphene, even though it still consists
of aromatic ring faces. On the other hand, this some-
how induces variable overlapping of energy bands,
resulting in unique and versatile electronic behavior
(Sect.3.4).

As illustrated by Fig. 3.2, there are many ways to

roll a graphene into a single-wall nanotube, with some

of the resulting nanotubes possessing planes of sym-
metry both parallel and perpendicular to the nanotube
axis (such as the SWNTs from Fig. 3.2a,b), while oth-
ers do not (such as the SWNT from Fig.3.2¢). Similar

to the terms used for molecules, the latter are commonly

called chiral nanotubes, since they are unable to be su-
perimposed on their own image in a mirror. Helical is

however sometimes preferred (see below). The various
ways to roll graphene into tubes are therefore mathe-

matically defined by the vector of helicity Cy, and the

angle of helicity @, as follows (referring to Fig. 3.1)

0OA = C}, = na, +ma-
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with
av'3 a av'3 a
a, = Tx+ Ey and a, = Txf Ey
where a=246A
and
cos — 2n+m

oNnZ+mi+nam
where n and m are the integers of the vector OA con-
sidering the unit vectors a; and a-.

The vector of helicity Cp(= OQA) is perpendicular
to the tube axis, while the angle of helicity @ is taken
with respect to the so-called zigzag axis: the vector of
helicity that results in nanotubes of the zigzag type (see
below). The diameter D of the corresponding nanotube
is related to €, by the relation

|Chl _ acc/3(n%+m?+nm)

FIs i

D=

where

141A <a. . <144A.
(graphite) (Ce0)

The C—C bond length is actually elongated by the
curvature imposed by the structure; the average bond
length in the Cgp fullerene molecule is a reasonable
upper limit, while the bond length in flat graphene in
genuine graphite is the lower limit (corresponding to an
infinite radius of curvature). Since Cy,, 6, and D are all
expressed as a function of the integers n and m, they
are sufficient to define any particular SWNT by denot-
ing them (n,m). The values of n and m for a given
SWNT can be simply obtained by counting the number
of hexagons that separate the extremities of the C}, vec-
tor following the unit vector a; first and then a» [3.12].
In the example of Fig.3.1, the SWNT that is obtained
by rolling the graphene so that the two shaded aromatic
cycles can be superimposed exactly is a (4. 2) chiral

Fig.3.3 Image of two neighboring chiral SWNTs within
a SWNT bundle as seen using high-resolution scanning
tunneling microscopy (courtesy of Prof. Yazdani, Univer-
sity of Illinois at Urbana, USA)

nanotube. Similarly, SWNTs from Fig. 3.2a—c are (9, 0),
(5,5), and (10, 5) nanotubes respectively, thereby pro-
viding examples of zigzag-type SWNT (with an angle
of helicity = 0°), armchair-type SWNT (with an an-
gle of helicity of 30°) and a chiral SWNT, respectively.
This also illustrates why the term chiral is some-
times inappropriate and should preferably be replaced
with helical. Armchair (n, n) nanotubes, although defi-
nitely achiral from the standpoint of symmetry, exhibit
a nonzero chiral angle. Zigzag and armchair qualifi-
cations for achiral nanotubes refer to the way that the
carbon atoms are displayed at the edge of the nano-
tube cross section (Fig.3.2a,b). 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 directions will provide zigzag-type SWNTs, de-
noted (n, 0), while having the vector of helicity parallel
to one of the three C=C bond directions will provide
armchair-type SWNTs, denoted (n,n). On the other
hand, because of the sixfold symmetry of the graphene
sheet, the angle of helicity @ for the chiral (r, m) nano-
tubes is such that 0 < @ < 30°. Figure 3.3 provides two
examples of what chiral SWNTs look like, as seen via
atomic force microscopy.

The graphenes in graphite have & electrons which
are accommodated by the stacking of graphenes, al-

R4

Fig.3.4a,b High-resolution trans-
mission electron microscopy images
of a SWNT rope. (a) Longitudi-
nal view. An isolated single SWNT
also appears at the top of the image.
(b) Cross-sectional view (from [3.15])
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lowing van der Waals forces to develop. Similar
reasons make fullerenes gather and order into ful-
lerite crystals and SWNTs into SWNT ropes (Fig. 3.4a).
Provided the SWNT diameter distribution is narrow,
the SWNTs in ropes tend to spontaneously arrange
into hexagonal arrays, which correspond to the high-
est compactness achievable (Fig.3.4b). This feature
brings new periodicities with respect to graphite or
turbostratic polyaromatic carbon crystals. Turbostratic
structure corresponds to graphenes that are stacked
with random rotations or translations instead of be-
ing piled up following sequential ABAB positions, as
in graphite structure. This implies that no lattice atom
plane exists other than the graphene planes themselves
(corresponding to the (001) atom plane family). These
new periodicities give specific diffraction patterns that
are quite different to those of other sp>-carbon-based
crystals, although hik reflections, which account for the
hexagonal symmetry of the graphene plane, are still
present. On the other hand, 00/ reflections, which ac-
count for the stacking sequence of graphenes in regular,
multilayered polyaromatic crystals (which do not ex-
istin SWNT ropes) are absent. This hexagonal packing
of SWNTs within the ropes requires that SWNTs ex-
hibit similar diameters, which is the usual case for
SWNTSs prepared by electric arc or laser vaporization
processes. SWNTSs prepared using these methods are
actually about 1.35nm wide (diameter of a (10, 10)
tube, among others), for reasons that are still unclear
but are related to the growth mechanisms specific to the
conditions provided by these techniques (Sect. 3.3).

3.1.2 Multiwall Nanotubes

Building multiwall carbon nanotubes is a little bit more
complex, since it involves the various ways graphenes
can be displayed and mutually arranged within fil-
amentary morphology. A similar versatility can be
expected to the usual textural versatility of polyaromatic
solids. Likewise, their diffraction patterns are difficult
to differentiate from those of anisotropic polyaromatic
solids. The easiest MWNT to imagine is the concen-
tric type (c-MWNT), in which SWNTs with regularly
increasing diameters are coaxially arranged (accord-
ing to a Russian-doll model) into a multiwall nanotube
(Fig.3.5). Such nanotubes are generally formed ei-
ther by the electric arc technique (without the need
for a catalyst), by catalyst-enhanced thermal cracking
of gaseous hydrocarbons, or by CO disproportionation
(Sect. 3.2). There can be any number of walls (or coax-
ial tubes), from two upwards. The intertube distance

is approximately the same as the intergraphene dis-
tance in turbostratic, polyaromatic solids, 0.34 nm (as
opposed to 0.335 nm in genuine graphite), since the in-
creasing radius of curvature imposed on the concentric
graphenes prevents the carbon atoms from being ar-
ranged as in graphite, with each of the carbon atoms
from a graphene facing either a ring center or a car-
bon atom from the neighboring graphene. However, two
cases allow a nanotube to reach — totally or partially —
the 3-D crystal periodicity of graphite. One is to con-
sider a high number of concentric graphenes: concentric
graphenes with a long radius of curvature. In this case,
the shift in the relative positions of carbon atoms from
superimposed graphenes is so small with respect to
that in graphite that some commensurability is possible.
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Fig.3.5 High-resolution transmission electron microscopy
image (longitudinal view) of a concentric multiwall carbon
nanotube (c-MWNT) prepared using an electric arc. The
insert shows a sketch of the Russian doll-like arrangement
of graphenes
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This may result in MWNTs where both structures are
associated; in other words they have turbostratic cores
and graphitic outer parts [3.16]. The other case occurs
for c-MWNTs exhibiting faceted morphologies, origi-
nating either from the synthesis process or more likely
from subsequent heat treatment at high temperature
(such as 2500°C) in inert atmosphere. Facets allow the
graphenes to resume a flat arrangement of atoms (ex-
cept at the junction between neighboring facets) which
allows the specific stacking sequence of graphite to
develop.

Another frequent inner texture for multiwall car-
bon nanotubes is the so-called herringbone texture
(h-MWNTs), in which the graphenes make an angle
with respect to the nanotube axis (Fig.3.6). The angle
value varies upon the processing conditions (such as
the catalyst morphology or the composition of the at-
mosphere), from 0 (in which case the texture becomes
that of a ¢-MWNT) to 90° (in which case the fila-
ment is no longer a tube, see below), and the inner
diameter varies so that the tubular arrangement can be

Fig.3.6a,b

tron microscopy images of a herringbone (and bamboo) multiwall
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 2900 °C heat treatment.
Both the herringbone and the bamboo textures have become ob-
vious. Graphene edges from the surface have buckled with their
neighbors (arrow), closing off access to the intergraphene space

(adapted from [3.17])

o

Some of the earliest high-resolution transmission elec-

images
from bamboo multiwall nanotubes (longitudinal views).
(a) Low magnification of a hamboo-herringbone multiwall
nanotube (bh-MWNT) showing the nearly periodic nature
of the texture, which occurs very frequently. (from [3.18]);
(b) high-resolution image of a bamboo-concentric multi-
wall nanotube (be-MWNT) (modified from [3.19])

ig.3.7a,b Transmission electron

microscopy

lost [3.20], meaning that the latter are more accurately
called nanofibers rather than nanotubes. h-MWNTs are
exclusively obtained by processes involving catalysts,
generally catalyst-enhanced thermal cracking of hy-
drocarbons or CO disproportionation. One long-time
debated question was whether the herringbone tex-
ture, which actually describes the texture projection
rather than the overall three-dimensional texture, orig-
inates from the scrolllike spiral arrangement of a single
graphene ribbon or from the stacking of independent
truncated conelike graphenes in what is also called
a cup-stack texture. It is now demonstrated that both
exist [3.21,22].

Another common feature is the occurrence, to some
degree, of a limited amount of graphenes oriented per-
pendicular to the nanotube axis, thus forming a bamboo
texture. This is not a texture that can exist on its own;
it affect either the c-MWNT (bc-MWNT) or the h-
MWNT (bh-MWNT) textures (Figs. 3.6 and 3.7). The
question is whether such filaments, although hollow,
should still be called nanotubes, since the inner cavity is
no longer open all the way along the filament as it is for
a genuine tube. These are therefore sometimes referred
as nanofibers in the literature too.

One nanofilament that definitely cannot be called
a nanotube is built from graphenes oriented perpendic-
ular to the filament axis and stacked as piled-up plates.
Although these nanofilaments actually correspond to h-
MWNTs with a graphene/MWNT axis angle of 90°, an
inner cavity is no longer possible, and such filaments
are therefore often referred to as platelet nanofibers in
the literature [3.20].
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Fig.3.8 Sketch explaining the various parameters ob-
tained from high-resolution (lattice fringe mode) transmis-
sion electron microscopy, used to quantify nanotexture:
Ly is the average length of perfect (distortion-free)
graphenes of coherent areas; N is the number of piled-
up graphenes in coherent (distortion-free) areas; L; is the
average length of continuous though distorted graphenes
within graphene stacks: § is the average distortion angle.
Ly and N are related to the [, and /. values obtained from
x-ray diffraction

Unlike SWNTs, whose aspect ratios are so high
that it is almost impossible to find the tube tips, the
aspect ratios for MWNTSs (and carbon nanofibers) are

3.2 Synthesis of Carbon Nanotubes

Producing carbon nanotubes so that the currently
planned applications currently planned become mar-
ketable will require solving some problems that are
more or less restrictive depending on the case. Exam-
ples include specifically controlling the configuration
(chirality), the purity, or the structural quality of
SWNTs, and adapting the production capacity to the
application. One objective would be to understand
the mechanism of nanotube nucleation and growth
perfectly, and this remains a controversial subject de-
spite an intense, worldwide experimental effort. This
problem is partly due to our lack of knowledge re-
garding several parameters controlling the conditions
during synthesis. For instance, the exact and ac-
curate role of the catalysts in nanotube growth is
often unknown. Given the large number of experi-
mental parameters and considering the large range
of conditions that the synthesis techniques corre-
spond to, it is quite legitimate to think of more
than one mechanism intervening during nanotube
formation.

generally lower and often allow one to image tube
ends by transmission electron microscopy. Aside from
¢-MWNTs derived from electric arc (Fig.3.5), which
grow in a catalyst-free process, nanotube tips are fre-
quently found to be associated with the catalyst crystals
from which they were formed.

The properties of the MWNT (Sect.3.4) will
obviously largely depend on the perfection and the ori-
entation of the graphenes in the tube (for example, the
spiral angles of the nanotubes constituting c-MWNTs
has little importance). Graphene orientation is a matter
of texture, as described above. Graphene perfection is
a matter of nanotexture, which is commonly used to de-
scribe other polyaromatic carbon materials, and which
is quantified by several parameters preferably obtained
from high-resolution transmission electron microscopy
(Fig.3.8). Both texture and nanotexture depend on the
processing conditions. While the texture type is a per-
manent, intrinsic feature which can only be completely
altered upon a severe degradation treatment (such as
oxidation), the nanotexture can be improved by subse-
quent thermal treatments at high temperatures (such as
= 2000 °C) and potentially degraded by chemical treat-
ments (such as slightly oxidizing conditions).

3.2.1 Solid Carbon Source-Based Production
Techniques for Carbon Nanotubes

Among the different SWNT production techniques, the
four processes (laser ablation, solar energy, dc electric
arc, and three-phase ac arc plasma) presented in this
section have at least two points in common: a high-
temperature (1000 K < T < 6000 K) medium and the
fact that the carbon source originates from the erosion of
solid graphite. Despite these common points, the mor-
phologies of the carbon nanostructures and the SWNT
yields can differ notably with respect to the experimen-
tal 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 common one (because it is the most
stable and therefore the most abundant), Cgy [3.23].
On the other hand, the electric arc technique was (and
still is) the first method of producing fullerenes in
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relatively large quantities [3.24-26]. Unlike fullerene
formation, which requires the presence of carbon atoms
in high-temperature media and the absence of oxygen,
the utilization of these techniques for the synthesis of
nanotubes (of SWNT type at least) requires an addi-
tional condition: the presence of catalysts in either the
electrode or the target.

The different mechanisms (such as carbon mol-
ecule dissociation and atom recombination processes)
involved in these high-temperature techniques take
place at different time scales, from nanoseconds to mi-
croseconds and even milliseconds. The formation of
nanotubes and other graphene-based products occurs
afterward with a relatively long delay.

The methods of laser ablation, solar energy, and
electric arc are all based on one essential mechanism:
the energy transfer resulting from the interaction be-
tween either the target material and an external radiation
source (a laser beam or radiation emanating from so-
lar energy) or the electrode and the plasma (in case of
an electric arc). This interaction causes target or anode
erosion, leading to the formation of a plasma: an elec-
trically 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 (n¢/(ne +n,)), where n, and n, are the
electron and that of neutral atom densities respectively,
highlights the importance of energy transfer between
the plasma and the material. The characteristics of this
plasma and notably the ranges in temperature and con-
centrations of the various species present in the plasma
thereby depend not only on the nature and composi-
tion of the target or the electrode but also on the energy
transferred.

One of the advantages of these synthesis techniques
is the ability to vary a large number of parameters
that modify the composition of the high-temperature
medium and consequently allow the most relevant pa-
rameters to be determined so that the optimal conditions
for the control of carbon nanotube formation can be
obtained. However, a major drawback of these tech-
niques — and of any other technique used to produce
SWNTs — is that the SWNTSs formed are not pure: they
are associated with other carbon phases and remnants of
the catalyst. Although purification processes have been
proposed in the literature and by some commercial com-
panies for removing these undesirable phases, they are
all based on oxidation (such as acid-based) processes
that are likely to significantly affect the SWNT struc-
ture [3.15]. Subsequent thermal treatments at =2 1200 °C

under inert atmosphere, however, succeed in recovering
structural quality somewhat [3.20].

Laser Ablation
After the first laser was built in 1960, physicists im-
mediately 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 consequence of this
energy input naturally depends upon the characteristics
of the device employed. During the interaction between
the laser beam and the material, numerous phenomena
occur at the same time and/or follow each other within
the a certain time period, and each of these processes
are sensitive to different parameters such as the charac-
teristics of the laser beam, the incoming power density
(also termed the fluence), the nature of the target, and
the environment surrounding it. For instance, the solid
target can merely heat up, melt or vaporize depending
on the power provided.

While this technique was successfully used to syn-
thesize fullerene-related structures for the very first
time [3.23], the synthesis of SWNTSs by laser ablation
took another ten years of research [3.27].

Laser Ablation — Experimental Devices
Two types of laser devices are currently utilized for
carbon nanotube production: lasers operating in pulsed
mode and lasers operating in continuous mode, with the
latter generally providing a smaller fluence.

An example of the layout of a laser ablation device
is given in Fig. 3.9. A graphite pellet containing the cat-
alyst is placed in the middle of a quartz tube filled with
inert gas and placed in an oven maintained at a tempera-
ture of 1200°C [3.27,28]. The energy of the laser beam
focused on the pellet permits it to vaporize and sublime
the graphite by uniformly bombarding its surface. The
carbon species, swept along by a flow of neutral gas, are
then deposited as soot in different regions: on the con-

Fig.3.9 Sketch of an early laser vaporization apparatus
(adapted from [3.27,28])
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ical water-cooled copper collector, on the quartz tube
walls, and on the backside of the pellet.

Various improvements have been made to this de-
vice in order to increase the production efficiency. For
example, Thess et al. [3.31] 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 vaporizes the coarse aggregates issued from the
first ablation, causing them to participate in the active
carbon feedstock involved in nanotube growth. Other
modifications were suggested by Rinzler et al. [3.29],
who inserted a second quartz tube of a smaller diameter
coaxially inside the first one. This second tube re-
duces the vaporization zone and so permits an increased
amounts of sublimed carbon to be obtained. They also
arranged the graphite pellet on a revolving system so
that the laser beam uniformly scans its whole surface.

Other groups have realized that, where the target
contains both the catalyst and the graphite, the latter
evaporates first and the pellet surface becomes more
and more metal-rich, resulting in a decrease in the ef-
ficiency of nanotube formation during the course of the
process. To solve this problem, Yudasaka et al. [3.32]
utilized two pellets facing each other, one made entirely
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Fig.3.10 Sketch of a synthesis reactor with a continuous
CO» laser device (adapted from [3.30])

from the graphite powder and the other from an al-
loy of transition metals (catalysts), and irradiated them
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 [3.30]. The power can be varied from 100 to
1600 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 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 range 1000-2100 K) at which SWNTs nucleate and
grow [3.33].

However, devices equipped with facilities to gather
data such as the target temperature in situ are scarce
and, generally speaking, this is one of the numerous
variables of the laser ablation synthesis technique. The
parameters that have been studied the most are the na-
ture of the target, the nature and concentration of the
catalyst, the nature of the neutral gas flow, and the tem-
perature of the outer oven,

Laser Ablation — Results
In the absence of catalysts in the target, the soot
collected mainly contains multiwall nanotubes (c-
MWNTs). Their lengths can reach 300 nm. Their quan-
tity and structural quality are dependent on the oven
temperature. The best quality is obtained for an oven
temperature set at 1200 “C. At lower oven temperatures,
the structural quality decreases, and the nanotubes start
presenting many defects [3.27]. As soon as small quan-
tities (a few percent or less) of transition metal (Ni,
Co) catalysts are incorporated into the graphite pellet,
the products yielded undergo significant modifications,
and SWNTs are formed instead of MWNTs. The yield
of SWNTSs strongly depends on the type of metal cat-
alyst used and is seen to increase with the furnace
temperature, among other factors. The SWNTs have re-
markably uniform diameters and they self-organize into
ropelike crystallites 5—20nm in diameter and tens to
hundreds of micrometers in length (Fig.3.11). The ends
of all of the SWNTs appear to be perfectly closed with
hemispherical end-caps that show no evidence of any
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Fig.3.11 Low-magnification TEM images of a typical raw
SWNT material obtained using the laser vaporization tech-
nique. The fibrous structures are SWNT bundles, and the
dark particles are remnants of the catalyst. Raw SWNT ma-
terials obtained from an electric arc exhibit similar features
(from [3.15])

2! S g

associated 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 entangled nature. Another fea-
ture of the SWNTs produced with this technique is that
they are supposedly cleaner than those produced using
other techniques; in other words they associated with
smaller amounts of the amorphous carbon that either
coats the SWNTs or is gathered into nanoparticles. This
advantage, however, only occurs for synthesis condi-
tions designed to ensure high-quality SWNTs. It is not
true when high-yield conditions are preferred; in this
case SWNTs from an electric arc may appear cleaner
than SWNTs from laser vaporization [3.15].

The laser vaporization technique is one of the three
methods currently used to prepare SWNTs as com-
mercial products. SWNTSs prepared this way were first
marketed by Carbon Nanotechnologies Inc. (Houston,
USA), with prices as high as 1000S$/g (raw materials)
until December 2002. Probably because lowering the
amount of impurities in the raw materials using this
technique is impossible, they have recently decided to
focus on fabricating SWNTs using the HiPCo tech-
nique (Sect.3.2.2). Laser-based methods are generally
not considered to be competitive in the long term for the
low-cost production of SWNTs compared to CCVD-
based methods (Sect. 3.2.2). However, prices as low as
0.03 $/g of raw high concentration have been estimated
possible from a pre-industrial project study (Acolt S.A.,
Y verdon, Switzerland).

Electric Arc Method

Electric arcs between carbon electrodes have been stud-
ied as light sources and radiation standards for a very
long time. They have however received renewed atten-
tion more recently due to their use in the production of
new fullerene-related molecular carbon nanostructures,
such as genuine fullerenes or nanotubes. This technique
was first brought to light by Krétschmer et al. [3.24]
who utilized it to achieve the production of fullerenes
in macroscopic quantities. In the course of investigat-
ing other carbon nanostructures formed along with the
fullerenes, and more particularly the solid carbon de-
posit that formed on the cathode, fijima [3.7] discovered
the catalyst-free formation of perfect c-MWNT-type
carbon nanotubes. Then, as mentioned in the Introduc-
tion, the catalyst-promoted formation of SWNTs was
accidentally discovered after some amounts of transi-
tion metals were introduced into the anode in an attempt
to fill the c-MWNTSs with metals during growth [3.8,9].
Since then, a lot of work has been carried out by many
groups using this technique in order to understand the
mechanisms of nanotube growth as well as the role
played by the catalysts (if any) in the synthesis of
MWNTSs and/or SWNTs [3.34-46].

Electric Arc Method — Experimental Devices
The principle of this technique is to vaporize carbon in
the presence of catalysts (iron, nickel, cobalt, yttrium,
boron, gadolinium, cerium, and so forth) in a reduced
atmosphere of inert gas (argon or helium). After trigger-
ing an arc between two electrodes, a plasma is formed
consisting of the mixture of carbon vapor, the rare gas
(helium or argon), and the catalyst vapors. The vapor-
ization is the consequence of energy transfer from the
arc to the anode made of graphite doped with catalysts.
The importance of the anode erosion rate depends on
the power of the arc and also on other experimental
conditions. It is worth noting that a high anode ero-
sion 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 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, observing the arc. The reactor possesses
two valves, one for performing the primary evacuation
(0.1 Pa) of the chamber, the other for filling it 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
different regions of the reactor:
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The collaret, which forms around the cathode

The weblike deposits found above the cathode

The soot deposited all around the reactor walls and
the bottom.

i

On the other hand, MWNTs are formed in a hard de-
posit adherent to the cathode whether catalysts are used
or not. The cathode deposits form under the cathode.
The formation of collaret and web is not systematic and
depends on the experimental conditions, as indicated in
Table 3.1, as opposed to the cathode deposit and soot,
which are obtained consistently.

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 [3.37,47]. Other authors uti-
lize electrodes of the same diameter [3.46]. The whole
device can be designed horizontally [3.38,46] or verti-
cally [3.39,41-43]. 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 anode can be utilized when catalysts
are introduced:

1. A graphite anode containing a coaxial hole several
centimeters in length into which a mixture of the
catalyst and the graphite powder is placed.

Window \\ Window

Cathode

Fig. 3.12 Sketch of an electric arc reactor

2. A graphite anode within which the catalysts are ho-
mogencously dispersed [3.48].

The former are by far the most popular, due to their ease
of fabrication.

Optimizing the process in terms of the nanotube
yield and quality is achieved by studying the roles of
various parameters such as the type of doped anode
(homogeneous or heterogeneous catalyst dispersion),
the nature as well as the concentration of the catalyst,
the nature of the plasmagen gas, the buffer gas pres-
sure, the arc current intensity, and the distance between
electrodes. Investigating the influences of these param-
eters on the type and amount of carbon nanostructures
formed is, of course, the preliminary work that has
been done. Although electric arc reactors equipped with
the facilities to perform such investigations are scarce
(Fig. 3.12), investigating the missing link (the effect of
varying the parameters on the plasma characteristics —
the species concentrations and temperature) is likely
to provide a more comprehensive understanding of the
phenomena involved during nanotube formation. This
has been recently performed using atomic and molecu-
lar optical emission spectroscopy [3.39,41-44,46].

Finally, we should mention attempts to create an
electric arc in liquid media, such as liquid nitro-
gen [3.49] or water [3.50, 51]. The goal here is to
make processing easier, since such systems should not
require pumping devices or a closed volume and so
they are more likely to allow continuous synthesis. This
adaptation has not, however, reached the stage of mass
production.

Electric Arc Method — Results
In view of the numerous results obtained with this elec-
tric arc technique, it is clear that both the morphology
and the production efficiency of nanotubes strongly
depends upon the experimental conditions used and,
in particular, upon the nature of the catalysts. It is
worth noting that the products obtained do not con-
sist solely of carbon nanotubes. Nontubular forms of
carbon, such as nanoparticles, fullerenelike structures
including Cgp, poorly organized polyaromatic carbons,
nearly amorphous nanofibers, multiwall shells, single-
wall nanocapsules, and amorphous carbon have all been
obtained, as reported in Table 3.1 [3.40,42,43]. In ad-
dition, remnants of the catalyst are found all over the
place — in the soot, the collaret, the web and the cathode
deposit — in various concentrations. Generally, at a he-
lium pressure of about 600 mbar, for an arc current of
80 A and for an electrode gap of 1 mm, the synthesis of
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Table3.1 Different carbon morphologies obtained by changing the type of anode, the type of catalyst and the pressure in a series

of arc discharge experiments (electrode gap = 1 mm)
Catalyst 0.6Ni+ 0.6Co 0.6Ni+ 0.6Co 0.5Ni+0.5Co 4.2Ni+1Y
(at. %) (homogeneous anode) (homogeneous anode)
Arc P~ 60 kPa P~ 40kPa P ~ 60kPa P ~ 60 kPa
conditions I~80A I~S80A I~80A I~80A
Soot o MWNT + MWS + e POPAC and AC ¢ AC and POPAC par- o POPAC and AC

E POPAC or Cn = cat- particles + catalysts ticles + catalysts + particles + catalysts
= alysts ¢ &~ 3-35nm ¢~ 2-20nm ¢~ 3—-35nm @ < 30nm

= e NANF + catalysts o NANF + catalysts o NANF + catalysts e SWNT ¢ &~ 1. 4nm,
o o AC particles + catalysts ¢~ 5-20nm ¢ ~4-15nm cllean + Cn, short with
N o [DWNT]), [SWNT), +MWS o [SWNT] ¢ ~ 1.20m, tips, [damaged],

ropes or isolated,
+ POPAC

o [SWNT]¢ = 1-1.4nm,
distorted or damaged,
1solated or ropes 4+ Cn

isolated or ropes

1solated or ropes
¢ <25nm
o [SWNC] particles

Web o [MWNT], DWNT, None None e SWNT, ¢ = 1. 4nm,
¢2.7-4-5Tnm isolated or ropes
SWNT ¢ 1.2—1.8 nm, ¢ < 20nm, + AC
isolated or ropes o POPAC and AC
¢ < 15nm, particles 4+ catalysts
+ POPAC + Cn ¢ ~3—10—40nm
e AC particles + catalysts + MWS
¢ ~3-40nm + MWS
® [NANF]
Collaret ® POPAC and SWNC e AC and POPAC o Catalysts o SWNT
particles particles + catalysts ¢ ~3-170nm ¢~ 1.4-2.5nm,
o Catalysts ¢ A= 3-25nm + MWS clean + Cn,
¢ & 3-250 nm, e SWNT ¢~ 1—-1.4nm s AC or POPAC particles [damaged]. isolated or
< 50nm + MWS clean + Cn, [isolated] + catalysts ropes ¢ < 30 nm
o SWNT ¢ 1-1.2nm, or ropes ¢ < 25nm ¢~ 3-50nm e POPAC or AC
[opened], distorted, e Catalysts e SWNT ¢ = 1.4nm particles + catalysts
isolated or ropes ¢ ~5-50nm clean + Cn isolated or ¢~ 3-30nm
¢ < 15nm, + Cn + MWS, ropes ¢ < 20 nm o [MWS] + catalysts
o [AC] particles o [SWNC] or catalyst-free
Cathode o POPAC and SWNC ¢ POPAC and SWNC o MWS, catalyst-free oSWNT ¢ =~ 1.4—4.1 nm,
deposit particles particles + Cn e MWNT ¢ < 35nm clean 4+ Cn, short with
o Catalysts o Catalysts o POPAC and PSWNC tips, isolated or ropes
¢~ 5-300 nm MWS ¢~ 20-100 nm particles ¢ < 20nm.
* MWNT ¢ < 50 nm + MWS o [SWNTI, . POPAC or AC
® [SWNT] ¢ ~ 1.6 nm isolated or ropes particles + catalysts
clean + Cn, isolated or ¢ ~3-30nm

ropes

o [Caralysis]
¢ = 3-30nm

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

o [MWNT]

Abundant - Present — [Rare]

Glossary: AC: amorphous carbon; POPAC: poorly organized polyaromatic carbon; Cn: fullerenelike 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.

SWNTs is favored by the use of Ni/Y as coupled cata-
lysts [3.8, 38, 52]. In these conditions, which give high
SWNT yields, SWNT concentrations are highest in the
collaret ( 50—70%), then in the web (= 50% or less) and
then in the soot. On the other hand, c-MWNTs are found
in the cathode deposit. SWNT lengths are micrometric
and, typical outer diameters are around 1.4 nm. Using

the latter conditions (Table 3.1, column 4), Table 3.1 il-
lustrates the consequence of changing the parameters.
For instance (Table 3.1, column 3), using Ni/Co in-
stead 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
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MWNTs with two or three walls prevail over SWNTs,
among which DWNTs (double-wall nanotubes) domi-
nate. However, decreasing the ambient pressure from
60 to 40kPa (Table 3.1, column 2) again suppresses
nanotube formation.

Based on works dealing with the influence of the
granulometry of the graphite powders which are mixed
with the catalyst powder and placed in hollow-type
graphite anodes, recent studies have demonstrated that
one of the control keys for growing SWNTs with en-
hanced purity and yield is for the anode to exhibit
a high thermal conductivity with as more limited ra-
dial and longitudinal variations as possible [3.53, 54].
This explains why similar results (i.e., enhanced pu-
rity and yield) were previously obtained when replacing
the graphite powder by diamond powder [3.44,45] in
spite of the low electrical conductivity of diamond,
since graphite and diamond powders lead to the same
plasma composition once vaporized at high tempera-
tures (> 4000 K).

A comparison of the plasma characteristics (i.e.,
radial temperature profiles and CI/Nil concentration
ratio) obtained for anodes with different filler mater-
ial features (i.e., 1/ 100 wm granulometry and sp>/sp’
carbon) is presented in Fig.3.13a,b respectively. The
whole plasma temperature radial profiles obtained us-
ing either the Ni/Y /graphite (¢ &~ 1 um) anode or the
Ni/Y /diamond (¢ ~ 1 pm) anode is much smoother
than with the standard Ni/Y /graphite (¢ = 100 um) an-
ode, meanwhile exhibiting less extreme temperatures
(= 6200 K for the highest as opposed to =~ 8000 K re-
spectively for the standard anode). From 1 mm from
the arc axis, temperature is maintained at a constant
value at about 4000 K. The absence of large temper-
ature fluctuations is consistent with the fact that the
plasma is continuously fed by a rather constant ratio of
[carbon]/[catalysts] resulting from the steadier erosion
of the anode and a better powder mixture homoge-
nization. In this regard, it might be significant that the
smoothest temperature profile over the longest radial
distance is obtained for the Ni/Y/graphite (¢ ~ 1 jum)
anode, which has resulted in the highest yield [3.53,54].
Likewise, the CI/Nil concentration ratio profiles re-
lated to either the Ni/Y /graphite (¢ = | jum) anode or
the Ni/Y /diamond anode show a dramatic difference
with respect to the Ni/Y /graphite (¢ = 100 um) an-
ode (Fig. 3.13b). They exhibit a fluctuation-free regime
along the whole radial profile, with a unique maxi-
mum at ~ 1.3—1.5mm from the arc axis. The average
ratio is low (=2 5x 10°) due to a relatively low distribu-
tion of carbon concentration leading to a higher plasma

temperature. This makes a perfect sense, since carbon
species are very emissive in the range 4500-6000 K, in-
ducing that radiative losses are more significant when
plasmas are enriched in carbon species, leading to
colder plasma temperatures, and vice versa. Such a fea-
ture is again consistent with the steady erosion of
high thermal conductivity anodes. It is also worth
noting that, again, area where CI/Nil ratios exhibit
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Fig.3.13a,b Radial temperature profiles (a) and radial
[CI)/[NiI] concentration ratio (b) as obtained by emis-
sion spectroscopy for hollowed-type anodes with various
thermal behaviours. The thermal behaviour was varied by
varying the grain size (1 or 100 yum) and the carbon type
(sp? — graphite, or sp® — diamond) of the carbon powder
which the hollow core of the anode is filled with (along
with yttrium and nickel catalyst powder). Smaller grain
size results in better compaction, hence in higher thermal
conductivity
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maximum values in Fig.3.13b relate to area of min-
imum temperature values in Fig.3.13a. In addition,
the CI/Nil concentration ratio is up to about 3-5
orders of magnitude higher for the fine-grain graphite-
containing anode and the diamond-containing anode
than for the large-grain graphite-containing anode.
Moreover, the CI/Nil concentration ratio is even higher
as = 1.5 orders of magnitude for the fine-grain graphite-
containing anode than for the diamond-containing
anode.

Highly and homogeneously thermally conductive
anodes lead to a steadier anode erosion, hence to stead-
ier plasma characteristics, hence to a more constant
variety of the carbon phase formed (SWNTSs), finally
resulting in an enhanced purity and yield of the latter.
Such experiments have revealed, as in the comparison
between the results from using homogeneous instead
of heterogeneous anodes, that the physical phenomena
(charge and heat transfers) that occur in the anode dur-
ing the arc are of the utmost importance, a factor which
was neglected before this.

It is clear that while the use of a rare earth element
(such as Y) as a single catalyst does not provide the right
conditions to grow SWNTs, associating it with a transi-
tion metal (Ni/Y for instance) seems to lead to the best
combinations that give the highest SWNT yields [3.47].
On the other hand, using a single rare earth element
may lead to unexpected results, such as the closure of
graphene edges from a ¢-MWNT wall with the neigh-
boring graphene edges from the same wall side, leading
to the preferred formation of telescopelike and open
c-MWNTs that are able to contain nested Gd crys-
tals [3.41,43]. The effectiveness of bimetallic catalysts
is believed to be due to the transitory formation of nickel
particles coated with yttrium carbide, which has a lattice
constant that is somewhat commensurable with that of
graphene [3.55].

Figure 3.14 illustrates other interesting features of
the plasma. A common feature is that a huge vertical
gradient (= 500 K/mm) rapidly establishes (= 0.5mm
from the center in the radial direction) from the bottom
to the top of the plasma, probably due to convection
phenomena (Fig. 3.14a). The zone of actual SWNT for-
mation 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. 3.14b). 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 [3.43,45].

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. Though not selling bare nanotubes
anymore, Nanoledge S.A. (Montpellier, France), for in-
stance, had a current production that reached several
tens of kilograms per year (raw SWNTs, in other words
unpurified), with a market price of =~ 65€/g in 2005,
which was much cheaper than any other production
method. However, the drop of prices for raw SWNTs
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Fig.3.14a,b Typical temperature (a) and C» concentration
(b) profiles for plasma at the anode surface (squares), at
the center of the plasma (dots), and at the cathode sur-
face (triangles) at standard conditions (see text). Gradients
are similar whichever catalyst is used, although absolute
values may vary
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down to 2—5 €/g which was anticipated for 2007 has not
been possible. Actually, Bucky USA (Houston, Texas,
USA) are still supplying raw SWNTs derived from elec-
tric arcs at a market price of 250 $/g in 2006 (which
is, however, a 75% decrease in two years), which is
barely lower than the = 350 §/g proposed for 70-90%-
purified SWNTs from Nanocarblab (Moscow, Russia).

Three-Phase AC Arc Plasma
An original semi-industrial three-phase AC plasma
technology has been developed for the processing of
carbon nanomaterials [3.57, 58]. The technology has
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been specially developed for the treatment of liquid,
gaseous or dispersed materials. An electric arc is es-
tablished between three graphite electrodes. The system
is powered by a three-phase AC power supply op-
erated at 600Hz and at arc currents of 250—400 A.
Carbon precursors, gaseous, liquid or solid, are injected
at the desired (variable) position into the plasma zone.
The reactive mixture can be extracted from the reac-
tion chamber at different predetermined positions. After
cooling down to room temperature, the aerosol passes
through a filtering system. The main operating parame-
ters, which are freely adjustable, include the arc current,

q

Gas mixture

Graphite tube

Graphite
cylinder

Tablet

Pyrometer

-y |

H Thermocouple H

Water Water

flux

Filter

b o

20 em |

W (o |
|

Heat exchanger

Vacuum pump

61

'€ |V ed

Fig.3.15a=c Sketch of a solar energy reactor in use in the PROMES-CNRS Laboratory, Odeilho (France). (a) Gathering
of sun rays. focused at F: (b) side view of the experimental set-up at the focus of the 1 MW solar furnace: (c) top view of
the target graphite rod (adapted from [3.56])
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the flow rate and the nature of the plasma gas (N,, Ar,
H,, He, and so on), the carbon precursor (gaseous, li-
quid, solid, up to 3kg/h), the injection and extraction
positions, and the quenching rate. This plasma tech-
nology has shown very high versatility and it has been
demonstrated that it can be used to produce a wide range
of carbon nanostructures ranging from carbon blacks to
carbon nanotubes over fullerenes with a high product
selectivity.

Solar Furnace
Solar furnace devices were originally utilized by sev-
eral groups to produce fullerenes [3.59-61]. Heben et al.
[3.62] and Laplaze et al. [3.63] later modified their
original devices to achieve carbon nanotube produc-
tion. This modification consisted mainly of using more
powerful ovens [3.64,65].

Solar Furnace — Experimental Devices
The principle of this technique is again based on the
sublimation of a mixture of graphite powder and cata-
lysts placed in a crucible in an inert gas. An example
of such a device is shown in Fig.3.15. The solar
rays are collected by a plain mirror and reflected to-
ward a parabolic mirror that focuses them directly onto
a graphite pellet in a controlled atmosphere (Fig. 3.15a).
The high temperature of about 4000 K causes 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 consists
of a brass support cooled by water circulation, upon
which Pyrex chambers of various shapes can be fixed
(Fig.3.15b). This support contains a watertight pas-
sage permitting the introduction of the neutral gas and
a copper rod onto which the target is mounted. The tar-
get is a graphite rod that includes pellets containing
the catalysts, which is surrounded by a graphite tube
(Fig. 3.15c) that acts as both a thermal screen to reduce
radiation losses (very important in the case of graphite)
and a duct to lead carbon vapors to a filter, which stops
soot from being deposited on the Pyrex chamber wall.
The graphite rod target replaces the graphite crucible
filled with powdered graphite (for fullerene synthesis)
or the mixture of graphite and catalysts (for nanotube
synthesis) that were used in the techniques we have
discussed previously.

These studies primarily investigated the target com-
position, the type and concentration of catalyst, the
flow-rate, the composition and pressure of the plas-
magenic gas inside the chamber, and the oven power.
The objectives were similar to those of the works

associated with the other solid carbon source-based
processes. When possible, specific in situ diagnostics
(pyrometry, optical emission spectroscopy, and so on)
are also performed in order to investigate the roles of
various parameters (temperature measurements at the
crucible surface, along the graphite tube acting as ther-
mal screen, C, radical concentration in the immediate
vicinity of the crucible).

Solar Furnace - Results
Some of the results obtained by different groups con-
cerning the influence of the catalyst 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 [3.64].
At higher pressures, only bundles of SWNTs are
obtained, with fewer carbon shells. Relatively long bun-
dles of SWNTs are observed with Ni/Y and at a high
pressure. Bundles of SWNTs are obtained in the soot
with Co; the diameters of the SWNTSs range from 1 to
2nm. Laplaze et al. [3.64] observed very few nanotubes
but a large quantity of carbon shells.

In order to proceed to large-scale synthesis of
single-wall carbon nanotubes, which is still a challenge
for chemical engineers, Flamant et al. [3.56] and Lux-
embourg et al. [3.66] recently demonstrated that solar
energy-based synthesis is a versatile method for ob-
taining SWNTs that can be scaled up from 0.1-0.2 to
10 g/h and then to 100 g/h productivity using existing
solar furnaces. Experiments performed on a medium
scale produced about 10 g/h of SWNT-rich material us-
ing various mixtures of catalysts (Ni/Co, Ni/Y, Ni/Ce).
A numerical reactor simulation was performed in or-
der to improve the quality of the product, which was
subsequently observed to reach 40% SWNT in the
soot [3.67].

3.2.2 Gaseous Carbon Source-Based
Production Techniques
for Carbon Nanotubes

As mentioned in the Introduction, the catalysis-en-
hanced thermal cracking of a gaseous carbon source
(hydrocarbons, CO) — commonly referred to as catalytic
chemical vapor deposition (CCVD) — has long been
known to produce carbon nanofilaments [3.4], so re-
porting on all of the works published in the field since
the beginning of the century is almost impossible. Until
the 1990s, however, carbon nanofilaments were mainly
produced to act as a core substrate for the subsequent
growth of larger (micrometric) carbon fibers — so-called
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vapor-grown carbon fibers — via thickening in catalyst-
free CVD processes [3.68,69]. We are therefore going
to focus instead on more recent attempts to prepare gen-
uine 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 is in-
volved 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 com-
pared to arc discharge and laser ablation methods, with
the formation of carbon nanotubes typically occurring
between 600 and 1000 °C. Because of the low tempera-
ture, the selectivity of the CCVD method is generally
better for the production of MWNTSs with respect to
graphitic particles and amorphouslike carbon, which re-
main an important part of the raw arc discharge SWNT
samples, for example. Both homogeneous and hetero-
geneous processes appear very sensitive to the nature
and the structure of the catalyst used, as well as to
the operating conditions [3.70]. Carbon nanotubes pre-
pared by CCVD methods are generally much longer
(a few tens to hundreds of micrometers) than those ob-
tained by arc discharge (a few micrometers). Depending
on the experimental conditions, it is possible to grow
dense arrays of nanotubes. It is a general statement that
MWNTs from CCVD contain more structural defects
(exhibit a lower nanotexture) than MWNTSs from arc
discharge, due to the lower temperature of the reaction,
which does not allow any structural rearrangements.
These defects can be removed by subsequently apply-
ing heat treatments in vacuum or inert atmosphere to
the products. Whether such a discrepancy is also true
for SWNTs remains questionable. CCVD SWNTs are
generally gathered into bundles that are generally of
smaller diameter (a few tens of nm) than their arc dis-
charge and laser ablation counterparts (around 100 nm
in diameter). Specifically when performed in fluidized-
bed reactor [3.71], CCVD provides reasonably good
perspectives on large-scale and low-cost processes for
the mass production of carbon nanotubes, a key point
for their application at the industrial scale.

A final word concerns the nomenclature. Because
work in the field started more than a century ago, the
names of the carbon objects prepared by this method
have changed with time with the authors, research ar-
eas, and fashions. These same objects have been called
vapor-grown carbon fibers, nanofilaments, nanofibers

and nanotubes. For multilayered fibrous morphologies
(since single-layered fibrous morphologies can only be
SWNT anyway), the exact name should be vapor-grown
carbon nanofilaments (VGCNF). Whether or not the fil-
aments are tubular is a matter of textural description,
which should go with other textural features such as
bamboo, herringbone and concentric (Sect.3.1.2). In
the following, we will therefore use MWNTs for any
hollowed nanofilament, whether they contain graphene
walls oriented transversally or not. Any other nanofila-
ment will be termed a nanofiber.

Heterogeneous Processes

Heterogeneous CCVD processes simply involve pass-
ing a gaseous flow containing a given proportion of
a hydrocarbon (mainly CHy4, C2Hs, CoHy, or CgHg,
usually as a mixture with either H, or an inert gas
such as Ar) over small transition metal particles (Fe,
Co, Ni) in a furnace. The particles are deposited onto
an inert substrate, by spraying a suspension of the
metal particles on it or by another method. The reac-
tion is chemically defined as catalysis-enhanced thermal
cracking

C:Hy - xC+3H,.

Catalysis-enhanced thermal cracking was used as
long ago as the late nineteenth century. Extensive works
on this topic published before the 1990s include those
by Baker et al. [3.6,72], or Endo et al. [3.73,74]. Sev-
eral review papers have been published since then, such
as [3.75], in addition to many regular papers.

CO can be used instead of hydrocarbons; the reac-
tion is then chemically defined as catalysis-enhanced
disproportionation (the so-called the Boudouard equi-
librium)

200 =C+CO,.

Heterogeneous Processes —

Experimental Devices
The ability of catalysis-enhanced CO disproportiona-
tion to make carbon nanofilaments was reported by
Davis et al. [3.76] as early as 1953, probably for the
first time. Extensive follow-up work was performed by
Boehm [3.77], Audier et al. [3.17,78-80], and Gadelle
etal. [3.81-84].

Although formation mechanisms for SWNTs and
MWNTSs can be quite different (Sect. 3.3, or refer to
a review article such as [3.85]), many of the catalytic
process parameters play similar and important roles in
the type of nanotubes formed: the temperature, the dura-
tion of the treatment, the gas composition and flow rate,
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and of course the catalyst nature and size. At a given
temperature, depending mainly on the nature of both the
catalyst and the carbon-containing gas, the catalytic de-
composition will take place at the surfaces of the metal
particles, followed by mass transport of the freshly pro-
duced carbon by surface or volume diffusion until the
carbon concentration reaches the solubility limit, and
the precipitation starts.

It is now agreed that CCVD carbon nanotubes form
on very small metal particles, typically in the nanometer
range [3.85]. These catalytic metal particles are pre-
pared mainly by reducing transition metal compounds
(salts, oxides) by Hs prior to the nanotube formation
step (where the carbon containing gas is required). It
is possible, however, to produce these catalytic metal
particles in situ in the presence of the carbon source,
allowing for a one-step process [3.88]. Because con-
trolling the metal particle size is the key issue (they
have to be nanosized), coalescence is generally avoided
by placing them on an inert support such as an ox-
ide (Al,O3, SiO,, zeolites, MgAl,O4, MgO) or more
rarely on graphite. A low concentration of the catalytic
metal precursor is required to limit the coalescence of
the metal particles, which can happen during the re-
duction step. The supported catalysts can be used as
a static phase placed within the gas flow, but can also
be used as a fine powder suspended into and by the gas
phase, in a so-called fluidised bed process. In the lat-
ter, the reactor has to be vertical so that to compensate
the effect of gravity by the suspending effect of the gas
flow.

There are two main ways to prepare the catalyst:

1. The impregnation of a substrate with a solution of
a salt of the desired transition metal catalyst

a) Supported Catalytical metal CNTs

catalyst or particles
solid solution
o-- > ¥
(1 2 3

Fig.3.16 (a) Formation of nanotubes via the CCVD-based im-
pregnation technique. (1) Formation of catalytic metal particles
by reduction of a precursor; (2) Catalytic decomposition of
a carbon-containing gas, leading to the growth of carbon nanotubes;
(3) Removal of the catalyst to recover the nanotubes (from [3.86]).
(b) Example of a bundle of double-wall nanotubes (DWNTSs) pre-
pared this way (from [3.87])

2. 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 decomposition of the carbon
source will lead to carbon nanotube growth. In most
cases, the nanotubes can then be separated from the
catalyst (Fig. 3.16).

Heterogeneous Processes — Results with CCVD

Involving Impregnated Catalysts
A lot of work had been 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 orMWNTSs 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 gener-
ally involves four different and successive steps:

1. Impregnation of the support by a solution of a salt
(nitrate, chloride) of the chosen metal catalyst

2. Drying and calcination of the supported catalyst to
get the oxide of the catalytic metal

3. Reduction in a H,-containing atmosphere to make
the catalytic metal particles

4. The decomposition of a carbon-containing gas over
the freshly prepared metal particles that leads to
nanotube growth.

For example, Ivanov et al. [3.89] prepared nano-
tubes through the decomposition of C;H, (pure or
mixed with H») on well-dispersed transition metal par-
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ticles (Fe, Co, Ni, Cu) supported on graphite or SiO,.
Co-Si0O; was found to be the best catalyst/support com-
bination for the preparation of MWNTs, but most of the
other combinations led to carbon filaments, sometimes
covered with amorphouslike carbon. The same authors
have developed a precipitation-ion-exchange method
that provides a better dispersion of metals on silica com-
pared to the classical impregnation technique. The same
group then proposed the use of a zeolite-supported Co
catalyst [3.90, 91], resulting in very finely dispersed
metal particles (from 1 to 50 nm in diameter). They ob-
served MWNTs with a diameter around 4 nm and only
two or three walls only on this catalyst. Dai et al. [3.92]
have prepared SWNTs by CO disproportionation on
nanosized Mo particles. The diameters of the nanotubes
obtained are closely related to those of the original par-
ticles and range from 1 to 5 nm. The nanotubes obtained
by this method are free of an amorphous carbon coat-
ing. They also found that a synergetic effect occurs for
the alloy instead of the components alone, and one of
the most striking examples is the addition of Mo to
Fe [3.93] or Co [3.94].

Heterogeneous Processes — Results with CCVD
Involving Solid Solution-Based Catalysts
A solid solution of two metal oxides is formed when
ions of one metalmix with ions of the other metal.
For example, Fe;O3 can be prepared in solid solu-
tion in Al;O3 to give a Aly_»2,Fe;, 03 solid solution.
The use of a solid solution allows a perfectly ho-
mogeneous dispersion of one oxide in the other to
be obtained. These solid solutions can be prepared
in different ways, but coprecipitation of mixed ox-
alates and combustion synthesis are the most common
methods used to prepare nanotubes. The synthesis
of nanotubes by the catalytic decomposition of CHy
over an Aly_»,Fe;, O3 solid solution was originated by
Peigney et al. [3.88] and then studied extensively by the
same group using different oxides such as spinel-based
solid solutions (Mg .M, Al,O4 with M = Fe, Co, Ni,
or a binary alloy [3.86, 95]) or magnesia-based solid
solutions [3.86,96] (Mg,— M, 0, with M = Fe, Co or
Ni). Because of the very homogeneous dispersion of the
catalytic oxide, it is possible to produce very small cat-
alytic metal particles at the high temperature required
for the decomposition of CH4 (which was chosen for
its greater thermal stability compared to other hydrocar-
bons). The method proposed by these authors involves
the heating of the solid solution from room temperature
to a temperature of between 850 and 1050 °C in a mix-
ture of Hy and CHy, typically containing 18 mol % of

CH,. The nanotubes obtained clearly depend upon the
nature of both the transition metal (or alloy) used and
the inert oxide (matrix); the latter because the Lewis
acidity seems to play an important role [3.97]. For ex-
ample, in the case of solid solutions containing around
10wt % of Fe, the amount of carbon nanotubes ob-
tained decreases in the following order depending on the
matrix oxide: MgO = Al;03; > MgAl,04 [3.86]. 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) [3.96]. The nanotubes
obtained are typically gathered into small-diameter bun-
dles (less than 15nm) with lengths of up to 100 pm.
The nanotubes are mainly SWNTs and DWNTs, with
diameters of 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 (impregnated) 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,Oj5 or SiO, (or
even combinations) are used, aggressive treatments in-
volving hot caustic solutions (KOH, NaOH) for Al,04
or the use of HF for SiO; are required. These treatments
have no effect, however, on other impurities such as
other forms of carbon (amorphouslike carbon, graphi-
tized carbon particles and shells, and so on). Oxidizing
treatments (air oxidation, use of strong oxidants such
as HNO3, KMnOy, H,O3) are thus required and permit
the removal of most unwanted forms of carbon, but they
result in a low final yield of carbon nanotubes, which
are often quite damaged. Flahaut et al. [3.96] were the
first to use a MgCoO solid solution to prepare SWNTs
and DWNTs that could be easily separated without in-
curring any damage via fast and safe washing with an
aqueous HCI solution.

In most cases, only very small quantities of catalyst
(typically less than 500 mg) are used, and most claims
of high-yield productions of nanotubes are based on
laboratory experimental data, without taking into ac-
count all of the technical problems related to scaling
up to a laboratory-scale CCVD reactor. At the present
time, although the production of MWNTSs is possi-
ble on an industrial scale, the production of affordable
SWNTs is still a challenge, and controlling the arrange-
ment of and the number of walls in the nanotubes is
also problematic. For example, adding small amounts
of molybdenum to the catalyst [3.98] can lead to dras-
tic modifications of the nanotube type (from regular
nanotubes to carbon nanofibers — Sect.3.1). Flahaut
et al.have recently shown that the method used to pre-
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pare a particular catalyst can play a very important
role [3.99]. Double-walled carbon nanotubes (DWNTSs)
represent a special case: they are at the frontier be-
tween single- (SWNTs) and multiwalled nanotubes
(MWNTs). Because they are the MWNTs with the
lowest possible number of walls, their structures and
properties are very similar to those of SWNTs. Any
subsequent functionalization, which is often required to
improve the compatibility of nanotubes with their ex-
ternal environment (composites) or to give them new
properties (solubility, sensors), will partially damage
the external wall, resulting in drastic modifications
in terms of both electrical and mechanical properties.
This is a serious drawback for SWNTSs. In the case of
DWNTs, the outer wall can be modified (functional-
ized) while retaining the structure of the inner tube.
DWNTs have been recently synthesised on a gram-scale
by CCVD [3.87], with a high purity and a high selectiv-
ity (around 80% DWNTSs) (Fig. 3.16b).

Homogeneous Processes

The homogenous route, also called the floating catalyst
method, differs from the other CCVD-based methods
because it uses only gaseous species and does not re-
quire the presence of any solid phase in the reactor.
The basic principle of this technique, similar to the
other CCVD processes, is to decompose a carbon source
(ethylene, xylene, benzene, carbon monoxide, and so
on) on nanosized transition metal (generally Fe, Co,
or Ni) particles in order to obtain carbon nanotubes.
The catalytic particles are formed directly in the reac-
tor, however, and are not introduced before the reaction,
as occurs in supported CCVD for instance.

Homogeneous Processes —

Experimental Devices
The typical reactor used in this technique is a quartz
tube placed in an oven into which the gaseous feedstock,
containing the metal precursor, the carbon source, some
hydrogen and a vector gas (N2, Ar, or He), is passed.
The first zone of the reactor is kept at a lower tempera-
ture, and the second zone, where the formation of tubes
occurs, is heated to 700—-1200°C. The metal precursor
is generally a metal-organic compound, such as a zero-
valent carbonyl compound like [Fe(CO)s] [3.100], or
a metallocene [3.101-103] such as ferrocene, nicke-
locene or cobaltocene. The use of metal salts, such as
cobalt nitrate, has also been reported [3.104]. It may be
advantageous to make the reactor vertical, so that grav-
ity acts symmetrically on the gaseous volume inside the
furnace.

Homogeneous Processes — Results
The metal-organic compound decomposes in the first
zone of the reactor, generating nanosized metallic par-
ticles that can catalyze nanotube formation. In the
second part of the reactor, the carbon source is decom-
posed to atomic carbon, which is then responsible for
the formation of nanotubes.

This technique is quite flexible and SWNTs [3.105],
DWNTs [3.106] and MWNTs [3.107] have been
obtained, in proportions depending on the carbon feed-
stock gas. The technique has also been exploited for
some time in the production of vapor-grown carbon
nanofibers [3.108].

The main drawback of this type of process is
again that it is difficult to control the size of the
metal nanoparticles, and thus nanotube formation is
often accompanied by the production of undesired car-
bon forms (amorphous carbon or polyaromatic carbon
phases found as various phases or as coatings). In par-
ticular, encapsulated forms have been often found as the
result of the formation of metal particles that are too
large to promote nanotube growth (and so they can end
up being totally covered with graphene layers instead).

The same kind of parameters have to be controlled
as for heterogeneous processes in order to finely tune
this process and selectively obtain 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 particular attention paid to the
role played by the proportion of hydrogen, which can
influence the orientation of the graphene with respect
to the nanotube axis, thus switching from c-MWNT to
h-MWNT [3.82]; and the ratio of the metallorganic pre-
cursor to the carbon source [3.101]. In an independent
study [3.109], it was shown that the general tendency
is:

1. To synthesize SWNTs when the ferrocene/benzene
molar ratio is high, typically = 15%

2. To produce MWNTs when the ferrocene/benzene
molar ratio is between = 4 and =~ 9%

3. To synthesize carbon nanofibers when the fer-
rocene/benzene molar ratio is below = 4%.

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 [3.110] to be obtained, while the latter results
in a significant increase in productivity [3.108, 111].
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An interesting result is the increase in yield and purity
brought about by a small input of oxygen, as achieved
by using alcohol vapors instead of hydrocarbons as
feedstock [3.112]. It is assumed that the oxygen prefer-
ably burns the poorly organized carbon out into CO,,
thereby enhancing the purity, and prevents the catalyst
particles from being encapsulated in the carbon shells
too early, making them inactive, thereby enhancing the
nanotube yield. Moreover, it was found to promote the
formation of SWNTs over MWNTs, since suppressing
carbon shell formation suppresses MWNT formation
too.

It should be emphasized that only small amounts
have been produced so far, and scale-up to industrial
levels seems quite difficult due to the large number
of parameters that must be considered. A critical one
is to be able to increase the quantity of metallorganic
compound that is used in the reactor, in order to in-
crease production, without obtaining particles that are
too big. This problem has not yet been solved. An
additional problem inherent in the process is the pos-
sibility of clogging the reactor due to the deposition of
metallic nanoparticles on the reactor walls followed by
carbon deposition. An interesting alternative could be
the injection, into the vertical floating reactor, of a sup-
ported catalyst powder instead of an organometallic
compound. This approach has allowed the continuous
production of single-walled carbon nanotubes with scal-
ing capability up to 220 g/h [3.114].

A significant breakthrough concerning this tech-
nique could be the HiPCo process developed at Rice
University, which produces SWNTs of very high pu-
rity [3.115, 116]. This gas phase catalytic reaction
uses carbon monoxide to produce, from [Fe(CO)s],
a SWNT material that is claimed to be relatively free
of by-products. The temperature and pressure condi-
tions required are applicable to industrial plants. Upon
heating, the [Fe(CO)s] decomposes into atoms which
condense into larger clusters, and SWNT nucleate and
grow on these particles in the gas phase via CO
disproportionation (the Boudouard reaction, see Hetero-
geneous Processes in Sect. 3.1.2):

The company Carbon Nanotechnologies Inc. (Hous-
ton, USA) currently sells raw SWNT materials prepared
in this way, at a market price of 375%/g, or 5008/g
if purified (2005 data). Other companies that spe-
cialize in MWNTs include Applied Sciences Inc.
(Cedarville, USA), currently has a production facility of
~ 40tons/year of ~ 100nm large MWNTSs (Pyrograf-
II), and Hyperion Catalysis (Cambridge, USA), which
makes MWNT-based materials. Though prepared in

a similar way by CCVD-related processes, MWNTs re-
main far less expensive than SWNTs, reaching prices
as low as 0.055 $/g (current ASI fares for Pyrograf-III
grade).

Templating

Another interesting technique, although one that is def-
initely not suitable for mass production (and so we
only touch on it briefly here), is the templating tech-
nique. It is the only other method aside from the electric
arc technique that is able to synthesize carbon nano-
tubes without any catalyst. Any other work reporting the
catalyst-free formation of nanotubes is actually likely
to have involved the presence of catalytic metallic im-
purities in the reactor or some other factors that caused
a chemical gradient in the system. Another useful aspect
of this approach is that it allows aligned nanotubes to be
obtained naturally, without the help of any subsequent
alignment procedure. However, the template must be re-
moved (dissolved) to recover the nanotubes, in which
case the alignment of the nanotubes is lost.

Templating — Experimental Devices

The principle of this technique is to deposit the solid
carbon coating obtained from the CVD method onto the
walls of a porous substrate whose pores are arranged in
parallel channels. The feedstock is again a hydrocarbon,
such as a common source of carbon. The substrate can
be alumina or zeolite for instance, which present natu-
ral channel pores, while the whole system is heated to
a temperature that cracks the hydrocarbon selected as
the carbon source (Fig.3.17).

Anodic aluminum oxide film

Carbon deposition

on the pore wall HF washing

o w@

Fig.3.17 Principle of the templating technique used in the catalyst-
free formation of single-walled or concentric-type multiwalled

carbon nanotubes (from [3.113])

Carbon tubes

I~

67

'€ |V Hed



68

2°€ |V Hed

Part A

Nanostructures, Micro-/INanofabrication and Materials

Templating — Results

Provided the chemical vapor deposition mechanism
(which is actually better described as a chemical va-
por infiltration mechanism) is well controlled, synthesis
results in the channel pore walls being coated with
a variable number of graphenes. Both MWNTs (exclu-
sively concentric type) and SWNTs can be obtained.
The smallest SWNTs (diameters =~ 0.4nm) ever ob-
tained (Sect. 3.1) were actually been synthesized using
this technique [3.11]. The nanotube lengths are directly
determined by the channel lengths; in other words by
the thickness of the substrate plate. One main advantage
of the technique is the purity of the tubes (no catalyst
remnants, and few 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, the porous matrix must be
dissolved using one of the chemical treatments previ-
ously cited in order to recover the tubes. The fact that
the tubes are open makes them even more sensitive to
attack from acids.

3.2.3 Miscellaneous Techniques

In addition to the major techniques described in
Sects. 3.2.1 and 3.2.2, many attempts to produce nano-
tubes in various ways, often with a specific goal in mind,
such as looking for a low-cost or a catalyst-free produc-
tion process, can be found in the literature. As yet, none
has been convincing enough to be presented as a serious
alternative to the major processes described previously.
Some examples are provided in the following.

Hsu et al. [3.117] have succeeded in prepar-
ing MWNTs (including coiled MWNTSs, a peculiar
morphology 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
(the anode was a graphite crucible and the cathode
a graphite rod). The graphite crucible was filled with
lithium chloride, while the whole system was heated
in air or argon at = 600°C. As with many other
techniques, by-products such as encapsulated metal par-
ticles, carbon shells, amorphous carbon, and so on, are
formed.

Cho et al. [3.118] have proposed a pure chemistry
route to nanotubes, using the polyesterification of citric
acid onto ethylene glycol at 50 °C, followed by poly-
merization at 135°C and then carbonization at 300°C
under argon, followed by oxidation at 400°C in air.
Despite the latter oxidation step, the solid product con-
tains short MWNTs, although they obviously have poor

nanotextures. By-products such as carbon shells and
amorphous carbon are also formed.

Li et al. [3.119] have also obtained short MWNTSs
through a catalyst-free (although Si is present) pyrolytic
method which involves heating silicon carbonitride
nanograins in a BN crucible to 1200-1900°C in ni-
trogen within a graphite furnace. No details are given
about the possible 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. [3.120] have investigated the cata-
lyzed reaction between a solid carbon source and atomic
hydrogen. Graphite nanoparticles (= 20nm) are sent
with a stream of H» onto a Ta filament heated at
2200 °C. The species produced, whatever they are, then
hit a Si polished plate warmed to 900 °C that supports
transition metal particles. The whole chamber is kept
in a dynamic vacuum of 40 Torr. SWNTs are supposed
to form according to the authors, although their images
are not very convincing. One major drawback of the
method, besides its complexity compared to the others,
is that it is difficult to recover the nanotubes from the Si
substrates to which they seem to be firmly bonded.

The final example is an attempt to prepare nano-
tubes by diffusion flame synthesis [3.121]. A regular
gaseous hydrocarbon source (ethylene, ...) along with
ferrocene vapor is passed into a laminar diffusion flame
derived from air and CH4 of temperature 500—1200°C.
SWNTs are 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 Carbon Nanotubes
with Controlled Orientation

Several applications (such as field emission-based dis-
plays Sect. 3.6) require that carbon nanotubes grow as
highly aligned bunches, in highly ordered arrays, or
that they are located at specific positions. In this case,
the purpose of the process is not mass production but
controlled growth and purity, with subsequent control
of nanotube morphology, texture and structure. Gen-
erally speaking, the more promising methods for the
synthesis of aligned nanotubes are based on CCVD pro-
cesses, which involve the use of molecular precursors
as carbon sources, and the method of thermal crack-
ing assisted by the catalytic activity of transition metal
(Co, Ni, Fe) nanoparticles deposited onto solid sup-
ports. Although this approach initially produced mainly
MWNTs, DWNT [3.122] and SWNT [3.123] arrays
can be selectively obtained today. Generally speaking,
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SWNTs and DWNTSs nucleate at higher temperatures
than MWNTSs [3.124].

However, the catalyst-free templating methods re-
lated to those described in Sect. 3.2.2 are not considered
here, due to the lack of support after the template is re-
moved, which means that the previous alignment is not
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 [3.127, 128]. The driving forces
for this alignment are the van der Waals interac-
tions between the nanotubes, which allow them to
grow perpendicularly to the substrates. If the catalyst
nanoparticles are deposited onto a mesoporous sub-
strate, the mesoscopic pores may also have an effect
on the alignment when the growth starts, thus control-
ling the growth direction of the nanotubes. Two kinds of
substrates have been used so far for this purpose: meso-
porous silica [3.129, 130] and anodic alumina [3.131].

Different methods of depositing metal particles onto
substrates have been reported in the literature:

1. Deposition of a thin film on alumina substrates us-
ing metallic salt precursor impregnation followed by
oxidation/reduction steps [3.132].

2. Embedding catalyst particles in mesoporous silica
by sol-gel processes [3.129].

3. Thermal evaporation of Fe, Co, Ni or Co-Ni metal
alloys on SiO, or quartz substrates under high vac-
uum [3.133,134].

4. Photolithographic patterning of metal-containing
photoresist polymer using conventional black and
white films as a mask [3.135] or photolithogra-
phy and the inductive plasma deep etching tech-
nique [3.136].

5. Electrochemical deposition into pores in anodic alu-
minum oxide templates [3.131].

6. Deposition of colloidal suspensions of catalyst par-
ticles with tailored diameters on a support [3.137-
141], by spin-coating for instance.

7. Stamping a catalyst precursor over a patterned sil-
icon wafer is also possible and has been used to
grow networks of nanotubes parallel to the sub-
strate (Fig. 3.18a), or more generally to localize the
growth of individual CNTs [3.142].

A technique that combines the advantages of elec-
tron beam lithography and template methods has also
been reported for the large-scale production of ordered
MWNTs [3.143] or AFM tips [3.144].

2 um

Fig.3.18 (a) Example of a controlled network of nano-
tubes grown parallel to the substrate [3.125]: (b) example
of a free-standing MWNT array obtained from the pyroly-
sis of a gaseous carbon source over catalyst nanoparticles
previously deposited onto a patterned substrate. Each
square-base rod is a bunch of MWNTSs aligned perpendic-
ular to the surface (from [3.126])

Depositing the catalyst nanoparticles onto a prepat-
terned substrate allows one to control the frequency of
local occurrence and the arrangement of the nanotube
bunches formed. The materials produced mainly con-
sist of arrayed, densely packed, freestanding, aligned
MWNTs (Fig.3.18b), which are quite suitable for
field emission-based applications for instance [3.126].
SWNTs have also been produced, and it was reported
that the introduction of water vapor during the CVD
process allows impurity-free SWNTs to be synthe-
sized [3.145], due to a mechanism related to that
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Fig.3.19a~c Sketch of a double-furnace CCVD device used in the organometallic/hydrocarbon copyrolysis process.
(a) Sublimation of the precursor. (b) Decomposition of the precursor and MWNT growth onto the substrate. (c) Example
of the densely packed and aligned MWNT material obtained (from [3.146])

previously proposed for the effect of using alcohol in-
stead of hydrocarbon feedstock [3.127].

When a densely packed coating of vertically
aligned MWNTs is desired (Fig.3.19¢), another route
is the pyrolysis of hydrocarbons in the presence of
organometallic precursor molecules like metallocene or
iron pentacarbonyl, operating in a dual furnace sys-
tem (Fig.3.19a,b). The organometallic precursor (such
as ferrocene) is first sublimed at low temperature in
the first furnace or injected as a solution along with
the hydrocarbon feedstock, and then the whole sys-
tem is pyrolyzed at higher temperature in the second
furnace [3.105, 146-149]. The important parameters
here are the heating or feeding rate of ferrocene,
the flow rates of the vector gas (Ar or N;) and the
gaseous hydrocarbon, and the temperature of pyrolysis
(650—1050°C). Generally speaking, the codeposition
process using [Fe(CO)s] as the catalyst source results
in thermal decomposition at elevated temperatures, pro-
ducing atomic iron that deposits on the substrates in
the hot zone of the reactor. Since nanotube growth oc-
curs at the same time as the introduction of [Fe(CO)s],
the temperatures chosen for the growth depend on the
carbon feedstock utilized; for example, they can vary
from 750 °C for acetylene to 1100 °C for methane. Mix-
tures of [FeCp:] and xylene or [FeCp,] and acetylene
have also been successfully used to produce freestand-
ing MWNTs.

The nanotube yield and quality are directly linked to
the amount and size of the catalyst particles, and since

the planar substrates used do not exhibit high surface
areas, 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 to efficient nanotube
growth of nanotubes since it provides the appropri-
ate metal particle size distribution. It may also favor
the alignment of MWNTs and prevent the formation
of amorphous carbon due to the thermal cracking of
acetylene [3.150]. The application of phthalocyanines
of Co, Fe and Ni has also been reported, and in
this case the pyrolysis of the organometallic precur-
sors also produces the carbon for the vertically aligned
MWNTs [3.151].

Densely packed coatings of vertically aligned
MWNTs may also be produced over metal-containing
deposits, such as iron oxides on aluminum [3.152],
in which case MWNT synthesis takes place on small
particles that are formed from the iron oxide deposit.
Interestingly, it has been recently reported that well
aligned MWNT arrays can be produced on a large scale
on ceramic spheres using the floating catalyst tech-
niques [3.153]. Finally, it has been recently reported
that the Langmuir—Blodgett method can effectively be
used to produce monolayers of aligned noncovalently
functionalized SWNTs from organic solvent with dense
packing [3.154]. This method seems valid for bulk ma-
terials with various diameters and offers the advantage
that the SWNT monolayers are readily patterned for
device integration by microfabrication.

3.3 Growth Mechanisms of Carbon Nanotubes

The growth mechanisms of carbon nanotubes are still
the source of much debate. However, researchers have
been impressively imaginative, and have come up with
a number of hypotheses. One reason for the debate is

that the conditions that allow carbon nanofilaments to
grow are very diverse, which means that there are many
related growth mechanisms. For a given set of condi-
tions, the true mechanism is probably a combination of
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or a compromise between some of the proposals. An-
other reason is that the phenomena that occur during
growth are pretty rapid and difficult to observe in situ. It
is generally agreed, however, that growth occurs such
that the number of dangling bonds is minimized, for
energetic reasons.

3.3.1 Catalyst-Free Growth

As already mentioned, in addition to the templating
technique, which is merely a chemical vapor infiltra-
tion mechanism for pyrolytic carbon, the growth of
c-MWNT as a deposit on the cathode in the electric
arc method is a rare example of catalyst-free carbon
nanofilament growth. The driving force is obviously
related to the electric field; in other words to charge
transfer from one electrode to the other via the par-
ticles contained in the plasma. It is not clear how the
MWNT nucleus is formed, but once it has, it may in-
clude the direct incorporation of C; species into the
primary graphene structure, as it was previously pro-
posed for fullerenes [3.155]. This is supported by recent
C, radical concentration measurements that reveal an
increasing concentration of C, from the anode being
consumed at the growing cathode (Fig. 3.14). This indi-
cates that C; are only secondary species and that the C,
species may actually actively participate in the growth
of c-MWNTs in the arc method.

3.3.2 Catalytically Activated Growth

Growth mechanisms involving catalysts are more diffi-
cult to ascertain, since they are more diverse. Although
it involves a more or less extensive contribution from
a VLS (vapor—liquid—solid [3.156]) mechanism, it is
quite difficult to find comprehensive and plausible ex-
planations that are able to account for both the various
conditions used and the various morphologies observed.
What follows is an attempt to provide overall expla-
nations of most of the phenomena, while remaining
consistent with the experimental data. We do not con-
sider any hypothesis for which there is a lack of
experimental evidence, such as the moving nanocata-
lyst mechanism, which proposes that dangling bonds
from a growing SWNT may be temporarily stabi-
lized by a nanosized catalyst located at the SWNT
tip [3.28], or the scooter mechanism, which pro-
poses that dangling bonds are temporarily stabilized
by a single catalyst atom which moves around the
edge of the SWNT , allowing subsequent C atom ad-
dition [3.157].

From various results, it appears that the most im-
portant parameters are probably the thermodynamic
ones (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 methods.

Low-Temperature Conditions
Low-temperature conditions are typical used in CCVD,
where nanotubes are frequently found to grow far below
1000°C. If the conditions are such that the catalyst is
acrystallized solid, the nanofilament is probably formed
via a mechanism similar to a VLS mechanism, in which
three steps are defined:

1. Adsorption then decomposition of C-containing
gaseous moieties at the catalyst surface

2. Dissolution then diffusion of the C species through
the catalyst, thus forming a solid solution

3. Back-precipitation of solid carbon as nanotube
walls. The texture is then determined by the orienta-
tion of the crystal faces relative to the filament axis
(Fig. 3.20), as demonstrated beyond doubt by trans-
mission electron microscopy images such as those
in Rodriguez et al. [3.20].

This mechanism can therefore provide either c-MWNT,
h-MWNT, or platelet nanofibers. The latter, however,
are mainly formed in large particle sizes (> 100nm
for example). Platelet nanofibers with low diameters
(< 40nm) have never been observed. The reasons for
this are related to graphene energetics, such as the need
to reach the optimal ratio between the amount of edge
carbon atoms (with dangling bonds) and inner carbon
atoms (where all of the o and & orbitals are satisfied).

If conditions are such that the catalyst is a liquid
droplet, due to the use of high temperatures or because
a catalyst that melts at a low temperature is employed,
a mechanism similar to that described above can still
occur, which is really VLS (vapor = gaseous C species,
liguid = molten catalyst, S = graphenes), but there are
obviously no crystal faces to orient preferentially with
the rejected graphenes. Energy minimization require-
ments 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: the catalyst will move forward
while the rejected carbon will form the nanotube be-
hind, whether there is a substrate or not. In this case,
there is a good chance that one end will be open. On
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Fig.3.20a-c Tllustration of the possible relationships be-
tween the outer morphology of the catalyst crystal and
the inner texture of the subsequent carbon nanofila-
ment (adapted from [3.20]). In (a), a nanotube with
graphenes making the wall arranged concentrically (con-
centric MWNT). In (b), a nanofibre with graphenes
arranged so that they make an angle with respect to the
nanofibre axis (herringbone nanofibre). In (c), a nanofi-
bre with the graphenes piled up perpendicularly to the
nanofibre axis (platelet nanofibre). Crystals are drawn with
the projected plane perpendicular to the electron beam
in a transmission electron microscope; the crystal mor-
phologies and the subsequent graphene arrangements in the
out-of-plane dimension are not intended to be accurate rep-
resentations in these sketches (for example, the graphenes
in the herringbone-type nanotubes or nanofibers in (b) can-
not be arranged like a pile of open books, as sketched here,
because it would leave too many dangling bonds)

the other hand, when the catalyst particles deposited
onto the substrate are small enough (nanoparticles) to be
held in place by interaction forces with the substrate, the
growth mechanism will follow a base growth scheme,
where the carbon nanofilament grows away from the
substrate, leaving the catalyst nanoparticle attached to
the substrate (Fig.3.21).

The bamboo texture that affects both the herring-
bone and the concentric texture may reveal a distin-
guishing aspect of the dissolution-rejection mechanism:
the periodic, discontinuous dynamics of the phe-
nomenon. Once the catalyst has reached the saturation

SWNT

Scale bars=
§ 10nm

Fig.3.21a-g High-resolution transmission electron mi-
croscopy images of several SWNTs grown from iron-based
nanoparticles using the CCVD method, showing that par-
ticle sizes determine SWINT diameters in this case (adapted
from [3.158]). Yet the catalyst crystal imaged (the dark
spot at the bottom of each tube) is different for each fig-
ure, considering images backward from (f) to (c) illustrates
what could be a sequence of growth of a SWNT from
a single nanocrystal, as sketched in (g). (a) and (b) show
additional examples of fully grown SWNTs, similar to (c)

threshold in terms of its carbon content, it expels it quite
suddenly. Then it becomes able to incorporate a given
amount of carbon again without having any catalytic ac-
tivity for a little while. Then over-saturation is reached
again, and so on. An exhaustive study of this phe-
nomenon has been carried out by Jourdain et al. [3.159].

Therefore, it is clear that 1 catalyst particle = 1
nanofilament in any of the mechanisms above. This ex-
plains why, although it is possible to make SWNTs
by CCVD methods, controlling the catalyst particle
size is critical, since it influences the nanofilament that
grows from it. Achieving a really narrow size distribu-
tion in CCVD is quite challenging, particularly when
nanosizes are required for the growth of SWNTs. Only
particles < 2nm are useful for this (Fig.3.21), since
larger SWNT's are not favored energetically [3.10]. An-
other distinguishing aspect of the CCVD method and
its related growth mechanisms is that the process can
occur all along the isothermal zone of the reactor fur-
nace since it is continuously fed with a carbon-rich
feedstock, which is generally in excess, with a constant
composition at a given species time of flight. Roughly
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Table 3.2 Guidelines indicating the relationships between possible carbon nanofilament morphologies and some basic synthesis

conditions. Columns (1) and (2) mainly relate to CCVD-based methods: column (3) mainly relates to plasma-based methods

Increasing temperature . . .

... and physical state of catalyst

solid liquid from
(crystallized) melting
) (2)
< 3nm SWNT SWNT
Catalyst
particle S MWNT
e (c,h,b) c-MWNT
platelet
nanofiber
(heterogeneous
Nanotube related to catalyst particle
diameter size)
Nanotube/particle one nanotube/particle

speaking, the longer the isothermal zone (in gaseous
carbon excess conditions), the longer the nanotubes.
This is why the lengths of the nanotubes can be much
longer than those obtained using solid carbon source-
based methods.

Table 3.2 provides an overview of the relationship
between general synthesis conditions and some features
of nanotube grown.

High-Temperature Conditions
High-temperature conditions are typical used in solid
carbon source-based methods such as the electric
arc method, laser vaporization, and the solar furnace
method (Sect.3.2). The huge temperatures involved
(several thousands of °C) atomize both the carbon
source and the catalyst. Of course, catalyst-based
SWNTs do not form in the areas with the highest tem-
peratures (contrary to ¢c-MWNTSs in the electric arc
method); the medium is a mixture of atoms and radicals,
some of which are likely to combine and condense into
liquid droplets. At some distance from the atomization
zone, the medium is therefore made of carbon metal al-
loy droplets and of secondary carbon species that range
from C to higher order molecules such as corannulene,
which is made of a central pentagon surrounded by five
hexagons. The preferred formation of such a molecule
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can be explained by the previous association of car-
bon atoms into a pentagon, because 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 pentagons are
not energetically favored, 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 that produce SWNTs. The same
saturation in C described in Sect.3.3.2 occurs for the
carbon-metal alloy droplet as well, resulting in the pre-
cipitation of excess C outside the particle due to the
effect of the decreasing thermal gradient in the reac-
tor, which decreases the solubility threshold of C in
the metal [3.160]. Once the inner carbon atoms reach
the surface of the catalyst particle, they meet the ourer
carbon species, including corannulene, that will con-
tribute to capping the merging nanotubes. Once formed
and capped, nanotubes can grow both from the inner
carbon atoms (Fig. 3.22a), according to the VLS mech-
anism proposed by Saifo et al. [3.160], and from the
outer carbon atoms, according the adatom mechanism
proposed by Bernholc et al. [3.161]. In the latter, carbon
atoms from the surrounding medium in the reactor are
attracted then stabilized by the carbon/catalyst interface
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Fig.3.22 (a) Mechanism proposed for SWNT growth (see text). (b) Transmission electron microscopy image of SWNT
growing radially from the surface of a large Ni catalyst particle in an electric arc experiment. (Modified from [3.18])

at the nanotube/catalyst surface contact, promoting their
subsequent incorporation at the tube base. The growth
mechanism therefore mainly follows the base growth
scheme. However, once the nanotubes are capped, any
C, species that still remains in the medium that meets
the growing nanotubes far from the nanotube/catalyst
interface may still incorporate the nanotubes from both
the side wall or the tip, thereby giving rise to some pro-
portion of Stone—Wales defects [3.45]. The occurrence
of a nanometer-thick surface layer of yttrium carbide
(onto the main Ni-containing catalyst core), the lattice
distance of which is commensurable with that of the
C—C distance in graphene (as recently revealed by Gav-
itlet et al. [3.55]), could possibly play a beneficial role in
stabilizing the nanotube/catalyst interface, which could
explain why the SWNT yield is enhanced by bimetallic
alloys (as opposed to single metal catalysts).

A major difference from the low-temperature mech-
anisms described for CCVD methods is that many
nanotubes are formed from a single, relatively large
(= 10-50nm) catalyst particle (Fig.3.22b), whose size
distribution is therefore not as critical as it is for the low-
temperature mechanisms (particles that are too large,
however, induce polyaromatic shells instead of nano-
tubes). This is why the diameters of SWNTs grown
at high temperature are much more homogeneous than

3.4 Properties of Carbon Nanotubes

In previous sections, we noted that the normal planar
configuration of graphene can, under certain growth
conditions (Sect.3.3), be changed into a tubular ge-
ometry. In this section, we take a closer look at the
properties of these carbon nanotubes, which can depend
on whether they are arranged as SWNTs or as MWNTs
(Sect. 3.1).

those associated with CCVD methods. The reason that
the most frequent diameter is = 1.4 nm is again a mat-
ter of energy balance. Single-wall nanotubes larger than
2 2.5nm are not stable [3.10]. On the other hand,
the strain on the C—C bond increases as the radius
of curvature decreases. The optimal diameter (1.4 nm)
should therefore correspond to the best energetic com-
promise. Another difference from the low-temperature
mechanism for CCVD is that temperature gradients in
high temperature methods are huge, and the gas phase
composition surrounding the catalysts droplets is also
subjected to rapid changes (as opposed to what could
happen in a laminar flow of a gaseous feedstock whose
carbon source is in excess). This explains why nano-
tubes from arcs are generally shorter than nanotubes
from CCVD, and why mass production by CCVD is
favored. In the latter, the metallic particle can act as
a catalyst repeatedly as long as the conditions are main-
tained. In the former, the surrounding conditions change
continuously, and the window for efficient catalysis can
be very narrow. Decreasing the temperature gradients
that occur in solid carbon source-based methods of pro-
ducing SWNT, such as the electric arc reactor, should
therefore increase the SWNT yield and length [3.162].
Amazingly, this is in opposition to what is observed
during arc-based fullerene production.

3.4.1 Overview

The properties of MWNTs are generally similar to
those of regular polyaromatic solids (which may exhibit
graphitic, turbostratic or intermediate crystallographic
structure). Variations are mainly due to different tex-
tural types of the MWNTs considered (concentric,
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herringbone, bamboo) and the quality of the nanotex-
ture (Sect.3.1), both of which control the extent of
anisotropy. Actually, for polyaromatic solids that con-
sist of stacked graphenes, the bond strength varies
significantly depending on whether the in-plane direc-
tion is considered (characterized by very strong covalent
and therefore very short — 0.142 nm — bonds) or the di-
rection perpendicular to it (characterized by very weak
van der Waals and therefore very loose — =~ 0.34nm
— bonds). Such heterogeneity is not found in single
(isolated) SWNTs. However, the heterogeneity returns,
along with the related consequences, when SWNTs as-
sociate into bundles. Therefore, the properties — and
applicability —of SWNTs may also change dramatically
depending on whether single SWNT or SWNT ropes
are involved.

In the following, we will emphasize the proper-
ties of SWNTs, since their unique structures often lead
to different properties to regular polyaromatic solids.
However, we will also sometimes discuss the properties
of MWNTs for comparison.

3.4.2 General Properties of SWNTs

The diameters of SWNT-type carbon nanotubes fall in
the nanometer regime, but SWNTs can be hundreds
of micrometers long. SWNTSs are narrower in diameter
than the thinnest line that can be obtained in electron
beam lithography, SWNTs are stable up to 750 °C in air
(but they are usually damaged before this temperature
is reached due to oxidation mechanisms, as demon-
strated by the fact that they can be filled with molecules
(Sect. 3.5). They are stable up to = 1500-1800°C in
inert atmosphere, beyond which they transform into
regular, polyaromatic solids (phases built with stacked
graphenes instead of single graphenes) [3.163]. They
have half the mass density of aluminum. The properties
of a SWNT, like any molecule, are heavily influenced
by the way that its atoms are arranged. The physical and
chemical behavior of a SWNT is therefore related to its
unique structural features [3.164].

3.4.3 Adsorption Properties of SWNTs

An interesting feature of a SWNT is that it has the
highest surface area of any molecule due to the fact
that a graphene sheet is probably the only example of
a sheetlike molecule that is energetically stable under
normal conditions. If we consider an isolated SWNT
with one open end (achieved through oxidation treat-
ment for instance), the surface area is equal to that of

a single, flat graphene sheet: &~ 2700 m? /g (accounting
for both sides).

In reality, nanotubes — specifically SWNTs — are
usually associated with other nanotubes in bundles,
fibers, films, papers, and so on, rather than as a single
entity. Each of these associations has a specific range of
porosities that determines its adsorption properties (this
topic is also covered in Sect.3.6.2 on applications). It
is therefore more appropriate to discuss adsorption onto
the outer or the inner surface of a bundle of SWNTs.

Furthermore, theoretical calculations have predicted
that the adsorption of molecules onto the surface or in-
side of a nanotube bundle is stronger than that onto an
individual tube. A similar situation exists for MWNTs,
where adsorption can occur on or inside the tubes or
between aggregated MWNTs. It has also been shown
that the curvature of the graphene sheets constituting
the nanotube walls results in a lower heat of adsorption
compared to planar graphene (Sect. 3.1.1).

Accessible Specific Surface Area of CNTs
Various studies dealing with the adsorption of nitro-
gen onto MWNTs [3.165-167] and SWNTs [3.168]
have highlighted the porous nature of these two ma-
terials. The pores in MWNTs can be divided mainly
into hollow inner cavities with small diameters (with
narrow size distributions, mainly 3—10nm) and aggre-
gated pores (with wide size distributions, 20—40nm),
formed by interactions between isolated MWNTs, It
is also worth noting that the ultrastrong nitrogen cap-
illarity in the aggregated pores dominates the total
adsorption, indicating that the aggregated pores are
much more important than the inner cavities of the
MWNTs during adsorption. The determination of the
space available between a bunch of closed MWNTs
has been performed by grand canonical Monte Carlo
simulation of nitrogen adsorption, resulting in a satis-
factory description of the experimental N, adsorption
and showing that the distance between nanotubes is
in the 4—14nm range [3.169]. Adsorption of N> has
been studied on as-prepared and acid-treated SWNTs,
and the results obtained highlight the microporous na-
ture of SWNT materials, as opposed to the mesoporous
nature of MWNT materials. Also, as opposed to iso-
lated SWNTs (see above), surface areas that are well
above 400m”g~! have been measured for SWNT-
bundle-containing materials, with internal surface areas
of 300m? g~ ! or higher.

The theoretical surface area of a carbon nanotube
has a broad range, from 50 to 1315m” g~' depending
on the number of walls, the diameter, and the number of
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nanotubes in a bundle of SWNTs [3.170]. Experimen-
tally, the surface area of a SWNT is often larger than
that of a MWNT. The total surface area of as-grown
SWNTs is typically between 400 and 900 m? g~ ! (mi-
cropore volume 0.15-0.3cm? g=!), whereas values of
200 and 400 m? g~ ! for as-produced MWNTSs are often
reported. In the case of SWNTs, the diameters of the
tubes and the number of tubes in the bundle will have
the most effect on the BET value. It is worth noting
that opening or closing the central canal significantly in-
fluences the adsorption properties of nanotubes. In the
case of MWNTSs, chemical treatments such as KOH or
NaOH activation are useful for promoting micropor-
osity, and surface areas as high as 1050m” g~ ! have
been reported [3.171, 172]. An efficient two-step treat-
ment (acid +CO; activation) has been reported to open
both ends of MWNTs [3.173]. Therefore, it appears
that opening or cutting carbon nanotubes, as well as
chemically treating them (using purification steps for
example) 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 onto nanotubes is to identify the adsorption
sites. The adsorption of gases into a SWNT bundle
can occur inside the tubes (internal sites), in the in-
terstitial triangular channels between the tubes, on the
outer surface of the bundle (external sites), or in the
grooves formed at the contacts between adjacent tubes
on the outside of the bundle (Fig.3.23). Experimental
adsorption studies on SWNT have confirmed the ad-
sorption on internal, external and groove sites [3.175].
Modeling studies have pointed out that the convex sur-
face of the SWNT is more reactive than the concave
one and that this difference in reactivity increases as
the tube diameter decreases [3.176]. Compared to the
highly bent region in fullerenes, SWNTs are only mod-

P00

Fig.3.23 Sketch of a SWNT bundle, illustrating the four
different adsorption sites (adapted from [3.174])

erately curved and are expected to be much less reactive
towards dissociative chemisorption. Models have also
predicted enhanced reactivity at the kink sites of bent
SWNTs [3.177]. Additionally, it is worth noting that
unavoidable imperfections, such as vacancies, Stone—
Wales defects, pentagons, heptagons and dopants, are
believed to play a role in tailoring the adsorption prop-
erties [3.178].

Considering closed-end SWNTs first, simple mol-
ecules can be adsorbed onto the walls of the outer
nanotubes of the bundle and preferably on the external
grooves. In the first stages of adsorption (correspond-
ing to the most attractive sites for adsorption), it seems
that adsorption or condensation in the interstitial chan-
nels of the SWNT bundles depends on the size of the
molecule (and/or on the SWNT diameters) and on their
interaction energies [3.179-181]. Opening the tubes fa-
vors gas adsorption (including O», N> within the inner
walls [3.182, 183]). It was found that the adsorption
of nitrogen on open-ended SWNT bundles is three
times larger than that on closed-ended SWNT bun-
dles [3.184]. The significant influence that the external
surface area of the nanotube bundle has on the charac-
ter of the surface adsorption isotherm of nitrogen (type
I, IT or even IV of the IUPAC classification) has been
demonstrated from theoretical calculations [3.185].
Additionally, it has been shown that the analysis of the-
oretical adsorption isotherms, determined from a simple
model based on the formalism of Langmuir and Fowler,
can help to experimentally determined the ratio of
open to closed SWNTs in a sample [3.186]. For
hydrogen and other small molecules like CO, compu-
tational methods have shown that, for open SWNTs,
the pore, interstitial and groove sites are energetically
more favorable than surface sites [3.187, 188]. In the
case of carbon monoxide, aside from physisorbed CO,
CO hydrogen bonds to hydroxyl functionalities cre-
ated on the SWNTs by acid purification have been
identified [3.188]. FTIR and temperature-programmed
desorption (TPD) experiments have shown that NH5 or
NO; adsorb molecularly and that NO, is slightly more
strongly bound than NHj3 [3.189]. For NO», the for-
mation of nitrito (O-bonded) complexes is preferred to
nitro (N-bonded) ones. For ozone, a strong oxidizing
agent, theoretical calculations have shown that ph-
ysisorption occurs on ideal, defect-free SWNT, whereas
strong chemisorption occurs on Stone—Wales defects,
highlighting the key role of defective sites in adsorption
properties [3.190]. Finally, for acetone, TPD experi-
ments have shown that this molecule chemisorbs on
SWNT while physisorption occurs on graphite [3.191].
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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 incom-
plete graphene layers, must be taken into consideration.
Although adsorption between the graphenes (interca-
lation) has been proposed in the case of hydrogen
adsorption in h-MWNTs or platelet nanofibers [3.192],
it is unlikely to occur for many molecules due to steric
effects and should not prevail for small molecules due
to the long diffusion paths involved. In the case of inor-
ganic fluorides (BF;, TiF,4, NbF5 and WFg), accommo-
dation of the fluorinated species into the carbon lattice
has been shown to result from intercalation and ad-
sorption/condensation phenomena. In this case, doping-
induced charge transfer has been demonstrated [3.193].

Only a few studies deal with adsorption sites in
MWNTs, but it has been shown that butane adsorbs
more onto MWNTs with smaller outside diameters,
which is consistent with another statement that the
strain on curved graphene surfaces affects sorption.
Most of the butane adsorbs to the external surface of
the MWNTSs while only a small fraction of the gas con-
denses in the pores [3.194]. Comparative adsorption of
krypton or of ethylene onto MWNTs or onto graphite
has allowed scientists to determine the dependence of
the adsorption and wetling properties of the nanotubes
on their specific morphologies. Nanotubes were found
to have higher condensation pressures and lower heats
of adsorption than graphite [3.195]. These differences
are mainly due to decreased lateral interactions between
the adsorbed molecules, related to the curvature of the
graphene sheets.

A limited number of theoretical as well as exper-
imental studies on the binding energies of gases onto
carbon nanotubes exist. While most of these studies re-
port low binding energies on SWNTs, consistent with

physisorption, some experimental results, in particular
for hydrogen, are still controversial (Sect.3.6.2). For
platelet nanofibers, the initial dissociation of hydro-
gen on graphite edge sites, which constitute most of
the nanofiber surface, has been proposed [3.196]. For
carbon nanotubes, a mechanism that involves H» dis-
sociation on the residual metal catalyst followed by
H spillover and adsorption on the most reactive nano-
tube sites was envisaged [3.197]. Similarly, simply
mixing carbon nanotubes with supported palladium cat-
alysts increased the hydrogen uptake of the carbon by
a factor of three, due to hydrogen spillover from the
supported catalyst [3.198]. Doping nanotubes with al-
kali may enhance hydrogen adsorption, due to charge
transfer from the alkali metal to the nanotube, which
polarizes the H, molecule and induces dipole interac-
tions [3.199].

Generally speaking, the adsorbates can be either
charge donors or acceptors to the nanotubes. 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 adsorption 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 increase of ef-
fective coordination at the binding sites, such as the
groove sites, in SWNTs bundles [3.200, 201]. Repre-
sentative results on the adsorption properties of SWNTs
and MWNTSs are summarized in Table 3.3.

3.4.4 Electronic and Optical Properties

The electronic states in SWNTs are strongly influ-
enced by their one-dimensional cylindrical structures.

Table 3.3 Adsorption properties and sites of SWNTs and MWNTs. The letters in the Absorption sites column refer to
Fig. 3.22. The data in the last two columns are from [3.174]

Type of Porosity Surface Binding energy Adsorption Attractive Surface
nanotube (m’g'l) area of the adsorbate sites potential area
(m?/g) per site per site
@) (m*/e)
SWNT Microporous 400-900 Low, mainly Surface (A) 0.049 483
(bundle) Vigiero ! physisorption Groove (B) 0.089 22
0.15-0.3 25-75% > graphite Pore (C) 0.062 783
Interstitial (D) 0.119 45
MWNT Mesoporous 200-400 Physisorption Surface - -
Pore
Aggregated

pores
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One-dimensional subbands are formed that have strong
singularities in the density of states (Van Hove sin-
gularities) [3.202]. By rolling the graphene sheet to
form a tube, new periodic boundary conditions are im-
posed on the electronic wavefunctions, which give rise
to one-dimensional subbands: CnK = 2g where ¢q is
an integer. Cn is the roll-up vector nal + ma2 which
defines the helicity (chirality) and the diameter of the
tube (Sect. 3.1). Much of the electronic band structure of
CNTs can be derived from the electronic band structure
of graphene by applying the periodic boundary condi-
tions of the tube under consideration. The conduction
and the valence bands of the graphene only touch at
six comers (K points) of the Brillouin zone [3.203].
If one of these subbands passes through the K point,
the nanotube is metallic; otherwise it is semiconduct-
ing. This is a unique property that is not found in
any other one-dimensional system, which means that
for certain orientations of the honeycomb lattice with
respect to the tube axis (chirality), some nanotubes
are semiconducting and others are metallic. The band
gap for semiconducting tubes is found to be inversely
proportional to the tube diameter. As pointed out in
Sect. 3.1, knowing (n, m) allows us, in principle, to pre-
dict whether the tube is metallic or not. The energy gap
decreases for larger tube diameters and MWNTs with
larger diameter are found to have properties similar to
other forms of regular, polyaromatic solids. It has been
shown that electronic conduction mostly occurs through
the external tube for MWNTSs; even so, interactions with
internal tubes often cannot be neglected and they de-
pend upon the helicity of the neighboring tubes [3.204].
The electronic and optical properties of the tubes are
considerably influenced by the environment [3.205].
Under externally applied pressure, the small interac-
tion between the tube walls results in the internal tubes
experiencing reduced pressure [3.206]. The electronic
transition energies are in the infrared and visible spec-
tral range. The one-dimensional Van Hove singularities
have a large influence on the optical properties of CNTs.
Visible light is selectively and strongly absorbed, which
can lead to the spontaneous burning of agglomerated
SWNTs in air at room temperature [3.207]. Strong
Coulomb interaction in quasi-one dimension leads to
the formation of excitons with very large binding en-
ergies in CNTs (200-400meV), and degenerated states
at the K, K’ points lead to multiple exciton states with
dipole allowed (bright) and dipole forbidden transitions
(dark) [3.208,209]. Photoluminescence can be observed
in individual SWNT aqueous suspensions stabilized
by the addition of surfactants. Detailed photoexcitation

maps provide information about the helicity (chirality)-
dependent transition energies and the electronic band
structures of CNTs [3.210]. Agglomeration of tubes
into ropes or bundles influences the electronic states
of CNTs. Photoluminescence signals are quenched for
agglomerated tubes.

CNTs are model systems for the study of one-
dimensional transport in materials. Apart from the
singularities in the density of states, electron—electron
interactions are expected to show drastic changes at
the Fermi edge; the electrons in CNTs are not de-
scribed by a Fermi liquid, but instead by a Luttinger
liquid model [3.211] that describes electronic transport
in one-dimensional systems. It is expected that the vari-
ation of electronic conductance vs. temperature follows
a power law, with zero conductance at low tempera-
tures. Depending on how Ly (the coherence length) on
the one hand and L., (the electronic mean free path)
on the other hand compare to L (the length of the
nanotube), different conduction modes are observed:
ballistic if L « Ly, L < Ly, diffusiveif Ly < Ly < L
and localization if Ly, < Ly < L. Fluctuations in the
conductance can be seen when L =~ L. For ballistic
conduction (a small number of defects) [3.212-214],
the predicted electronic conductance is independent of
the tube length. The conductance value is twice the
fundamental conductance unit Gy = 4e/h due to the
existence of two propagating modes. Due to the re-
duced electron scattering observed for metallic CNTs
and their stability at high temperatures, CNTs can sup-
port high current densities (max. 10° A/ecm?): about
three orders of magnitude higher than Cu. Structural
defects can, however, lead to quantum interference of
the electronic wave function, which localizes the charge
carriers in one-dimensional systems and increases re-
sistivity [3.211, 215, 216]. Localization and quantum
interference can be strongly influenced by applying
a magnetic field [3.217]. At low temperatures, the dis-
crete energy spectrum leads to a Coulomb blockade
resulting in oscillations in the conductance as the gate
voltage is increased [3.216]. In order to observe the dif-
ferent conductance regimes, it is important to consider
the influence of the electrodes where Schottky barriers
are formed. Palladium electrodes have been shown to
form excellent junctions with nanotubes [3.218]. The
influence of superconducting electrodes or ferromag-
netic electrodes on electronic transport in CNTs due to
spin polarization has also been explored [3.219,220].

As a probable consequence of both the small
number of defects (at least the kind of defects that op-
pose phonon transport) and the cylindrical topography,
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SWNTs exhibit a large phonon mean free path, which
results in a high thermal conductivity. The thermal con-
ductivity of SWNTs is comparable to that of a single,
isolated graphene layer or high purity diamond [3.221],
or possibly higher (= 6000 W /(m K)).

3.4.5 Mechanical Properties

While tubular nanomorphology is also observed for
many two-dimensional solids, carbon nanotubes are
unique due to the particularly strong bonding between
the carbons (sp® hybridization of the atomic orbitals)
of the curved graphene sheet, which is stronger than
in diamond (sp® hybridization), as revealed by the dif-
ference in C—C bond lengths (0.142 versus 0.154 nm
for graphene and diamond respectively). This makes
carbon nanotubes — SWNTs or c-MWNTs — particu-
larly stable against deformations. The tensile strength
of SWNTs can be 20 times that of steel [3.222] and
has actually been measured as =~ 45 GPa [3.223]. Very
high tensile strength values are also expected for ideal
(defect-free) c-MWNTs, since combining perfect tubes
concentrically is not supposed to be detrimental to the
overall tube strength, provided the tube ends are well
capped (otherwise, concentric tubes could glide relative
to each other, inducing high strain). Tensile strength val-
ues as high as &~ 150 GPa have actually been measured
for perfect MWNTs from an electric arc [3.224], al-
though the reason for such a high value compared to that
measured for SWNTs is not clear. It probably reveals
the difficulties involved in carrying out such measure-
ments in a reliable manner. The flexural modulus of
perfect MWNTs should logically be higher than that
for SWNTs [3.222], with a flexibility that decreases as
the number of walls increases. On the other hand, mea-
surements performed on defective MWNTs obtained
from CCVD exhibit a range of 3-30GPa [3.225]. Val-
ues of tensile modulus are also the highest values
known, 1 TPa for MWNTs [3.226], and possibly even
higher for SWNTs, up to 1.3 TPa [3.227, 228]. Fig-
ure 3.24 illustrates how defect-free carbon nanotubes
could spectacularly revolutionize the field of high per-
formance fibrous materials.

3.4.6 Reactivity

The chemical reactivities of graphite, fullerenes, and
carbon nanotubes are similar in many ways. Like any
small object, carbon nanotubes have a large surface to
interact with their environment (Sect. 3.4.1). It is worth
noting, however, that nanotube chemistry differs from

Tensile strength (GPa) ~45GPa L) SWNT
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6
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Fig.3.24 Plot of the tensile strength versus the tensile modulus
for various fibrous materials and SWNTs. Large circles are PAN-
based carbon fibers, which include the fiber with the highest tensile
strength available on the market (T1000 from Torayca): Triangles
are pitch-based carbon fibers, which include the fiber with the high-
est tensile modulus on the market (K1100 from Amoco)

that observed for regular polyaromatic carbon mater-
ials due the unique shape of the nanotube, its small
diameter, and its structural properties. Unlike graphite,
perfect SWNTs have no (chemically active) dangling
bonds (the reactions of polyaromatic solids is known
to occur mainly at graphene edges). Unlike fullerenes,
the ratio of weak sites (C—C bonds involved in hetero-
cycles) to strong sites (C—C bonds between regular
hexagons) is only deviates slightly from O for ideal
tubes. For Cg fullerenes this ratio is 1 — Cgy molecules
have 12 pentagons (therefore accounting for 5x 12 =30
C—C bonds) and 20 hexagons, each of them with three
C—C bonds not involved in an adjacent pentagon but
shared with a neighboring hexagon (so 20x3x1/2 =30
C—C bonds are involved in hexagons only). Although
graphene faces are chemically relatively inert, the ra-
dius of curvature imposed on the graphene in nanotubes
causes the three normally planar C—C bonds caused
by sp? hybridization to undergo distortions, resulting in
bond angles that are closer to three of the four C—C
bonds in diamond (characteristic of genuine sp> hy-
bridization), as the radius of curvature decreases. Even
though it is not enough to make the carbon atoms chem-
ically reactive, one consequence of this is that either
nesting sites are created at the concave surface, or strong
physisorption sites are created above each carbon atom
of the convex surface, both with a bonding efficiency
that increases as the nanotube diameter decreases.
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As already pointed out in Sect.3.1, the chemical
reactivities of SWNTs (and ¢-MNWTs) are believed
to derive mainly from the caps, since they contain six
pentagons each, as opposed to the tube body, which
supposedly only contains hexagons. Indeed, applying
oxidizing treatments to carbon nanotubes (air oxida-
tion, wet-chemistry oxidation) selectively opens the
nanotube tips [3.229]. However, that SWNTs can be
opened by oxidation methods and then filled with for-
eign molecules such as fullerenes (Sect.3.5) suggests
the occurrence of side defects [3.15], whose iden-
tity and occurrence were discussed and then proposed
to be an average of one Stone—Wales defect every
5nm along the tube length, involving about 2% of
the carbon atoms in a regular (10,10) SWNT [3.230].
A Stone-Wales defect is formed from four adjacent

heterocycles, two pentagons and two heptagons, ar-
ranged in pairs opposite each other. Such a defect allows
localized double bonds to form between the carbon
atoms involved in the defect (instead of these elec-
trons participating in the delocalized electron cloud
above the graphene as usual, enhancing the chemical
reactivity, for example toward chlorocarbenes [3.230]).
This means that the overall chemical reactivity of car-
bon nanotubesshould depend strongly on how they are
synthesized. For example, SWNTs prepared by the
arc-discharge method are believed to contain fewer
structural defects than CCVD-synthesized SWNTs,
which are more chemically reactive. 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 Heteronanotubes

It is possible to replace some or all of the carbon
atoms in a nanotube with atoms of other elements
without damaging the overall honeycomb lattice-based
graphene structure. Nanotubes modified in this way are
termed here heteronanotubes.

The elements used to replace carbon in this case
are boron and/or nitrogen. Replacing carbon atoms
in this way can result in new behavior (for example,
BN nanotubes are electrical insulators), improved prop-
erties (resistance to oxidation for instance), or better
control over such properties. For instance, one current
challenge in carbon SWNT synthesis is to control the
processing so that the desired SWNT structure (metallic
or semiconductor) is formed selectively. In this regard,
it was demonstrated that replacing some C atoms with
N or B atoms leads to SWNTs with systematically
metallic electrical behavior [3.231,232].

Some examples of heteronanotubes — mainly
MWNTs — can be found in the literature. The het-
eroatom usually involved is nitrogen, due to the ease
with which gaseous or solid nitrogen- and/or boron-
containing species (such as Ny, NH3, BN, HfB») can
be passed into existing equipment for synthesizing
MWNTs [3.231,233] until complete substitution of car-
bon occurs [3.234, 235]. An amazing result of such
attempts to synthesize hetero-MWNTs is the subse-
quent formation of multilayered c-MWNTs: MWNTs
made up of coaxial alternate carbon graphene tubes
and boron nitride graphene tubes [3.236]. On the other

hand, there are only a few examples of hetero-SWNTs.
Syntheses of B- or N-containing SWNTs have recently
been reported [3.232, 237], while just one successful
synthesis of genuine BN-SWNTs has been reported so
far [3.238].

3.5.2 Hybrid Carbon Nanotubes

Hybrid carbon nanotubes are defined here as carbon
nanotubes, SWNTs or MWNTSs that have inner cav-
ities filled (partially or entirely) with foreign atoms,
molecules, compounds or crystals. The terminology
X@SWNT (or X@MWNT, if appropriate, where X is
the atom, molecule and so on involved) is used for such
structures [3.239].

Motivation
But why should we want to fill the cavities of car-
bon nanotubes [3.230]? The very small inner cavity of
nanotubes is an amazing tool for preparing and study-
ing the properties of confined nanostructures of any
type, such as salts, metals, oxides, gases, or even dis-
crete molecules like Cgp, for example. Due to the almost
one-dimensional structure of carbon nanotubes (partic-
ularly for SWNTSs), we might expect that encapsulated
material might have different physical and/or chem-
ical properties to the unencapsulated material, and that
the hybrid nanotube itself may behave differently to
a pure nanotube. Indeed, if the volume available inside
a carbon nanotube is small enough, the foreign material
is largely surface atoms of reduced coordination. The
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original motivation to create such hybrids was to obtain
metal nanowires that are likely to of interest in electron-
ics (as quantum wires). In this case, the nanotubes were
considered to be nanomolds for the metal filler, and it
was probably intended that the nanomold was to be re-
moved afterwards. However, it is likely that this removal
of the SWNT container to liberate the one-dimensional
structure inside it may destroy or at least transform this
structure due to the stabilizing effect of interactions with
the nanotube wall.

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

Generally speaking, it is difficult to estimate the
filling rate, and this is usually achieved through TEM
observation, without obtaining 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 it difficult to observe the exact num-
ber of filled tubes, as well as to estimate the filled length
for each tube. It however seems that estimation of filling
rates can now be reliably obtained from x-ray studies
and Raman spectroscopy.

It is also possible to fill carbon nanotubes with ma-
terials that could not have been introduced directly. This
is done by first filling the nanotubes with an appropri-
ate precursor (one that is able to sublime, or melt or
solubilize) that will later be transformed into the re-
quired material by chemical reaction or by a physical
interaction, such as electron beam irradiation for ex-
ample [3.240]. For secondary chemical transformation,
reduction by H» is often used to obtain nanotubes filled
with metals [3.241]. Sulfides can also be obtained if
H-S is used as a reducing agent [3.241].

Because the inner diameters of SWNTs are gener-
ally smaller than those of MWNTs, it is more difficult
to fill them, and the driving forces involved in this phe-
nomenon are not yet totally understood (see the review
paper by Monthioux [3.230]). This field is therefore
growing fairly rapidly, and so we have chosen to cite
the pioneering works and then to focus on more recent
works dealing with the more challenging topic of filling
SWNTs.

In Situ Filling Method
Initially, most hybrid carbon nanotubes synthesized
were based on MWNTSs prepared using the electric arc

method, and were obtained directly during processing.
The filling materials were easily introduced in the sys-
tem by drilling a central hole in the anode and filling
it with the heteroelement. The first hybrid products ob-
tained using this approach were all reported the same
year [3.242-246] for heteroelements such as Pb, Bi,
YC, and TiC. Later on, Loiseau and Pascard [3.247]
showed that MWNTSs could also be filled to several pm
in length by elements such as Se, Sb, S, and Ge, but
only with nanoparticles of elements such as Bi, B, Al
and Te. Sulfur was suggested to play an important role
during the in situ formation of filled MWNTSs using arc
discharge [3.248]. This technique is no longer the pre-
ferred one because it is difficult to control the filling
ratio and yield and to achieve mass production.

Wet Chemistry Filling Method

The wet chemistry method requires that the nanotube
tips are opened by chemical oxidation prior to the fill-
ing step. This is generally achieved by refluxing the
nanotubes in dilute nitric acid [3.249-251], although
other oxidizing liquid media may work as well, such as
[HC1+ CrO5] [3.252] or chlorocarbenes formed from
the photolytic dissociation of CHCl3 [3.230], a rare ex-
ample of a nonacidic liquid route to opening SWNT
tips. If a dissolved form (such as a salt or oxide)
of the desired metal is introduced during the open-
ing step, some of it will get inside the nanotubes.
An annealing treatment (after washing and drying the
treated nanotubes) may then lead to the oxide or to the
metal, depending on the annealing atmosphere [3.229].
Although the wet chemistry method initially looked
promising because a wide variety of materials can be
introduced into nanotubes in this way and it operates
at temperatures that are not much different from room
temperature; however, close attention must be paid to
the oxidation method that is used. The damage caused
to nanotubes by severe treatments (such by using nitric
acid) make them unsuitable for use with SWNTSs. More-
over, the filling yield is not very good, probably due to
the solvent molecules that also enter the tube cavity: the
filled lengths rarely exceed 100 nm. Mirtal et al. [3.252]
have recently filled SWNTs with CrO3 using wet chem-
istry with an average yield of & 20%.

Molten State Filling Method
The physical filling method involving a liquid (molten)
phase is more restrictive, firstly because some ma-
terials can decompose when they melt, and secondly
because the melting point must be compatible with the
nanotubes, so the thermal treatment temperature should
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remain below the temperature of transformation or the
nanotubes will be damaged. Because the filling occurs
due to capillarity, the surface tension threshold of the
molten material is 100—200N/cm? [3.253], although
this threshold was proposed for MWN'TSs, 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 and slowly cooled. This method does not
require that the nanotubes are opened prior to the heat
treatment. The mechanism of nanotube opening is yet
to be clearly established, but it is certainly related to
the chemical reactivities of the molten materials toward
carbon, and more precisely toward defects in the tube
structure (Sect. 3.4.4).

Most of the works involving the application of
this method to SWNTs come from Oxford Univer-
sity [3.254-258], although other groups have followed
the same procedure [3.249, 251, 259]. The precur-
sors used to fill the nanotubes were mainly metal
halides. Although little is known about the physi-

,
i 2nm

Fig.3.25a-h HRTEM images and corresponding structural model
for Pbl, filled SWNTs. (a) Image of a bundle of SWNTs, all of them
being filled with Pbl,. (b) Enlargement of the portion framed in (a).
(c) Fourier transform obtained from (b) showing the 110 distances
at 0.36 nm of a single Pbl; crystal. (d) Image of a single Pbl>-filled
SWNT. (e) Enlargement of the portion framed in (b). (f) Simulated
HRTEM image, corresponding to (e). (g) Structural model corre-
sponding to (f). (h) Structural model of a SWNT filled with a Pbl,
crystal as seen in cross section (from [3.254])

cal properties of halides crystallized within carbon
nanotubes, the crystallization of molten salts within
small-diameter SWNTs has been studied in detail, and
the one-dimensional crystals have been shown to inter-
act strongly with the surrounding graphene wall. For
example, Sloan et al. [3.256] described two-layer 4 : 4
coordinated KI crystals that formed within SWNTs that
were = 1.4nm in diameter. These two-layer crystals
were all surface and had no infernal atoms. Signifi-
cant lattice distortions occurred compared to the bulk
structure of KI, where the normal coordination is 6 : 6
(meaning that each ion is surrounded by six identical
close neighbors). Indeed, the distance between two ions
across the SWNT capillary is 1.4 times as much as the
same distance along the tube axis. This suggests an ac-
commodation of the KI crystal into the confined space
provided by the inner nanotube cavity in the constrained
crystal direction (across the tube axis). This implies that
the interactions between the ions and the surrounding
carbon atoms are strong. The volume available within
the nanotubes thus somehow controls the crystal struc-
tures of inserted materials. For instance, the structures
and orientations of encapsulated Pbl, crystals inside
their capillaries were found to differ for SWNTs and
DWNTs, depending on the diameter of the confining
nanotubes [3.254]. For SWNTs, most of the encapsu-
lated one-dimensional Pbl> crystals obtained exhibited
a strong preferred orientation, with their (110) planes
aligning at an angle of around 60° to the SWNT axes, as
shown in Fig. 3.25a,b. Due to the extremely small diam-
cters of the nanotube capillaries, individual crystallites
are often only a few polyhedral layers thick, as outlined
in Fig. 3.25d-h. Due to lattice terminations enforced by
capillary confinement, the edging polyhedra must be of
reduced coordination, as indicated in Fig. 3.25g,h. Sim-
ilar crystal growth behavior was generally observed to
occur for Pbl, formed inside DWNTSs in narrow nano-
tubes with diameters comparable to those of SWNTs.
As the diameter of the encapsulating capillary increases,
however, different preferred orientations are frequently
observed (Fig.3.26). In this example, the Pbly crys-
tal is oriented with the [121] direction parallel to the
direction of the electron beam (Fig.3.26a—d). If the
Pbl, @DWNT hybrid is viewed side-on (as indicated by
the arrow in Fig. 3.26e), polyhedral slabs are seen to ar-
range along the capillary, oriented at an angle of around
45% with respect to the tubule axis. High-yield filling
of CNTs by the capillary method is generally difficult
but fillings of more than 60% have been reported for
different halides, with filling lengths of up to a couple
of hundreds of nm [3.260]. Results from the imaging
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Fig.3.26a-f HRTEM images (experimental and simu-
lated) and corresponding structural model for a Pbl;-filled
double-wall carbon nanotube. The larger inner cavity in
DWNTs with respect to SWNTs (Fig. 3.25) makes the en-
capsulated Pbl; crystal orientate differently. (a) Image of
a single Pbl,-filled DWNT, with an insert showing the
Fourier transform of the framed portion. (b) Enlargement
of the portion framed in (a). (¢) Image reconstructed by
a second Fourier transform of the inset in (a) (= filtered
image). (d) Structural model corresponding to (c). (e) and
(f) Atom and structural models respectively, corresponding
to (d) (from [3.254]) »

and characterization of individual molecules and atom-
ically thin, effectively one-dimensional crystals of rock
salt and other halides encapsulated within single-walled
carbon nanotubes have recently been reviewed by Sloan
etal. [3.261].

Sublimation Filling Method
This method is even more restrictive than the previous
one, since it is only applicable to a very limited number
of compounds due to the need for the filling material to
sublimate within the temperature range of thermal sta-
bility of the nanotubes. Examples are therefore scarce.
Actually, except for a few attempts to fill SWNTs with
ZrCly [3.257] or selenium [3.262], the first and most
successful example published so far is the formation
of Cep @SWNT (nicknamed peapods), reported for the
first time in 1998 [3.263], where regular ~ 1.4 nm-
large SWNTs are filled with Cgp fullerene molecule
chains (Fig.3.27a). Of course, the process requires
that the SWNTs are opened by some method, as dis-
cussed previously; typically either acid attack [3.264]
or heat treatment in air [3.265]. The opened SWNTs are
then inserted into a glass tube together with fullerene
powder, which is sealed and placed into a furnace
heated above the sublimation temperature for fullerite
(= 350°C). Since there are no filling limitations re-
lated to Laplace’s law or the presence of solvent (only
gaseous molecules are involved), filling efficiencies
may actually reach = 100% for this technique [3.265].

Cep @SWNT has since been shown to possess re-
markable behavior traits, such as the ability of the
Cgo molecules to move freely within the SWINT cavity
(Fig. 3.27b,c) upon random ionization effects from elec-
tron irradiation [3.266], to coalesce into 0.7 nm-wide
elongated capsules upon electron irradiation [3.267], or
into a 0.7 nm-wide nanotube upon subsequent thermal
treatment above 1200°C under vacuum [3.266, 268].
Annealing Cgo@SWNT material could therefore be

Fig.3.27a~c HRTEM images of (a) an example of five regular Cgp
molecules encapsulated together with two higher fullerenes (Cjag
and Cgp) as distorted capsules (on the right) within a regular
1.4 nm-diameter SWNT. (a—c) Example of the diffusion of the Cgy-
molecules along the SWNT cavity. The time between each image
in the sequence is about 10 s. The fact that nothing occurs between
(a) and (b) illustrates the randomness of the ionization events gen-
erated by the electron beam that are assumed to be responsible for
the molecular displacement

an efficient way to produce DWNTs with constant in-
ner (= 0.7nm) and outer (= 1.4 nm) diameters. Using
the coalescence of encapsulated fullerenes through both
electron irradiation and thermal treatment, it appears
to possible to control subsequent DWNT features (in-
ner tube diameter, intertube distance) by varying the
electron energy, flow and dose conditions, the temper-
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ature, and the outer tube diameter [3.269]. The smallest
MWNTs have been obtained in this way.

By synthesizing endofullerenes [3.13], it has
been possible to use this process to synthesize
more complex nanotube-based hybrid materials such
as La, @Cgy@SWNTs [3.270], Gd@Cy, @SWNTs
[3.271], and Er,Sc3_N@Cgy @SWNT [3.272], among
other examples. This suggests even more potential
applications for peapods, although they are still spec-
ulative since the related properties are still being
investigated [3.273-275].

The last example discussed here is the successful at-
tempt to produce peapods by a related method, using
accelerated fullerene ions (instead of neutral gaseous
molecules) to force the fullerenes to enter the SWNT
structure [3.276].

3.5.3 Functionalized Nanotubes

Noting the reactivity of carbon nanotubes (Sect. 3.4.0),
nanotube functionalization reactions can be divided into
two main groups. One is based on the chemical oxida-
tion of the nanotubes (tips, structural defects) leading to
carboxylic, carbonyl and/or hydroxyl functions. These
functions are then used for additional reactions, to at-
tach oligomeric or polymeric functional entities. The
second group is based on direct addition to the graphiti-
clike surface of the nanotubes (without any intermediate
step). Examples of the latter reactions include oxidation
or fluorination (an important first step for further func-
tionalization with other organic groups). The properties
and applications of functionalized nanotubes have been
reviewed in [3.277].

Oxidation of Carbon Nanotubes
Carbon nanotubes are often oxidized and therefore
opened before chemical functionalization in order to
increase their chemical reactivity (to create dangling
bonds). The chemical oxidation of nanotubes is mainly
performed using either wet chemistry or gaseous oxi-
dants such as oxygen (typically air) or CO,. Depending
on the synthesis used, the oxidation resistance of nano-
tubes can vary. When oxidation is achieved using a gas
phase, thermogravimetric analysis (TGA) is of great
use for determining at which temperature the treatment
should be applied. It is important to note that TGA ac-
curacy increases as the heating rate diminishes, while
the literature often provides TGA analyses obtained
in unoptimized conditions, leading to overestimated
oxidation temperatures. Differences in the presence
of catalyst remnants (metals or, more rarely, oxides),

the type of nanotubes used (SWNTs, c-MWNTs, h-
MWNTs), the oxidizing agent used (air, O, is an inert
gas, CO3, and so on), as well as the flow rate used
make it difficult to compare published results. It is gen-
erally agreed, however, that amorphous carbon burns
first, followed by SWNTs and then multiwall mater-
ials (shells, MWNTs), even if TGA is often unable to
separate the different oxidation steps clearly. Air oxida-
tion (static or dynamic conditions) can however be used
to prepare samples of very high purity — although the
yield is generally low — as monitored by in situ Raman
spectroscopy [3.278]. Aqueous solutions of oxidizing
reagents are often used for nanotube oxidation. The
main reagent is nitric acid, either concentrated or diluted
(around 3 mol/l in most cases), but oxidants such as
potassium dichromate (K;Cr,O7), hydrogen peroxide
(H>O») or potassium permanganate (KMnO,) are often
used as well. HCI, like HF, does not damage nanotubes
because it is not oxidizing.

Functionalization
of Oxidized Carbon Nanotubes
The carboxylic groups located at the nanotube tips can
be coupled to different chemical groups. Oxidized nano-
tubes are usually reacted with thionyl chloride (SOCI;)
to generate the acyl chloride, even if a direct reac-
tion is theoretically possible with alcohols or amines,
for example. The reaction of SWNTs with octadecyl-
amine (ODA) was reported by Chen et al. [3.279]
after reacting oxidized SWNTs with SOCl»,. The func-
tionalized SWNTs are soluble in chloroform (CHCl;),
dichloromethane (CH,Cl,), aromatic solvents, and car-
bon bisulfide (CS,). Many other reactions between
functionalized nanotubes (after reaction with SOCI,)
and amines have been reported in the literature and
will not be reviewed here. Noncovalent reactions be-
tween the carboxylic groups of oxidized nanotubes and
octadecylammonium ions are possible [3.280], provid-
ing solubility in tetrahydrofuran (THF) and CH,Cl,.
Functionalization by glucosamine using similar proce-
dures [3.281] produced water soluble SWNTSs, which
is of special interest when considering biological appli-
cations of functionalized nanotubes. Functionalization
with lipophilic and hydrophilic dendra (with long alkyl
chains and oligomeric poly(ethyleneglycol) groups)
has been achieved via amination and esterification
reactions [3.282], leading to solubility of the func-
tionalized nanotubes in hexane, chloroform, and water.
It is interesting to note that, in the latter case, the
functional groups could be removed simply by modi-
fying the pH of the solution (base- and acid-catalyzed
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hydrolysis reaction conditions, [3.283]). One last ex-
ample is the possible interconnection of nanotubes
via chemical functionalization. This has been recently
achieved by Chiu et al. [3.284] using the acyl chlo-
ride method and a bifunctionalized amine to link
the nanotubes through the formation of amide bonds.
Finally, it has been discovered that imidazolium-ion-
functionalized carbon nanotubes are highly dispersible
in ionic liquids of analogous chemical structure and
that mixtures of functionalized CNT and ionic liquids
can form gels upon sonication [3.285] or waxes [3.286]
that could find applications as soft composite ma-
terials for electrochemistry (sensors, capacitors, or
actuators).

Sidewall Functionalization
of Carbon Nanotubes
Covalent functionalization of nanotube walls is possi-
ble through fluorination reactions. It was first reported
by Mickelson et al. [3.287], based on F» gas (the
nanotubes can then be defluorinated, if required,
with anhydrous hydrazine). As recently reviewed by
Khabashesku et al. [3.288], it is then possible to
use these fluorinated nanotubes to carry out subse-
quent derivatization reactions. Thus, sidewall-alkylated
nanotubes can be prepared by nucleophilic substitu-
tion (Grignard synthesis or reaction with alkyllithium
precursors [3.289]). These alkyl sidewall groups can
be removed by air oxidation. Electrochemical addition
of aryl radicals (from the reduction of aryl diazo-
nium salts) to nanotubes has also been reported by
Bahr et al. [3.2900]. Functionalizations of the external
wall of the nanotube by cycloaddition of nitrenes, ad-
dition of nuclephilic carbenes or addition of radicals
have been described by Holzinger et al. [3.291]. Elec-
trophilic addition of dichlorocarbene to SWNTs occurs
via a reaction with the deactivated double bonds in the

nanotube wall [3.292]. Silanization reactions are an-
other way to functionalize nanotubes, although only
tested with MWNTs. Velasco-Santos et al. [3.293] have
reacted oxidized MWNTSs with an organosilane (RSiR3,
where R is an organo functional group attached to sil-
icon) and obtained nanotubes with organo functional
groups attached via silanol groups.

The noncovalent sidewall functionalization of nano-
tubes is important because the covalent bonds are
associated with changes from sp” hybridization to
sp? carbon hybridization, which corresponds to loss
of the graphitelike character. The physical properties
of functionalized nanotubes, specifically SWNTs, can
therefore be modified. One way to achieve the non-
covalent functionalization of nanotubes is to wrap the
nanotubes in a polymer [3.294], which permits sol-
ubilization (enhancing processing possibilities) while
preserving the physical properties of the nanotubes. One
reason to functionalize SWNTs is to make them solu-
ble in regular solvents. A promising method to do this
was found by Pénicaud et al., who made water-soluble
by adding charges to SWNTs via the transient and re-
versible formation of a nanotube salt [3.295].

Finally, it is worth bearing in mind that none of
these chemical reactions are specific to nanotubes and
so they can affect most of the carbonaceous impurities
present in the raw materials as well, making it difficult
to characterize the functionalized samples. The exper-
iments must therefore be performed 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
purification involves chemical treatment. However a de-
mand for such products already exists, and purified then
fluorinated SWNTSs can be bought for 900 §/g (Carbon
Nanotechnologies Inc., 2005).

3.6 Applications of Carbon Nanotubes

A carbon nanotube is inert, has a high aspect ratio and
a high tensile strength, has low mass density, high heat
conductivity, a large surface area, and a versatile elec-
tronic behavior, including high electron conductivity.
However, while these are the main characteristics of in-
dividual nanotubes, many of them can form secondary
structures such as ropes, fibers, papers and thin films
with aligned tubes, all with their own specific proper-
ties. These properties make 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 pro-
cess. High-quality single-shell carbon nanotubes can
cost 50—100times more than gold. However, carbon
nanotube synthesis is constantly improving, and sale
prices are falling rapidly. The application of carbon
nanotubes is therefore a very fast moving field, with
new potential applications found every year, even sev-
eral times per year. Therefore, creating an exhaustive
list of these applications is not the aim of this section.
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Instead, we will cover the most important applications,
and divide them up according to whether they are cur-
rent (Sect.3.6.1) — they are already on the market, the
application is possible in the near future, or because pro-
totypes are currently being developed by profit-based
companies — or expected applications (Sect. 3.6.2).

3.6.1 Current Applications

Near-Field Microscope Probes
The high mechanical strength of carbon nanotubes
makes them almost ideal candidates for use as force
sensors in scanning probe microscopy (SPM). They pro-
vide higher durability and the ability to image surfaces
with a high lateral resolution, the latter being a typical
limitation of conventional force sensors (based on ce-
ramic tips). The idea was first proposed and tested by
Dai et al. [3.92] using c-MWNTSs. It was extended to
SWNTs by Hafner et al. [3.297], since small-diameter
SWNTs were believed to give higher resolution than
MWNTs due to the extremely short radius of curvature
of the tube end. However, commercial nanotube-based
tips (such as those made by Piezomax, Middleton, WI,
USA) use MWNTs for processing convenience. It is
also likely that the flexural modulus of a SWNT is too
low, resulting in artifacts that affect the lateral resolution
when scanning a rough surface. On the other hand, the
flexural modulus of a c-MWNT is believed to increase
with the number of walls, although the radius of curva-
ture of the tip increases at the same time. Whether based
on SWNT or MWNT, such SPM tips also offer the
potential to be functionalized, leading to the prospect
of selective imaging based on chemical discrimination
in chemical force microscopy (CFM). Chemical func-
tion imaging using functionalized nanotubes represents
a huge step forward in CFM because the tip can be func-
tionalized very specifically (ideally only at the very tip
of the nanotube, where the reactivity is the highest), in-
creasing the spatial resolution. The interaction between
the chemical species present at the end of the nanotube
tip and the surface containing chemical functions can be
recorded with great sensitivity, allowing the chemical
mapping of molecules [3.298,299].

Current nanotube-based SPM tips are quite expen-
sive; typically = 450 $/tip (Nanoscience Co., 2003).
This high cost is due to processing difficulties (it is
necessary to grow or mount a single MWNT in the ap-
propriate direction at the tip of a regular SPM probe;
Fig.3.28), and the need to individually control the tip
quality. The market for nanotube SPM tips has been
estimated at =~z 20 M$/year.

Field Emission-Based Devices
In a pioneering work by de Heer et al. [3.300], car-
bon nanotubes were shown to be efficient field emitters
and this property is currently being used several ap-
plications, including flat panel displays for television
sets and computers (the first prototype of such a dis-
play was exhibited by Samsung in 1999), and devices
requiring an electron-producing cathode, such as x-
ray sources. The principle of a field emission-based
screen is demonstrated in Fig. 3.29a. Briefly, a poten-
tial difference is set up between the emitting tips and
an extraction grid so that electrons are pulled from
the tips onto an electron-sensitive screen layer. Re-
placing the glass support and protecting the screen
using a polymer-based material should even permit
the development of flexible screens. Unlike regular
(metallic) electron-emitting tips, the structural per-
fection of carbon nanotubes allows higher electron
emission stability, higher mechanical resistance, and
longer lifetimes. Most importantly, using them saves
energy since the tips operate at a lower heating tem-
perature and require much lower threshold voltage than
in other setups. For example, it is possible to pro-
duce a current density of 1 mA/em? for a threshold
voltage of 3 V/pum with nanotubes, while it requires
20V /pm for graphite powder and 100 V/pm for reg-
ular 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 cur-
rent density that can be obtained ranges from 10°
to 10® A/em?® depending on the nanotubes involved
(SWNT or MWNT, opened or capped, aligned or not,
and so on) [3.301-303]. Although the side walls of
the nanotubes seem to emit as well as the tips, many

500 nm

Fig.3.28 Scanning electron microscopy image of a car-
bon nanotube (MWNT) mounted onto a regular ceramic
tip as a probe for atomic force microscopy (modified
from [3.296])
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works have investigated the growth of nanotubes per-
pendicular to the substrate surface as regular arrays
(Fig. 3.29b). Besides, it does not appear necessary to
use SWNTs instead of MWNTs for many of these
applications when they are used as bunches. On the
other hand, when considering single, isolated nano-
tubes, SWNTs are generally less preferable since they
permit much lower electron doses than MWNTs, al-
though they often provide a more coherent source (an
useful feature for devices such as electron microscopes
or x-ray generators).

The market associated with this application is huge.
With major companies involved, such as Motorola,
NEC, NKK, Samsung, Thales and Toshiba, the first flat
TV sets and computers using nanotube-based screens
should enter the market in 2007 (Samsung data), once
a problem with product lifetime (still only about half
that required) is fixed. On the other hand, compa-
nies such as Oxford Instruments and Medirad are now
commercializing miniature x-ray generators for medic-
al applications that use nanotube-based cold cathodes
developed by Applied Nanotech Inc.

a) G (ANV)
3.5%1074
3x107

2.5%107
2x107 | !

1.5x107 | °
1%107

0.5%107
0 Peogts

0 120

20 ppm NO;
240

480 600
Time ¢ (s)

360

b) G (A/v)
2.5x10°"

'
2x10 A — 1% NI,

1.5%10°¢

bt

1x10°*

0.5%10°°

‘x
0 120 240 360 480 600 720 840 966
Timet (s)

0

Fig.3.30a,b Demonstration of the ability of SWNTs to
detect trace molecules in inert gases. (a) Increase in the
conductance of a single SWNT when 20 ppm of NO, are
added to an argon gas flow. (b) Same, but with 1% NHj;
added to the argon gas flow (from [3.304])
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Fig.3.29 (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. © P. Legagneux (Thales Research

& Technology, Orsay. France)

Chemical Sensors
The electrical conductance of semiconductor SWNTs
was recently demonstrated to be highly sensitive to
changes in the chemical composition of the surround-
ing atmosphere at room temperature, due to charge
transfer between the nanotubes and the molecules from
the gases adsorbed onto SWNT surfaces. It has also
been shown that there is a linear dependence between
the concentration of the adsorbed gas and the change
in electrical properties, and that the adsorption is re-
versible. First tries involved NO> or NH; [3.304] and
07 [3.305]). SWNT-based chemical NO» and NH; sen-
sors are characterized by extremely short response
times (Fig.3.30), unlike conventional sensors [3.304,
306]. The electrical response has been measured by
exposing MWNT films to sub-ppm NO; concentra-
tions (10-100ppb in dry air) at different operating
temperatures ranging between 25 and 215°C [3.307].
For SWNTs, the sensor responses are linear for sim-
ilar concentrations, with detection limits of 44 ppb
for NO; and 262 ppb for nitrotoluene [3.308]. High
sensitivity to water or ammonia vapor has been demon-
strated on a SWNT-SiO; composite [3.309]. This
study indicated the presence of p-type SWNTs dis-
persed among the predominantly metallic SWNTs,
and that the chemisorption of gases on the surface
of the semiconductor SWNTs is responsible for the
sensing action. Determinations of CO, and O, concen-
trations on a SWNT-SiO, composite have also been
reported [3.310]. By doping nanotubes with palladium
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nanoparticles, Kong et al. [3.311] have also shown
that the modified material can reveal the presence of
hydrogen at levels of up to 400 ppm, whereas the as-
grown material was totally ineffective. Miniaturized
gas ionization sensors, which work by fingerprinting
the ionization characteristics of distinct gases, have
also been reported, with detection limits of 25 ppm for
NH; [3.312].

Generally speaking, the sensitivities of these new
nanotube-based sensors are three orders of magnitude
higher than those of standard solid state devices. An-
other reason for using nanotubes instead of current
sensors is their simplicity, the facts that they can be
placed in very small systems and that they can oper-
ate at room temperature, as well as their selectivity.
These advantages allow a limited number of sensor
device architectures to be built for a variety of indus-
trial purposes, while the current technology requires
a large variety of devices based on mixed metal ox-
ides, optomechanics, catalytic beads, electrochemistry,
and so on. The market for such devices is expected to be
§ 1.6 billion by 2006, including sensing applications in
biological fields and the chemical industry. Nanotube-
based sensors are currently being developed by large
and small companies, such as Nanomix (Emeryville,
USA), for example.

Catalyst Support
Carbon-based materials make good supports in hetero-
geneous catalytic processes due to their ability to be
tailored to a specific need: indeed, activated carbons
are already currently employed as catalyst supports due
to their high surface areas, their stability at high tem-
peratures (under nonoxidizing atmospheres), and the
possibility of controlling both their porous structure
and the chemical nature of their surfaces [3.313,314].
Attention has focused on nanosized fibrous morpholo-
gies of carbon have appeared over the last decade, that
show great potential for use as supports [3.315]. Carbon
nanofibers (also incorrectly called graphite nanofibers)
and carbon nanotubes have been successfully used in
this area, and have been shown to provide, as catalyst-
supporting materials, properties superior to those of
such other regular catalyst-supports, such as activated
carbon, soot or graphite [3.316-318]. The possibility to
use MWNTs as nanoreactors, that means to deposit the
active catalytic phase in the inner cavity of the nano-
tubes and to take advantage of the confinement effect
to perform the catalytic reaction, also offers very ex-
citing perspectives [3.319]. Various reactions have been
studied [3.316-318]; hydrogenation reactions, Fischer—

Tropsch, polymerization and even oxidation reactions,
hydrocarbon decomposition and use as fuel cell elec-
trocatalysts are among the most popular domains. The
application of graphite nanofibers as direct catalysts for
oxidative dehydrogenation [3.320,321] or methane de-
composition [3.322] has also been reported.

The morphology and size of the carbon nanotubes
(particularly their aspect ratios), can play a significant
role in catalytic applications due to their ability to
disperse catalytically active metal particles. Their elec-
tronic properties are also of primary importance [3.323],
since the conductive support may cause electronic per-
turbations as well as constraining the geometriies of the
dispersed metal particles. A recent comparison between
the interactions of ftransition metal atoms with car-
bon nanotube walls and their interactions with graphite
has shown major differences in bonding sites, mag-
netic moments, and charge transfer direction [3.324].
Thus the possibility of a strong metal-support inter-
action must be taken into account. Their mechanical
strength is also important, and this makes them re-
sistant to attrition when recycled. Their external and
internal surfaces are strongly hydrophobic and ad-
sorb organic molecules strongly. For MWNT-based
catalyst-supports, the relatively high surface area and
the absence of microporosity (pores < 2 nm), associated
with a high meso- and macropore volume (Sect. 3.4.3),
result in significant improvements in catalytic activity
for liquid phase reactions when compared to catalysts
supported on activated carbon. With nanotube supports,
the mass transfer of the reactants to the active sites
is unlimited, due to the absence of microporosity, and
the apparent contact time of the products with the cat-
alyst is diminished, leading to more active and more
selective catalytic effects. Finally, as for activated car-
bon, catalyst-forming is possible and porous granules of
carbon nanotubes or electrodes based on carbon nano-
tubes can be obtained for catalysis or electrocatalysis
respectively. Of course, the possibility of shaping these
nanomaterials offers interesting perspectives, including
for designing structured microreactors [3.325].

The technique usually used to prepare carbon
nanotube-supported catalysts is incipient wetness im-
pregnation, in which the purified support is impregnated
with a solution of the metal precursor and then dried,
calcinated and/or reduced in order to obtain metal
particles dispersed on the support. Other techniques
such as electrochemical deposition and the use of col-
loidal chemistry have also been investigated [3.326].
Chemical treatment and/or modification of the car-
bon nanotube surface were found to be useful ways
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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,
[3.315] no pretreatment of the tubes
PUMWNT Electrodeless plating with

electrodes [3.331] prefunctionalization of

MWNT

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

Rh/MWNT [3.329]

Ru-alkali/MWNT

[3.332] no pretreatment of the tubes
Rh-phosphine/MWNT  Liquid phase grafting
[3.333] from [RhH(CO)(PPh3)3]
Rh/MWNT (confined Liquid phase impregnation

nanoparticles) [3.319] of oxidized MWNTs

of controlling its hydrophobic or hydrophilic char-
acter [3.327]. A strong metal/support interaction can
thus be expected from the occurrence of functionalized
groups created by the oxidation of the support sur-
face, resulting in smaller particle sizes [3.328]. A more
sophisticated technique for achieving the grafting of
metal particles onto carbon nanotubes consists of func-
tionalizing the outer surface of the tubes and then
performing a chemical reaction with a metal com-
plex, resulting in a good dispersion of the metallic
particles (Fig.3.31) [3.329]. The functionalization of
noncovalent carbon nanotubes with polymer multilay-
ers followed by the attachment of gold nanoparticles has
also been reported [3.330].

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

The market is important for this application, since
it often concerns the heavy chemical industry. It
implies and requires mass production of low-cost

Fig. 3.31 Transmission electron microscopy image show-
ing rhodium nanoparticles supported on the surface of an
MWNT (from [3.329]) »

Catalytic reaction

Liquid phase
cinnamaldehyde
hydrogenation

Oxygen reduction for fuel
cell applications

Liquid phase hydroformyla-
tion and hydrogenation

Ammonia synthesis, gas
phase reaction

Liquid phase
hydroformylation
Conversion of CO and H»
into ethanol

Comments

A different kind of
metal support interaction
compared to activated
carbon

High electrocatalytic
activity

Higher activity of
Rh/MWNT compared to
Rh/activated carbon

Higher activity with MWNT
than with graphite

Highly active and
regioselective catalyst

The overall formation rate of
ethanol inside the nanotubes
exceeds that on the outside

of the nanotubes by more
than one order of magnitude
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nanotubes, processed by methods other than those
based on solid carbon as the source (Sect.3.2.1).
Such an application also requires some surface re-
activity, making the h-MWNT-type nanotubes, with
poor nanotextures (Sect.3.1.2), interesting candidates
as starting material for preparing such catalyst supports.
Catalysis-enhanced thermal cracking of gaseous carbon
precursors is therefore preferred, and pilot plants are
already being built by major chemical industrial com-
panies (such as Arkema in France).

3.6.2 Expected Applications
Related to Adsorption

Adsorptions of various gases, liquids or metals onto
carbon nanotubes, and interactions between them, have
attracted much attention recently. The applications
resulting from the adsorptive properties of carbon
nanotubes can be arbitrarily divided into two groups.
The first group is based on the consequences of
molecular adsorption on the electronic properties of
nanotubes; the main application of this is chemical
sensing (Sect.3.6.1). The second group includes gas
storage, gas separation, the use of carbon nanotubes
as adsorbants, and results from morphological inves-
tigations of carbon nanotubes (surface areas, aspect
ratios, and so forth). Among these latter potential ap-
plications, the possibility of storing gases — particularly
hydrogen — on carbon nanotubes has received most
attention.

Gas Storage — Hydrogen
The development of a lightweight and safe system for
hydrogen storage is necessary for the widespead use of
highly efficient Ha-air fuel cells in transportation ve-
hicles. The US Department of Energy Hydrogen Plan
has provided a commercially significant benchmark for
the amount of reversible hydrogen adsorption required.
This benchmark requires a system weight efficiency
(the ratio of H, weight to system weight) of 6.5wt%
hydrogen, and a volumetric density of 63 kg H,/m>.

The failure to produce a practical storage system for
hydrogen has prevented hydrogen from becoming one
of the most important transportation fuels. 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 into such technologies as li-
quid hydrogen systems, compressed hydrogen systems,
metal hydride systems, and superactivated carbon sys-
tems, all have serious disadvantages.

Therefore, there is still a great need for a mater-
ial that can store hydrogen but is also light, compact,
relatively inexpensive, safe, easy to use, and reusable
without regeneration. Some recent articles and patents
on the very high, reversible adsorption of hydrogen in
carbon nanotubes or platelet nanofibers have aroused
tremendous interest in the research community, stim-
ulating much experimental and theoretical work. Most
of the early works done on hydrogen adsorption on car-
bon nanotubes have been reviewed in [3.334-340], from
the first report about the supposedly highly successful
storage of hydrogen in carbon layered nanostructures
at room temperature made by a group of Northeastern
University [3.192,34 1], to the multiple yet vain attempts
to reproduce this result that followed. Actually, in spite
of a worldwide research effort, any work published
since then claiming for a hydrogen storage in some
nanotextured carbon material with an efficiency better
than 1-2% at room temperature or close (and pressure
below = 300-500bar may be regarded as suspicious.
Modelling did not help, since it appeared that the
calculations are closely constrained by the starting hy-
potheses. Actually, While considering the same (10,10)
SWNT, calculations based on DFT predicted between
14.3 and 1 wt % storage [3.342,343], calculations based
on a geometrical model predicted 3.3% [3.334], and
calculations based on a quantum mechanical molecular
dynamics model predicted 0.47% [3.344]. Therefore,
neither experimental results, obviously often biased by
procedure problems, nor theoretical results are yet able
to demonstrate that an efficient storage of Hj is possi-
ble for carbon nanotubes, whatever the type. However,
a definitive statement of failure cannot yet be claimed.
Attempts might have failed so far because they were
considering by far too simplistic materials, i.e., plain
nanotubes. Further efforts have to be made to enhance
the adequation of the materials to this specific purpose,
in particular:

1. By adjusting the surface properties, which can be
modified by mechanical or chemical treatments, e.g.
KOH [3.345]

2. By adjusting the texture of the material, such as the
pore size [3.346] and possibly the curvature [3.347—
349]

3. By complexifying the materials, e.g., by considering
nanocomposites combining some host carbon ma-
terials and catalyst nanoparticles so as to promote
the dissociation of hydrogen molecules to hydro-
gen atoms that can form bonds with the host [3.340,
350].
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In this regard, whether the best carbon material for
H-> adsorption will still be nanotube-based is not ascer-
tained.

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 means of stocking and
transporting 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.
Nanotubes may also be used in medicine, where it
would be extremely useful to physically confine special
gases (133Xe for instance) prior to injection.

Kusnetzova et al. [3.351] conducted experiments
with xenon and found that the storage capacities of
nanotubes can be enhanced by a tremendous amount
(a factor of 280, up to a molar ratio of Nx./N¢ = 0.045)
by opening the SWNT bundles via thermal activation
at 800 °C. The gas can be adsorbed inside the nanotubes
and the rates of adsorption are also increased using this
treatment.

The possibility of storing argon in carbon nano-
tubes has been studied, with encouraging results, by
Gadd et al. [3.352]. Their experiments show that large
amounts of argon can be trapped in catalytically grown
MWNTs (20-150nm) by hot isostatic pressing (HIP-
ing) for 48h at 650°C under an argon pressure of
1700 bar. Energy-dispersive Xx-ray spectroscopy was
used to determine that the gas was located inside the
tubes and not on the tube walls. Further studies de-
termined the argon pressure inside the tubes at room
temperature. The authors estimated this to be around
600 bar, indicating that equilibrium pressure was at-
tained in the tubes during the HIP-ing and that MWNTs
would be a convenient material for storing the gas.

Gas Separation

As SWNTs or MWNTSs have regular geometries that
can, to some extent, be controlled, they could be used to
develop precise separation tools. If the sorption mech-
anisms are known, it should be possible to control
sorption of various gases through particular combina-
tions of temperature, pressure and nanotube morphol-
ogy. Since the large-scale production of nanotubes is
gradually progressing, and this should ultimately re-
sult in low costs, accurate separation methods based on
carbon nanotubes are now being investigated.

A theoretical study has aimed to determine the ef-
fects of different factors such as tube diameter, density
and type of the gas used on the flow of molecules in-
side nanotubes. An atomistic simulation with methane,
ethane and ethylene [3.353] has shown that the molecu-
lar mobility decreases with decreasing tube for each
of the three gases. Ethane and ethylene have smaller
mobilities due to the stronger interactions they seem
to have with the nanotube walls. In another theoretical
study into the possibility of hydrocarbon mixture sep-
aration on SWNT bundles, the authors conclude that
carbon nanotubes can be used to separate methane/
n-butane and methane/isobutene mixtures [3.354] with
an efficiency that increases as the average tube diam-
eter decreases. Experimental work was also performed
by the same group on the sorption of butane on
MWNTs [3.194]. It has been also reported that the Fick-
ian diffusivities of CH4/H> mixtures in SWNT, like
their pure component counterparts, are extraordinar-
ily large when compared with adsorbed gases in other
nanoporous materials [3.355].

Grand canonical Monte Carlo simulations of the
separation of hydrogen and carbon monoxide by ad-
sorption on SWNTs have also been reported [3.356].
In most of the situations studied, SWNTs were found
to adsorb more CO than H», and excellent separation
could again probably be obtained by varying the SWNT
average diameter.

Adsorbents
Carbon nanotubes were found to be able to adsorb some
toxic gases such as dioxins [3.357], fluoride [3.358],
lead [3.359] and alcohols [3.360] better than adsor-
bent materials in common use, such as activated carbon.
These pioneering works opened a new field of applica-
tions as cleaning filters for many industrial processes
with hazardous by-products. The adsorption of diox-
ins, which are very common and persistent carcinogenic
by-products of many industrial processes, is a good
example of the potential of nanotubes in this field.
Growing ecological awareness has resulted in the impo-
sition of emission limits on dioXin-generating sources
in many countries, but it is difficult to find mater-
ials that can act as effective filters, even at extremely
low concentrations. Long and Yang [3.357] found that
nanotubes can attract and trap more dioxins than acti-
vated carbons or other polyaromatic materials that are
currently used as filters. This improvement is prob-
ably due to the stronger interaction forces that exist
between dioxin molecules and the curved surfaces of
nanotubes compared to those for flat graphene sheets.
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MWNTs have also been used with success for the ad-
sorption of other pollutants such as volatile organic
compounds [3.361], reactive dyes [3.362], or natural
organic matter in aqueous solutions [3.363]. MWNTs
show also better performances than granular activated
carbons for the adsorption of low molecular weight tox-
ins [3.364].

The capacity of Al,O3/MWNT to adsorb fluoride
from water has been reported to be 13.5 times that of
activated carbon and four times that of Al,O3 [3.358].
The same group has also reported a capacity of MWNTSs
to adsorb lead from water that is higher than that
for activated carbon [3.359]. The possibility of using
graphite nanofibers to purify water from alcohols has
also been explored [3.360]. MWNTs were found to
be good adsorbents for the removal of dichloroben-
zene from wastewaters over a wide range of pH.
Typically, the nanotubes adsorb 30 mg of the organic
molecule per gram of MWNTSs from a 20mg/l solu-
tion [3.365]. It has also been shown that SWNTs act
as molecular sponges for molecules such as CCly; the
nanotubes were in contact with a support surface which
also adsorbs molecules, although more weakly than
the nanotubes [3.366]. Finally, oxidized carbon nano-
tubes have been successfully used for the adsorption of
heavy metal ions such as Zn(lI) [3.367], Cu(ll) [3.368],
Pb(1l) [3.369] or Th(IV) [3.370] from aqueous solu-
tions. While an apolar surface might be more adapted
for the adsorption of aromatic organic species, an oxida-
tion of the CNTs that provides a polar and hydrophilic
surface is highly desirable for the adsorption of heavy
metal ions. These experimental results suggest that
carbon nanotubes may be promising adsorbents for re-
moving polluting agents from water.

Biosensors
Attaching molecules of biological interest to carbon
nanotubes is an excellent way to produce nanometer-
sized biosensors. The electrical conductivities of these
functionalized nanotubes would depend on the inter-
action of the probe with the medium being studied,
which would be affected by chemical changes or inter-
actions with the 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 so such systems
may become available in the near future. Using the in-
ternal cavities of nanotubes to deliver drugs would be
another amazing application, but little work has been
carried out so far to investigate the toxicity of nanotubes
in the human body. Comparison between the effects

of nanotubes and asbestos was investigated by Huczko
et al. [3.371] and they concluded that the tested sam-
ples were innocuous. However, a more recent work
has shown that contact with nanotubes may lead to
dermal toxicity [3.372] or induce lung lesions character-
ized by the presence of granulomas [3.373]. Pantarotto
et al. [3.374] reported the translocation of water-soluble
SWNT derivatives across cell membranes and have
shown that cell death can be induced by functionalised
nanotubes (bioactive peptides), depending upon their
concentration in the media. Recent results also indicate
that nanotubes may lead to an inflammatory response
of the immune system by activating the complement
system [3.375].

MWNTs have been used by Mattson et al. [3.376]
as a substrate for neuronal growth. They have compared
the activity of untreated MWNTs with that of MWNTs
coated with a bioactive molecule (4-hydroxynonenal)
and observed that neurons elaborated multiple neurites
on these latter functionalized nanotubes. This is an im-
portant result that illustrates the feasibility of using
nanotubes as a substrate for nerve cell growth.

Davis et al. [3.377] immobilized different proteins
(metallothionein, cytochrome c and c3, pS-lactamase
I) in MWNTSs and checked whether these molecules
were still catalytically active compared to the free
ones. They have shown that confining a protein
within a nanotube provides some protection for the
external environment. Protein immobilization via non-
covalent sidewall functionalization was proposed by
Chen et al. [3.378] using a bifunctional molecule
(1-pyrenebutanoic acid, succinimidyl ester). This mol-
ecule is tied to the nanotube wall by the pyrenyl
group, and amine groups or biological molecules can
react with the ester function to form amide bonds.
This method was also used to immobilize ferritin
and streptavidin onto SWNTs. Its main advantages
are that it does not modify the SWNT wall and
that it does not perturb the sp® structure, so the
physical properties of the nanotubes are maintained.
Shim et al. [3.379] have functionalized SWNTs with
biotin and observed specific binding with strepta-
vidin, suggesting biomolecular recognition possibili-
ties. Dwyer et al. [3.380] 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) [3.381] have been attached to nanotubes us-
ing the same process (diimide-activated amidation with
EDC) and most of the attached proteins remained
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bioactive. Instead of working with individual nano-
tubes (or more likely nanotube bundles in the case
of SWNTs), Nguyen et al. [3.382] have function-
alized nanotubes arrayed with a nucleic acid, still
using EDC as the coupling agent, in order to realize
biosensors based on protein-functionalized nanotubes.
Azamian et al. [3.383] have immobilized a series of
biomolecules (cytochrome ¢, ferritin, and glucose ox-
idase) on SWNTs, and they observed that the use of
EDC was not always necessary, indicating that the
binding was predominantly noncovalent. In the case
of glucose oxidase, they tested the catalytic activity of
functionalized nanotubes immobilized on a glassy car-
bon electrode and observed a tenfold greater catalytic
response compared to that seen in the absence of modi-
fied 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 (Sect.3.6.1), allowing single-molecule measure-
ments to be taken using chemical force microscopy
(CEM). Important improvements in the characteriza-
tion of biomolecules have even been achieved with
unfunctionalized nanotube-based tips (see the review
by [3.297]). Nanotube-based biosensors have now
been developed. They are based on either field ef-
fect transistors [3.384] involving functionalized CNTs
(biomolecules) or on electrochemical detection [3.385].

3.6.3 Expected Applications
Related to Composite Systems

Because of their exceptional morphological, electric-
al, thermal, and mechanical characteristics, carbon
nanotubes make particularly promising reinforcement
materials in composites with metals, ceramics or poly-
mer matrices. Key issues to address 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
nanotubes. In addition, the nanotube type (SWNT,
c-MWNT, h-MWNT, etc.) and origin (arc, laser,
CCVD, etc.) are also important variables that control
the structural perfection, surface reactivity and aspect
ratio of the reinforcement.

The application of carbon nanotubes in this field is
expected to lead to major advances in composites. The
following sections will give overviews of current work
on metal-, ceramic- and polymer-matrix composites
containing nanotubes. Nanotubes coated with another

material are not considered here. Filled nanotubes are
discussed in Sect.3.5.2.

Metal Matrix Composites
Nanotube-metal matrix composites are still rarely stud-
ied. Matrices include Al-, Cu-, Mg-, Ni-, Ni-P-, Ti-,
WC-Co- and Zr-based bulk metallic glasses. The ma-
terials are generally prepared by standard powder
metallurgy techniques, but in this case the nanotube
dispersion is not optimal. Other techniques such as
plasma spray forming [3.386], the so-called nanoscale-
dispersion method [3.387], the rapid solidification
technique [3.388] and CCVD [3.389], are being de-
veloped. The spark plasma sintering (SPS) technique
is sometimes used to densify the composites whilst
avoiding matrix-grain growth [3.390,391]. The room-
temperature electrical resistivity of hot-pressed CCVD
MWNT-AI composites increases slightly upon increas-
ing the MWNT volume fraction [3.392]. The tensile
strengths and elongations of unpurified arc discharge
MWNT-AI composites are only slightly affected by an-
nealing at 873 K in contrast to those of pure Al [3.393].
The coefficient of thermal expansion (CTE) of 1 wt%
MWNTs-Al composite fabricated by cold isostatic
pressing and hot squeeze technique is 11% lower than
to that of pure Al or 2024Al matrix, showing some
promises as low-CTE materials. Associated to a high
thermal conductivity, such materials would be inter-
esting for applications such as packaging and space
structures [3.394]. The Young's modulus of nonpu-
rified arc discharge MWNTs-Ti composite is about
1.7 times that of pure Ti [3.395]. The formation
of TiC, probably resulting from a reaction between
amorphous carbon and the matrix, was observed, but
the MWNTSs themselves were not damaged. An in-
crease in the Vickers hardness by a factor of 5.5 over
that of pure Ti was associated with the suppression
of coarsening of the Ti grains, TiC formation, and
the addition of MWNTs. Purified nanotube-WC-Co
nanocomposites exhibit better hardness-to-toughness
relationships than pure nanocrystalline WC-Co [3.391].
Ni-plated MWNTs give better results than unplated
MWNTs in strength tests. Indeed, nanotube coating is
a promising way to improve the strength of bonding
with the matrix [3.396]. Compressive testing of car-
bon nanotube-reinforced Zr-based bulk metallic glass
composites [3.397] shows that the composites display
a high fracture strength. In addition, the composites
have strong ultrasonic attenuation characteristics and
excellent ability to absorb waves. This implies that such
composites may also be useful for shielding acous-
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tic sound or environmental noise. CCVD MWNTs-Cu
composites [3.308] also show a higher hardness and
a lower friction coefficient and wear loss. Fifty to sixty
percent deformation of the composites was observed.
Carbon nanotube-Cu composite electrodes have been
applied to the amperometric detection of carbohydrates,
where they show an enhanced sensitivity compared
to detectors based on Cu or nanotubes alone [3.399].
Hot-extruded nanotube-Mg nanocomposites showed
a simultaneous increase in yield strength, ultimate ten-
sile strength and ductility, until a threshold of 1.3 wt%
was reached [3.400]. The yield strength of SWNT-Fe
composites showed substantial enhancement relative to
that of similarly treated pure iron materials [3.389].
The work hardening coefficient and the Vickers hard-
ness coefficient also significantly increased in these
composites. Composite films and coatings deposited
by electroless or electrodeposition techniques on var-
ious substrates have also been studied. The addition
of up to 15 vol. % purified SWNTs to nanocrystalline
Al films reduces the coefficient of thermal expansion
by as much as 65% and the resulting material could
be a promising electronic packaging material [3.401].
Ni-carbon nanotube coatings deposited on carbon steel
plate by electroless deposition show significantly in-
creased resistance to corrosion [3.402] and higher
Vickers microhardness, higher wear resistance, and
lower friction coefficient than SiC-reinforced compos-
ite deposits [3.403]. Ni-P-SWNT coatings prepared by
electroless plating show not only higher wear resistance
but also a lower friction coefficient and a higher corro-
sion resistance compared to Ni-P coatings [3.404].

Ceramic Matrix Composites
Many different ceramic matrices have been studied over
the years, although oxides (in particular alumina), are
still the most studied [3.405]. There are three main
methods for the preparation of CNT-ceramic nanocom-
posite powders. One is mechanical milling. It usually
involves long times that could damage the nanotubes.
Wet-milling is preferred but often requires the addi-
tion of organic additives to stabilize both the nanotubes
and the ceramic powder. This also true for a second
method, i.e., the in-situ synthesis of the matrix on
preformed nanotubes. It can lead to a good adhesion be-
tween the nanotubes and the ceramic, but can be rather
complex to implement. A third method is the in-situ
synthesis of the nanotubes within the ceramic pow-
der using procedures closely related to those described
in Sect.3.2.2. The densification of the nanocomposite
powders is made difficult by the detrimental influence

of the nanotubes. The most common method is hot-
pressing (HP). Most of the works [3.406—413] report
that increasing the nanotube content inhibits the densi-
fication of the material. It has been shown for a series
of CNT-MgAl,0,4 composites [3.413] that, for a low
content (below 9vol. %), CNTs favor the rearrange-
ment of the grains, which is the first shrinkage step,
probably owing to a lubricating role which facilitates
the sliding at grain contacts or grain boundaries. By
contrast, for higher contents, CNTs form a too rigid we-
blike structure, therefore inhibiting the rearrangement
process. In the second sintering step, at higher temper-
atures, CNTs inhibit the shrinkage, all the more when
their content is increased above 5.0 vol. % only, leading
to decreasing densifications. Thus, composites in which
the nanotubes are very homogeneously dispersed may
be more difficult to densify. The spark-plasma sinter-
ing (SPS) technique has been reported as an efficient
method to achieve the total densification of CNT-oxide
composites without damaging the CNT [3.414-417].
Full densification can be reached with SPS at com-
paratively lower temperatures with substantial shorter
holding time. However, the successful densification by
SPS at a lower temperature than for HP supposes that
matrix grains are non agglomerated and with size in the
range few tens of nanometers.

The influence of the nanotube dispersion onto me-
chanical properties, in particular on toughness, has been
controversial. Indeed, strong increases in toughness de-
rived from the measure of Vickers indentation cracks
have been reported [3.33], but they were shown to be
probably widely overestimated because such materials
are very resistant to contact damage [3.418,419]. Xia
et al. [3.420] reported microstructural investigations on
MWNTs well-aligned in the pores of an alumina mem-
brane. Different possible reinforcement mechanisms
induced by the MWNTs have been evidenced, such
as crack deflection, crack bridging, MWNT pulling-
out, and MWNT collapsing in shear bands. Indeed,
although so far neither SENB nor SEVNB result have
evidenced that nanotubes can significantly reinforce
alumina ceramics, this could be obtained with ceramic-
matrix composites in which the nanotubes would have
been properly organized. Enhanced wear resistance of
composites has been reported [3.421-423]. The micro-
hardness is found to either increase or decrease, and
this depends greatly on the powder preparation route.
As noted in [3.419], processing-induced changes in
the matrix may have greater effects on the mechani-
cal properties than the actual presence of nanotubes.
Regarding the thermal properties, nanotube-ceramic
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composites often show a lower thermal conductiv-
ity than the corresponding ceramics, probably caused
by too high thermal contact resistances at nanotube-
nanotube and nanotube-ceramic grain junctions [3.424,
425]. By contrast, nanotubes greatly increase the
electrical conductivity of insulating ceramic nanocom-
posites [3.408, 411, 426—428], with a low percolation
threshold (less than 1 vol. %) due to their very high as-
pect ratio [3.427]. The electrical conductivity can be
tailored within several orders of magnitude directly by
the CNTs quantity and is well fitted by the scaling law
of the percolation theory with the exponent close to the
theoretical value characteristic of a three-dimensional
network [3.427]. An anisotropic conductivity is ob-
tained when the nanotubes are aligned within the
composite [3.429]. Zhan et al. [3.430] reported an
increase of the thermoelectric power with increasing
temperature for nanotube-zirconia composites.

Polymer Matrix Composites
Nanotube-polymer composites, first reported by Ajayan
et al. [3.431], are now being intensively studied; es-
pecially epoxy- and polymethylmethacrylate (PMMA)-
matrix composites. A review of the mechanical prop-
erties can be found in [3.432]. In terms of mechanical
characteristics, the three key issues that affect the per-
formance of a fiber-polymer composite are the strength
and toughness of the fibrous reinforcement, its orien-
tation, and good interfacial bonding, which is crucial
to load transfer [3.433]. The ability of the polymer
to form large-diameter helices around individual nano-
tubes favors the formation of a strong bond with the
matrix [3.433]. Isolated SWNTs may be more desirable
than MWNTSs or bundles for dispersion in a matrix be-
cause of the weak frictional interactions between layers
of MWNTs and between SWNTs in bundles [3.433].
The main mechanisms of load transfer are microme-
chanical interlocking, chemical bonding and van der
Waals bonding between the nanotubes and the ma-
trix. A high interfacial shear stress between the fiber
and the matrix will transfer the applied load to the
fiber over a short distance [3.434]. SWNTs longer
than 10—100 pm would be needed for significant load-
bearing ability in the case of nonbonded SWNT-matrix
interactions, whereas the critical length for SWNTs
cross-linked to the matrix is only 1 pwm [3.435]. De-
fects are likely to limit the working length of SWNTSs,
however [3.436].

The load transfer to MWNTs dispersed in an
epoxy resin was much higher in compression than
in tension [3.434]. It was proposed that all of the

walls of the MWNTs are stressed in compression,
whereas only the outer walls are stressed in ten-
sion because all of the inner tubes are sliding within
the outer tube. Mechanical tests performed on 5wt %
SWNT-epoxy composites [3.437] showed that SWNT
bundles were pulled out of the matrix during the
deformation of the material. The influence of the in-
terfacial nanotube/matrix interaction was demonstrated
by Gong et al. [3.438]. It was also reported that coat-
ing regular carbon fiber with MWNTs prior to their
dispersion into an epoxy matrix improves the interfa-
cial load transfer, possibly via local stiffening of the
matrix near the interface [3.439]. DWNTs-epoxy com-
posites prepared by a standard calendaring technique
were shown to possess higher strength, Young’s mod-
ulus and strain to failure at a nanotube content of
only 0.1 wt% [3.440]. A significantly improved frac-
ture toughness was also observed. The influence of
the different types of nanotubes (SWNTs, DWNTSs and
MWNTs) on the mechanical properties of epoxy-matrix
composites is discussed in [3.441]. The stiffness and
damping properties of SWNT- and MWNT-epoxy com-
posites were investigated for use in structural vibration
applications [3.442]. It was shown that enhancement in
damping ratio is more dominant than enhancement in
stiffness, MWNTs making a better reinforcement than
SWNTs. Indeed, up to 700% increase in damping ra-
tio is observed for MWNT-epoxy beam as compared
to the plain epoxy beam. Industrial epoxy loaded with
1 wt % unpurified CCVD-prepared SWNTs showed an
increase in thermal conductivity of 70 and 125% at40 K
and at room temperature, respectively [3.443]. Also,
the Vickers hardness rose by a factor of 3.5 with the
SWNT loading up at 2 wt %. An increase in the amount
of MWNTs led to an increase of the glass transition
temperature of MWNT-epoxy-composites. The effect
is stronger when using samples containing functional-
ized MWNTs [3.444]. Pecastaings et al. [3.445] have
investigated the role of interfacial effects in carbon
nanotube-epoxy nanocomposite behavior.

As for ceramic matrix composites, the electrical
characteristics of SWNT- and MWNT-epoxy compos-
ites are described by the percolation theory. Very low
percolation thresholds (much below 1 wt%) are of-
ten reported [3.446-—448]. Thermogravimetric analysis
shows that, compared to pure PMMA, the thermal
degradation of PMMA films occurs at a slightly
higher temperature when 26 wt% of MWNTs are
added [3.449]. Improving the wetting between the
MWNTs and the PMMA by coating the MWNTs
with poly(vinylidene fluoride) prior to melt-blending
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with PMMA resulted in an increased storage modu-
lus [3.450]. The impact strength in aligned SWNT-
PMMA composites increased significantly with only
0.1 wt% of SWNTs, possibly because of weak inter-
facial adhesion and/or of the high flexibility of the
SWNTs and/or the pullout and sliding effects of indi-
vidual SWNTs within bundles [3.451]. The transport
properties of arc discharge SWNT-PMMA composite
films (10 pm thick) were studied in great detail [3.452,
453]. The electrical conductivity increases by nine or-
ders of magnitude from 0.1 to 8 wt% SWNTs. The
room-temperature conductivity is again well described
by the standard percolation theory, confirming the good
dispersion of the SWNTs in the matrix. The rheolog-
ical threshold of SWNT-PMMA composites is about
0.12 wt %, smaller than the percolation threshold of
electrical conductivity, about 0.39 wt % [3.454]. This is
understood in terms of the smaller nanotube—nanotube
distance required for electrical conductivity compared
to that required to impede polymer mobility. Further-
more, decreased SWNT alignment, improved SWNT
dispersion and/or longer polymer chains increase the
elastic response of the nanocomposite. The effects of
small quantities of SWNTs (up to 1 wt%) in PMMA
on its flammability properties were studied [3.455]. The
formation of a continuous SWNTs network layer cov-
ering the entire surface without any cracks is critical
for obtaining the lowest mass-loss rate of the nanocom-
posites, One of the most interesting development of
nanotube-polymer composites is their use for the pro-
duction of spun fibers, films and textiles with extraordi-
nary mechanical and electrical properties [3.456—462].

Polymer composites with other matrices include
CCVD-prepared MWNT-polyvinyl alcohol [3.463],
arc-prepared MWNT-polyhydroxyaminoether [3.464],
arc-prepared  MWNT-polyurethane acrylate [3.465,
466], SWNT-polyurethane acrylate [3.467], SWNT-
polycarbonate [3.468], MWNT-polyaniline [3.469],
MWNT-polystyrene [3.470], CCVD double-walled
nanotubes-polystyrene-polymethylacrylate [3.471],
MWNT-polypropylene [3.472,473], SWNT-polyethy-
lene [3.474-476], SWNT-poly(vinyl acetate)

|3.475,476], CCVD-prepared MWNT-polyacrylonitrile.

[3.477], SWNT-polyacrylonitrile [3.478], MWNT-oxo-
titanium phthalocyanine [3.479], arc-prepared MWNT-
poly(3-octylthiophene) [3.480], SWNT-poly(3-octyl-
thiophene) [3.481] and CCVD MWNT-poly(3-hexyl-
thiophene) [3.482]. These works deal mainly with films
100-200 pum thick, and aim to study the glass transition
of the polymer, its mechanical and electrical character-
istics, as well as the photoconductivity.

A pgreat deal of work has also been devoted
to the applications of nanotube-polymer compos-
ites as materials for molecular optoelectronics, using
primarily 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% MWNTSs) is increased by eight or-
ders of magnitude compared to that of PmPV [3.483].
Using the MWNT-PmPV composites as the electron
transport layer in light-emitting diodes results in a sig-
nificant increase in brightness [3.484]. The SWNTs act
as a hole-trapping material that blocks the holes in
the composites; this is probably induced through long-
range interactions within the matrix [3.485]. Similar
investigations were carried out on arc discharge SWNT-
polyethylene dioxythiophene (PEDOT) composite lay-
ers [3.486] and MWNT-polyphenylenevinylene com-
posites [3.487].

To conclude, two critical issues must be consid-
ered when using nanotubes as components for ad-
vanced composites. One is to choose between SWNTs,
DWNTs, and MWNTs. The former seem more bene-
ficial to mechanical strengthening, provided that they
are isolated or arranged into cohesive yarns so that the
load can be conveniently transferred from one SWNT to
another. Unfortunately, despite many advances [3.456—
461], this is still a technical challenge. The other issue
is to tailor the nanotube/matrix interface with respect to
the matrix. In this case, DWNTs and MWNTs may be
more useful than SWNTs.

Multifunctional Materials

One of the major benefits expected from incorporating
carbon nanotubes into other solid or liquid materials is
that they endow the material with some electrical con-
ductivity while leaving other properties or behaviors
unaffected. As already mentioned in the previous sec-
tion, the percolation threshold is reached at very low
nanotube loadings. Tailoring the electrical conductiv-
ity of a bulk material is then achieved by adjusting
the nanotube volume fraction in the formerly insulat-
ing material while making sure that this fraction is
not too large.As demonstrated by Maruyama [3.488],
there are three areas of interest regarding the electrical
conductivity:

1. Electrostatic discharge (for example, preventing fire
or explosion hazards in combustible environments
or perturbations in electronics, which requires an
electrical resistivity of less than 1012 Q cm)
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Table3.5 Applications of nanotube-based multifunctional materials (from [3.488]), © B. Maruyama (WPAFB, Dayton, Ohio)
(* For electrostatic painting, to mitigate lightning strikes on aircraft, etc., ® to increase service temperature rating of product, © to
reduce operating temperatures of electronic packages, Y reduces warping, © reduces microcracking damage in composites )
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2. Electrostatic painting (which requires the material
to be painted to have enough electrical conductivity
— an electrical resistivity below 10°  cm — to pre-
vent the charged paint droplets from being repelled)

3. Electromagnetic interference shielding (which is
achieved for an electrical resistivity of less than
10  cm.

Materials are often required to be multifunctional,
for example, to have both high electrical conductivity
and high toughness, or high thermal conductivity and
high thermal stability. An association of several mater-
ials, each of them bringing one of the desired features,
generally meets this need. The exceptional features and
properties of carbon nanotubes make them likely to be
a perfect multifunctional material in many cases. For in-
stance, materials used in satellites are often required to
be electrical conductive, mechanically self-supporting,
able to transport away excess heat, and often to be ro-
bust against electromagnetic interference, while being
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of minimal weight and volume. All of these properties
should be possible with a single nanotube-containing
composite material instead of complex multimateri-
als combining layers of polymers, aluminum, copper,
and so on. Table 3.5 provides an overview of various
fields in which nanotube-based multifunctional mater-
ials should find application.

Nanoelectronics
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 semiconducting. This
has inspired the design of several components for na-
noelectronics. First, metallic SWNTs can be used as
mere ballistic conductors. Moreover, as early as 1995,
realizing a rectifying diode by joining one metallic
SWNT to one semiconductor SWNT (hetero-junction)
was proposed by Lambin et al. [3.489], then later
by Chice et al. [3.490] and Yao et al. [3.491]. Also,
field effect transistors (FET) can be built by attaching
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a semiconductor SWNT across two electrodes (source
and drain) deposited on an insulating substrate that
serves as a gate electrode [3.492, 493]. The associa-
tion of two such SWNT-based FETs makes a voltage
inverter [3.494].

All of the latter developments are fascinating and
provide promising outlets for nanotube-based elec-
tronics. However, progress is obviously needed before
SWNT-based integrated circuits can be constructed on
a routine basis. A key issue is the need to be able
to selectively prepare either metallic or semiconductor
nanotubes. Although a method of selectively destroy-
ing metallic SWNTs in bundles of undifferentiated
SWNTs [3.496] has been proposed, the method is not
scalable and selective synthesis would be preferable.
Also, defect-free nanotubes are required. Generally
speaking, this relates to another major challenge, which
is to be able to fabricate integrated circuits includ-
ing nanometer-size components (that only sophisticated
imaging methods such as AFM are able to visualize) on
an industrial scale. An overview of the issues related to
the integration of carbon nanotubes into microelectron-
ics systems has been written by Graham et al. [3.497].

Nanotools, Nanodevices and Nanosystems
Due to the ability of graphene to expand slightly when
electrically charged, nanotubes have been found to act
as actuators. Kim and Lieber [3.495] demonstrated this
by designing nanotweezers, which are able to grab,
manipulate and release nano-objects (the nanobead
that was handled for the demonstration was actually
closer to a micrometer in size than a nanometer), as
well as to measure their electrical properties. This was
made possible by simply depositing two nonintercon-

—

Deposit independent
" metal coatings

M

—
Attach
carbonnanotubes

¥
fm_
= ‘

Fig.3.32 Sketch explaining how the first nanotweezers
were designed. The process involves modifying a glass
micropipette (dark cone, top). Two Au coatings (in gray,
middle) are deposited so that they are not in contact. Then
a voltage is applied to the electrodes (from [3.495])

nected gold coatings onto a pulled glass micropipette
(Fig.3.32), and then attaching two MWNTs (or two
SWNT-bundles) = 20—50 nm in diameter to each of the
gold electrodes. Applying a voltage (0—8.5 V) between
the two electrodes then makes the tube tips 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) [3.498].
This consisted of mounting two SWNT-based pa-
per strips (bucky-paper) on both sides of insulating
double-sided tape. The two bucky-paper strips had been
previously loaded with Na® and CI~, respectively.
When 1V was applied between the two paper strips,
both of them expanded, but the strip loaded with Na™*
expanded a bit more, forcing the whole system to bend.
Though performed in a liquid environment, this behav-
ior has inspired the authors to predict a future use for
their system in artificial muscles.

Another example of amazing nanotools is the nan-
othermometer proposed by Gae and Bando [3.499].
A single MWNT was used, which was partially filled
with liquid gallium. Temperature variations in the range
50-500°C cause the gallium to reversibly move up and
down within the nanotube cavity at reproducible levels
with respect to the temperature values applied.

Of course, nanotools such as nanotweezers or
nanothermometers are hardly commercial enough to
justify industrial investment. But such experiments are
more than just amazing laboratory curiosities. They
demonstrate the ability of carbon nanotubes to pro-
vide building blocks for future nanodevices, including
nanomechanical systems.

Supercapacitors
Supercapacitors consist of two electrodes immersed
in an electrolyte (such as 6M KOH), separated by
an insulating ion-permeable membrane. Charging the
capacitors is achieved by applying a potential be-
tween the two electrodes, which makes the cations
and the anions move toward the oppositely charged
electrode. Suitable electrodes should exhibit high elec-
trical conductivities and high surface areas, since the
capacitance is proportional to these parameters. Actu-
ally, the surface area should consist of an appropriate
combination of mesopores (to allow the electrolyte
components to circulate well, which is related to the
charging speed) and micropores (whose walls pro-
vide the attractive surfaces and fixation sites for the
ions). Based on early work by Niu et al. [3.500],
such a combination was found to be provided by
the specific architecture offered by packed and entan-
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gled h-MWNTs with poor nanotextures (Sect.3.1.2).
However, activation pretreatments were necessary. For
instance, a capacitor made from nanotubes with a sur-
face area of 220 m? /g exhibited a capacitance of 20 F/g,
which increased to 100F/g after an activation treat-
ment was applied to the nanotubes so that their surface
area increased to 880m? /g [3.171]. Alternatively, again
due to their remarkable architectures derived from
their huge aspect ratios, nanotubes can also be used
as supports for conductive polymer coatings, such
as polypyrrole or polyaniline [3.501], or additives to
regular carbon electrodes [3.502], which make the
material more open, allowing easier circulation and
penetration of ions. Supercapacitors built from such
composites can survive more than 2000 charging cycles,
with current densities as high as 350mA/g [3.503].

Capacitors including nanotubes have already shown
capacitances as high as 180-200F/g, equivalent to
those obtained with electrodes built from regular car-
bon materials, but they have the advantage of faster
charging [3.171]. Current work in this area will cer-
tainly lead to further optimization of both the nanotube
material architecture and the nanotube-supported con-
ductive polymers, meaning that the outlook for the
commercial use of nanotubes as components for su-
percapacitors is positive, and this is ignoring the
potential application of second-generation nanotubes
(such as nanotube-based nano-objects) in this field.
A first attempt to use hybrid nanotubes (Sect.3.5.2)
has already resulted in improved properties with
respect to genuine (undoped) nanotube-based sys-
tems [3.504].

3.7 Toxicity and Environmental Impact of Carbon Nanotubes

As the number of industrial applications of CNT in-
creases constantly with the production capacity at the
worldwide level (estimated to ca. a few hundreds of tons
in 2007), it is reasonable to address the issue of their
potential impact on both human health and environ-
ment. [t is important to consider that the large variety of
CNTs (SWNT, DWNT, MWNT, hetero-CNTs, hybrid
CNTs, etc.) and of synthesis routes (arc-discharge, laser
ablation, CCVD, ...) as well as the lack of standard-
ized testing procedures make the investigation of the
toxicity of CNTs very difficult, and the comparison of
the already published results almost impossible [3.505].
CNTs are mostly found as bundles rather than as in-
dividual objects, or more likely as large micrometric
agglomerates. All samples contain different levels of
residual catalyst(s), depending on the synthesis route
and purification steps that they may have undergone.
Usual purification treatments involve the combination
of acids and oxidising agents, which leads to partial
functionalization of the outer wall, making the treated
samples more hydrophilic. SWNTs and DWNTs usu-
ally form long and flexible bundles (typically hundreds
of micrometers long) whereas MWNTSs are generally
shorter (tens of micrometers) and more rigid. MWNTs
also have generally more surface defects, which en-
hances their chemical reactivity. The specific surface
area can range from a few tens of squared metres per
gram in the case of densely packed MWNTSs to just
below 1000m?/g in the case of SWNTs and DWNTs
(the theoretical limit being ca. 1300m? /g in the case of
individual closed SWNTs).

The main exposure routes for dry CNTs are in-
halation and dermal contact (also possible in the case
of suspensions). Ingestion is generally not considered
(would be accidental), although it is in fact more or
less related to inhalation. In the case of suspensions,
the main issue concerns their stability. This question
has been widely studied worldwide and the general ap-
proach is the addition of a surfactant in order to stabilise
the CNT in the liquid. The main problem is that all
commonly used surfactants are toxic to a certain extent
and thus cannot be used in the presence of living cells
or animals for in vivo or in vitro investigations, or at
such low concentrations that they do not really play any-
more the role they are supposed to play. Although a few
natural surfactants have been investigated, the stability
of the suspensions in the presence of living organisms
is often very different (fast destabilisation leading to
flocculation). Injection in the bloodstream is envisaged,
but would not be accidental (biological applications
such as imaging, targeted cell delivery, hyperthermia,
etc.). After the CNTs have entered the body, they could
travel following different routes depending on the entry
point (movements from one organ to another are called
translocation) but also mainly on their physicochemical
characteristics. Objects recognised as non-self by the
immune system usually end up in the liver or the kid-
neys if they can be transported there, and could possibly
be excreted (eliminated) from the body. In the general
case, CNTs will just accumulate (biopersistance). They
are usually intercepted by macrophages (cells present
in all tissues and which role is to phagocyte (engulf and

L€ |V Hed



100

8¢ | vV Hed

Part A

Nanostructures, Micro-/Nanofabrication and Materials

then digest) cellular debris and pathogens as well as to
stimulate lymphocytes and other immune cells to re-
spond to the pathogens). Taking into account the small
size of macrophages as compared to that of agglom-
erates, bundles or even individual CNTs, macrophages
usually do not manage to get rid of the CNTs by phago-
cytose. However, they try to do so and thus release
reactive oxygen species (ROS), enzymes, cytokines (in-
terferons (IFN)), etc. and agglomerate around them to
isolate them from the body. Proteins present in the blood
and most biological fluids (complement system — in-
nate immunity) will play a similar role by labelling the
CNTs (opsonisation) and possibly generating some in-
flammatory reactions. The complement system strongly
interacts with the lymphocytes. These natural phenom-
ena have deleterious consequences on the surrounding
tissues: inflammation in a first instance, formation of
granuloma (commonly observed in the lungs after expo-
sure to CNTs). Each target organ has its own phagocyte
cells (Kupffer cells in the liver, Langerhans cells in the
skin, etc.).

Toxicity can be assessed both by in vitro and in vivo
experiments. In the case of in vitro assays, cell cultures
(usually immortalised cancer cells, but also primary cul-
tures or even stem cells) are exposed to suspensions of
CNTs. In the case of in vivo assays, the animals (mice,
rats, worms, amphibians, fishes, etc.) are exposed either
to aerosols (inhalation) or mainly again to suspensions
of CNTs which will be administrated according to dif-
ferent protocols depending on the study (intra-tracheal
instillation, injection, contact with the skin, etc.). Ex-
trapolating the toxicity results from animals (or even
worse, from cells) to humans is very delicate but the
data are however very useful for the sake of comparison
in a given system and with given experimental condi-
tions. As soon as CNTs are in contact with a biological
fluid, their surface chemistry is likely to be modified

3.8 Concluding Remarks

Carbon nanotubes have been the focus of a lot of re-
search work (and therefore a lot of funding) for nearly
two decades now. Considering this investment of time
and money, relatively few nanotube applications have
reached the market yet. This may remind some of
the disappointments associated with fullerene research,
originally believed to be so promising, but which has
resulted in no significant application after twenty years.

very quickly by adsorption of proteins (complement
system [3.506], surfactants [3.507], etc.); this adsorp-
tion can be very specific [3.506,507], and is likely to be
dynamic and controlled by the affinity of the molecules
for the surface of the CNTs (pristine or functionalised).
It is thus obvious that the surface chemistry of the CNTs
will play a very important role.

The potential use of CNTs in commercial products
(Sect. 3.5) begs the question of their fate at the end of
their lifecycle. If the impact of CNTs on human health
is under investigation for already a few years now, it
is noteworthy that the environmental impact has almost
not been taken into account. Only a few publications
(less than 15) are available to date and the concentra-
tion at which ecotoxic effects are evidenced is usually
much higher than what could be reasonably found in the
environment (unless very local and specific conditions).
Due to the potentially very high specific surface area of
CNTs, they could act as vectors for pollutants adsorbed
on their surface (PAH, polycyclic aromatic hydrocar-
bons for example), even if themselves do not show any
sign of toxicity.

There is currently no consensus about the toxicity
of CNTs [3.505], although more than 500 papers have
now been published already on this topic within the
last 5years. Despite the worldwide effort devoted to
this field of research, the huge variety of CNT types,
shapes, composition, etc. will make very difficult to an-
swer this simple question: are CNT toxic? The principle
of precaution should not stop all research in this area but
only draw the attention to a more responsible attitude
for people working on their synthesis or manipulating
them, and industrials willing to include them in con-
sumer products. Gloves should be worn at any time as
well as an adapted (FFP3 type) disposable dust mask.
Wearing a lab coat is recommended to limit contamina-
tion of clothes. CNT wastes should be burnt.

However, nanotubes exhibit an extraordinary diversity
of morphologies, textures, structures and nanotextures,
far beyond that provided by fullerenes. Indeed, the
properties of nanotubes are yet to be fully identi-
fied, and we should not forget the potential of hybrid
nanotubes, heteronanotubes and nanotube-containing
composites. The history of nanotubes has only just
begun.
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This chapter provides an overview of recent
research on inorganic nanowires, particu-

larly metallic and semiconducting nanowires.
Nanowires are one-dimensional, anisotropic
structures, small in diameter, and large in surface-
to-volume ratio. Thus, their physical properties are
different than those of structures of different scale
and dimensionality. While the study of nanowires
is particularly challenging, scientists have made
immense progress in both developing synthetic
methodologies for the fabrication of nanowires,
and developing instrumentation for their charac-
terization. The chapter is divided into three main
sections: Sect. 4.1 the synthesis, Sect. 4.2 the char-
acterization and physical properties, and Sect. 4.3
the applications of nanowires. Yet, the reader will
discover many links that make these aspects of
nanoscience intimately interdepent.

I:1 Synthesis :cosaonninnssmaannss 121
4.1.1 Template-Assisted Synthesis.......... 121

Nanowires are attracting much interest from those seek-
ing to apply nanotechnology and (especially) those
investigating nanoscience. Nanowires, unlike other
low-dimensional systems, have two quantum-confined
directions but one unconfined direction available for
electrical conduction. This allows nanowires to be used
in applications where electrical conduction, rather than
tunneling transport, is required. Because of their unique
density of electronic states, in the limit of small diam-
eters nanowires are expected to exhibit significantly
different optical, electrical and magnetic properties to
their bulk 3-D crystalline counterparts. Increased sur-
face 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
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for Nanowire Synthesis ................. 124
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the ways in which nanowires differ from their corre-
sponding bulk materials. Yet the sizes of nanowires are
typically large enough (> 1 nm in the quantum-confined
direction) to result in local crystal structures that are
closely related to their parent materials, allowing the-
oretical predictions about their properties to be made
based on knowledge of 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 also
have the advantage from an applications 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.
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study of nanostructures [4.75]. Mesoporous molecular
sieves [4.76], termed MCM-41, possess hexagonally-
packed pores with very small channel diameters which
can be varied between 2 and 10 nm. Conducting organic
filaments have been fabricated in the nanochannels of
MCM-41 [4.77]. Recently, the DNA molecule has also
been used as a template for growing nanometer-sized
wires [4.3].

Diblock copolymers, polymers that consist of two
chain segments different properties, have also been uti-
lized as templates for nanowire growth. When two
components 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)] [4.79] 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
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Fig.4.2a=c XRD patterns of bismuth/anodic alumina
nanocomposites with average bismuth wire diameters of
(a) 40 nm, (b) 52 nm, and (¢) 95 nm [4.78]. The Miller in-
dices 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 dw < 50 nm, respectively
(after [4.13,78]). 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

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 10T em=3.,

Nanowire Template-Assisted Growth

by Pressure Injection
The pressure injection technique is often employed for
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 pressurization processes, the templates used for
the pressure injection method must be chemically sta-
ble and be able to maintain their structural integrity
at high temperatures and at high pressures. Anodic
aluminum oxide films and nanochannel glass are two
typical materials used as templates in conjunction with
the pressure injection 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 [4.12,46,
78].

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 [4.80]

dw = —4ycos6/P (.1)

where y is the surface tension of the liquid, and @
is the contact angle between the liquid and the tem-
plate. To reduce the required pressure and to maximize
the filling factor, some surfactants are used to de-
crease the surface tension and the contact angle. For
example, the introduction of Cu into the Bi melt can
facilitate filling the pores in the anodic alumina tem-
plate with liquid Bi and can increase the number of
nanowires that are formed [4.13]. However, some of
the surfactants might cause contamination problems
and should therefore be avoided. Nanowires produced
by the pressure injection technique usually possess
high crystallinity and a preferred crystal orientation
along the wire axis. For example, Fig.4.2 shows the
x-ray diffraction (XRD) patterns of Bi nanowire ar-
rays of three different wire diameters with an injection
pressure of =2 5000 psi [4.78], showing that the major
(> 80%) crystal orientation of the wire axes in the 95
and 40nm diameter Bi nanowire arrays are, respec-
tively, normal to the (202) and (012) lattice planes,
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which are denoted by [lOTl] and [0112] when using
a hexagonal unit cell, suggesting a wire diameter-
dependent crystal growth direction. On the other hand,
30nm Bi nanowires produced using a much higher
pressure of > 20000 psi show a different crystal ori-
entation of (001) along the wire axis [4.14], indicating
that the preferred crystal orientation may also depend
on the applied 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 a versatile method for fabricating
nanowires in templates. 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
method has been used to synthesize a wide variety of
nanowires, such as metals (Bi [4.9,74]; Co [4.81,82];
Fe [4.25,83]; Cu [4.73, 84]; Ni [4.39,81]; Ag [4.85];
Au [4.5]); conducting polymers [4.9,61]; superconduc-
tors (Pb [4.86]); semiconductors (CdS [4.19]); and even
superlattice nanowires with A/B constituents (such as
Cu/Co [4.73,84]) have been synthesized electrochemi-
cally (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 pri-

marily occur in the more accessible cracks, leaving
most of the nanopores unfilled. Particle track-etched
mica films or polymer membranes are typical tem-
plates used in simple DC electrolysis. To use anodic
aluminum oxide films in the DC electrochemical de-
position, the insulating barrier layer which separates
the pores from the bottom aluminum substrate has
to be removed, and a metal film is then evaporated
onto the back of the template membrane [4.87]. Com-
pound nanowire arrays, such as Bi;Tes, have been
fabricated in alumina templates with a high filling fac-
tor using the DC electrochemical deposition [4.16].
Figure 4.3a,b, respectively, shows the top view and
the axial cross-sectional SEM images of a Bi;Te;
nanowire array [4.16]. The light areas are associ-
ated with Bi»Te; 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,
a methanol surfactant is used to facilitate pore fill-
ing [4.79], thereby achieving a &~ 100% filling factor.

It is also possible to employ an ac electrodeposi-
tion method in anodic alumina templates without the
removal of the barrier layer, by utilizing the rectifying
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
material is deposited. Hence, the difficulties associated
with cracks are avoided. In this fashion, metals, such as
Co [4.82] and Fe [4.25,83], and semiconductors, such
as CdS [4.19], have been deposited into the pores of an-
odic aluminum oxide templates without removing the
barrier layer.

Fig. .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;Tes nanowire
array composite along the wire axis

(after [4.16])

b
— 100 nm
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a) & b)

0.1pm 15nm

Fig. 4.4 (a) TEM image of a single Co(10 nm)/Cu(10 nm)
multilayered nanowire. (b) A selected region of the sample
at high magnification (after [4.84])

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. However, some exceptions exist. For exam-
ple, polyerystalline CdS nanowires, fabricated by an
ac electrodeposition method in anodic alumina tem-
plates [4.19], possibly have a preferred wire growth
orientation along the c-axis. In addition, Xu et al. have
prepared a number of single-crystal [I-VI semiconduc-
tor nanowires, including CdS, CdSe and CdTe, by DC
electrochemical deposition in anodic alumina templates
with a nonaqueous electrolyte [4.18,22]. Furthermore,
single-crystal Pb nanowires were formed by pulse elec-
trodeposition under overpotential conditions, but no
specific crystal orientation along the wire axis was ob-
served [4.86]. 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 de-
position conditions can be produced for each deposition
pulse. Similarly, single-crystal Ag nanowires were fab-
ricated by pulsed electrodeposition [4.4].

One advantage of the electrochemical deposition
technique is the possibility of fabricating multilayered
structures within nanowires. By varying the cathodic
potentials in the electrolyte, which contains two dif-
ferent kinds of ions, different metal layers can be
controllably deposited. Co/Cu multilayered nanowires
have been synthesized in this way [4.73,84]. Figure 4.4
shows TEM images of a single Co/Cu nanowire which
is about 40 nm in diameter [4.84]. The light bands rep-
resent Co-rich regions and the dark bands represent
Cu-rich layers. This electrodeposition method provides

a low-cost approach to preparing multilayered 1-D
nanostructures.

Vapor Deposition
Vapor deposition of nanowires includes physical va-
por deposition (PVD) [4.8], chemical vapor deposition
(CVD) [4.29], and metallo-organic chemical vapor de-
position (MOCVD) [4.32]. Like electrochemical depo-
sition, vapor deposition is usually capable of preparing
smaller-diameter (< 20 nm) nanowires than pressure in-
jection methods, since it does not rely on the high
pressure and the surface tension involved to insert the
material into the pores.

In the physical vapor deposition technique, the ma-
terial 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 a specially designed experi-
mental setup [4.8], nearly single-crystal Bi nanowires
in anodic aluminum templates with pore diameters as
small as 7nm have been synthesized, and these Bi
nanowires were found to possess a preferred crystal
growth orientation along the wire axis, similar to the
Bi nanowires prepared by pressure injection [4.8, 13].

Compound materials that result from two reacting
gases have also be prepared by the chemical vapor de-
position (CVD) technique. For example, single-crystal
GaN nanowires have been synthesized in anodic alu-
mina templates through a gas reaction of Ga,O vapor
with a flowing ammonia atmosphere [4.28, 29]. A dif-
ferent liquid/gas phase approach has been used to
prepare polycrystalline GaAs and InAs nanowires in
a nanochannel glass array [4.32]. In this method, the
nanochannels are filled with one liquid precursor (such
as Me;Ga or Et;In) via a capillary effect and the
nanowires are formed within the template by reactions
between the liquid precursor and the other gas reactant
(such as AsHj).

4.1.2 VLS Method for Nanowire Synthesis

Some of the recent successful syntheses of semiconduc-
tor 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
micrometer in diameter [4.88]. The proposed growth
mechanism (Fig. 4.5) involves the absorption of source
material from the gas phase into a liquid droplet of cat-
alyst (a molten particle of gold on a silicon substrate
in the original work [4.88]). Upon supersaturation of
the liquid alloy, a nucleation event generates a solid
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precipitate of the source material. This seed serves as
a preferred site for further deposition of material at
the interface of the liquid droplet, promoting the elon-
gation 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
droplet. The nanowires thus obtained are of high purity,
except for the end containing the solidified catalyst as
an alloy particle (Figs. 4.5 and 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 [4.89].

Reduction of the average wire diameter to the
nanometer scale requires the generation of nanosized
catalyst droplets. However, due to the balance between
the liquid-vapor surface free energy and the free energy
of condensation, the size of a liquid droplet, in equilib-
rium with its vapor, is usually limited to the micrometer
range. This obstacle has been overcome in recent years
by several new methodologies:

1. Advances in the synthesis of metal nanoclusters
have made monodispersed nanoparticles commer-
cially available. These can be dispersed on a solid
substrate in high dilution so that when the temper-
ature is raised above the melting point, the liquid
clusters do not aggregate [4.47].

2. Alternatively, metal islands of nanoscale sizes can
self-form when a strained thin layer is grown or
heat-treated on a nonepitaxial substrate [4.34].

Si vapor
) /| SifMetal
Si vapor \_d,," catalyst (liquid)
S
v 1 i
L PRI
“ 1
w Nanowire
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Si/Metal

catalyst (liquid) Si (solid)

Fig.4.5 Schematic diagram illustrating the growth of silicon

nanowires by the VLS mechanism

3. Laser-assisted catalytic VLS growth is a method
used to generate nanowires under nonequilibrium
conditions. Using laser ablation of a target con-
taining both the catalyst and the source materials,
a plasma is generated from which catalyst nan-
oclusters nucleate as the plasma cools down. Single
crystal nanowires grow as long as the particle re-
mains liquid [4.48].

4. Interestingly, by optimizing the material properties
of the catalyst-nanowire system, conditions can be
achieved for which nanocrystals nucleate in a li-
quid catalyst pool supersaturated with the nanowire
material, migrate to the surface due to a large sur-
face tension, and continue growing as nanowires
perpendicular to the liquid surface [4.50]. In this
case, supersaturated nanodroplets are sustained on
the outer end of the nanowire due to the low solubil-
ity of the nanowire material in the liquid [4.91].

A wide variety of elemental, binary and com-
pound semiconductor nanowires has been synthesized

Fig.4.6 (a) TEM images of Si nanowires produced after laser-ablating a SipoFeg target. The dark spheres with
a slightly larger diameter than the wires are solidified catalyst clusters (after [4.48]). (b) Diffraction contrast TEM im-
age 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 crys-
tallinity (after [4.48]). (c) STEM image of Si/S8i;_,Ge, superlattice nanowires in the bright field mode. The scale bar is

500 nm (after [4.90])
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via the VLS method, and relatively good control
over the nanowire diameter and diameter distribution
has been achieved. Researchers are currently focus-
ing their attention on the controlled variation of the
materials properties along the nanowire axis. In this
context, researchers have modified the VLS synthe-
sis apparatus to generate compositionally-modulated
nanowires. GaAs/GaP-modulated nanowires have been
synthesized by alternately ablating targets of the corre-
sponding materials in the presence of gold nanoparti-
cles [4.92]. p-Si/n-Si nanowires were grown by chem-
ical vapor deposition from alternating gaseous mixtures
containing the appropriate dopant [4.92]. §8i/Si;_Ge,
nanowires were grown by combining silicon from
a gaseous source with germanium from a periodically
ablated target (Fig. 4.6¢) [4.90]. NiSi-Si nanowires have
been successfully synthesized which directly incorpo-
rate a nanowire metal contact into active nanowire
devices [4.93]. Finally, using an ultrahigh vacuum
chamber and molecular beams, InAs/InP nanowires
with atomically sharp interfaces were obtained [4.94].
These compositionally-modulated nanowires are ex-
pected to exhibit exciting electronic, photonic, and
thermoelectric properties.

Interestingly, silicon and germanium nanowires
grown by the VLS method consist of a crystalline core
coated with a relatively thick amorphous oxide layer
(2—3nm) (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 [4.49, 95]. Silicon oxides were found
to serve as a special and highly selective catalyst that
significantly enhances the yield of Si nanowires with-
out the need for metal catalyst particles [4.49,95,96].
A similar yield enhancement was also found in the
synthesis of Ge nanowires from the laser ablation of
Ge powder mixed with GeO, [4.35]. The Si and Ge
nanowires produced from these metal-free targets gen-
erally grow along the [112] crystal direction [4.97],
and have the benefit that no catalyst clusters are found
on either ends of the nanowires. Based on these ob-
servations and other TEM studies [4.35,95,97], an
oxide-enhanced nanowire growth mechanism differ-
ent from the classical VLS mechanism was proposed,
where no metal catalyst is required during the laser
ablation-assisted synthesis [4.95]. It is postulated that
the nanowire growth is dependent on the presence of
Si0 (or GeO) vapor, which decomposes in the nanowire
tip region into both Si (or Ge), which is incorporated
into the crystalline phase, and SiO; (or GeO,), which
contributes to the outer coating. The initial nucleation

1 M) N
Fig.4.7 TEM image showing the two major morpholo-
gies of Si nanowires prepared by the oxide-assisted growth
method (after [4.95]). Notice the absence of metal par-
ticles when compared to Fig. 4.6a. The arrow points at an
oxide-linked chain of Si nanoparticles

1P

events generate oxide-coated spherical nanocrystals.
The [112] crystal faces have the fastest growth rate,
and therefore the nanocrystals 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 in or at temperatures near their molten
states, catalyzing the incorporation of gas molecules
in a directional fashion [4.97]. Besides nanowires with
smooth walls, a second morphology of chains of unori-
ented nanocrystals linked by oxide necks is frequently
observed (indicated by an arrow in Fig.4.7). In addi-
tion, it was found by STM studies that about 1% of
the wires consist of a regular array of two alternating
segments, 10 and Snm in length, respectively [4.98].
The segments, whose junctions form an angle of 30°,
are probably a result of alternating growth along differ-
ent crystallographic orientations [4.98]. Branched and
hyperbranched Si nanowire structures have also been
synthesized by Whang et al. [4.99].

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
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Hydrophobic
nanorods
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Subphase

Fig.4.10 A TEM image of a smectic phase of a BaCrQOy4
nanorod film (left inset) achieved by the Langmuir—
Blodgett technique, as depicted by the illustration (af-
ter [4.113])

In this process, a tetrahedral quantum dot core is first
grown, and then the conditions are modified to in-
duce one-dimensional growth of a nanowire from each
one of the facets of the tetrahedron. A similar pro-
cess produced high-symmetry In, 03 /ZnO hierarchical
nanostructures. From a mixture of heat-treated In,Os,
Zn0O, and graphite powders, faceted In,O3 nanowires
were first obtained, on which oriented shorter ZnO
nanowires were crystallized [4.107]. Brushlike struc-
tures 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 orienta-
tion of the main axis of the core nanowire, as shown
in Fig.4.9. Comblike structures made entirely of ZnO
were also reported [4.54].

Controlling the position of a nanowire in the growth
process is important for preparing devices or test struc-
tures containing nanowires, especially when it involves
a large array of nanowires. Post-synthesis methods to
align and position nanowires include microfluidic chan-
nels [4.114], Langmuir-Blodgett assemblies [4.113],
and electric field-assisted assembly [4.115]. The first
method involves the orientation of the nanowires by
the liquid flow direction when a nanowire solution is
injected into a microfluidic channel assembly and by
the interaction of the nanowires with the side walls
of the channel. The second method involves the align-

ment of nanowires at a liquid-gas or liquid-liquid
interface by the application of compressive forces on
the interface (Fig.4.10). The aligned nanowire films
can then be transferred onto a substrate and lithog-
raphy methods can be used to define interconnects.
This allows the nanowires to be organized with a con-
trolled alignment and spacing over large areas. Using
this method, centimeter-scale arrays containing thou-
sands of single silicon nanowire field-effect transistors
with high performance could be assembled to make
large-scale nanowire circuits and devices [4.99, 116].
The third technique is based on dielectrophoretic forces
that pull polarizable nanowires toward regions of high
field strength. The nanowires align between two iso-
lated electrodes which are capacitatively coupled to
a pair of buried electrodes biased with an AC volt-
age. Once a nanowire shorts the electrodes, the electric
field is eliminated, preventing more nanowires from
depositing. The above techniques have been success-
fully used to prepare electronic circuitry and optical
devices out of nanowires (Sects. 4.3.1 and 4.3.3). Al-
ternatively, alignment and positioning of the nanowires
can be specified and controlled during their growth by
the proper design of the synthesis method. For exam-
ple, ZnO nanowires prepared by the VLS method were
grown into an array in which both their position on
the substrate and their growth direction and orienta-
tion were controlled [4.54]. The nanowire growth region
was defined by patterning the gold film, which serves
as a catalyst for the ZnO nanowire growth, employing
soft-lithography, e-beam lithography, or photolithogra-
phy. The orientation of the nanowires was achieved by
selecting a substrate with a lattice structure matching
that of the nanowire material to facilitate the epitaxial
growth. These conditions result in an array of nanowire
posts at predetermined positions, all vertically aligned
with the same crystal growth orientation (Fig.4.11).
Similar rational GaN nanowire arrays have been syn-
thesized epitaxially on (100)LiAlO; and (111)MgO
single-crystal substrates. In addition, control over the
crystallographic growth directions of nanowires was
achieved by lattice-matching to different substrates.
For example, GaN nanowires on (100)LiAlO; sub-
strates grow oriented along the [110] direction, whereas
(111)MgO substrates result in the growth of GaN
nanowires with an [001] orientation, due to the dif-
ferent lattice-matching constraints [4.117]. A similar
structure could be obtained by the template-mediated
electrochemical synthesis of nanowires (Sect.4.1.1),
particularly if anodic alumina with its parallel and or-
dered channels is used. The control over the location
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ig.k."a-c SEM images of ZnO nanowire arrays grown on a sapphire substrate, where (a) shows patterned growth,

(b) shows a higher resolution image of the parallel alignment of the nanowires, and (c) shows the faceted side-walls and
the hexagonal cross section of the nanowires. For nanowire growth, the sapphire substrates were coated witha 1.0-3.5 nm
thick patterned layer of Au as the catalyst, using a TEM grid as the shadow mask. These nanowires have been used for

nanowire laser applications (after [4.122])

of the nucleation of nanowires in the electrochemi-
cal deposition is determined by the pore positions and
the back-electrode geometry. The pore positions can
be precisely controlled by imprint lithography [4.118].

By growing the template on a patterned conductive
substrate that serves as a back-electrode [4.119-121]
different materials can be deposited in the pores at dif-
ferent regions of the template.

4.2 Characterization and Physical Properties of Nanowires

In this section we review the structure and prop-
erties of nanowires and their interrelationship. The
discovery and investigation of nanostructures were
spurred on by advances in various characterization and
microscopy techniques that enabled material charac-
terization to take place at smaller and smaller length
scales, reaching length scales down to individual atoms.
For applications, characterizing the structural properties
of nanowires is especially important, so that a repro-
ducible relationship between their desired functionality
and their geometrical and structural characteristics can
be established. Due to the enhanced surface-to-volume
ratio in nanowires, their properties may depend sen-
sitively on their surface conditions and geometrical
configurations. Even nanowires made of the same
material may possess dissimilar properties due to dif-
ferences in their crystal phase, crystalline size, surface
conditions, and aspect ratios, which depend on the syn-
thesis methods and conditions used in their preparation.

4.2.1 Structural Characterization

Structural and geometric factors play an important
role in determining the various attributes of nanowires,
such as their electrical, optical and magnetic proper-
ties. Therefore, various novel tools have been developed
and employed to obtain this important structural in-

formation at the nanoscale. At the micrometer scale,
optical techniques are extensively used for imaging
structural features. Since the sizes of nanowires are usu-
ally comparable to or, in most cases, much smaller
than the wavelength of visible light, traditional opti-
cal microscopy techniques are usually limited when
characterizing the morphology and surface features of
nanowires. Therefore, electron microscopy techniques
play a more dominant role at the nanoscale. Since
electrons interact more strongly than photons, electron
microscopy is particularly sensitive relative to x-rays for
the analysis of tiny samples.

In this section we review and give examples of how
scanning electron microscopy, transmission electron
microscopy, scanning probe spectroscopies, and diffrac-
tion techniques are used to characterize the structures
of nanowires. To provide the necessary basis for de-
veloping reliable structure—property relations, multiple
characterization tools are applied to the same samples.

Scanning Electron Microscopy
SEM usually produces images down to length scales
of ~ 10nm and provides valuable information regard-
ing the structural arrangement, spatial distribution, wire
density, and geometrical features of the nanowires. The
examples of SEM micrographs shown in Figs. 4.1 and
4.3 indicate that structural features at the 10nm to
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10 um length scales can be probed, providing infor-
mation on the size, size distribution, shapes, spatial
distributions, density, nanowire alignment, filling fac-
tors, granularity, etc.. As another example, Fig.4.11a
shows an SEM image of ZnO nanowire arrays grown
on a sapphire substrate [4.122], which provides evi-
dence for the nonuniform spatial distribution of the
nanowires on the substrate, which was attained by pat-
terning the catalyst film to define high-density growth
regions and nanowire-free regions. Figure 4.11b, show-
ing a higher magnification of the same system, indicates
that these ZnO nanowires grow perpendicular to the
substrate, are well-aligned with approximately equal
wire lengths, and have wire diameters in the range
20 < dw = 150nm. The SEM micrograph in Fig.4.11c
provides further information about the surface of
the nanowires, showing it to be well-faceted, form-
ing a hexagonal cross section, indicative of nanowire
growth along the (0001) direction. Both the uniformity
of the nanowire size, their alignment perpendicular to
the substrate, and their uniform growth direction, as
suggested by the SEM data, are linked to the good epi-
taxial interface between the (0001) plane of the ZnO
nanowire and the (110) plane of the sapphire substrate.
(The crystal structures of ZnO and sapphire are es-
sentially incommensurate, with the exception that the
a-axis of ZnO and the c-axis of sapphire are related al-
most exactly by a factor of 4, with a mismatch of less
than 0.08% at room temperature [4.122].) The well-
faceted nature of these nanowires has important impli-
cations for their lasing action (Sect.4.3.2). Figure 4.12
shows an SEM image of GaN nanowires synthesized by
a laser-assisted catalytic growth method [4.30], indicat-
ing a random spatial orientation of the nanowire axes
and a wide diameter distribution for these nanowires, in
contrast to the ZnO wires in Fig.4.11 and to arrays of
well-aligned nanowires prepared by template-assisted
growth (Fig. 4.3).

Transmission Electron Microscopy
TEM and high-resolution transmission electron mi-
croscopy (HRTEM) are powerful imaging tools for
studying nanowires at the atomic scale, and they usu-
ally provide more detailed geometrical features than are
seen in SEM images. TEM studies also yield informa-
tion regarding the crystal structure, crystal quality, grain
size, and crystal orientation of the nanowire axis. When
operating in the diffraction mode, selected area electron
diffraction (SAED) patterns can be made to determine
the crystal structures of nanowires. As an example, the
TEM images in Fig. 4.13 show four different morpholo-

gies for Si nanowires prepared by the laser ablation
of a Si target [4.123]: (a) spring-shaped; (b) fishbone-
shaped (indicated by solid arrow) and frogs egg-shaped
(indicated by the hollow arrow), (¢) pearl-shaped, while
(d) shows the poly-sites of nanowire nucleation. The
crystal quality of nanowires is revealed from high-
resolution TEM images with atomic resolution, along
with selected area electron diffraction (SAED) pat-
terns. For example, Fig.4.14 shows a TEM image of
one of the GaN nanowires from Fig.4.12, indicating
single crystallinity and showing (100) lattice planes,
thus indicating the growth direction of the nanowire.
This information is supplemented by the corresponding
electron diffraction pattern in the upper right. A more
comprehensive review of the application of TEM for
growth orientation indexing and crystal defect charac-
terization in nanowires is available elsewhere [4.124].

The high resolution of the TEM also permits the
surface structures of the nanowires to be studied. In
many cases, the nanowires are sheathed with a native
oxide layer, or an amorphous oxide layer that forms dur-
ing the growth process. This can be seen in Fig.4.6b
for silicon nanowires and in Fig.4.15 for germanium
nanowires [4.35], showing a mass—thickness contrast
TEM image and a selected-area electron diffraction pat-
tern of a Ge nanowire. The main TEM image shows that
these Ge nanowires possess an amorphous GeQO; sheath
with a crystalline Ge core that is oriented in the [211]
direction.

ment synthesized by laser-assisted catalytic growth. The
nanowires have diameters and lengths on the order of
10 nm and 10 wm, respectively (after [4.30])
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Fig. 4.14 Lattice-resolved high-resolution TEM image of
one GaN nanowire (/eff) showing that (100) lattice planes
are visible perpendicular to the wire axis. The electron
diffraction pattern (fop right) was recorded along the [001]
zone axis. A lattice-resolved TEM image (lower right)
highlights the continuity of the lattice up to the nanowire
edge, where a thin native oxide layer is found. The direc-
tions of various crystallographic planes are indicated in the
lower right figure (after [4.30]) p»

Dynamical processes of the surface layer of
nanowires can be studied in-situ using an environmen-
tal TEM chamber, which allows TEM observations to
be made while different gases are introduced or as the
sample is heat-treated at various temperatures, as il-
lustrated in Fig.4.16. The figure shows high-resolution
TEM images of a Bi nanowire with an oxide coat-
ing and the effect of a dynamic oxide removal process
carried out within the environmental chamber of the
TEM [4.125]. The amorphous bismuth-oxide layer
coating the nanowire (Fig.4.16a) is removed by expo-
sure to hydrogen gas within the environmental chamber
of the TEM, as indicated in Fig. 4.16b.

Fig.4.13a-d TEM morpholo-

gies of four special forms of Si
nanowires synthesized by the laser
ablation of a Si powder target.

(a) A spring-shaped Si nanowire:
(b) fishbone-shaped (indicated by

a solid arrow) and frogs egg-shaped
(indicated by a hollow arrow) Si
nanowires; and (c) pearl-shaped
nanowires, while (d) shows polysites
for the nucleation of silicon nanowires

(indicated by arrows) (after [4.123])

100 nm

By coupling the powerful imaging capabilities of
TEM with other characterization tools, such as an
electron energy loss spectrometer (EELS) or an en-
ergy dispersive x-ray spectrometer (EDS) within the
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100 nm

Fig.4.15 A mass—thickness contrast TEM image of a Ge
nanowire taken along the [011] zone axis and a selected-
area electron diffraction pattern (upper left inset) (af-
ter [4.35]). The Ge nanowires were synthesized by laser
ablation of a mixture of Ge and GeO, powder. The core of
the Ge nanowire is crystalline, while the surface GeO; is
amorphous

TEM instrument, additional properties of the nanowires
can be probed with high spatial resolution. With
the EELS technique, the energy and momentum of
the incident and scattered electrons are measured
in an inelastic electron scattering process to pro-
vide information on the energy and momentum of
the excitations in the nanowire sample. Figure 4.17
shows the dependence on nanowire diameter of the
electron energy loss spectra of Bi nanowires. The
spectra were taken from the center of the nanowire,
and the shift in the energy of the peak position
(Fig.4.17) indicates the effect of the nanowire diam-
eter on the plasmon frequency in the nanowires. The
results show that there are changes in the electronic
structure of the Bi nanowires as the wire diameter de-
creases [4.126]. Such changes in electronic structure
as a function of nanowire diameter are also observed
in their transport (Sect.4.2.2) and optical (Sect. 4.2.3)
properties, and are related to quantum confinement
effects.

EDS measures the energy and intensity distribution
of x-rays generated by the impact of the electron beam
on the surface of the sample. The elemental composi-
tion within the probed area can be determined to a high
degree of precision. The technique was particularly use-
ful for the compositional characterization of superlattice

After H, annealing
at 130°C for 6 h

Fig.4.16 High-resolution transmission electron microscope
(HRTEM) image of a Bi nanowire (left) before and (right) after
annealing in hydrogen gas at 130 °C for 6 h within the environmen-
tal chamber of the HRTEM instrument to remove the oxide surface
layer (after [4.125])

nanowires [4.90] and core—shell nanowires [4.111]
(Sect.4.1.2).

Scanning Tunneling Probes
Several scanning probe techniques, such as scan-
ning tunneling microscopy (STM) [4.127], electric

Intensity (arb. units)
A )35 nm

18 32
Energy loss (eV)

Fig. .17 Electron energy loss spectra (EELS) taken from
the centers of bismuth nanowires with diameters of 35, 60
and 90 nm. The shift in the volume plasmon peaks is due
to the effect of wire diameter on the electronic structure
(after [4.126])
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ermometer has been demonstrated using a 10 nm liquid
gallium filled-carbon nanotube, showing an expansion
coefficient that is linear in temperature and identical to
the bulk value [4.132].

A different behavior was observed in free-standing
copper nanowires [4.134]. In this system, there is lit-
tle interaction between the nanowire surface and the
surroundings, and the nanowire is not confined in its
diameter, as in the case of the sheathed nanowires. Ther-
mal treatment of the free-standing nanowires leads to
their fragmentation into a linear array of metal spheres.
Thinner nanowires were more vulnerable than thicker
nanowires to the thermal treatment, showing constric-
tions and segmentation at lower temperatures. Analysis
of the temperature response of the nanowires indi-
cates that the nanowire segmentation is a result of
the Rayleigh instability, starting with oscillatory per-
turbations of the nanowire diameter, leading to long
cylindrical segments, that become more separated and
more spherical at higher temperatures. These observa-
tions indicate that annealing and melting are dominated
by the surface ditfusion of atoms on the entire surface
of the nanowire (versus tip-initiated melting).

4.2.3 Transport Properties

The study of electrical transport properties of nanowires
is important for nanowire characterization, electronic
device applications, and the investigation of unusual
transport phenomena arising from one-dimensional
quantum effects. Important factors that determine the
transport properties of nanowires include the wire diam-

a) b) Counts
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Fig. 4.21 (a) Schematic representation of the last stages of the con-
tact breakage process (after [4.133]). (b) Histogram of conductance
values built with 18 000 gold contact breakage experiments in air at
room temperature, showing conductance peaks at integral values of
Gy. In this experiment the gold electrodes approach and separate at
89000 A/s (after [4.133])

eter, (important for both classical and quantum size
effects), material composition, surface conditions, crys-
tal quality, and the crystallographic orientation along
the wire axis for materials with anisotropic material pa-
rameters, such as the effective mass tensor, the Fermi
surface, or the carrier mobility.

Electronic transport phenomena in low-dimensional
systems can be roughly divided into two categories:
ballistic transport and diffusive transport. Ballistic
transport phenomena occur when the clectrons can
travel across the nanowire without any scattering. In
this case, the conduction is mainly determined by the
contacts between the nanowire and the external circuit,
and the conductance is quantized into an integral num-
ber of universal conductance units Gy = 2¢2 /h [4.135,
|36]. Ballistic transport phenomena are usually ob-
served in very short quantum wires, such as those
produced using mechanically controlled break junctions
(MCBJ) [4.137, 138] where the electron mean free path
is much longer than the wire length and the conduction
is a pure quantum phenomenon. To observe ballistic
transport, the thermal energy must also obey the relation
kpT « &;—e&j_, where g; —&;_ is the energy separa-
tion between subband levels j and j— 1. On the other
hand, for nanowires with lengths much larger than the
carrier mean free path, the electrons (or holes) undergo
numerous scattering events when they travel along the
wire. In this case, the transport is in the diffusive regime,
and the conduction is dominated by carrier scattering
within the wires, due to phonons (lattice vibrations),
boundary scattering, lattice and other structural defects,
and impurity atoms.

Conductance Quantization

in Metallic Nanowires
The ballistic transport of 1-D systems has been ex-
tensively studied since the discovery of quantized
conductance in 1-D systems in 1988 [4.135, 136]. The
phenomena of conductance quantization occur when the
diameter of the nanowire is comparable to the electron
Fermi wavelength, which is on the order of 0.5nm for
most metals [4.139]. Most conductance quantization ex-
periments up to the present were performed by bringing
together and separating two metal electrodes. As the
two metal electrodes are slowly separated, a nanocon-
tact is formed before it breaks completely (Fig.4.21a),
and conductance in integral multiple values of Gy
is observed through these nanocontacts. Figure 4.21b
shows the conductance histogram built with 18000
contact breakage curves between two gold electrodes
at room temperature [4.133], with the electrode sep-
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aration up to 2 1.8 nm. The conductance quantization
behavior is found to be independent of the contact ma-
terial, and has been observed in various metals, such
as Au [4.133], Ag, Na, Cu [4.140], and Hg [4.141].
For semimetals such as Bi, conductance quantization
has also been observed for electrode separations as
long as 100nm at 4 K because of the long Fermi
wavelength (/= 26 nm) [4.139], indicating that the con-
ductance quantization may be due to the existence of
well-defined quantum states localized at a constriction
instead of resulting from the atom rearrangement as the
electrodes separate. Since conductance quantization is
only observed in breaking contacts, or for very narrow
and very short nanowires, most nanowires of practi-
cal interest (possessing lengths of several micrometer)
lie in the diffusive transport regime, where the carrier
scattering is significant and should be considered.

|-V Characterization

of Semiconducting Nanowires
The electronic transport behavior of nanowires may be
categorized based on the relative magnitudes of three
length scales: carrier mean free path €w, the de Broglie
wavelength of electrons A, and the wire diameter dy .
For wire diameters much larger than the carrier mean
free path (dw 3> €w), the nanowires exhibit transport
properties similar to bulk materials, which are indepen-
dent of the wire diameter, since the scattering due to
the wire boundary is negligible compared to other scat-
tering mechanisms. For wire diameters comparable to
or smaller than the carrier mean free path (dw = {w
or dy < L), but still much larger than the de Broglie
wavelength of the electrons (dw 3> A.), the transport in
nanowires is in the classical finite size regime, where
the band structure of the nanowire is still similar to that
of bulk, while the scattering events at the wire bound-
ary alter their transport behavior. For wire diameters
comparable to the electronic wavelength dw =~ A., the
electronic density of states is altered dramatically and
quantum subbands are formed due to the quantum con-
finement effect at the wire boundary. In this regime, the
transport properties are further influenced by the change
in the band structure. Therefore, transport properties for
nanowires in the classical finite size and quantum size
regimes are highly diameter-dependent.

Researchers have investigated the transport prop-
erties of various semiconducting nanowires and have
demonstrated their potential for diverse electronic de-
vices, such as for p-n diodes [4.142, 143], field effect
transistors [4.142], memory cells, and switches [4.144]
(Sect.4.3.1). So far, the nanowires studied in this

context have usually been made from conventional
semiconducting materials, such as group IV and III-V
compound semiconductors, via the VLS growth method
(Sect.4.1.2), and their nanowire properties have been
compared to their well-established bulk properties. In-
terestingly, the physical principles for describing bulk
semiconductor devices also hold for devices based on
these semiconducting nanowires with wire diameters of
tens of nanometers. For example, Fig.4.22 shows the
current—voltage (/-V') behavior of a 4-by-1 crossed p-
Si/n-GaN junction array at room temperature [4.142].
The long horizontal wire in the figure is a p-Si nanowire
(10—25 nm in diameter) and the four short vertical wires
are n-GaN nanowires (10—-30nm in diameter). Each of
the four nanoscale cross points independently forms
a p-n junction with current rectification behavior, as
shown by the /-V curves in Fig.4.22, and the junc-
tion behavior (for example the turn-on voltage) can
be controlled by varying the oxide coating on these
nanowires [4.142].

Huang et al. have demonstrated nanowire junc-
tion diodes with a high turn-on voltage (= 5V) by
increasing the oxide thickness at the junctions. The
high turn-on voltage enables the use of the junction in

Current (nA)
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-4 -2 0 2 4
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Fig.4.22 [-V behavior for a 4(p) by 1(n) crossed p-Si/n-
GaN junction array shown in the inser. The four curves
represent the [-V response for each of the four junc-
tions, showing similar current rectifying characteristics in
each case. The length scale bar between the two mid-
dle junctions is 2 wm (after [4.142]). The p-Si and n-GaN
nanowires are 10—25 and 10-30nm in diameter, respec-
tively
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Fig.4.23 Gate-dependent /-V characteristics of a crossed
nanowire field-effect transistor (FET). The n-GaN nanowire
is used as the nanogate, with the gate voltage indicated
(0, 1. 2, and 3V). The inset shows the current versus
Voue for a nanowire gate (lower curve) and for a global
back-gate (fop curve) when the bias voltage is set to 1V
(after [4.142])

a nanoscale FET, as shown in Fig.4.23 [4.142] where
I-V data for a p-Si nanowire are presented, for which
the n-GaN nanowire with a thick oxide coating is used
as a nanogate. By varying the nanogate voltage, the
conductance of the p-Si nanowire can be changed by
more than a factor of 10° (lower curve in the inset),
whereas the conductance changes by only a factor of 10
when a global back-gate is used (top curve in the inset
of Fig.4.23). This behavior may be due to the thin gate
dielectric between the crossed nanowires and the better
control of the local carrier density through a nanogate.
Based on the gate-dependent /-V data from these p-Si
nanowires, it is found that the mobility of the holes in
the p-Si nanowires may be higher than that for bulk p-Si,
although further investigation is required for complete
understanding.

Because of the enhanced surface-to-volume ra-
tios of nanowires, their transport behavior may be
modified by changing their surface conditions. For
example, researchers have found that by coating n-
InP nanowires with a layer of redox molecules, such
as cobalt phthalocyanine, the conductance of the InP
nanowires may change by orders of magnitude upon al-
tering the charge state of the redox molecules to provide
bistable nanoscale switches [4.144]. The resistance (or

conductance) of some nanowires (such as Pd nanowires)
is also very sensitive to the presence of certain gases
(e.g., Ha) [4.145,146], and this property may be utilized
for sensor applications to provide improved sensitivity
compared to conventional sensors based on bulk mater-
ial (Sect.4.3.4).

Although it remains unclear how the size effect
may influence the transport properties and device per-
formance of semiconducting nanowires, many of the
larger diameter semiconducting nanowires are expected
to be described by classical physics, since their quan-
tization energies 1‘13/(2med&,) are usually smaller than
the thermal energy kg 7. By comparing the quantization
energy with the thermal energy, the critical wire diam-
eter below which quantum confinement effects become
significant is estimated to be | nm for Si nanowires at
room temperature, which is much smaller than the sizes
of many of the semiconducting nanowires that have
been investigated so far. By using material systems with
much smaller effective carrier masses m, (such as bis-
muth), the critical diameter for which such quantum
effects can be observed is increased, thereby facilitat-
ing the study of quantum confinement effects. It is for
this reason that the bismuth nanowire system has been
studied so extensively. Furthermore, since the crystal
structure and lattice constants of bismuth nanowires are
the same as for 3-D crystalline bismuth, it is possi-
ble to carry out detailed model calculations to guide
and to interpret transport and optical experiments on
bismuth nanowires. For these reasons, bismuth can be
considered a model system for studying 1-D effects in
nanowires.

Temperature-Dependent Resistance

Measurements
Although nanowires with electronic properties similar
to their bulk counterparts are promising for construct-
ing nanodevices based on well-established knowledge
of their bulk counterparts, it is expected that quan-
tum size effects in nanowires will likely be utilized
to generate new phenomena absent in bulk materials,
and thus provide enhanced performance and novel func-
tionality for certain applications. In this context, the
transport properties of bismuth (Bi) nanowires have
been extensively studied, both theoretically [4.147]
and experimentally [4.8, 10, 78, 148—-150] because of
their promise for enhanced thermoelectric performance.
Transport studies of ferromagnetic nanowire arrays,
such as Ni or Fe, have also received much attention
because of their potential for high-density magnetic
storage applications [4.151].
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The very small electron effective mass components
and the long carrier mean free paths in Bi facilitate the
study of quantum size effects in the transport properties
of nanowires. Quantum size effects are expected to be-
come significant in bismuth nanowires with diameters
smaller than 50 nm [4.147], and the fabrication of crys-
talline nanowires with this diameter range is relatively
easy.

Figure 4.24a shows the T dependence of the re-
sistance R(T) for Bi nanowires (7 < dw < 200nm)
synthesized by vapor deposition and pressure injec-
tion [4.8], illustrating the quantum effects in their
temperature-dependent resistance. In Fig.4.24a, the
R(T) behavior of Bi nanowires is dramatically dif-
ferent from that of bulk Bi, and is highly sensi-
tive to the wire diameter. Interestingly, the R(T)
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curves in Fig.4.24a show a nonmonotonic trend for
large-diameter (70 and 200nm) nanowires, although
R(T) becomes monotonic with T for small-diameter
(< 48 nm) nanowires. This dramatic change in the be-
havior of R(T) as a function of dw is attributed to
a unique semimetal-semiconductor transition phenom-
ena in Bi [4.78], induced by quantum size effects. Bi
is a semimetal in bulk form, in which the T-point
valence band overlaps with the L-point conduction
band by 38meV at 77K. As the wire diameter de-
creases, the lowest conduction subband increases in
energy and the highest valence subband decreases in
energy. Model calculations predict that the band over-
lap should vanish in Bi nanowires (with their wire
axes along the trigonal direction) at a wire diameter
2= 50 nm [4.147].
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Fig. .24 (a) Measured temperature dependence of the resistance R(T) normalized to the room temperature (300 K)
resistance for bismuth nanowire arrays of various wire diameters dy (after [4.8]). (b) R(T)/R(290K) for bismuth wires
of larger dw and lower mobility (after [4.10]). () Calculated R(T)/R(300 K) of 36 and 70 nm bismuth nanowires. The
dashed curve refers to a 70 nm polyerystalline wire with increased boundary scattering (after [4.78])
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The resistance of Bi nanowires is determined by
two competing factors: the carrier density that in-
creases with 7', and the carrier mobility that decreases
with T. The nonmonotonic R(T) for large-diameter
Bi nanowires is due to a smaller carrier concentration
variation at low temperature (< 100K) in semimet-
als, so that the electrical resistance is dominated by
the mobility factor in this temperature range. Based
on the semi-classical transport model and the estab-
lished band structure of Bi nanowires, the calculated
R(T)/R(300K) for 36 and 70nm Bi nanowires is
shown by the solid curves in Fig.4.24c to illus-
trate different R(T) trends for semiconducting and
semimetallic nanowires, respectively [4.78]. The curves
in Fig. 4.24c¢ exhibit trends consistent with experimental
results. The condition for the semimetal-semiconductor
transition in Bi nanowires can be experimentally de-
termined, as shown by the measured resistance ratio
R(10K)/R(100K) of Bi nanowires as a function of
wire diameter [4.152] in Fig.4.25. The maximum in
the resistance ratio R(10K)/R(100K) at dw =~ 48 nm
indicates the wire diameter for the transition of Bi
nanowires from a semimetallic phase to a semiconduct-
ing phase. The semimetal-semiconductor transition and
the semiconducting phase in Bi nanowires are examples
of new transport phenomena resulting from low dimen-
sionality that are absent in the bulk 3-D phase, and
these phenomena further increase the possible benefits
from the properties of nanowires for desired applica-
tions (Sect. 4.3.2).

R(10K)/R(100K)
1.6 4
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Fig.4.25 Measured resistance ratio R(10 K)/R(100 K) of
Bi nanowire array as a function of diameter. The peak
indicates the transition from a semimetallic phase to
a semiconducting phase as the wire diameter decreases
(after [4.153])
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Fig.4.26 Temperature dependence of the resistance of
Zn nanowires synthesized by vapor deposition in vari-
ous porous templates (after [4.52]). The data are given as
points, the full lines are fits to a T law for 15 nm diameter
Zn nanowires in an SiO» template, denoted by Zn/SiO,.
Fits to a combined T' and T~/ law were made for the
smaller nanowire diameter composite samples denoted by
Zn (9 nm)/Al,O3 and Zn 4 nm/Vycor glass

It should be noted that good crystal quality is
essential for observing the quantum size effect in
nanowires, as shown by the R(T) plots in Fig.4.24a.
For example, Fig.4.24b shows the normalized R(T')
measurements of Bi nanowires with larger diameters
(200nm-2 pm) prepared by electrochemical deposi-
tion [4.10], and these nanowires possess monotonic
R(T) behaviors, quite different from those of the corre-
sponding nanowire diameters shown in Fig.4.24a. The
absence of the resistance maximum in Fig. 4.24b is due
to the lower crystalline quality for nanowires prepared
by electrochemical deposition, which tends to produce
polycrystalline nanowires with a much lower carrier
mobility. This monotonic R(T) for semimetallic Bi
nanowires with a higher defect level is also confirmed
by theoretical calculations, as shown by the dashed
curve in Fig. 4.24¢ for 70 nm wires with increased grain
boundary scattering [4.154].

The theoretical model developed for Bi nanowires
not only provides good agreement with experimental re-
sults, but it also plays an essential role in understanding
the influence of the quantum size effect, the bound-
ary scattering, and the crystal quality on their electrical
properties. While the electronic density of states may
be significantly altered due to quantum confinement
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fined by the nanowire boundary (the 1-D regime), and
above which the wavefunction is confined by the mag-
netic field (the 3-D regime). The physical basis for this
phenomenon is associated with confinement of a single
magnetic flux quantum within the nanowire cross sec-
tion [4.150]. This phenomenon, though independent of
temperature, is observed for T < 5K, since the phase
breaking length has to be larger than the wire diameter.
This calculated field strength B, indicated in Fig.4.28
by vertical lines for the appropriate nanowire diameters,
provides a good fit to the steplike features in these MR
curves.

The Shubnikov—de Haas (SdH) quantum oscillatory
effect, which results from the passage of the quantized
Landau levels through the Fermi energy as the field
strength varies, should, in principle, provide the most
direct measurement of the Fermi energy and carrier den-
sity. For example, Heremans et al. have demonstrated
that SdH oscillations can be observed in Bi nanowire
samples with diameters down to 200nm [4.159], and
they have demonstrated that Te doping can be used to
raise the Fermi energy in Bi nanowires. Such infor-
mation on the Fermi energy is important because, for
certain applications based on nanowires, it is neces-
sary to place the Fermi energy near a subband edge
where the density of states has a sharp feature. How-
ever, due to the unusual 1-D geometry of nanowires,
other characterization techniques that are commonly
used in bulk materials to determine the Fermi energy
and the carrier concentration (such as Hall measure-
ment) cannot be applied to nanowire systems. The
observation of the SdH oscillatory effect requires crys-
tal samples of very high quality which allow carriers to
execute a complete cyclotron orbit in the nanowire be-
fore they are scattered. For small nanowire diameters,
large magnetic fields are required to produce cyclotron
radii smaller than the wire radius. For some nanowire
systems, all Landau levels may have passed through
the Fermi level at such a high field strength, and in
such a case, no oscillations can be observed. The lo-
calization effect may also prevent the observation of
SdH oscillations for very small diameter (< 10nm)
nanowires. Observing SdH oscillations in highly doped
samples (as may be required for certain applications)
may be difficult because impurity scattering reduces
the mean free path, requiring high B fields to satisfy
the requirement that carriers complete a cyclotron orbit
prior to scattering. Therefore, although SdH oscilla-
tions provide the most direct method of measuring the
Fermi energy and carrier density of nanowire samples,
this technique may, however, not work for small-

diameter nanowires, nor for nanowires that are heavily
doped.

Thermoelectric Properties
Nanowires are predicted to hold great promise for ther-
moelectric applications [4.147, 160], due to their novel
band structure compared to their bulk counterparts and
the expected reduction in thermal conductivity associ-
ated with enhanced boundary scattering (see below).
Due to the sharp density of states at the 1-D sub-
band edges (where the van Hove singularities occur),
nanowires are expected to exhibit enhanced Seebeck
coefficients compared to their bulk counterparts. Since
the Seebeck coefficient measurement is intrinsically in-
dependent of the number of nanowires contributing to
the signal, the measurements on nanowire arrays of uni-
form wire diameter are, in principle, as informative as
single-wire measurements. The major challenge with
measuring the Seebeck coefficients of nanowires lies in
the design of tiny temperature probes to accurately de-
termine the temperature difference across the nanowire.
Figure 4.29a shows the schematic experimental setup
for the Seebeck coefficient measurement of nanowire
arrays [4.161], where two thermocouples are placed on
both faces of a nanowire array and a heater is attached
to one face of the array to generate a temperature gra-
dient along the nanowire axis. Ideally, the size of the
thermocouples should be much smaller than the thick-
ness of the nanowire array template (i. e. the nanowire
length) to minimize error. However, due to the thin-
ness of most templates (< 50 wm) and the large size of
commercially-available thermocouples (= 12 pum), the
measured Seebeck coefficient values are usually under-
estimated.

The thermoelectric properties of Bi nanowire sys-
tems have been investigated extensively because of
their potential as good thermoelectric materials. Fig-
ure 4.29b shows the measured Seebeck coefficients
S(T) as a function of temperature for nanowire ar-
rays with diameters of 40 and 65nm and different
isoelectronic Sb alloy concentrations [4.154], and
S(T) results for bulk Bi are shown (solid curve) for
comparison. Thermopower enhancement is observed
in Fig.4.29b as the wire diameter decreases and as
the Sb content increases, which is attributed to the
semimetal-semiconductor transition induced by quan-
tum confinement and to Sb alloying effects in Bi,_,Sb,
nanowires. feremans et al. have observed a substan-
tial increase in the thermopower of Bi nanowires as the
wire diameter decreases further, as shown in Fig.4.30a
for Bi(15nm)/silica and Bi(9 nm)/alumina nanocom-
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Fig.4.29 (a) Experimental setup for the measurement of
the Seebeck coefficient in nanowire arrays (after [4.161]).
(b) Measured Seebeck coefficient as a function of temper-
ature for Bi (0, ¥) and Bigy ¢5Sbg o5 (@, ¥) nanowires with
different diameters. The solid curve denotes the Seebeck
cocefficient for bulk Bi (after [4.154]) »

posites [4.52]. The enhancement is due to the sharp
density of states near the Fermi energy in a 1-D system.
Although the samples in Fig.4.30a also possess very
high electrical resistance (~ G2), the results for the
Bi(9 nm)/alumina samples show that the Seebeck co-
efficient can be enhanced by almost 1000 times relative
to bulk material. However, for Bi nanowires with very
small diameters (= 4nm), the localization effect be-
comes dominant, which compromises the thermopower
enhancement. Therefore, for Bi nanowires, the optimal
wire diameter range for the largest thermopower en-
hancement is found to be between 4 and 15nm [4.52].
The effect of the nanowire diameter on the ther-
mopower of nanowires has also been observed in Zn
nanowires [4.52]. Figure 4.30b shows the Seebeck
coefficient of Zn(9 nm)/alumina and Zn(4 nm)/Vycor
glass nanocomposites, also exhibiting enhanced ther-
mopower as the wire diameter decreases. It is found that
while 9 nm Zn nanowires still exhibit metallic behavior,
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Fig.4.30 (a) Absolute value of the Seebeck coefficient of two Bi(15 nm)/silica and two Bi(9 nm)/alumina nanocomposite
samples, in comparison to bulk Bi and 200 nm Bi nanowires in the pores of alumina templates (after [4.52]). The full line
on top part of the figure is a fit to a T~ ! law. The Seebeck coefficient of the Bi(9 nm)/alumina composite is positive; the
rest are negative. (b) The Seebeck coefficient of Zn(9 nm)/Al;O3 and Zn(4 nm)/Vycor glass nanocomposite samples in

comparison to bulk Zn (after [4.52])
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the thermopower of 4 nm Zn nanowires shows a differ-
ent temperature dependence, which may be due to the
1-D localization effect, although further investigation is
required for definitive identification of the conduction
mechanism in such small nanowires.

Quantum Wire Superlattices
The studies on superlattice nanowires, which possess
a periodic modulation in their materials composition
along the wire axis, have attracted much attention
recently because of their promise in various appli-
cations, such as thermoelectrics (Sect.4.3.2) [4.90,
162], nanobarcodes (Sect.4.3.3) [4.110], nanolasers
(Sect. 4.3.3) [4.92], one-dimensional waveguides, and
resonant tunneling diodes [4.94, 163]. Figure 4.31a
shows a schematic structure of a superlattice nanowire
consisting of interlaced quantum dots of two different
materials, as denoted by A and B. Various tech-
niques have been developed to synthesize superlattice
nanowire structures with different interface conditions,
as mentioned in Sects. 4.1.1 and 4.1.2.

In this superlattice (SL) nanowire structure, the
electronic transport along the wire axis is made possi-
ble by the tunneling between adjacent quantum dots,
while the uniqueness of each quantum dot and its 0-
D characteristic behavior is maintained by the energy
difference of the conduction or valence bands be-
tween quantum dots of different materials (Fig.4.31b),
which provides some amount of quantum confine-
ment. Recently, Bjérk et al. have observed interesting
nonlinear [-V characteristics with a negative dif-
ferential resistance in one-dimensional heterogeneous
structures made of InAs and InP, where InP serves as
the potential barrier [4.94, 163]. The nonlinear I-V
behavior is associated with the double barrier reso-
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Fig.4.31 (a) Schematic diagram of superlattice (seg-
mented) nanowires consisting of interlaced nanodots A and
B of the indicated length and wire diameter. (b) Schematic
potential profile of the subbands in the superlattice
nanowire (after [4.162])
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Fig. 4.32 Optimal ZT calculated as a function of segment
length for 10nm diameter PbSe/PbS nanowires at 77 K,
where optimal refers to the placement of the Fermi level
to optimize ZT. The optimal ZT for 10 nm diameter PbSe,
PbS, and PbSe; 5505 nanowires are .33, 0.22, and 0.48,
respectively (after [4.153])

nant tunneling process in one-dimensional structures,
demonstrating that transport phenomena occur in su-
perlattice nanowires via tunneling and the possibility
of controlling the electronic band structure of the SL
nanowires by carefully selecting the constituent mater-
ials. This new Kind of structure is especially attractive
for thermoelectric applications, because the interfaces
between the nanodots can reduce the lattice ther-
mal conductivity by blocking the phonon conduction
along the wire axis, while electrical conduction may
be sustained and even benefit from the unusual elec-
tronic band structures due to the periodic potential
perturbation. For example, Fig.4.32 shows the cal-
culated dimensionless thermoelectric figure of merit
ZT = Szch/x (Sect.4.3.2) where « is the total thermal
conductivity (including both the lattice and electronic
contributions) of 10 nm diameter PbS /PbSe superlattice
nanowires as a function of the segment length. A higher
thermoelectric performance than for PbSe;sSps al-
loy nanowires can be achieved for a 10nm diameter
superlattice nanowire with segment lengths < 7nm.
However, the localization effect, which may become
important for very short segment lengths, may jeop-
ardize this enhancement in the ZT of superlattice
nanowires [4.153].

Thermal Conductivity of Nanowires
Experimental measurements of the temperature depen-
dence of the thermal conductivity «(7) of individual
suspended nanowires have been carried out on study the
dependence of x(7T) on wire diameter. In this context,
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Fig.4.33 Predicted thermal conductivities of Si nanowires
of various diameters (after [4.168])

measurements have been made on nanowires down to
only 22 nm in diameter [4.164]. Such measurements are
very challenging and are now possible due to techno-
logical development in the micro- and nanofabrication
of miniature thermal sensors, and the use of nanometer-
size thermal scanning probes [4.128, 165, 166]. The
experiments show that the thermal conductivity of small
homogeneous nanowires may be more than one order
of magnitude smaller than in the bulk, due mainly to
strong boundary scattering effects [4.167]. Phonon con-
finement effects may eventually become important in
nanowires with even smaller diameters. Measurements
on mats of nanowires (Fig.4.12) do not generally give

100,

10

i

reliable results because the contact thermal resistance
between adjacent nanowires tends to be high, which is
in part due to the thin surface oxide coating which most
nanowires have. This surface oxide coating may also
be important for thermal conductivity measurements on
individual suspended nanowires because of the relative
importance of phonon scattering at the lateral walls of
the nanowire.

The most extensive experimental thermal con-
ductivity measurements have been done on Si
nanowires [4.164], where «(7) measurements have
been made on nanowires in the diameter range 22 <
dw < 115nm. The results show a large decrease in the
peak of k(T), associated with UmkKlapp processes as dw
decreases, indicating a growing importance of boundary
scattering and a corresponding decreasing importance
of phonon—phonon scattering. At the smallest wire
diameter of 22 nm, a linear «(7T) dependence is found
experimentally, consistent with a linear T dependence
of the specific heat for a 1-D system, and a temperature-
independent mean free path and velocity of sound. Fur-
ther insights are obtained through studies of the thermal
conductivity of Si/SiGe superlattice nanowires [4.170].

Model calculations for x(7) based on a radia-
tive heat transfer model have been carried out for
Si nanowires [4.168]. These results show that the
predicted «(7) behavior for Si nanowires is simi-
lar to that observed experimentally in the range of
37 < dw < 115nm regarding both the functional form
of #(T) and the magnitude of the relative decrease
in the maximum thermal conductivity k., as a func-
tion of dw. However, the model calculations predict
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Fig.4.34 (a) Suspended mesoscopic phonon device used to measure ballistic phonon transport. The device consists of

an 4 x4 um?> phonon cavity (center) connected to four Si3N4 membranes, 60 nm thick and less than 200 nm wide. The
two bright C-shaped objects on the phonon cavity are thin film heating and sensing Cr/Au resistors, whereas the dark
regions are empty space. (b) Log—log plot of the temperature dependence of the thermal conductance Gy of the structure
in (a) normalized to 16g; (see text) (after [4.169])
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a substantially larger magnitude for «(T) (by 50% or
more) than is observed experimentally. Furthermore,
the model calculations (Fig.4.34) do not reproduce the
experimentally observed linear T dependence for the
22 nm nanowires, but rather predict a 3-D behavior for
both the density of states and the specific heat in 22 nm
nanowires [4.168,171,172].

Thermal conductance measurements on GaAs
nanowires below 6 K show a power law dependence,
but the T dependence becomes somewhat less pro-
nounced below =~ 2.5K [4.165]. This deviation from
the power law temperature dependence led to a more
detailed study of the quantum limit for the thermal
conductance. To carry out these more detailed experi-
ments, a mesoscopic phonon resonator and waveguide
device were constructed that included four = 200 nm
wide and 85nm thick silicon nitride nanowirelike
nanoconstrictions (Fig.4.33a), and this was used to
establish the quantized thermal conductance limit
of go = n’k3T/(3h) (Fig.4.33b) for ballistic phonon
transport [4.169, 173]. For temperatures above 0.8 K,
the thermal conductance in Fig. 4.33b follows a T3 law,
but as T is further reduced, a transition to a linear
T dependence is observed, consistent with a phonon
mean free path of = 1 pm, and a thermal conductance
value approaching 16gp, corresponding to four mass-
less phonon modes per channel and four channels in
their phonon waveguide structure (Fig.4.33a). Ballis-
tic phonon transport occurs when the thermal phonon
wavelength (380 nm for the experimental structure) is
somewhat greater than the width of the phonon waveg-
uide at the waveguide constriction.

L.2.4 Optical Properties

Optical methods provide an easy and sensitive tool for
measuring the electronic structures of nanowires, since
optical measurements require minimal sample prepara-
tion (for example, contacts are not required) and the
measurements are sensitive to quantum effects. Opti-
cal spectra of 1-D systems, such as carbon nanotubes,
often show intense features at specific energies near sin-
gularities in the joint density of states that are formed
under strong quantum confinement conditions. A vari-
ety of optical techniques have shown that the properties
of nanowires are different to those of their bulk coun-
terparts, and this section of the review focuses on these
differences in the optical properties of nanowires.
Although optical properties have been shown to
provide an extremely important tool for characteriz-
ing nanowires, the interpretation of these measurements

is not always straightforward. The wavelength of light
used to probe the sample is usually smaller than the wire
length, but larger than the wire diameter. Hence, the
probe light used in an optical measurement cannot be
focused solely onto the wire, and the wire and the sub-
strate on which the wire rests (or host material, if the
wires are embedded in a template) are probed simulta-
neously. For measurements, such as photoluminescence
(PL), if the substrate does not luminescence or absorb
in the frequency range of the measurements, PL mea-
sures the luminescence of the nanowires directly and
the substrate can be ignored. However, in reflection and
transmission measurements, even a nonabsorbing sub-
strate can modify the measured spectra of nanowires.

In this section we discuss the determination of the
dielectric function for nanowires in the context of effec-
tive medium theories. We then discuss various optical
techniques with appropriate examples that sensitively
differentiate nanowire properties from those also found
in the parent bulk material, placing particular empha-
sis on electronic quantum confinement effects. Finally,
phonon confinement effects are reviewed.

The Dielectric Function

In this subsection, we review the use of effective
medium theory as a method to handle the optical
properties of nanowires whose diameters are typically
smaller than the wavelength of light, noting that ob-
servable optical properties of materials can be related to
the complex dielectric function [4.174, 175]. Effective
medium theories [4.176, 177] can be applied to model
the nanowire and substrate as one continuous compos-
ite with a single complex dielectric function (e + ie2),
where the real and imaginary parts of the dielectric
function €; and €» are related to the index of refraction
(n) and the absorption coefficient (K) by the relation
€1 +iey = (n+1K)?%. Since photons at visible or infrared
wavelengths see a dielectric function for the compos-
ite nanowire array/substrate system that is different
from that of the nanowire itself, the optical transmis-
sion and reflection are different from what they would
be if the light were focused only on the nanowire. One
commonly observed consequence of effective medium
theory is the shift in the plasma frequency in accordance
with the percentage of nanowire material that is con-
tained in the composite [4.178]. The plasma resonance
occurs when €| (@) becomes zero, and the plasma fre-
quency of the nanowire composite will shift to lower
(higher) energies when the magnitude of the dielectric
function of the host materials is larger (smaller) than
that of the nanowire.
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harmonic polarization tensor are found to be enhanced
in nanowires while others are suppressed as the wire
diameter is decreased, and such effects could be of inter-
est for device applications. The authors also showed that
the second-order nonlinearities are mostly wavelength-
independent for A < 400 nm, which is in the transparent
regime for ZnO, below the onset of band gap absorp-
tion, and this observation is also of interest for device
applications.

Reflectivity and transmission measurements have
also been used to study the effects of quantum con-
finement and surface effects on the low-energy indirect
transition in bismuth nanowires [4.189]. Black et al.
investigated an intense and sharp absorption peak in
bismuth nanowires, which is not observed in bulk bis-
muth. The energy position E, of this strong absorption
peak increases with decreasing diameter. However, the
rate of increase in energy with decreasing diameter
[0E, /ddw| is an order of magnitude less than that pre-
dicted for either a direct interband transition or for
intersubband transitions in bismuth nanowires. On the
other hand, the magnitude of |0E,/ddw| agrees well
with that predicted for an indirect L-point valence to T-
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point valence band transition (Fig. 4.37). Since both the
initial and final states for the indirect L—T point valence
band transition downshift in energy as the wire diam-
eter dyw is decreased, the shift in the absorption peak
results from a difference between the effective masses
and not from the actual value of either of the masses.
Hence the diameter dependence of the absorption peak
energy is an order of magnitude less for a valence to va-
lence band indirect transition than for a direct interband
L-point transition. Furthermore, the band-tracking ef-
fect for the indirect transition gives rise to a large value
for the joint density of states, thus accounting for the
high intensity of this feature. The enhancement in the
absorption resulting from this indirect transition may
arise from a gradient in the dielectric function, which
is large at the bismuth-air or bismuth-alumina inter-
faces, or from the relaxation of momentum conservation
rules in nanosystems. It should be noted that, in con-
trast to the surface effect for bulk samples, the whole
nanowire contributes to the optical absorption due to the
spatial variation in the dielectric function, since the pen-
etration depth is larger than or comparable to the wire
diameter. In addition, the intensity can be quite signif-

b) Simulation of the indirect L—T transition
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Fig.4.37 (a) The measured optical transmission spectra as a function of wavenumber (1/1) of a =~ 45nm diameter
bismuth nanowire array. (b) The simulated optical transmission spectrum resulting from an indirect transition of an L-
point electron to a T-point valence subband state. The insert in (a) shows the bismuth Brillouin zone, and the locations
of the T-point hole and the three L-point electron pockets, including the nondegenerate A, and the doubly-degenerate B
pockets. The insert in (b) shows the indirect L-T point electronic transition induced by a photon with an energy equal
to the energy difference between the initial and final states minus the phonon energy (about 100 cm™!) needed to satisfy

conservation of energy in a Stokes process (after [4.188])
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icant because there are abundant initial state electrons,
final state holes, and appropriate phonons for making
an indirect L—T point valence band transition at room
temperature. Interestingly, the polarization dependence
of this absorption peak is such that the strong absorp-
tion is present when the electric field is perpendicular
to the wire axis, but is absent when the electric field is
parallel to the wire axis, contrary to a traditional polar-
izer, such as a carbon nanotube where the optical E field
is polarized by the nanotube itself and is aligned along
the carbon nanotube axis. The observed polarization
dependence for bismuth nanowires is consistent with
a surface-induced effect that increases the coupling be-
tween the L-point and T-point bands throughout the full
volume of the nanowire. Figure 4.37 shows the exper-
imentally observed transmission spectrum in bismuth
nanowires of = 45nm diameter (a), and the simulated
optical transmission from an indirect transition in bis-
muth nanowires of ~ 45 nm diameter is also shown for
comparison in (b). The indirect L—T point valence band
transition mechanism [4.188] is also consistent with
observations of the effect on the optical spectra of a de-
crease in the nanowire diameter and of n-type doping of
bismuth nanowires with Te.

Phonon Confinement Effects
Phonons in nanowires are spatially confined by the
nanowire cross-sectional area, crystalline boundaries
and surface disorder. These finite size effects give rise
to phonon confinement, causing an uncertainty in the
phonon wavevector which typically gives rise to a fre-
quency shift and lineshape broadening. Since zone
center phonons tend to correspond to maxima in the
phonon dispersion curves, the inclusion of contribu-
tions from a broader range of phonon wave vectors
results in both a downshift in frequency and an asym-
metric broadening of the Raman line, which develops
a low frequency tail. These phonon confinement ef-
fects have been theoretically predicted [4.191,192] and
experimentally observed in GaN [4.190], as shown
in Fig.4.38 for GaN nanowires with diameters in the
range 10-50nm. The application of these theoreti-
cal models indicates that broadening effects should be
noticeable as the wire diameter in GaN nanowires de-
creases to =~ 20 nm. When the wire diameter decreases
further to = 10 nm, the frequency downshift and asym-
metric Raman line broadening effects should become
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Fig. 4.38 Room-temperature Raman scattering spectra of
GaN nanowires and of a 5 um thick GaN epilayer film with
green (514.5 nm) laser excitation. The Raman scattering re-
sponse was obtained by dividing the measured spectra by
the Bose—Einstein thermal factor [4.190]

observable in the Raman spectra for the GaN nanowires
but are not found in the corresponding spectra for
bulk GaN.

The experimental spectra in Fig.4.38 show the
four Ay + E|+2E, modes expected from symme-
try considerations for bulk GaN crystals. Two types
of quantum confinement effects are observed. The
first type is the observation of the downshift and the
asymmetric broadening effects discussed above. Obser-
vations of such downshifts and asymmetric broadening
have also been recently reported in 7nm diameter Si
nanowires [4.193]. A second type of confinement effect
found in Fig.4.38 for GaN nanowires is the appearance
of additional Raman features not found in the corre-
sponding bulk spectra and associated with combination
modes, and a zone boundary mode. Resonant enhance-
ment effects were also observed for the A;(LO) phonon
at 728 cm ! (Fig.4.38) at higher laser excitation ener-
gies [4.190].
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4.3 Applications

In the preceding sections we have reviewed many of
the central characteristics that make nanowires in some
cases similar to and in some cases very different from
their parent materials. We have also shown that some
properties are diameter-dependent, and these proper-
ties are therefore tunable during synthesis. Thus, it is
of great interest to find applications that could bene-
fit in unprecedented ways from both the unique and
tunable properties of nanowires and the small sizes of
these nanostructures, especially in the miniaturization
of conventional devices. As the synthetic methods for
the production of nanowires are maturing (Sect.4.1)
and nanowires can be made in reproducible and cost-
effective ways, it is only a matter of time before
applications will be seriously explored. This is a timely
development, as the semiconductor industry will soon
be reaching what seems to be its limit in feature size
reduction, and approaching a classical-to-quantum size
transition. At the same time, the field of biotechnol-
ogy is expanding through the availability of tremendous
genome information and innovative screening assays.
Since nanowires are similar in size to the shrinking
electronic components and to cellular biomolecules, it
is only natural for nanowires to be good candidates
for applications in these fields. Commercialization of
nanowire devices, however, will require reliable mass
production, effective assembly techniques and quality
control methods.

In this section, applications of nanowires to elec-
tronics (Sect.4.3.1), thermoelectrics (Sect.4.3.2), op-
tics (Sect.4.3.3), chemical and biochemical sensing
(Sect.4.3.4), and magnetic media (Sect.4.3.5) are dis-
cussed.

4.3.1 Electrical Applications

The microelectronics industry continues to face tech-
nological (in lithography for example) and economic
challenges as the device feature size is decreased, es-
pecially below 100 nm. The self-assembly of nanowires
might present a way to construct unconventional de-
vices that do not rely on improvements in photolithogra-
phy and, therefore, do not necessarily imply increasing
fabrication costs. Devices made from nanowires have
several advantages over those made by photolithog-
raphy. A variety of approaches have been devised to
organize nanowires via self-assembly (Sect. 4.1.4), thus
eliminating the need for the expensive lithographic tech-
niques normally required to produce devices the size

of typical nanowires that are discussed in this review.
In addition, unlike traditional silicon processing, dif-
ferent semiconductors can be used simultaneously in
nanowire devices to produce diverse functionalities. Not
only can wires of different materials be combined, but
a single wire can be made of different materials. For
example, junctions of GaAs and GaP show rectifying
behavior [4.92], thus demonstrating that good electronic
interfaces between two different semiconductors can be
achieved in the synthesis of multicomponent nanowires.
Transistors made from nanowires could also hold ad-
vantages due to their unique morphology. For example,
in bulk field effect transistors (FETs), the depletion
layer formed below the source and drain region results
in a source—drain capacitance which limits the oper-
ation speed. However, in nanowires, the conductor is
surrounded by an oxide and thus the depletion layer
cannot be formed. Thus, depending on the device de-
sign, the source—drain capacitance in nanowires could
be greatly minimized and possibly eliminated.

Device functionalities common in conventional
semiconductor technologies, such as p-n junction
diodes [4.142], field-effect transistors [4.144], logic
gates [4.142], and light-emitting diodes [4.92, 194],
have been recently demonstrated in nanowires, show-
ing their promise as building blocks that could be used
to construct complex integrated circuits by employ-
ing the boftom-up paradigm. Several approaches have
been investigated to form nanowire diodes (Sect. 4.2.2).
For example, Schottky diodes can be formed by con-
tacting a GaN nanowire with Al electrodes [4.143].
Furthermore, p-n junction diodes can be formed at
the crossing of two nanowires, such as the crossing
of n- and p-type InP nanowires doped by Te and Zn,
respectively [4.194], or Si nanowires doped by phos-
phorus (n-type) and boron (p-type) [4.195]. In addition
to the crossing of two distinctive nanowires, hetero-
geneous junctions have also been constructed inside
a single wire, either along the wire axis in the form
of a nanowire superlattice [4.92], or perpendicular to
the wire axis by forming a core—shell structure of sil-
icon and germanium [4.111]. These various nanowire
junctions not only possess the current rectifying proper-
ties (Fig. 4.22) expected of bulk semiconductor devices,
but they also exhibit electroluminescence (EL) that may
be interesting for optoelectronic applications, as shown
in Fig.4.39 for the electroluminescence of a crossed
junction of n- and p-type InP nanowires [4.194]
(Sect. 4.3.3).
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In addition to the two-terminal nanowire devices,
such as the p-n junctions described above, it is found
that the conductance of a semiconductor nanowire can
be significantly modified by applying voltage at a third
gate terminal, implying the utilization of nanowires
in field effect transistors (FETs). This gate terminal
can either be the substrate [4.30, 196—199], a separate
metal contact located close to the nanowire [4.200],
or another nanowire with a thick oxide coating in the
crossed nanowire junction configuration [4.142]. The
operating principles of these nanowire-based FETs are

ing basic logic functions have been demonstrated using
nanowire junctions [4.142], as shown in Fig. 4.40 for the
OR and AND logic gates constructed from 2-by-1 and
1-by-3 nanowire p-n junctions, respectively. By func-
tionalizing nanowires with redox-active molecules to
store charge, nanowire FETs were demonstrated with
two-level [4.144] and with eight-level [4.201] mem-
ory effects, which may be used for nonvolatile memory
or as switches. In another advance, In,O; nanowire
FETs with high-k dielectric material were demon-
strated, and substantially enhanced performance was
obtained due to the highly efficient coupling of the
gate [4.202]. A vertical FET with a surrounding gate
geometry has also been demonstrated, which has the
potential for high-density nanoscale memory and logic
devices [4.203].
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Fig. &.39a,b Optoelectrical characterization of a crossed nanowire
junction formed between 65nm n-type and 68 nm p-type InP
nanowires. (a) Electroluminescence (EL) image of the light emit-
ted from a forward-biased nanowire p-n junction at 2.5V. Inset,
photoluminescence (PL) image of the junction. (b) EL intensity as
a function of operation voltage. Inset, the SEM image and the -V
characteristics of the junction (after [4.194]). The scale bar in the

inset is 5 pm

Nanowires have also been proposed for applications
associated with electron field emission [4.204], such as
flat panel displays, because of their small diameter and
large curvature at the nanowire tip, which may reduce
the threshold voltage for electron emission [4.205]. In

Fig. &.40a-d Nanowire logic gates:

5 M—WJL (a) Schematic of logic OR gate con-
Viy(V) structed from a 2 (p-Si) by 1 (n-GaN)
& :‘ crossed nanowire junction. The in-
2 3 set shows the SEM image (scale
5 f bar: 1 pm) of an assembled OR gate
0 ; and the symbolic electronic circuit.
1 00 L 4 & é{\:; (b) The output voltage of the cir-
0 cuit in (a) versus the four possible
logic address level inputs: (0,0); (0,1);
d) Vo(V) (1,0); (1,1), where logic 0 input is 0 V
and logic 1 is 5V (same for below).
3 () Schematic of logic AND gate con-
4 structed from a 1 (p-Si) by 3 (n-GaN)
crossed nanowire junction. The in-
= set shows the SEM image (scale bar:
2 1 wm) of an assembled AND gate
] . and the symbolic electronic circuit.
TJ_[)]—T(}__ (d) The output voltage of the circuit
AND address lev:l in (c) versus the four possible logic

address level inputs (after [4.142])

153

€|V Hed



154

€4 |V Hed

Part A

Nanostructures, Micro-/Nanofabrication and Materials

this regard, the demonstration of very high field emis-
sion currents from the sharp tip (= 10 nm radius) of a Si
cone [4.204], from carbon nanotubes [4.206], from Si
nanowires inside a carbon nanotube [4.207], and from
Co nanowires [4.208], has stimulated interest in this
potential area of application for nanowires.

The concept of constructing electronic devices
based on nanowires has already been demonstrated,
and the next step for electronic applications would be
to devise a feasible method for integration and mass
production. We expect that, in order to maintain the
growing rate of device density and functionality in the
existing electronic industry, new kinds of complemen-
tary electronic devices will emerge from this bottom-up
scheme for nanowire electronics, different from what
has been produced by the traditional top-down approach
pursued by conventional electronics.

4.3.2 Thermoelectric Applications

One proposed application for nanowires is for thermo-
electric cooling and for the conversion between thermal
and electrical energy [4.171, 209]. The efficiency of
a thermoelectric device is measured in terms of a di-
mensionless figure of merit ZT, where Z is defined as
o §?

L =—,
K

(4.2)

where o is the electrical conductivity, § is the See-
beck coefficient, k is the thermal conductivity, and T
is the temperature. In order to achieve a high ZT and
therefore efficient thermoelectric performance, a high
electrical conductivity, a hugh Seebeck coefficient and
a low thermal conductivity are required. In 3-D systems,
the electronic contribution to « is proportional to ¢ in
accordance with the Wiedemann—Franz law, and nor-
mally materials with high § have a low o. Hence an
increase in the electrical conductivity (for example by
electron donor doping) results in an adverse variation in
both the Seebeck coefficient (decreasing) and the ther-
mal conductivity (increasing). These two trade-offs set
the upper limit for increasing Z7 in bulk materials, with
the maximum Z7 remaining = | at room temperature
for the 1960—1995 time frame.

The high electronic density of states in quantum-
confined structures is proposed as a promising possibil-
ity to bypass the Seebeck/elecirical conductivity trade-
off and to control each thermoelectric-related variable
independently, thereby allowing for increased electri-
cal conductivity, relatively low thermal conductivity,
and a large Seebeck coefficient simultaneously [4.210].

For example, Figs. 4.29 and 4.30a in Sect.4.2.3 show
an enhanced in S for bismuth and bismuth-antimony
nanowires as the wire diameter decreases. In addition to
alleviating the undesired connections between o, § and
the electronic contribution to the thermal conductivity,
nanowires also have the advantage that the phonon con-
tribution to the thermal conductivity is greatly reduced
because of boundary scattering (Sect.4.2), thereby
achieving a high Z7T. Figure 4.41a shows the theoret-
ical values for ZT versus sample size for both bismuth
thin films (2-D) and nanowires (1-D) in the quantum-
confined regime, exhibiting a rapidly increasing ZT as
the quantum size effect becomes more and more im-
portant [4.210]. In addition, the quantum size effect in
nanowires can be combined with other parameters to
tailor the band structure and electronic transport behav-
ior (for instance, Sb alloying in Bi) to further optimize
ZT. For example, Fig.4.41b shows the predicted ZT
for p-type Bi,_,Sb, alloy nanowires as a function of
wire diameter and Sb content x [4.211]. The occurrence
of a local ZT maxima in the vicinity of x = 0.13 and
dw =~ 45nm is due to the coalescence of ten valence
bands in the nanowire and the resulting unusual high
density of states for holes, which is a phenomenon ab-
sent in bulk Bi;_,Sb, alloys. For nanowires with very
small diameters, it is speculated that localization effects
will eventually limit the enhancement of ZT. However,
in bismuth nanowires, localization effects are not signif-
icant for wires with diameters larger than 9 nm [4.52].
In addition to 1-D nanowires, ZT values as high as
222 have also been experimentally demonstrated in
macroscopic samples containing PbSe quantum dots (0-
D) [4.212] and stacked 2-D films [4.167].

Although the application of nanowires to thermo-
electrics appears very promising, these materials are
still in the research phase of the development cycle and
are far from being commercialized. One challenge for
thermoelectric devices based on nanowires lies in find-
ing a suitable host material that will not reduce ZT
too much due to the unwanted heat conduction through
the host material. Therefore, the host material should
have a low thermal conductivity and occupy a volume
percentage in the composite material that is as low as
possible, while still providing the quantum confinement
and the support for the nanowires.

4.3.3 Optical Applications
Nanowires also hold promise for optical applications.

One-dimensional systems exhibit a singularity in their
joint density of states, allowing quantum effects in
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limit, and not by synthesis limitations, and thus can be
as small as 145nm. Figure 4.43a shows an optical im-
age of many Au-Ag-Au-Ag barcoded wires, where the
silver segments show higher reflectivity. Figure 4.43b
is a backscattering mode FE-SEM image of a single
nanowire, highlighting the composition and segment
length variations along the nanowire.

Both the large surface area and the high conductiv-
ity along the length of a nanowire are favorable for its
use in inorganic—organic solar cells [4.225], which offer
promise from a manufacturing and cost-effectiveness
standpoint. In a hybrid nanocrystal-organic solar cell,
the incident light forms bound electron—hole pairs (ex-
citons) in both the inorganic nanocrystal and in the
surrounding organic medium. These excitons diffuse to
the inorganic—organic interface and disassociate to form
an electron and a hole. Since conjugated polymers usu-
ally have poor electron mobilities, the inorganic phase
is chosen to have a higher electron affinity than the or-
ganic phase so that the organic phase carries the holes
and the semiconductor carries the electrons. The sepa-
rated electrons and holes drift to the external electrodes
through the inorganic and organic materials, respec-
tively. However, only those excitons formed within an
exciton diffusion length from an interface can disas-
sociate before recombining, and therefore the distance
between the dissociation sites limits the efficiency of
a solar cell. A solar cell prepared from a composite
of CdSe nanorods inside poly(3-ethylthiophene) [4.225]
yielded monochromatic power efficiencies of 6.9% and
power conversion efficiencies of 1.7% under A.M. 1.5
illumination (equal to solar irradiance through 1.5 times
the air mass of the Earth at direct normal incidence).
The nanorods provide a large surface area with good
chemical bonding to the polymer for efficient charge
transfer and exciton dissociation. Furthermore, they
provide a good conduction path for the electrons to
reach the electrode. Their enhanced absorption coeffi-

Fig.4.43 (a) An optical image of
many short bar-coded Au-Ag-Au-Au
wires and (b) an FE-SEM image of an
Au/Ag barcoded wire with multiple
strips of varying length. The insert in
(a) shows a histogram of the particle
lengths for 106 particles in this image
(after [4.110])

cient and their tunable bandgap are also characteristics
that can be used to enhance the energy conversion effi-
ciency of solar cells.

4.3.4 Chemical and Biochemical
Sensing Devices

Sensors for chemical and biochemical substances with
nanowires as the sensing probe are a very attrac-
tive application area. Nanowire sensors will potentially
be smaller, more sensitive, demand less power, and
react faster than their macroscopic counterparts. Ar-
rays of nanowire sensors could, in principle, achieve
nanometer-scale spatial resolution and therefore pro-
vide accurate real-time information regarding not only
the concentration of a specific analyte but also its spa-
tial distribution. Such arrays could be very useful, for
example, for dynamic studies on the effects of chemical
gradients on biological cells. The operation of sen-
sors made with nanowires, nanotubes, or nanocontacts
is based mostly on the reversible change in the con-
ductance of the nanostructure upon absorption of the
agent to be detected, but other detection methods, such
as mechanical and optical detection, are conceptually
plausible. The increased sensitivity and faster response
time of nanowires are a result of the large surface-to-
volume ratio and the small cross section available for
conduction channels. In the bulk, on the other hand,
the abundance of charges can effectively shield external
fields, and the abundance of material can afford many
alternative conduction channels. Therefore, a stronger
chemical stimulus and longer response time are neces-
sary to observe changes in the physical properties of
a 3-D sensor in comparison to a nanowire.

It is often necessary to modify the surface of the
nanowires to achieve a strong interaction with the an-
alytes that need to be detected. Surface modifications
utilize the self-assembly, chemisorption or chemical re-
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activity of selected organic molecules and polymers
towards metal and oxide surfaces. Examples include:
thiols on gold, isocyanides on platinum, and siloxanes
on silica. These surface coatings regulate the binding
and chemical reactivity of other molecules towards the
nanowire in a predictable manner [4.226].

Cui et al. placed silicon nanowires made by the VLS
method (Sect. 4.1.2) between two metal electrodes and
modified the silicon oxide coating of the wire through
the addition of molecules that are sensitive to the ana-
lyte to be detected [4.227]. For example, a pH sensor
was made by covalently linking an amine-containing
silane to the surface of the nanowire. Variations in the
pH of the solution into which the nanowire was im-
mersed caused protonation and deprotonation of the
—NH; and the —SiOH groups on the surface of the
nanowire. The variation in surface charge density regu-
lates the conductance of the nanowire; due to the p-type
characteristics of a silicon wire, the conductance in-
creases with the addition of negative surface charge.
The combined acid and base behavior of the surface
groups results in an approximately linear dependence
of the conductance on pH in the pH range 2 to 9, thus
leading to a direct readout pH meter. This same type
of approach was used for the detection of the binding
of biomolecules, such as streptavidin using biotin-
modified nanowires (Fig.4.44). This nanowire-based
device has high sensitivity and could detect streptavidin
binding down to a concentration of 10 pM (10~ 2 mol).
Subsequent results demonstrated the capabilities of
these functionalized Si nanowire sensors as DNA sen-
sors down to the femtomolar range [4.228]. The chem-
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Fig. &.44 (a) Streptavidin molecules bind to a silicon nanowire
functionalized with biotin. The binding of streptavidin to biotin
causes the nanowire to change its resistance. (b) The conductance
of a biotin-modified silicon nanowire exposed to streptavidin in
a buffer solution (regions 1 and 3) and with the introduction of a so-
lution of antibiotin monoclonal antibody (region 2) (after [4.227])

ical detection devices were made in a field effect tran-
sistor geometry, so that the back-gate potential could be
used to regulate the conductance in conjugation with
the chemical detection and to provide a real-time di-
rect read-out [4.227]. The extension of this device to
detect multiple analytes using multiple nanowires, each
sensitized to a different analyte, could provide for fast,
sensitive, and in situ screening procedures.

A similar approach was used by Favier et al., who
made a nanosensor for the detection of hydrogen from
of an array of palladium nanowires between two metal
contacts [4.44]. They demonstrated that nanogaps were
present in their nanowire structure, and upon absorp-
tion of H, and formation of Pd hydride, the nanogap
structure would close and improve the electrical con-
tact, thereby increasing the conductance of the nanowire
array. The response time of these sensors was 75 ms,
and they could operate in the range 0.5-5% H, before
saturation occurred.

4.3.5 Magnetic Applications

It has been demonstrated that arrays of single-domain
magnetic nanowires can be prepared with controlled
nanowire diameter and length, aligned along a common
direction and arranged in a close-packed ordered array
(Sect.4.1), and that the magnetic properties (coercivity,
remanence and dipolar magnetic interwire interaction)
can be controlled to achieve a variety of magnetic ap-
plications [4.40,79].

The most interesting of these applications is for
magnetic storage, where the large nanowire aspect ra-
tio (length/diameter) is advantageous for preventing
the onset of the superparamagnetic limit at which the
magnetization direction in the magnetic grains can be
reversed by the thermal energy kg T', thereby resulting in
loss of recorded data in the magnetic recording medium.
The magnetic energy in a grain can be increased by
increasing either the volume or the anisotropy of the
grain. If the volume is increased, the particle size in-
creases, so the resolution is decreased. For spherical
magnetized grains, the superparamagnetic limit at room
temperature is reached at 70 Gbit/in. In nanowires,
the anisotropy is very large and yet the wire diam-
eters are small, so that the magnetostatic switching
energy can easily be above the thermal energy while
the spatial resolution is large. For magnetic data stor-
age applications, a large aspect ratio is needed for the
nanowires in order to maintain a high coercivity, and
a sufficient separation between nanowires is needed
to suppress interwire magnetic dipolar coupling. Thus
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nanowires can form stable and highly dense magnetic
memory arrays with packing densities in excess of
10" wires/cm?.

The onset of superparamagnetism can be pre-
vented in the single-domain magnetic nanowire ar-
rays that have already been fabricated using either
porous alumina templates to make Ni nanowires with

4.4 Concluding Remarks

In this chapter, we reviewed the synthesis, character-
ization and physical properties of nanowires, placing
particular emphasis on nanowire properties that differ
from those of the bulk counterparts and potential appli-
cations that might result from the special structures and
properties of nanowires,

We have shown that the newly emerging field of
nanowire research has developed very rapidly over the
past few years, driven by the development of a vari-
ety of complementary nanowire synthesis methods and
effective tools for measuring nanowire structure and
properties (Sects. 4.1 and 4.2). At present, much of the
progress is at the demonstration-of-concept level, with
many gaps in knowledge remaining to be elucidated,
theoretical models to be developed, and new nanowire
systems to be explored. Having demonstrated that many
of the most interesting discoveries to date relate to
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ena related to quantum confinement effects are more
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5. Template-Based Synthesis of Nanorod
or Nanowire Arrays

Huamei (Mary) Shang, Guozhong Cao

This chapter introduces the fundamentals of
and various technical approaches developed
for template-based synthesis of nanorod ar-
rays. After a brief introduction to various concepts
associated with the growth of nanorods, nano-
wires and nanobelts, the chapter focuses mainly
on the most widely used and well established
techniques for the template-based growth of
nanorod arrays: electrochemical deposition,
electrophoretic deposition, template filling via
capillary force and centrifugation, and chemical
conversion. In each section, the relevant funda-
mentals are first introduced, and then examples
are given to illustrate the specific details of each
technique.

5.1 Template-Based Approach .................... 170
5.2 Electrochemical Deposition.................... 171
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Syntheses, characterizations and applications of nano-
wires, nanorods, nanotubes and nanobelts (also often
referred to as one-dimensional nanostructures) are sig-
nificant areas of current endeavor in nanotechnology.
Many techniques have been developed in these areas,
and our understanding of the field has been signif-
icantly enhanced [5.1-5]. The field is still evolving
rapidly with new synthesis methods and new nanowires
or nanorods reported in the literature. Evaporation—
condensation growth has been successfully applied to
the synthesis of various oxide nanowires and nanorods.
Similarly, the dissolution—condensation method has
been widely used for the synthesis of various metal-
lic nanowires from solutions. The vapor-liquid—solid
(VLS) growth method is a highly versatile approach;
various elementary and compound semiconductor nano-
wires have been synthesized using this method [5.6].
Template-based growth of nanowires or nanorods is an
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even more versatile method for various materials. Sub-
strate ledge or step-induced growth of nanowires or
nanorods has also been investigated intensively [5.7].
Except for VLS and template-based growth, most of
the above-mentioned methods result in randomly ori-
ented nanowires or nanorods (commonly in the form
of powder). The VLS method provides the ability to
grow well oriented nanorods or nanowires directly at-
tached to substrates, and is therefore often advantageous
for characterization and applications; however, catalysts
are required to form a liquid capsule at the advanc-
ing surface during growth at elevated temperatures.
In addition, the possible incorporation of catalyst into
nanowires and the difficulty removing such capsules
from the tips of nanowires or nanorods are two dis-
advantages of this technique. Template-based growth
often suffers from the polycrystalline nature of the
resultant nanowires and nanorods, in addition to the dif-
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the energy level of a vacant molecular orbital in the
electrolyte, clectrons will transfer from the electrode
to the solution and the electrolyte will be reduced, as
shown in Fig.5.1a [5.24]. On the other hand, if the
electrode potential is lower than the energy level of
an occupied molecular orbital in the electrolyte, the
electrons will transfer from the electrolyte to the elec-
trode, resulting in electrolyte oxidation, as illustrated in
Fig.5.1b [5.24]. These reactions stop when equilibrium
is achieved.

When an external electric field is applied between
two dissimilar electrodes, charged species flow from
one electrode to the other, and electrochemical reactions
occur at both electrodes. This process, called electrol-
ysis, converts electrical energy to chemical potential.

Porous membrane

Copper film
b) Current (mA)

0 -
0 1000

Time (s)

Fig.5.2a,b Common experimental setup for the template-
based growth of nanowires using electrochemical deposi-
tion. (a) Schematic illustration of the arrangement of the
electrodes for nanowire deposition. (b) Current—time curve
for electrodeposition of Ni into a polycarbonate membrane
with 60 nm diameter pores at — 1.0V, [nsefs depict the
different stages of the electrodeposition (after [5.26])

The system used to perform electrolysis is called an
electrolytic cell. In this cell, the electrode connected to
the positive side of the power supply, termed the an-
ode, is where an oxidation reaction takes place, whereas
the electrode connected to the negative side of the
power supply, the cathode, is where a reduction reac-
tion proceeds, accompanied by deposition. Therefore,
electrolytic deposition is also called cathode deposition,
but it is most commonly referred to as electrochemical
deposition or electrodeposition.

5.2.1 Metals

The growth of nanowires of conductive materials in
an electric field is a self-propagating process [5.27].
Once the small rods form, the electric field and the den-
sity of current lines between the tips of nanowires and
the opposing electrode are greater than that between
two electrodes, due to the shorter distances between
the nanowires and the electrodes. This ensures that the
species being deposited is constantly attracted prefer-
entially to the nanowire tips, resulting in continued
growth. To better control the morphology and size, tem-
plates containing channels in the desired shape are used
to guide the growth of nanowires. Figure 5.2 illustrates
a common setup used for the template-based growth
of nanowires [5.26]. The template is attached to the
cathode, which is brought into contact with the depo-
sition solution. The anode is placed in the deposition
solution, parallel to the cathode. When an electric field
is applied, cations diffuse through the channels and
deposit on the cathode, resulting in the growth of nano-
wires inside the template. This figure also shows the
current density at different stages of deposition when
a constant electric field is applied. The current does
not change significantly until the pores are completely
filled, at which point the current increases rapidly due
to improved contact with the electrolyte solution. The
current saturates once the template surface is com-
pletely covered. This approach has yielded nanowires
made from different metals, including Ni, Co, Cu and
Au, with nominal pore diameters of between 10 and
200nm. The nanowires were found to be true repli-
cas of the pores [5.28]. Possin [5.11] prepared various
metallic nanowires using radiation track-etched mica.
Likewise, Williams and Giordano [5.29] produced silver
nanowires with diameters of less than 10nm. Whitney
et al. [5.26] fabricated arrays of nickel and cobalt nano-
wires, also using PC templates. Single crystal bismuth
nanowires have been grown in AAM using pulsed elec-
trodeposition and Fig. 5.3 shows SEM and TEM images
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60 nm
e

Fig.lE.Ba-d SEM ifnages of Bi nanowire arrays: (a) top view, (b) tilt view. () TEM image of a typical Bi single nanowire.

(d) HRTEM image of a typical Bi single nanowire. The inser is the corresponding ED pattern (after [5.30])

of the bismuth nanowires [5.30]. Single crystal copper
and lead nanowires were prepared by DC electrodeposi-
tion and pulse electrodeposition, respectively [5.31,32].
The growth of single crystal lead nanowires required
a greater departure from equilibrium conditions (greater
overpotential) compared to the conditions required for
polyerystalline ones.

Hollow metal tubules can also be prepared [5.33,
34]. In this case the pore walls of the template are chem-
ically modified by anchoring organic silane molecules
so that the metal will preferentially deposit onto the
pore walls instead of the bottom electrode. For exam-
ple, the porous surface of an anodic alumina template
was first covered with cyanosilanes; subsequent elec-
trochemical deposition resulted in the growth of gold
tubules [5.35]. An electroless electrolysis process has
also been investigated for the growth of nanowires and
nanorods [5.16, 33, 36]. Electroless deposition is actu-
ally a chemical deposition process and it involves the
use of a chemical agent to coat a material onto the
template surface [5.37]. The main differences between
electrochemical deposition and electroless deposition
are that the deposition begins at the bottom electrode
and the deposited materials must be electrically con-
ductive in the former. The electroless method does not
require the deposited materials to be electrically con-
ductive, and the deposition starts from the pore wall
and proceeds inwardly. Therefore, in general, electro-
chemical deposition results in the formation of solid
nanorods or nanowires of conductive materials, whereas
electroless deposition often results in hollow fibrils or
nanotubules. For electrochemical deposition, the length
of nanowires or nanorods can be controlled by the
deposition time, whereas in electroless deposition the
length of the nanotubules is solely dependent on the
length of the deposition channels or pores. Variation
of deposition time would result in a different wall

thickness of nanotubules. An increase in deposition
time leads to a thick wall, but sometimes the hol-
low tubule morphology persists even after prolonged
deposition.

Although many research groups have reported on
the growth of uniformly sized nanorods and nanowires
on PC template membranes, Schénenberger et al. [5.38]
reported that the channels of carbonate membranes were
not always uniform in diameter. They grew Ni, Co, Cu,
and Au nanowires using polycarbonate membranes with
nominal pore diameters of between 10 and 200 nm by
an electrolysis method. From both a potentiostatic study
of the growth process and a SEM analysis of nanowire
morphology, they concluded that the pores were gen-
erally not cylindrical with a constant cross section, but
instead were rather cigarlike. For pores with a nominal
diameter of 80 nm, the middle section of the pores was
wider by up to a factor of 3.

5.2.2 Semiconductors

Semiconductor nanowire and nanorod arrays have been
synthesized using AAM templates, such as CdSe and
CdTe [5.39]. The synthesis of nanowire arrays of bis-
muth telluride (Bi;Te;) provide a good example of
the synthesis of compound nanowire arrays by elec-
trochemical deposition. Bi;Tes is of special interest
as a thermoelectric material and Bi»Te; nanowire ar-
rays are believed to offer high figures of merit for
thermal-electrical energy conversion [5.40, 41]. Both
polycrystalline and single crystal Bi; Te; nanowire ar-
rays have been grown by electrochemical deposition
inside anodic alumina membranes [5.42, 43]. Sander
and coworkers [5.42] fabricated Bi;Te; nanowire ar-
rays with diameters as small as =~ 25 nm from a solution
of 0.075M Bi and 0.1 M Te in I M HNOj by electro-
chemical deposition at — 0.46 V versus a Hg/Hg->SO04
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Fig.5.4a-d SEM photographs of AAM template and
Bi>Tes nanowire arrays. (a) A typical SEM photograph of
AAM. (b) Surface view of Bi;Te; nanowire array (eroding
time: 5Smin). () Surface view of Bi;Te; nanowire array
(eroding time: 15 min). (d) Cross-sectional view of Bi;Tes
nanowire array (eroding time: 15 min) (after [5.43])

reference electrode. The resultant Bi»Te; nanowire
arrays are polycrystalline in nature, and subsequent
melting-recrystallization failed to produce single crystal
Bi;Tes nanowires. More recently, single crystal BioTes
nanowire arrays have been grown from a solution con-
sisted of 0.035 M Bi(NO3)3-5H,0 and 0.05 M HTcOér;
the latter was prepared by dissolving Te powder in
5M HNOj; by electrochemical deposition. Figure 5.4a
shows a typical SEM image of AAM. Both Fig.5.4b
and Fig. 5.4c are surface view of BixTes nanowire ar-
ray with different eroding time, Fig. 5.4b is S5min and
Fig.5.4c is 15min. Figure 5.4d is cross-sectional view
of Bi»Tes nanowire array. Figure 5.5 shows TEM im-
age of a cross section of a Bi; Tes nanowire array and an
XRD spectrum showing its crystal orientation, respec-
tively. High-resolution TEM and electron diffraction,
together with XRD, revealed that [110] is the preferred
growth direction of Bi,Te; nanowires. Single crys-
tal nanowire or nanorod arrays can also be made by
carefully controlling the initial deposition [5.44]. Simi-

larly, large area Sb>Te; nanowire arrays have also been
successfully grown by template-based electrochemical
deposition, but the nanowires grown are polycrystalline
and show no clear preferred growth direction [5.45].

5.2.3 Conductive Polymers

Electrochemical deposition has also been explored
for the synthesis of conductive polymer nanowire
and nanorod arrays [5.46]. Conductive polymers
have great potential for plastic electronics and sen-
sor applications [5.47, 48]. For example, Schonen-
berger et al. [5.38] have made conductive polyporrole
nanowires in PC membranes. Nanotubes are com-
monly observed for polymer materials, as shown in
Fig.5.6 [5.49], in contrast to solid metal nanorods or
nanowires. It seems that deposition or solidification of
polymers inside template pores starts at the surface
and proceeds inwardly. Martin [5.50] proposed that this
phenomenon was caused by the electrostatic attraction
between the growing polycationic polymer and the an-
ionic sites along the pore walls of the polycarbonate
membrane. In addition, although the monomers are sol-
uble, the polymerized form is insoluble. Hence there is
a solvophobic component leading to deposition at the
surface of the pores [5.51,52]. In the final stage, the dif-
fusion of monomers through the inner pores becomes
retarded and monomers inside the pores are quickly de-
pleted. The deposition of polymer inside the inner pores
stops.

Liang et al. [5.53] reported a direct electrochemical
synthesis of oriented nanowires of polyaniline (PANI)
— a conducting polymer with a conjugated backbone
due to phenyl and amine groups — from solutions us-
ing no templates. The experimental design is based on
the idea that, in theory, the rate of electropolymerization
(or nanowire growth) is related to the current density.
Therefore, it is possible to control the nucleation and
the polymerization rate simply by adjusting the current
density. The synthesis involves electropolymerization
of aniline (CgHsNH») and in situ electrodeposition, re-
sulting in nanowire growth.

5.2.4 Oxides

Similar to metals, semiconductors and conductive poly-
mers, some oxide nanorod arrays can be grown directly
from solution by electrochemical deposition. For ex-
ample, V,Os nanorod arrays have been grown on [TO
substrate from VOSO4 aqueous solution with VOt as
the growth species [5.54]. At the interface between the
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Fig.5.5a~c TEM images and XRD pattern of a single Bi»Tes nanowire. (a) TEM image and (b) HRTEM image of the
same nanowire. The inset is the corresponding ED pattern. (¢) XRD pattern of Bi>Tes nanowire array (electrodeposition

time: 5 min) (after [5.43])

electrode (and therefore the subsequent growth surface)
and the electrolyte solution, the ionic cluster (VO>1)
is oxidized and solid V.05 is deposited through the
following reaction

2VO*" 4+3H,0 — V,05 +6H' +2¢ . (5.2)

A reduction reaction takes place at the counter elec-
trode

2H" +2¢~ — Ha(g) . (5.3)

5.3 Electrophoretic Deposition

The electrophoretic deposition technique has been
widely explored, particularly for the deposition of ce-
ramic and organoceramic materials onto a cathode
from colloidal dispersions [5.56—58]. Electrophoretic
deposition differs from electrochemical deposition in
several aspects. First, the material deposited in the
electrophoretic deposition method does not need to be
electrically conductive. Second, nanosized particles in

Fig.5.6a,b SEM images of polymer
nanotubes (after [5.49])

It is obvious that the pH and the concentration of VOt
clusters in the vicinity of the growth surface shift away
from that in the bulk solution; both the pH and the VO**
concentration decrease.

ZnO nanowire arrays were fabricated by a one-
step electrochemical deposition technique based on an
ordered nanoporous alumina membrane [5.55]. The
Zn0O nanowire array is uniformly assembled into the
nanochannels of an anodic alumina membrane and con-
sists of single crystal particles.

colloidal dispersions are typically stabilized by electro-
static or electrosteric mechanisms. As discussed in the
previous section, when dispersed in a polar solvent or an
electrolyte solution, the surface of a nanoparticle devel-
ops an electrical charge via one or more of the following
mechanisms: (1) preferential dissolution, (2) deposition
of charges or charged species, (3) preferential reduc-
tion or oxidation, and (4) physical adsorption of charged
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Fig.5.7 Schematic illustrating electrical double layer structure and the electric potential near the solid surface with both
the Stern and Gouy layers indicated. Surface charge is assumed to be positive (after [5.59])

species such as polymers. A combination of elec-
trostatic forces, Brownian motion and osmotic forces
results in the formation of a double layer structure,
schematically illustrated in Fig.5.7. The figure depicts
a positively charged particle surface, the concentra-
tion profiles of negative ions (counterions) and positive
ions (surface charge-determining ions), and the electric
potential profile. The concentration of counterions grad-
ually decreases with distance from the particle surface,
whereas that of charge-determining ions increases. As
a result, the electric potential decreases with distance.
Near the particle surface, the electric potential decreases
linearly, in the region known as the Stern layer. Outside
of the Stern layer, the decrease follows an exponential
relationship. The region between the Stern layer and the
point where the electric potential equals zero is called

%
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Fig.5.8 Schematic showing electrophoresis. Upon application of
an external electric field to a colloidal system or a sol. the charged
nanoparticles or nanoclusters are set in motion (after [5.1])

the diffusion layer. Taken together, the Stern layer and
diffusion layer is known as the double layer structure in
the classical theory of electrostatic stabilization.

Upon the application of an external electric field,
charged particles are set in motion, as schematically
illustrated in Fig. 5.8 [5.59]. This type of motion is re-
ferred to as electrophoresis. When a charged particle
moves, some of the solvent or solution surrounding the
particle will also move with it, since part of the sol-
vent or solution is tightly bound to the particle. The
plane that separates the tightly bound liquid layer from
the rest of the liquid is called the slip plane (Fig.5.7).
The electric potential at the slip plane is known as the
zeta potential, which is an important parameter when
determining the stability and transport of a colloidal dis-
persion or a sol. A zeta potential of more than about
25mV is typically required to stabilize a system [5.60].
The zeta potential ¢ around a spherical particle can be
described using the relation [5.61]

o O
dmeca(l+ka)
with

25, 2\ 12
Z(EZ) , "

erUkB ¥ i

where Q is the charge on the particle, a is the radius of
the particle out to the shear plane, &, is the relative di-
electric constant of the medium, and n; and z; are the
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The formation of single crystal nanorods from
solutions by pH change-induced surface condensa-
tion has been proven by TEM analyses, including
high-resolution imaging showing the lattice fringes
and electron diffraction. The growth of single crystal
nanorods by pH change-induced surface condensation
is attributed to evolution selection growth, which is
briefly summarized below. The initial heterogeneous
nucleation or deposition onto the substrate surface
results in the formation of nuclei with random orien-
tations. The subsequent growth of various facets of
a nucleus is dependent on the surface energy, and varies
significantly from one facet to another [5.74]. For one-
dimensional growth, such as film growth, only the
highest growth rate with a direction perpendicular to
the growth surface will be able to continue to grow.
The nuclei with the fastest growth direction perpen-
dicular to the growth surface will grow larger, while
nuclei with slower growth rates will eventually cease
to grow. Such a growth mechanism results in the for-
mation of columnar structured films where all of the
grains have the same crystal orientation (known as tex-
tured films) [5.75,76]. In the case of nanorod growth
inside a pore channel, such evolution selection growth
is likely to lead to the formation of a single crystal
nanorod or a bundle of single crystal nanorods per pore
channel. Figure 5.10 shows typical TEM micrographs
and selected-area electron diffraction patterns of V,0s5
nanorods. It is well known that [010] (the b-axis) is
the fastest growth direction for a V,0s5 crystal [5.77,
78], which would explain why single crystal vanadium
nanorods or a bundle of single crystal nanorods grow
along the b-axis.

5.3.3 Single Crystal Oxide Nanorod Arrays
Grown by Homoepitaxial Aggregation

Single crystal nanorods can also be grown directly
by conventional electrophoretic deposition. However,
several requirements must be met for such growth.
First, the nanoclusters or particles in the sol must have
a crystalline structure extended to the surface. Second,
the deposition of nanoclusters on the growth surface
must have a certain degree of reversibility so that the
nanoclusters can rotate or reposition prior to their irre-
versible incorporation into the growth surface. Thirdly,
the deposition rate must be slow enough to permit
sufficient time for the nanoclusters to rotate or repo-
sition. Lastly, the surfaces of the nanoclusters must
be free of strongly attached alien chemical species.
Although precise control of all these parameters re-
mains a challenge, the growth of single crystal nanorods
through homoepitaxial aggregation of nanocrystals has
been demonstrated [5.79, 80]. The formation of single
crystalline vanadium pentoxide nanorods by template-
based sol electrophoretic deposition can be attributed to
homoepitaxial aggregation of crystalline nanoparticles.
Thermodynamically it is favorable for the crystalline
nanoparticles to aggregate epitaxially; this growth be-
havior and mechanism is well documented in the
literature [5.81,82]. In this growth mechanism, an ini-
tial weak interaction between two nanoparticles allows
rotation and migration relative to each other. Obviously,
homoepitaxial aggregation is a competitive process and
porous structure is expected to form through this ho-
moepitaxial aggregation (as schematically illustrated in
Fig.5.11). Vanadium oxide particles present in a typ-

Fig.5.10 (a) SEM image of V205 nanorod arrays on an ITO substrate grown in a 200 nm carbonate membrane by sol
electrophoretic deposition; (b) TEM image of a V205 nanorod with its electron diffraction pattern; (c) high-resolution
TEM image of the V205 nanorod showing the lattice fringes (after [5.54])
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Fig.5.11 Schematic illustration of the homoepitaxial ag-
gregation growth mechanism of single-crystalline nanorods

(after [5.54])

ical sol are known to easily form ordered crystalline
structure [5.83], so it is reasonable to expect that ho-
moepitaxial aggregation of vanadium nanocrystals from
sol results in the formation of single crystal nanorods.
Single crystal nanorods formed in this way are likely to
undergo significant shrinkage when fired at high tem-
peratures due to its original porous nature; 50% lateral
shrinkage has been observed in vanadium pentoxide
nanorods formed by this method. In addition, it might

5.4 Template Filling

Directly filling a template with a liquid mixture precur-
sor is the most straightforward and versatile method for
preparing nanowire or nanorod arrays. The drawback of
this approach is that it is difficult to ensure complete
filling of the template pores. Both nanorods and nan-
otubules can be obtained depending on the interfacial
adhesion and the solidification modes. If the adhesion
between the pore walls and the filling material is weak,
or if solidification starts at the center (or from one end
of the pore, or uniformly throughout the rods), solid
nanorods are likely to form. If the adhesion is strong, or
if the solidification starts at the interfaces and proceeds
inwardly, hollow nanotubules are likely to form.

5.4.1 Colloidal Dispersion (Sol) Filling

Martin and coworkers [5.73, 88] have studied the for-
mation of various oxide nanorods and nanotubules by

be possible that the electric field and the internal sur-
faces of the pore channels play significant roles in the
orientation of the nanorods, as suggested in the litera-
ture [5.84,85].

5.3.4 Nanowires and Nanotubes
of Fullerenes and Metallofullerenes

Electrophoretic deposition in combination with tem-
plate-based growth has also been successfully explored
in the formation of nanowires and nanotubes of car-
bon fullerenes, such as Cgg [5.86], or metallofullerenes,
such as Sc@Cg, (1) [5.87]. Typical experiments in-
clude the purification or isolation of the fullerenes or
metallofullerenes required using multiple-step liquid
chromatography and dispersion of the fullerenes in
a mixed solvent of acetonitrile/toluene in a ratio of
7:1. The electrolyte solution has a relatively low con-
centration of fullerenes (35 pM) and metallofullerenes
(40 uM), and the electrophoretic deposition takes place
with an externally applied electric field of 100-150V
with a distance of 5mm between the two electrodes.
Both nanorods and nanotubes of fullerenes or met-
allofullerenes can form and it is believed that initial
deposition occurs along the pore surface. A short de-
position time results in the formation of nanotubes,
whereas extended deposition leads to the formation of
solid nanorods. These nanorods possess either crys-
talline or amorphous structure.

simply filling the templates with colloidal dispersions
(Fig.5.12). Nanorod arrays of a mesoporous material
(SBA-15) were recently synthesized by filling an or-
dered porous alumina membrane with sol containing
surfactant (Pluronic P123) [5.89]. Colloidal dispersions
were prepared using appropriate sol-gel processing
techniques. The template was placed in a stable sol for
various periods of time. The capillary force drives the
sol into the pores if the sol has good wettability for the
template. After the pores were filled with sol, the tem-
plate was withdrawn from the sol and dried. The sample
was fired at elevated temperatures to remove the tem-
plate and to densify the sol—gel-derived green nanorods.

A sol typically consists of a large volume fraction
of solvent, up to 90% or higher. Although the cap-
illary force may ensure complete filling of the pores
with the suspension, the amount of solid occupying the
pore space is small. Upon drying and subsequent fir-
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ing processes, significant shrinkage would be expected.
However, the actual shrinkage observed is small when
compared with the pore size. These results indicate
that an (unknown) mechanism is acting to enrich the
concentration of solid inside the pores. One possible
mechanism could be the diffusion of solvent through
the membrane, leading to the enrichment of solid on the
internal surfaces of the template pores, similar to what
happens during ceramic slip casting [5.90]. Figure 5.12a
is a top view of ZnO nanotubules array, Fig.5.12b
is TiO> nanotubules array, Fig.5.12¢ is hollow nan-
tube array. The observed formation of nanotubules (in
Fig.5.12 [5.73]) may imply that this process is indeed
present. However, considering the fact that the tem-
plates were typically emerged into sol for just a few
minutes, diffusion through the membrane and enrich-
ment of the solid inside the pores must be rather
rapid processes. It was also noticed that the nanorods
made by template filling are commonly polycrystalline
or amorphous, although single crystal TiO; nanorods
were sometimes observed for nanorods smaller than
20nm [5.73].

5.4.2 Melt and Solution Filling

Metallic nanowires can also be synthesized by filling
a template with molten metals [5.91]. One example is
the preparation of bismuth nanowires using pressure in-
jection of molten bismuth into the nanochannels of an
anodic alumina template [5.92]. The anodic alumina
template was degassed and immersed in the liquid bis-
muth at 325°C (T, = 271.5°C for Bi), and then high
pressure Ar gas of = 300 bar was applied in order to
inject liquid Bi into the nanochannels of the template
for 5h. Bi nanowires with diameters of 13—110nm
and large aspect ratios (of up to several hundred) have
been obtained. Individual nanowires are believed to be
single-crystal. When exposed to air, bismuth nanowires
are readily oxidized. An amorphous oxide layer ~ 4 nm
in thickness was observed after 48 h. After 4 weeks, the
bismuth nanowires were completely oxidized. Nano-
wires of other metals, such as In, Sn and Al, and the
semiconductors Se, Te, GaSb, and Bi,Te;, were also

Fig.5.12a=c SEM micrographs of
oxide nanorods created by filling the
templates with sol—gels: (a) ZnO,
(b) TiO; and (c) hollow nanotube
(after [5.73])

prepared by injecting molten liquid into anodic alumina
templates [5.93].

Polymeric fibrils have been made by filling the tem-
plate pores with a monomer solution containing the
desired monomer and a polymerization reagent, fol-
lowed by in situ polymerization [5.14, 94-97]. The
polymer preferentially nucleates and grows on the pore
walls, resulting in tubules at short deposition times.

Metal, oxide and semiconductor nanowires have
recently been synthesized using self-assembled meso-
porous silica as the template. For example, Han
et al. [5.98] have synthesized Au, Ag and Pt nano-
wires in mesoporous silica templates. The mesoporous
templates were first filled with aqueous solutions of
the corresponding metal salts (such as HAuCly). Af-
ter drying and treatment with CH,Cl,, the samples
were reduced under H-> flow to form metallic nano-
wires. Liu et al. [5.99] carefully studied the interface
between these nanowires and the matrix using high-
resolution electron microscopy and electron energy loss
spectroscopy techniques. A sharp interface only exists
between noble metal nanowires and the matrix. For
magnetic nickel oxide, a core—shell nanorod structure
containing a nickel oxide core and a thin nickel sil-
icate shell was observed. The magnetic properties of
the templated nickel oxide were found to be signifi-
cantly different from nickel oxide nanopowders due to
the alignment of the nanorods. In another study, Chen
et al. filled the pores of a mesoporous silica template
with an aqueous solution of Cd and Mn salts, dried the
sample, and reacted it with H,S gas to convert it to
(Cd,Mn)S [5.100].

5.4.3 Centrifugation

Filling the template with nanoclusters via centrifugation
forces is another inexpensive method for mass produc-
ing nanorod arrays. Figure 5.13 shows SEM images of
lead zirconate titanate (PZT) nanorod arrays with uni-
form sizes and unidirectional alignment [5.101]. These
nanorod arrays were grown in polycarbonate mem-
brane from PZT sol by centrifugation at 1500 rpm
for 60 min. The samples were attached to silica glass
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and fired at 650°C in air for 60min. Nanorod ar-
rays of other oxides (silica and titania) were prepared.
The advantages of centrifugation include its applica-

Fig.5.13a,b SEM images of the top
view (left) and side view (right) of
lead zirconate titanate (PZT) nanorod
arrays grown in polycarbonate mem-
brane from PZT sol by centrifugation
at 1500 rpm for 60 min. Samples
were attached to silica glass and
fired at 650 °C in air for 60 min
(after [5.101])

bility to any colloidal dispersion system, including
those consisting of electrolyte-sensitive nanoclusters or
molecules.

5.5 Converting from Reactive Templates

Nanorods or nanowires can also be synthesized using
consumable templates, although the resultant nanowires
and nanorods are generally not ordered to form aligned
arrays. Nanowires of compounds can be prepared us-
ing a template-directed reaction. First nanowires or
nanorods of one constituent element are prepared,
and then these are reacted with chemicals contain-
ing the other element desired in order to form the
final product. Gates et al. [5.102] converted single
crystalline trigonal selenium nanowires into single crys-
talline nanowires of Ag,Se by reacting Se nanowires
with aqueous AgNOj solutions at room temperature.
Nanorods can also be synthesized by reacting volatile
metal halides or oxide species with carbon nanotubes
to form solid carbide nanorods with diameters of be-
tween 2 and 30 nm and lengths of up to 20 um [5.103].
ZnO nanowires were prepared by oxidizing metal-
lic zinc nanowires [5.104]. Hollow nanotubules of
MoS; = 30um long and 50nm in external diam-
eter with wall thicknesses of 10nm were prepared

by filling a solution mixture of the molecular precur-
sors, (NH4),MoS, and (NH4)2Mo3S,3, into the pores
of alumina membrane templates. Then the template
filled with the molecular precursors was heated to
an elevated temperature and the molecular precursors
were thermally decomposed into MoS, [5.105]. Cer-
tain polymers and proteins were also used to direct
the growth of nanowires of metals or semiconductors.
For example, Braun et al. [5.106] reported a two-step
procedure using DNA as a template for the vecto-
rial growth of a silver nanorods 12 pum in length and
100nm in diameter. CdS nanowires were prepared by
polymer-controlled growth [5.107]. For the synthesis of
CdS nanowires, cadmium ions were well distributed in
a polyacrylamide matrix. The Cd** -containing polymer
was treated with thiourea (NH>,CSNH,) solvothermally
in ethylenediamine at 170 °C, resulting in degradation
of polyacrylamide. Single crystal CdS nanowires 40 nm
in diameter and up to 100 pum in length were obtained
with preferential [001] orientations.

5.6 Summary and Concluding Remarks

This chapter provides a brief summary of the funda-
mentals of and techniques used for the template-based
synthesis of nanowire or nanorod arrays. Examples
were used to illustrate the growth of each nanorod
material made with each technique. The literature asso-
ciated with this field is overwhelming and is expanding
very rapidly. This chapter is by no means compre-

hensive in its coverage of the relevant literature. Four
groups of template-based synthesis methods have been
reviewed and discussed in detail. Electrochemical de-
position or electrodeposition is the method used to
grow electrically conductive or semiconductive mater-
ials, such as metals, semiconductors, and conductive
polymers and oxides. Electrophoretic deposition from
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6. Templated Self-Assembly of Particles

Tobias Kraus, Heiko Wolf

Nanoparticles are frequently immobilized on sub-
strates to use them as functional elements. In
the resulting layer, the particles are accessible,
so that their useful properties can be exploited,
but their positions are fixed, so that their be-
haviar is stable and reproducible. Frequently, the
particles’ positions have to be well defined. Tem-
plated assembly can position particles even in
the low-nanometer size regime, and it can do
so efficiently for many particles in parallel. Thus,
nanoparticles become building blocks, capable of
forming complex superstructures.

Templated assembly is based on a simple idea:
particles are brought to a surface that has bind-
ing sites which strongly interact with the particles.
Ideally, the particles adsorb solely at the pre-
defined binding sites, thus creating the desired
arrangement. In reality, it is often a challenge to
reach good yields, high precision, and good speci-
ficity, in particular for very small particles. Since the
method is very general, particles of various mater-
ials such as oxides, metals, semiconductors, and
polymers can be arranged for applications ranging
from microelectronics to optics and biochemistry.

Solid particles with sub-pm diameters are intriguing
objects. They have a well-defined surface which is
large compared with their volume, so that they interact
strongly with their environment. At the same time, par-
ticles are clearly defined entities which can be mixed,
purified, modified, and arranged into larger structures.
This combination has made them popular in fields rang-
ing from biology (where they carry analyte-binding
molecules) to semiconductor fabrication (where they
confine electrons) [6.1].

It is tempting to try and use such particles as
nanoscale building blocks to create functional devices,
be their function electronic, mechanical or chemical.
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There are two prerequisites: first, particles with narrow
size distribution and well-defined structures and sur-
faces have to be available from different materials in
sufficient quantities. Second, these particles have to be
arranged such that they provide the desired functional-
ity. Templated particle assembly is one way to do so.
A template defines the particle arrangement in advance
according to the designer’s wishes.

Producing particles of sufficient quality to be used
as building blocks is not necessarily simple, but it can be
done efficiently. Chemical methods are known to pro-
duce particles from very small clusters (with diameters
in the low nanometer regime), various shapes of sin-
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gle crystals with diameters from 10 to about 100 nm,
and larger particles with diameters up to microme-
ters. Some syntheses produce particles that are rather
monodisperse, the best methods reaching coefficients of
variation below 3%. This is still worse than, say, the
relative size distribution of bricks in most buildings,
but good enough for the particle to arrange sponta-
neously into ordered supercrystals [6.2]. The particles
can be simple crystals or complex structures with a shell
that differs from the core, for example, to protect the
surface of the core [6.3]. Chemical methods readily
produce such core-shell structures which would be
exceedingly complicated to make using conventional
methods.

As for their arrangement, particles down to about
100 pm in diameter are routinely handled using con-
ventional pick-and-place techniques, a method widely
used in industrial processes. Such serial methods be-
come very time consuming at smaller scales, and they
fail in the sub-pum regime, where adhesion forces ren-
der the simple maneuver of putting down a particle
very challenging [6.4]. In this size range, particles are
dominated by Brownian motion. They move randomly
in their suspensions, and alternative assembly meth-
ods become necessary for their placement. Templated
particle assembly is such an alternative strategy, based
on a predefined surface that carries the information on
the final particle placement. It can produce a variety
of particle arrangements in parallel and over large ar-
eas (with typical lateral dimensions up to 10° particle
diameters).

Templated assembly utilizes the strong interactions
of particles with interfaces and their tendency to pro-
duce dense packings to create predictable arrangements
on a patterned surface. Since the desirable arrangement
depends on the desired material properties, it is an ad-
vantage of templated assembly to give the user great
flexibility in attainable particle arrangements.

There are rather different motivations for the use
of well-defined particle arrangements. If single-particle
properties are to be exploited (for example, their small
size, large surface-to-volume ratio or optical proper-
ties), it is often critical to know in advance the exact
particle positions. Particles are then commonly arranged
into spaced arrays, possibly with alignment marks. In
a biological assay, for example, a fluorescence reader
can find the individual particles in a regular array
according to their position and record their optical prop-
erties to gain information on an analyte that had come
into contact with the particles [6.5]. Similarly, if par-

ticles are used as memory elements [6.6], they need to
be electrically addressed — a task that is greatly simpli-
fied if their positions are well known in advance.

Interacting particles can exhibit collective proper-
ties that depend on their relative arrangement. In the
field of metamaterials, for example, the activity of many
particles with sizes well below the wavelength of an in-
cident electromagnetic wave leads to unusual far-field
behavior [6.7]. From afar, the bulk metamaterial appears
to have, for example, a negative refractive index. Opti-
cal metamaterials also include photonic crystals, which
exhibit a photonic bandgap much like the electronic
bandgap of semiconductors due to a periodic poten-
tial caused by regular crystals of spherical, diffracting
particles. Templated assembly can create such dense
structures with well-defined boundaries, and it can
influence the packing itself by imposing a desired ge-
ometry on the first layer.

More complex structures, possibly including more
than one particle type, offer even more complex func-
tionalities. One popular target is smmart materials, which
react to a stimulus in a coherent and useful way.
Much like the electronic properties of a semiconductor
microchip lead to extremely complex electronic behav-
ior, patterned materials formed from arranged particles
might exhibit useful mechanical, thermal or other prop-
erties. Another application of such complex structures
(which are hard to produce) is anticounterfeiting, where
an object is protected by a small particle structure with
a unique property that can be detected.

Templated assembly is, of course, competing with
more traditional means of micro- and nanofabrica-
tion, as covered in other chapters of this Handbook.
Templated assembly is advantageous in that it takes
advantage of the chemically produced small dimen-
sions of nanoparticles, and it is more general than
traditional methods in that it can process a wide vari-
ety of available colloids. The actual assembly process
can be rather simple and compatible with continuous
processing, even under ambient conditions. The most
challenging prerequisite is usually the template, which
has to be fabricated to provide sufficient definition of
the assembled structure.

A process that arranges particles into a regular struc-
ture without any template is often called self-assembly.
Here, the information on the arrangement is not con-
tained in a template but in the properties of the particles
themselves. The problem of programming the assem-
bly process is thus shifted to the particles, which have
to be chosen (or modified) such that they assemble into
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a certain structure. This is not an easy task, and there
are few examples so far of rational materials design us-
ing engineered particles. A template, on the other hand,
can be defined using classical top-down methods, which
provide great flexibility.

Still, templates become hard to fabricate if the
particles are small and high patterning resolution is re-
quired. A combination of self-assembly and templated
assembly is then useful: boundaries are defined by
the template, but additional effects such as particle—
particle, particle-surface or particle-solvent interac-
tions lead to a predictable particle arrangement inside
the boundaries.

We will limit ourselves here to processes with
surface-bound templates and disregard supramolecu-
lar assembly, although molecular cages might also be
regarded as templates. Likewise, biomineralization pro-
cesses which can be templated using certain surfaces
will not be covered here. The main focus is on sub-pm
particles that are hard to place using any other method
but can be assembled with high quality by means of
templated assembly processes.

Even today, larger particles (between =~ 1 and
100 jum) are assembled using templated assembly meth-
ods, mostly from slurries in an approach called fluidic
assembly [6.8]. lllumina, Inc. arranges 3 wm-diameter
glass beads functionalized with short DNA strands
into a regular grid, which can then be used for DNA
sequencing. Alien Technology Corporation holds sev-

6.1 The Assembly Process

Templated particle assembly involves particle adsorp-
tion on surfaces, and the well-developed ideas from
adsorption theory (treated in many monographs and re-
views) also hold for the case of templated assembly.
While in many classical adsorption processes adsorp-
tion occurs at unpredictable positions, often until the
entire surface is covered, the goal of a templated as-
sembly process is the arrangement of particles with
great precision and specificity. In this chapter, we
will review some concepts that are less prominent in
the adsorption literature. A useful metaphor of the
directed assembly process is the energy landscape,
which we will introduce here and frequently use to
illustrate effects of interaction lengths, particle mo-
bility, time scales, and other features of assembly
methods.

eral patents covering the integration of semiconductor
pieces into polymers and other carriers, which today
it mainly uses for the production of radiofrequency
identification (RFID) chips, in which small electronic
radiofrequency components are mounted on a paper or
polymer label which is attached to an item for wireless
identification. Similar methods for much smaller par-
ticles are currently being developed, but have not yet
been applied industrially.

The challenges that occur when going down in par-
ticle size are mostly due to the greater influence of
Brownian motion, which disturbs any order formed;
strong adhesion to surfaces, which increases unspe-
cific adsorption and makes pick-and-place difficult; and
the problem of process control as the particles become
harder to resolve with conventional optical methods.

In addition, the dimensions of the targeted nanos-
tructured materials are often comparable to those
produced with larger particles, but the number of
particles involved is now very much higher (scaling
inversely with the particle volume). Even assembly
methods with very high yields are therefore bound to
produce defects, which might hinder the function of
the material. In some interesting applications (such as
optical metamaterials), the absolute placement accura-
cies required to create a discernible optical effect are
strict. Templated assembly is in principle able to pro-
vide such accuracies —even for many particles — and we
will discuss its prerequisites in the next section.

6.1.1 Energy and Length Scales

A driving force that brings a colloidal object to a defined
position and holds it there has to overcome Brownian
motion. This constitutes the minimum requirement for
the design of a templated assembly process. In the ab-
sence of a driving force, the particle will deviate from
its original position ry according to

%((r— ro)z) = :BT

Tan
depending on the temperature 7', the particle diameter a,
the viscosity of the surrounding fluid #, the time ¢, and
Boltzmann’s constant kg [6.9]. Thus, when averaging
over a very large number of particles, a 10 nm-diameter
particle in water would move about 51 um in 60s.

t=2Drt, (6.1)
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Table 6.1 Interactions that can drive particle assembly pro-
cesses

(order of magnitude)
Covalent 0.1 nm
van der Waals 1nm

Coulomb (electrostatic)
Hydrophobic
Capillary

1 nm (polar)-100 nm (apolar)
1nm
1 mm

The goal of an assembly process is to overcome this
random, diffusional motion (with an energy scale of
kg T and characterized by the diffusion coefficient D)
by a bias that induces drift so that the probability of
finding a particle at the desired position is markedly in-
creased. Particles are then held in place until the system
is quenched in some way, for example, by exchanging
its environment.

In order to arrange the particles, templated assembly
processes use potentials with minima at the particles’
target positions. Such potential wells can be defined us-
ing various particle—surface interactions, some of which
are listed in Table 6.1. These interactions act over differ-
ent lengths, have different strengths, and form minima
with different geometries, all of which can influence the
assembly process.

Let us consider a particle that is moving in a fluid in
the vicinity of a surface with binding sites, that is, fea-
tures that interact with the particle more strongly than
does the rest of the surface. The particle is mobile and
moves randomly due to thermal excitation. Figure 6.1
illustrates this situation: depending on its position, the

Free energy

9
—————————

Fig. 6.1 A particle moving in an energy landscape during
templated assembly. Its trajectory depends on the shape of
the potential wells created by the binding sites, which also
influence yield and accuracy of assembly

free energy of the particle will change as the interac-
tion with the binding sites changes. If there is a gradient
present, a directing force will act on the particle and bias
its random motion towards an energy minimum. This
energy landscape, formed by the superposition of the
interaction, governs the particle’s motion.

Some interactions are strong but short-ranged, for
example, covalent bonds. In the energy landscape pic-
ture shown in Fig. 6.1, they will resemble a steep well
into which the particle falls and from which it can
hardly escape. On the other hand, the particle can be
in close proximity to such steep wells and still not feel
their presence. More precisely, the probability distribu-
tion of its presence will only be affected locally. When
the particle is trapped inside the well, and if the en-
trapment can be reasonably modeled using a harmonic
oscillator, its deviations from the minimum at x =0
equals [6.10]

3 kgT
(x ) me? f6:2)
for a particle with mass m that is bound as in a harmonic
oscillator with a frequency @ = /k/m, the square root
of the spring constant over the particle mass. Thus,
a steep potential minimum can trap a particle with high
accuracy: if the oscillator has a frequency of 1GHz,
a 10nm particle of gold will deviate by less than
a nanometer. The prototypical example of such a strong
binding site is a topographical hole from which the
particle cannot escape. The walls provide very steep
exclusion potentials. Much less steep, but affecting
a larger volume, is the well formed by an electrostatic
field. In practice, even if the theoretical assembly accu-
racy of such an electrostatic binding site is limited, it
often provides very good results. Other factors turn out
to be critical as well — in particular the minimal achiev-
able size of the binding sites and the yield of assembly.
An assembled particle can simply block a binding site
geometrically by not letting any other particle suffi-
ciently close to the site, but it can also neutralize its
charge (at least partially) and therefore hinder the ad-
sorption of additional particles. Such changes in the
energy landscape due to adsorption are often critical for
the specificity and kinetics of the assembly.

Some of the most relevant interactions in directed
assembly processes are summarized in Table 6.1. The
exact shapes of the energy landscape caused by a par-
ticular interaction potential depend critically on the
binding-site geometry, while the interaction lengths
depend mainly on the used materials, solvents, and sur-
factants. Electrostatic interactions in suspensions are
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If particles readily desorb from binding sites, an
equilibrium situation will finally develop. The yield will
then never reach unity, and its value will fluctuate over
time.

6.1.3 Large Binding Sites

Consider a particle that hits a binding site with area A.
If the particle gets sufficiently close to the site and if its
interaction with the site is sufficiently large to overcome
Brownian motion, the particle will be adsorbed. When
we have a large number of such binding sites, particles
will be randomly arranged inside the various A, so that
the precision of arrangement is limited by the minimum
size that (a) the template patterning can produce and (b)
allows for sufficiently rapid particle assembly.

If, on the other hand, a funneling effect of the kind
discussed above is present, the distribution of the par-
ticles might be biased towards a certain part of A. Then,
the width of the position distribution is the result of
the competition between a stochastic force (Brownian
in general) and the directing force.

If the area A is large enough to accommodate mul-
tiple particles, particles can either arrange into random
submonolayers or into ordered dense layers. The first
case, particle adsorption on strongly adsorbing surfaces,
is described reasonably well by the random sequen-
tial adsorption (RSA) model, which predicts a random
particle distribution. Adsorption ceases when there is
no space left in the binding area that could accommo-
date an additional particle. The final packing density
is called the jamming limit, which can be numerically
found to be 6., = 0.547 for two-dimensional, circular
particles [6.16]. Random sequential adsorption is the
subject of numerous reviews, which also discuss its ap-
plication to anisotropic particle such as rods [6.17, 1 8].

The RSA model accurately describes many molecu-
lar adsorption problems, in particular the adsorption of
proteins on surfaces. It does not cover processes that
result in dense ordered arrangements, for example, self-
assembled monolayers (SAM). In contrast to the RSA
model, the molecules that constitute a SAM retain some
mobility even after they are adsorbed on the surface.
They interact with other molecules even before they ad-
sorb, and they interact with the underlying metal film.
Larger particles sometimes behave similarly. The rear-
rangement of particles in an evaporating liquid film due
to capillary forces is a well-known example.

When dense ordered packings are desired, the
particle—surface interaction has to be appropriate to
avoid RSA-like adsorption. It turns out [6.19] that,

by tuning the strength of the interaction, particle ar-
rangements between well-ordered layers and randomly
distributed submonolayers can be obtained.

6.1.4 Thermodynamics, Kinetics,
and Statistics

Diffusion constants scale inversely with the par-
ticle radius. The diffusion constants of nanoparticles
are therefore much smaller than those of molecules.
A 100 nm-diameter sphere moving in water will exhibit
a diffusion constant D of approximately 10~ '? m?/s.
Diffusion-limited processes with particles are thus slow,
equilibrium situations can often not be reached in ob-
servable times, and the kinetics of the assembly process
influences the assembly results. From an energy land-
scape point of view, it is not sufficient to provide
a well-defined minimum in an appropriate position; the
pathway to this minimum also has to be taken into ac-
count.

Most real template—particle systems will have com-
plex energy landscapes with a variety of secondary
minima and kinetic traps. A well-known example is
a chemically functionalized surface onto parts of which
particles should bind specifically. In practice, one finds
unspecific deposition and a certain degree of particle
accumulation, both caused typically by unspecific van
der Waals-type attractions. Countermeasures include
stirring, which increases particle mobility and keeps
them from settling in secondary minima, rapid process-
ing, which decreases the number of undesired particle
collisions and thus the probability of reaching such
aminimum; and washing, which removes weakly bound
particles.

There is one limitation, however, that cannot be
overcome by such mobility-increasing measures. When
the number of particles in the volume affected by a bind-
ing site is small, the probability of finding at least one
particle inside this volume will be small too. In the sim-
ple Poisson model of the situation, a volume V would
contain a certain number n of particles with probability

vii
Wn)=e"—, (6.7)
n!
where v is the average number of particles in the vol-
ume, v = Vc in the homogenous case. The probability
of finding at least a single particle in this volume is
therefore smaller than

Win=1)<) Way=l-e", (6.8)

n=I
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and the particle concentration has to be above

In(1—y)
Ce = v (6.9)
to guarantee a certain probability y for a particle to
be present. This limits the yield in assembly methods
which only capture particles during a short period of
time from the volume V: when there is no particle
present, none can be assembled. When we regard a large
number of binding sites and require a certain mini-

mum yield, say, 90%, the colloid concentration at the
binding sites therefore has to be at least ¢ =2.3/V,
independent of any further process details. This con-
centration can be provided either by an overall larger
colloid concentration or (often more practical) by an
additional, long-range force that acts on many particles,
much like a funnel again. Electrostatic or hydrodynamic
forces can increase the particle concentration locally,
for example, at a three-phase boundary line, and enable
sufficient assembly yields. We will see how this is done
experimentally in the next section.

6.2 Classes of Directed Particle Assembly

There are many options and examples of how to
assemble particles and small objects into templates.
Depending on the synthesis and the material of the
particles, and especially on the medium in which the
particles are supplied, different strategies can be ap-
plied. Furthermore, the material of the target substrate
can determine the assembly method to be used.

Nanoparticles can be synthesized and held in the
gas phase by a carrier gas as an aerosol. At this point,
they can be assembled directly from the gas phase
onto a template (Fig. 6.3a). As a dry powder, nanopar-
ticles tend to agglomerate into larger clusters due to
strong van der Waals interactions, thus making it almost
impossible to arrange patterns of individual particles.
Therefore, submicron-sized particles are often delivered
as suspensions in a liquid medium, especially when they
were synthesized in liquid phase. Usually, nanoparticles
are easier to stabilize in liquid, and particle agglomera-
tion is prevented by surface chemicals creating a surface
charge or by the addition of surfactants.

For assembly from the liquid phase we differentiate
two cases: assembly from the bulk liquid onto the solid
template (Fig. 6.3b) or assembly at the solid—liquid—gas
boundary, i. e., at the meniscus of a liquid front moving
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over the substrate (Fig. 6.3c). In the following subsec-
tion we will illustrate the different assembly strategies
with some instructive examples.

6.2.1 Assembly from the Gas Phase

Particles can be assembled from the gas phase into a pat-
tern by localized surface charges on a substrate, as in
xerography. Here however, the fabricated patterns are
considerably smaller than in a copier or a laser printer.
The latent image of charges is produced in a thin-
film electret by contacting a nanopatterned electrode
with the target substrate [6.20,21]. The electret mater-
ial can be a polymer (poly(methylmethacrylate) PMMA
or a fluorocarbon layer) or SiO5. The flexible patterned
electrode is made from a patterned silicone elastomer
(polydimethylsiloxane PDMS) with a thin conductive
gold layer evaporated on top [6.20] or from thin pat-
terned silicon on top of a flat PDMS sheet [6.22]. The
flexible electrode is brought into direct contact with
the electret and the charge image is produced by an
electrical pulse. Charge patterns can also be produced
by sequentially writing with a conducting atomic force
microscopy (AFM) tip [6.23], although in these exam-

Fig. 6.3a—c Particles can be assem-
bled from different media: they can be
synthesized in a vacuum (or a gas) and
directly assembled from the gas phase
(a). Most commonly used are colloidal
suspensions. from which particles are
assembled at the liquid—solid interface
(b). Alternatively, the particles can
be assembled at the gas-liquid—solid
boundary where strong capillary and
confinement forces act on them (c)
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ples the nanoparticles (NPs) were then adsorbed from
the liquid phase (see the next section). The charge pat-
terns are reported to be stable for more than 1 week
in air [6.23]. Nanoparticle preparation is performed by
an evaporative process in a tube furnace, by electro-
spray or in a plasma system [6.24]. Nanoparticles that
have been synthesized in a wet chemical process can
be used if they can be aerosolized without agglom-
erating. An interesting aspect is the combination of
gas-phase particle synthesis with particle sorting meth-
ods, directly before the particles are assembled [6.25].
Almost monodisperse particle streams with few 10 nm-
diameter nanoparticles can be prepared in this way. For
the actual assembly, the nanoparticles have to be accel-
erated towards the target surface by an external field in
a particle assembly module. Assembly of nanosized pat-
terns from particles with a narrow size distribution can
be achieved in this way.

Templates with an additional material contrast can
improve the accuracy of particle assembly from the gas
phase [6.24,25]. The template is prepared from a pat-
terned photoresist on a silicon substrate. In addition to
the aerosol of charged nanoparticles, a stream of equally
charged ions is introduced into the assembly chamber
(Fig.6.4). The ions are very mobile and fast compared
with the nanoparticles and charge the resist structures
on the substrate. The electric field of the charged resist
pattern guides the nanoparticles into the areas of free sil-
icon substrate. The additional ions improve the contrast
between deposition in desired and undesired areas of the
template (Fig. 6.5). By controlling the amount of ions it
is possible to create and control a funneling effect which
focuses the nanoparticles into structures much smaller
than the actual template pattern. Among the smallest
structures that have been realized by this method are
35nm features assembled from 10nm Ag nanoparti-
cles in 200 nm holes (Fig. 6.6) [6.25]. In the majority of
these assemblies, multiple nanoparticles are deposited
into one assembly site and it is difficult if not impossible
to assemble single nanoparticles with high yield.

6.2.2 Assembly in the Liquid Phase

In the majority of examples of templated assem-
bly, particles are deposited from the liquid phase
onto a solid template surface. Here, we want to
differentiate assembly from the bulk liquid and assem-
bly from the liquid at the liquid—solid—gas boundary
(Sect.6.2.3). For assembly directly from the liquid
phase, a great variety of interactions such as elec-
trostatic forces [6.26], capillary forces [6.27], for-

Fig. 6.4 Schematic setup for the assembly of nanoparticles from
the gas phase in an electric field and with additional ions in the gas

(after [6.25], © Macmillan 2006)

lpni

Fig. 6.5 Ag particles (10 nm) assembled in 230 nm-wide
lines. The inset shows the funneling effect which reduces
the actual width of the assembled particle lines to only
50 nm. The scale bar corresponds to 1 pum (after [6.25], ©
Macmillan 2006)

35mm

100 nm

Fig.6.6 Ag particles (10 nm) assembled in a 230 nm-wide
hole. The funneling effect reduces the size of the actual as-
sembly to only 35 nm. The scale bar corresponds to 100 nm
(after [6.25], © Macmillan 2006)

mation of covalent bonds [6.28], specific recognition
between biomolecules [6.29], supramolecular interac-

Equipotential line
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Fig. 6.7a,b Schematic description of the multibatch assembly process (1-4) with SAM-covered binding sites that can
be deactivated selectively (a). A two-batch assembly result fabricated according to the scheme (b) (after [6.32], © 1OP

2003)

tions [6.30], and form factor [6.8, 31] have been used.
Also, electric fields can be applied to direct the particles
or nanoobjects towards the targeted adsorption sites.

Wetting Contrast
For larger particles and objects, ranging from mil-
limeters down to several tens of micrometers, wetting
contrast in combination with capillary forces is applied
for the assembly [6.27, 32, 33]. Topographic three-
dimensional (3-D) features on the template may support
the assembly in addition and introduce selectivity in
a multicomponent assembly [6.34]. The template has
hydrophobic assembly sites which can be selectively
covered by a layer of adhesive or solder. The objects
to be assembled are agitated in a fluid. In the simplest
case — when a low-melting solder or a liquid organic ad-
hesive is used — the fluid is water [6.35]. When higher
temperatures are necessary to melt the solder, ethylene
glycol [6.33,34] can be used as a fluid. The suspended
objects selectively adhere to the solder or adhesive when
they come into contact. Objects to be assembled may
also have a combination of hydrophilic and hydropho-
bic faces, which makes them adsorb with a preferred
side or orientation. The strong capillary forces of the
solder or adhesive guide the assembled objects into
the desired orientation. The geometry of the adsorp-
tion sites and of the attached surfaces play a crucial
role in this last step because local energy minima might
freeze the assembled objects into undesired orientations
on the template if the binding sites are not designed
carefully.

Bohringer and coworkers devised a method in
which hydrophobic assembly sites can be selectively

switched off and reactivated later for a second assembly
step (Fig. 6.7) [6.32,36]. In this way, different objects or
particles can be assembled onto the same template se-
quentially. For this purpose, the assembly sites consist
of gold electrodes which are covered by a hydrophobic
alkanethiol SAM. The alkanethiol SAM can be elec-
trochemically removed from individual electrodes in
a selective manner. When dipped into an adhesive, only
the hydrophobic SAM-covered sites of the template are
wetted and covered with an adhesive layer. In the subse-
quent assembly step, only the adhesive-covered sites are
active and can grab an object from solution. After the
first particle assembly, all vacant electrodes can be mod-
ified with a SAM, simply by dipping into an alkanethiol
solution, and the process can begin again.

Electrostatic Nanoparticle Adsorption

In liquid suspensions, particles are usually stabilized by
surface charges. These surface charges prevent the par-
ticles from agglomerating and can be exploited to guide
the particles by electrostatic interaction to adsorption
sites of opposite charge. The template needs to dis-
play a contrast in surface charge. This can be achieved
by microcontact printing of SAMs with charged end-
groups [6.11,37]. The pattern contrast can be further
enhanced through layer-by-layer (LBL) adsorption of
polyelectrolyte multilayers onto the printed monolay-
ers [6.26,38]. Microcontact printing of a polyelectrolyte
pattern onto LBL multilayers also results in a pattern of
different surface charge on the template [6.39]. Other
methods based on nanoimprint lithography (NIL) and
subsequent monolayer formation have been described
as well (Sect. 6.3) [6.40].
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On such charged SAM patterns, oppositely charged
10 pm-diameter gold discs adsorbed selectively onto
sites of opposite charge [6.37]. The Au discs were modi-
fied by thiol monolayers to control their surface charge.
Once the discs have adsorbed onto the surface of the
template, there is no more mobility. The discs are fixed
to their initial adsorption site. This lack of mobility pre-
vents ordering in the layer of adsorbed discs. For the
formation of an ordered monolayer a certain mobility
of the discs on the template surface would be required.
The same observation is made with smaller particles be-
ing adsorbed electrostatically. The adhesion forces are
too strong to allow for any mobility of the particles on
the surface. Thus, a well-ordered and densely packed
layer of particles is inhibited. Well-defined arrays of
particles can only be achieved when a single particle
or a small number of particles per site are adsorbed.
This was demonstrated for particles a few microns in
diameter [6.26]. For smaller particles in the nanometer
regime this is a very challenging task.

Polar solvents (water, alcohol) are usually neces-
sary to stabilize the colloidal suspension of charged
particles. However, additional ions in water have to be
avoided since the surface charges of the template are
more effectively screened with higher ionic strength in
the solvent [6.37].

Sagiv and coworkers fabricated charged adsorption
sites by means of writing with a conductive AFM into
a self-assembled silane monolayer [6.41]. The other-
wise inert monolayer is activated by the charged AFM
tip, and functionalized molecules can be coupled onto
the patterned areas (Fig.6.8). The added molecules
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Fig. 6.8 Schematic representation of the modification of
SAMs by AFM and subsequent bilayer formation to cre-
ate assembly sites for selective adsorption of nanoparticles
(after [6.41], © American Chemical Society)

can either carry a positive charge to attract negatively
charged nanoparticles (Fig.6.9) or carry a thiol group
which binds to gold nanoparticles [6.28]. The latter
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Fig. 6.9 Au particles (17 nm) assembled on amino-terminated bilayer templates (after [6.41]. © American Chemical

Society 2004)
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A very versatile variant of dielectrophoretic assem-
bly was demonstrated by Chiou and coworkers [6.53].
They fabricated an assembly setup with rewritable elec-
trode patterns on a photoconductive surface. Simply by
projecting an image through a microscope lens, they
could define their electrode pattern for dielectrophoretic
assembly of 4.5 um latex beads.

When NPs are assembled from aqueous suspen-
sions, drying is always a critical step where strong
capillary forces of the drying droplet may act on the
assembled particles and destroy or alter the assembled
pattern. On the other hand, the strength and directing
capacity of capillary forces may be exploited to control
the assembly of nanoparticles very accurately, as shown
in the next section.

6.2.3 Assembly at Gas-Liquid Interfaces

At the phase boundary between a colloidal suspen-
sion, the template, and the surrounding air, very strong
capillary forces may act, depending on the solvent com-
position used. In many microelectromechanical systems
(MEMS) those capillary forces are detrimental to the
fabricated microstructures and drying is a very criti-
cal step in MEMS fabrication. However, those strong
directing forces can be exploited very well for the as-
sembly of particles onto a template.

When the meniscus of an aqueous particle suspen-
sion gets pinned on a surface it deposits the particles
at the phase boundary in monolayers and multilayers

b)

Patterned
—~  photoresist

Bottom substrate
Small channels

onto the substrate. Convective flow of water trans-
ports even more particles towards the edge of the
drop, thus forming the well-known coffee-stain-like
patterns [6.57]. When the convective flow of water
towards the meniscus can be controlled, it is pos-
sible to assemble particle monolayers or multilayers
in a reproducible manner [6.56, 58]. Particles can
even be assembled in spaced arrays when the menis-
cus only gets pinned at some specific locations on
an otherwise smooth and nonwetting substrate. Such
pinning locations can be formed by geometric fea-
tures on the substrate, by a pattern of wetting spots,
or by spots of increased particle—substrate interac-
tion. Many researchers have exploited this mechanism
for templated particle assembly with different setups
(Fig.6.13).

In most examples of this kind of assembly, the par-
ticles are dispersed in an aqueous colloidal suspension.
Often, these suspensions contain surfactants to further
stabilize the colloids and prevent them from agglom-
eration and precipitation. When the meniscus of such
a particle suspension sweeps over a flat nonwetting sur-
face, no particles are left on the substrate. The meniscus
acts like a doctor blade, moving the particles over the
surface. At geometrical features on the substrate such as
a hole or the step of a raised structure, the water menis-
cus gets pinned and capillary forces can drive particles
into holes or corners.

In the simplest experimental setup, a drop of col-
loidal suspension is left drying on a topographically

0) Optical
microscope

1 ]

Contact angle

Confined solution
measurement

Fixed confinement
slide

Peltier element ——,

Heat exchanger ——

Motorized

Stepper motor translation stage

Fig. 6.13a~c Schematic depictions of capillary assembly setups: (a) dipping the template into the particle suspension and slowly
pulling it out (after [6.54], © Wiley-VCH 2005); (b) assembly in a fluidic cell with a constant flow of particle suspension
(after [6.55], © American Chemical Society 2001); (c) assembly on a motorized stage with controllable assembly speed and
temperature (after [6.56], (© American Chemical Society 2007)
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6.2 (lasses of Directed Particle Assembly

2 um 3 um

Fig. 6.14a~d Tmages of particles of different sizes assem-
bled into holes with the device illustrated in Fig.6.13b
(after [6.55], © American Chemical Society 2001)

patterned template. As water evaporates the meniscus
of the drop sweeps over the template and deposits par-
ticles into geometric features on the template. Here,
there is only minimal control of the yield and evolution
of the deposition process. At the start of the process,
a low concentration of particles will be present at the
meniscus. Then, with increasing evaporation, more par-
ticles are driven to the edge of the drop with the flux
of water, and the assembly yield will increase. Finally,
as the particle concentration in the drying drop reaches
higher values, particles start to agglomerate and deposit
in large aggregates. Thus, this simple method only sup-
plies a relative small fraction of the template area with
the desired assembly result.

Better assembly yield is achieved by placing the
template (almost) vertically into a container of the col-
loidal suspension (Fig.6.13a) [6.60]. As the solvent
slowly evaporates, the meniscus moves over the tem-
plate and deposits the particles in a controlled manner.
Particles as small as 2nm in diameter have been suc-
cessfully assembled into template features of several
10nm by this method [6.60]. Still, there is no direct
control of particle concentration during the assembly
and little possibility to react to changing parameters.
Better control can be gained by pulling the template in
a controlled manner out of the flask of colloidal suspen-
sion [6.54,61].

Xia and coworkers designed a fluidic cell where the
colloidal solution is sandwiched between the template
and a cover slide (Fig. 6.13b) [6.55,62]. A thin frame of
Mylar film defines the distance between template and
cover slide and controls the flow rate at which the dis-
persion flows through the cell. Depending on the ratio of
particle diameter and template geometry, very regular
and reproducible arrangements of particles in the as-
sembly sites ranging from pairs to tetrahedral packings
can be achieved [6.55]. When the assembly procedure
is repeated with a second batch of smaller particles,
assemblies of pairs of different particles in the same
adsorption site are possible (Fig. 6.14) [6.55].

With a tool that controls colloid temperature and
speed of meniscus movement, and allows direct ob-
servation of the assembly process through an optical

I pm

Fig. 6.15a,b Optical micrograph of the assembly of 60 nm
Au particles into 3 um-spaced holes. The bright accumula-
tion zone is clearly visible. (a) Optical micrograph (inset)
and SEM image of 60 nm Au particles assembled in a setup
as illustrated in Fig. 6.13c and transferred to a silicon wafer
(after [6.59], © Macmillan 2007)
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Fig.6.16 SEM images of isolated 100 nm Au particles after re-
moval of the template. The arrangement of the nanoparticles is
determined by the geometry of the template (schematically depicted
in the middle) (after [6.63], © American Institute of Physics 2006)

microscope, immediate response to changing condi-
tions during assembly is possible (Fig.6.13c) [6.56].
The template is mounted horizontally on a computer-
controlled movable stage with a heatable vacuum
chuck, and the colloidal suspension is sandwiched be-
tween the template and a glass slide. Observation of
the assembly process from above reveals that for good
yields a high concentration of particles is required at the
meniscus. Particles are transported towards the menis-
cus by the flux of water in the same direction. As the
temperature is increased, the evaporation at the menis-
cus increases. This causes an even greater flux of water
and particles towards the meniscus. Lowering the tem-
perature reduces the water flux and allows the particles
to diffuse away from this so-called accumulation zone
into the bulk solution. Consequently, assembly yield

6.3 Templates

The template carries the positional information on par-
ticle arrangement. In most templates used today, there is
a simple relation between the position of a binding site
and the final particle position. The binding site might
be larger than the particle’s footprint or differ from its
shape; it might accommodate just a single particle or
a large number of particles. When working with very
small particles, its shape might be irregular due to the
limited resolution of the patterning process. The as-
sembly process translates this geometry into a particle
arrangement, as discussed in Sect.6.1. Still, the rela-
tion between template and particle position is simple:
there has to be a feature on the template exactly where
a particle is intended to be placed. Thus, the pattern-
ing technique used to make the template has to define
the particle locations with an accuracy that is within the
range of the particle’s dimensions.

drops dramatically. Upon renewed increase of tem-
perature and particle flux, the accumulation zone is
reestablished and assembly reaches high yields again
(Fig.6.15).

The templates used in this kind of assembly method
mostly have topographical (3-D) features that cap-
ture the particles. Also, templates which only rely on
a chemical contrast have been described [6.54, 61].
The particle trapping relies on electrostatic interac-
tions in this case and many of the adsorption sites also
capture particles from the bulk solution [6.19], as de-
scribed in the previous section. Thus, in the case of
templates with chemical patterns, there is a combina-
tion of trapping mechanisms. Often, areas prepared for
particle adsorption carry a hydrophilic surface function-
ality which causes lower contact angles in these areas
and particle trapping in a mechanism closer to convec-
tive assembly.

Combinations of geometrical trapping and wetting
contrast are possible too. With a well-designed bal-
ance of geometrical features and wetting contrast, it is
even possible to control nanoparticle placement within
the adsorption site [6.63]. When the adsorption site is
large enough, particles are dragged into its corners and
thus well-separated particle assemblies in a triangular
or quadratic arrangement can be achieved (Fig.6.16).
This can be regarded as a Kind of hierarchical assembly,
where the assembly mechanism helps to form a sub-
structure with features smaller than those of the actual
template.

Some assembly processes are more complex. A par-
ticle might only be deposited on one side of a binding
site, only in its center (even if there is enough space
for multiple particles around it) or multiple particles
might fill a larger binding site with a regular structure.
This can be desirable: the fabrication of the template
is usually easier if the critical dimensions do not have
to be identical to the particle’s diameter. In the ideal
case, the template pattern would be easy to fabricate but
define the desired assembly of very small particles un-
ambiguously, whereupon the assembly process would
translate it into a very high-resolution energy landscape
for the particles to occupy. If the desired arrangement
is very complex, the template will generally have to be
rather complex too, but most practical arrangements are
highly repetitive and modular, and could be encoded
efficiently.
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Many assembly templates are fabricated by means
of top-down micro- and nanofabrication. The patterns
are usually designed in a computer, transferred to
a mask (often via electron-beam or laser direct writing),
and converted to chemical or topographical patterns on
the template surface. The typical resolution limit for
templates formed using typical ultraviolet (UV) lithog-
raphy is around 1 pum, although smaller structures are
achievable if artifacts are acceptable. Smaller structures
can be written using electron-beam (e-beam) lithog-
raphy. While photomasks for UV photolithography
(produced in large e-beam writers) are readily avail-
able commercially, sub-pum e-beam patterns in other
materials are less common, and the sequential nature
of e-beam writing makes the patterning of large areas
time consuming and costly. Electron-beam patterning is
very flexible, however, and is widely used for research
purposes.

If the primary patterning method is costly, repli-
cation techniques are useful both to produce multiple
templates from one primary pattern and to cover larger
areas with a repeated pattern. For patterns below the
optical diffraction limit, molding and printing are pop-
ular methods. The primary structure is used either to
imprint a polymer layer at increased temperature and
under pressure (nanoimprint lithography) or to shape
a liquid prepolymer while it is curing (molding, UV
imprint lithography, and others). Although some top-
down methods directly produce chemical patterns, for
example, by oxidizing UV-sensitive monolayers in pho-
tolithography or with an e-beam, the most common
product is a topographical pattern. Soft lithography is
a route both to replicate such a pattern and to convert it
to chemical contrast: a silicone prepolymer mixture is
cured on the topographical pattern, cured to a solid rub-
ber, and used as a stamp with the inverse pattern. This
stamp can then print molecules on various surfaces,
a process named microcontact printing.

Even e-beam writing is limited to minimum fea-
ture sizes in the range of tens of nanometers. Smaller
structures can be formed using probe methods. For
example, the tip of an atomic force microscope can me-
chanically remove (scratch) a monolayer or oxidize its
functional groups locally. The resulting template cannot
be replicated easily, which makes the process rather un-
economical, but it provides extremely high resolution,
for example, for the arrangement of metal clusters in
lines to investigate their conductivity.

An efficient alternative to e-beam writing for the
patterning of larger areas is the use of interference
lithography techniques. They only produce regular in-

terference patterns, but they can do so over large areas in
a single exposure step. If small structures are to be cre-
ated, the radiation wavelength has to be low, its intensity
high, and its coherence sufficient. An excellent source
is synchrotron radiation. Larger patterns are straight-
forward to create using simple laser interference. Other
efficient routes to certain template geometries include
wrinkling patterns and step edges that form when crys-
tals are cleaved along high-index planes. All these
templates are limited to specific geometries and, thus,
create specific particle arrangements.

6.3.1 Chemical Templates

Chemical templates display a pattern of selective
surface chemistries with areas that prevent particle
adsorption and others that support it. Additional geo-
metrical features are not necessary per se but can be
helpful to increase selectivity. A simple wetting contrast
(e.g., hydrophilic patches on a hydrophobic substrates)
can be sufficient to assemble colloidal particles at
the three-phase boundary [6.61]. In this case, the hy-
drophilic spots have to be large enough (= 25 pum) to
cause a significant lowering of the receding contact an-
gle and deposition of particles. Chemical patterns with
features of several micrometers can be fabricated by op-
tical lithography. After exposure and development of
the photoresist on a Si/Si0; surface, the exposed sub-
strate areas can be treated with a silane molecule. Upon
removal of the remaining photoresist, a chemical pattern
(bare Si/Si0; surface versus silane surface) is achieved.
For higher-resolution features, nanoimprint lithography
or e-beam lithography can be utilized to pattern a poly-
mer resist layer. Again, the accessible substrate areas
can then be patterned by a specific surface chemistry,
and subsequent removal of the polymer resist provides
the template. The areas of bare substrate may also be
covered by a surface chemistry orthogonal to the first
one (hydrophobic—hydrophilic, anionic—cationic) in or-
der to increase assembly contrast [6.40]. Alternatively,
the polymer resist might not be removed at all, thus pro-
viding an additional 3-D feature to support assembly
onto the template [6.40].

Microcontact printing of organic monolayers is also
a viable method for the fabrication of surface-chemical
patterns on oxide or noble-metal surfaces. Depending
on the quality of the stamp material and architecture,
even sub-pum patterns are attainable [6.64].

Many examples of chemical templates do not only
rely on a wetting contrast, but provide real adsorption
sites for the particles. This can be achieved by pattern-
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ing a charged molecule or a polyelectrolyte layer, which
then attracts the particles by electrostatic forces or with
specific supramolecular interactions [6.43, 54].

Self-assembled structures of block copolymers on
surfaces can also act as a chemical template when
nanoparticles selectively adsorb onto one block of the
polymer [6.65].

6.3.2 Charges and Electrodes

Electric charge can be brought onto a surface by means
of an electrode. This is the principle of xerography,
which has been scaled down using electrically con-
ductive AFM tips to write very small charged areas
onto the surface of a dielectric. The charged regions
attract particles, which then assemble on the written pat-
terns [6.23]. Small tips (readily available in an AFM)
enable high resolution to be attained, although the actual
charge pattern can deviate from the intended design.

Actively driven electrodes are the most versatile
option for electric-field templates. They require consid-
erable effort in terms of interconnections and electrode
design and one has to avoid particle attractions to the
wiring, but they can be actively switched. What is more,
AC potentials can be applied, so that dielectrophore-
sis takes place. Nanoparticles [6.66] and nanowires can
thus be aligned with two electrodes and can then be
connected [6.67]. The electric leads for both assem-
bly electrodes and device interconnects (which can be
identical) are fabricated using standard microfabrica-
tion techniques. If necessary, they can be combined
with additional topographical features, for example, to
improve alignment in the assembly of anisotropic par-
ticles [6.44].

Dielectrophoresis can also be driven by an ex-
ternal electromagnetic field that is projected onto an
appropriate substrate [6.53]. The projected image, mi-
croscopically demagnified, causes the assembly forces.
Such an image can be modulated and is far more flexible
than patterned electrodes; it can even be time dependent
to further optimize the assembly process. Its resolution
is, however, diffraction limited.

6.3.3 Topographical Templates

Purely topographical templates guide particle assem-
bly by geometrical exclusion and by modulating other
forces, for example, capillary interactions. Geometrical
confinement can be very precise — the particle cannot
enter a template wall — but it is limited by template
precision. Compared with electrodes or chemical pat-

terns, topographical templates are simple in structure
and fabrication and can be replicated via molding and
imprinting techniques.

Topographical templates are used in convec-
tive [6.56] and capillary particle assembly [6.062],
as an additional guide to the crystal structure in
electrophoretic particle assembly [6.68], and as an ad-
ditional guide in dielectrophoretic assembly [6.44]. In
all these cases, the geometries are very simple: holes
of uniform depth in an otherwise continuous layer. In
most cases, the structures are formed in photoresist by
standard UV lithography and used without further pro-
cessing. If the resist sits on top of a wafer, it is simple to
create an additional wetting contrast between the (poly-
mer) top surface and the (silicon oxide) bottom surface
of the template holes.

More complex geometries are required to precisely
tune the forces in capillary assembly. Step edges,
crosses, corner shapes, and other well-defined obsta-
cles trap particles in reproducible arrangements. Such
templates are harder to fabricate than holes. They can,
however, be replicated in polymers, such as poly-
dimethylsiloxane (PDMS). A single silicon master can
then produce many (up to several hundred) single-use
assembly templates.

Polymer molding is also the basis of the microflu-
idic ducts used as templates in the micromolding in
capillaries (MIMIC) process. These channels, in which
particles are arranged from a microfluidic flow, are first
formed as lines in ultrathick resist and then replicated in
PDMS. The soft silicone replica adheres to flat surfaces,
forming channels into which the particle suspension is
sucked by capillary forces.

6.3.4 Advanced Templates

More than one force can be involved in particle assem-
bly, thus assembly templates can guide the assembly in
more than one way. Advanced templates combine, for
example, a long-range force caused by electrostatic or
dielectrophoretic interactions with short-range interac-
tions due to topography that provide high accuracy in
the last moments of assembly [6.44]. An electrode array
can be created on a flat substrate and a polymer resist
patterned on top of the array, so that a hole in the shape
of the particle remains. In a similar vein, a hydrophilic
substrate can be coated with a hydrophobic resist, which
creates a wetting difference that helps to capture a liquid
volume in the binding site [6.60].

If one of the particle-template interactions is con-
trollable (as is dielectrophoresis), such templates could
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to produce large areas of identical patterns efficiently.
Nanoimprint lithography, for example, can replicate
a master many times and is even compatible with roll-
to-roll-type fabrication, where long plastic sheets are
continuously patterned by a rotating drum. As with
molding, nanoimprint lithography is not an alternative
to templated nanoparticle assembly, since it can only
handle a very limited set of materials, but it is ideal for
the production of templates.

Finally, the assembly processes themselves are
constantly improving. Improved understanding of the
interactions during assembly allows researchers to tune
the interaction strengths and thereby engineer the en-
ergy landscape of the assembly process. Thus, both the
stability of the original particles (for example, the col-
loidal suspension) and their behavior during assembly
are optimized towards high yield. In addition, better
control of the process parameters during assembly is
now possible in modified versions of classical dip-
coating setups. When combined with in situ analysis
methods, yields and assembly qualities can be opti-
mized by adjusting parameters such as temperature and
template velocity.

Today, coatings containing nanoparticles are com-
monly applied using dip-coating, spin-coating or spray-
coating techniques. Such methods are comparatively
simple and compatible with a variety of relevant ge-
ometries. If templated assembly could be performed
using the same deposition techniques, this would render
it compatible with established technology and simplify
its introduction into other processes. Alternatively, if
specialized deposition techniques are required, or if
the template cannot be applied to the substrate, as-
sembly can be performed on a specialized template
and the particles subsequently transferred onto the tar-
get surface. Together, these processes bridge the gap
between particle assembly and current standard meth-
ods of fabrication. If particles are to be combined
with, say, complementary metal-oxide—semiconductor
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to meet the stringent requirements of semiconductor
fabrication.

In addition to such improvements, the develop-
ment of templated assembly processes for increasingly
smaller particles with very high accuracy will continue.
An important goal here is the assembly of particles
well below 10 nm in diameter, which exhibit electronic
quantum effects, with a precision that is sufficient to
connect them electronically. Ideally, this would be pos-
sible on areas far above the square centimeters that
have so far been demonstrated, if possible on standard
300 mm wafers. Finally, the assembly (and, if necessary,
the transfer) should be compatible with different par-
ticle materials and substrates. A truly versatile process
would accept any colloidal particle and thus be able to
handle a very wide range of materials including oxides,
semiconductors, metals, and polymers, amongst many
others.

The ideal process would also handle very small par-
ticles. How small? We do not know at present. Gold-55
clusters that resemble molecules rather than particles
have already been arranged using templated assembly
processes, albeit with a precision far worse than the par-
ticle diameter [6.28]. Will it be possible at some point to
arrange single atoms and molecules on a surface using
a reasonably simple template? That such arrangements
are stable and lead to interesting effects has already
been demonstrated using high-vacuum scanning tun-
neling microscopy [6.74]. Whether templated assembly
can provide a realistic route to such patterning with ul-
timate precision will remain an active topic of research
for years to come.

6.1  A.N. Shipway, E. Katz, I. Willner: Nanoparticle ar-
rays on surfaces for electronic, optical, and sensor
applications, Chem. Phys. Chem. 1(1), 18-52 (2000)

6.2 C.B. Murray, C.R. Kagan, M.G. Bawendi: Synthesis
and characterization of monodisperse nanocrystals
and close-packed nanocrystal assemblies, Annu.
Rev. Mater. Sci. 30, 545-610 (2000)

6.3 F. Caruso: Nanoengineering of particle surfaces, Adv.
Mater, 13(1), 11 (2001)

6.4 K. Molhave, T.M. Hansen, D.N. Madsen, P. Boggild:
Towards pick-and-place assembly of nanostruc-
tures, J. Nanosci. Nanotechnol. &(3), 279-282 (2004)

6.5 P. Alivisatos: The use of nanocrystals in biological
detection, Nat. Biotechnol. 22(1), 47-52 (2004)

207

9|V Med



208

9|V Med

Part A

Nanostructures, Micro-/Nanofabrication and Materials

6.6

6.7

6.8

6.12

6.18

6.19

S. Paul, C. Pearson, A. Molloy, M.A. Cousins,
M. Green, S. Kolliopoulou, P. Dimitrakis, P. Nor-
mand, D. Tsoukalas, M.C. Petty: Langmuir-Blodgett
film deposition of metallic nanoparticles and their
application to electronic memory structures, Nano
Lett. 3(4), 533-536 (2003)

1.D0. Joannopoulos, S$.G. Johnson, J.N. Winn,
R.D. Meade: Photonic Crystals: Molding the Flow of
Light (Princeton Univ. Press, Princeton 2008)

H.J.J. Yeh, J.5. Smith: Fluidic self-assembly for the
integration of GaAs light-emitting-diodes on Si sub-
strates, |EEE Photon. Technol. Lett. 6(6), 706-708
(1994)

A. Einstein: The theory of the Brownian motion, Ann.
Phys. 19(2), 3711-381 (1906)

R.M. Mazo: Brownian Motion. Fluctuations, Dynam-
ics, and Applications (Clarendon, Oxford 2002)

J. Aizenberg, P.V. Braun, P. Wiltzius: Patterned col-
loidal deposition controlled by electrostatic and
capillary forces, Phys. Rev. Lett. 84(13), 2997-3000
(2000)

N.D. Denkov, 0.D. Velev, P.A. Kralchevsky, |.B. lvanov,
H. Yoshimura, K. Nagayama: Mechanism of forma-
tion of 2-dimensional crystals from latex-particles
on substrates, Langmuir 8(12), 3183-3190 (1992)

S. Chandrasekhar: Stochastic problems in physics
and astronomy, Rev. Mod. Phys. 15(1), 1-89 (1943)
W.R. Russel, D.A. Saville, W.R. Schowalter: Colloidal
Dispersions (Cambridge Univ. Press, Cambridge 1989)
1.M. Schurr: Role of diffusion in bimolecular solution
kinetics, Biophys. J. 10(8), 700-716 (1970)

J. Feder: Random sequential adsorption, J. Theor.
Biol. 87(2), 237-254 (1980)

J.W. Evans: Random and cooperative sequential ad-
sorption, Rev. Mad. Phys. 65(4), 1281-1329 (1993)

J. Talbot, G. Tarjus, P.R. Van Tassel, P. Viot: From
car parking to protein adsorption: An overview of
sequential adsorption processes, Colloids Surf. A
165(1-3), 287-324 (2000)

X.Y. Ling, L. Malaquin, D.N. Reinhoudt, H. Wolf,
1. Huskens: An in situ study of the adsorption be-
havior of functionalized particles on self-assembled
monolayers via different chemical interactions,
Langmuir 23(20), 9990-9999 (2007)

H.0. Jacobs, A.R. Tao, A. Schwartz, D.H. Gracias,
G.M. Whitesides: Fabrication of a cylindrical display
by patterned assembly, Science 296(5566), 323-325
(2002)

C.R. Barry, M.G. Steward, N.Z. Llwin, H.0. Ja-
cobs: Printing nanoparticles from the liquid and
gas phases using nanoxerography, Nanotechnology
14(10), 1057-1063 (2003)

C.R. Barry, J. Gu, H.0. lacaobs: Charging process
and coulomb-force-directed printing of nanoparti-
cles with sub-100-nm lateral resolution, Nano Lett.
5(10), 2078-208% (2005)

P. Mesquida, A. Stemmer: Attaching silica nanopar-
ticles from suspension onto surface charge patterns

.24

529

.26

.27

.28

.29

.30

31

52

333

34

o

.36

.37

generated by a conductive atomic force microscope
tip, Adv. Mater. 13(18), 1395-1398 (2001)

C.R. Barry, H.0. Jacobs: Fringing field directed
assembly of nanomaterials, Nano Lett. 6(12), 2790-
2796 (2006)

H. Kim, J. Kim, H.J. Yang, J. Suh, T. Kim, B.W. Han,
S. Kim, D.S. Kim, P.V. Pikhitsa, M. Choi: Parallel pat-
terning of nanoparticles via electrodynamic focusing
of charged aerosols, Nat. Nanotechnol. 1(2), 17-121
(2006)

|. Lee, H.P. Zheng, M.F. Rubner, P.T. Hammond:
Controlled cluster size in patterned particle arrays
via directed adsorption on confined surfaces, Adv.
Mater. 14(8), 572-577 (2002)

U. Srinivasan, D. Liepmann, R.T. Howe: Microstruc-
ture to substrate self-assembly using capillary
farces, J. Microelectromech. Syst. 10(1), 17-24 (2001)

S.T. Liu, R. Maoz, G. Schmid, J. Sagiv: Template
guided self-assembly of [Au(55)] clusters on nano-
lithographically defined monolayer patterns, Nano
Lett. 2(10), 1055-1060 (2002)

J.D. Le, Y. Pinto, N.C. Seeman, K. Musier-Forsyth,
T.A. Taton, R.A. Kiehl: DNA-templated self-assembly
of metallic nanocomponent arrays on a surface,
Nano Lett. &(12), 2343-2347 (2004)

P. Maury, M. Peter, 0. Crespo-Biel, X.Y. ling,
D.N. Reinhoudt, J. Huskens: Patterning the molecu-
lar printboard: patterning cyclodextrin monolayers
on silicon oxide using nanoimprint lithography and
its application in 3-D multilayer nanostructuring,
Nanotechnology 18(4), 044007 (2007)

1.). Talghader, J.K. Tu, J.S. Smith: Integration of flu-
idically self-assembled optoelectronic devices using
a silicon-based process, IEEE Photon. Technol. Lett.
7(n), 1321-1323 (1995)

K.F. Bohringer: Surface modification and mod-
ulation in microstructures: controlling protein
adsorption, monolayer desorption and micro-self-
assembly, J. Micromech. Microeng. 13(4), 51-510
(2003)

W. Zheng, H.0. Jacobs: Self-assembly process to in-
tegrate and connect semiconductor dies on surfaces
with single-angular orientation and contact-pad
registration, Adv. Mater. 18(11), 1387 (2006)

S.A. Stauth, B.A. Parviz: Self-assembled single-
crystal silicon circuits on plastic, Proc. Natl. Acad.
Sci. USA 103(38), 13922-13927 (2006)

H.0. Jacobs, A.R. Tao, A. Schwartz, D.H. Gracias,
G.M. Whitesides: Fabrication of a cylindrical display
by patterned assembly, Science 296(5566), 323-325
(2002)

X.R. Xiong, Y. Hanein, J.D. Fang, Y.B. Wang,
W.H. Wang, D.T. Schwartz, K.F. BGhringer: Controlled
multibatch self-assembly of microdevices, J. Micro-
electromech. Syst. 12(2), 117-127 (2003)

1. Tien, A. Terfort, G.M. Whitesides: Microfabrica-
tion through electrostatic self-assembly, Langmuir
13(20), 5349-5355 (1997)



Templated Self-Assembly of Particles | References 209

6.38

6.40

6.41

6.42

6.43

6.44

6.45

6.46

6.47

6.48

6.49

K.M. Chen, X.P. Jiang, L.C. Kimerling, P.T. Hammond:
Selective self-organization of colloids on patterned
polyelectrolyte templates, Langmuir 16(20), 7825-
7834 (2000)

H.P. Zheng, M.F. Rubner, P.T. Hammond: Particle
assembly on patterned "plus/minus" polyelectrolyte
surfaces via polymer-on-polymer stamping, Lang-
muir 18(11), 4505-4510 (2002)

P. Maury, M. Peter, V. Mahalingam, D.N. Reinhoudt,
J. Huskens: Patterned self-assembled monolayers
on silicon oxide prepared by nanoimprint lithogra-
phy and their applications in nanofabrication, Adv.
Funct. Mater. 15(3), 451-457 (2005)

S.T. Liu, R. Maoz, J. Sagiv: Planned nanostructures
of colloidal gold via self-assembly on hierarchi-
cally assembled organic bilayer template patterns
with in-situ generated terminal amino functional-
ity, Nano Lett. &(5), 845-851 (2004)

Y.H. Kim, J. Park, P.J. Yoo, P.T. Hammond: Selective
assembly of colloidal particles on a nanostructured
template coated with polyclectrolyte multilayers,
Adv. Mater. 19(24), 4426 (2007)

X.Y. Ling, I.Y. Phang, D.N. Reinhoudt, G.J. Vancso,
J. Huskens: Supramolecular layer-by-layer assembly
of 3-D multicomponent nanostructures via multi-
valent molecular recognition, Int. J. Mol. Sci. 9,
486-497 (2008)

M.W. Li, R.B. Bhiladvala, T.J. Morrow, J.A. Sioss,
K.K. Lew, J.M. Redwing, C.D. Keating, T.S. Mayer:
Bottom-up assembly of large-area nanowire res-
onator arrays, Nat. Nanotechnol. 3(2), 88-92 (2008)
B. Kannan, R.P. Kulkarni, A. Majumdar: DNA-based
programmed assembly of gold nanoparticles on
lithographic patterns with extraordinary specificity,
Nano Lett. &, 1521-1524 (2004)

H. Zhang, Z. Li, C.A. Mirkin: Dip—pen nanali-
thography-based methodology for preparing arrays
of nanostructures functionalized with oligonu-
cleotides, Adv. Mater. 14, 14721474 (2002)

E. Winfree, F.R. Liu, L.A. Wenzler, N.C. Seeman: De-
sign and self-assembly of two-dimensional DNA
crystals, Nature 394(6693), 539-544 (1998)

P.W.K. Rothemund: Folding DNA to create nanoscale
shapes and patterns, Nature 440(7082), 297-302
(2006)

1. Sharma, R. Chhabra, Y. Liu, Y. Ke, H. Yan: DNA-
templated self-assembly of two-dimensional and
periodical gold nanoparticle arrays, Angew. Chem.
Int. Ed. 45, 730-735 (2006)

I. Cheng, B. Wei, X. Zhang, Y. Wang, Y. Mi: Patterning
of gold nanoparticles on DNA self-assembled scaf-
folds, Res. Lett. Nanotechnol. 2008, 827174 (2008)
A. Kuzyk, B. Yurke, J.J. Toppari, V. Linko, P. Térma:
Dielectrophoretic trapping of DNA origami, Small &,
447-450 (2008)

M. Suzuki, T. Yasukawa, Y. Mase, D. Oyamatsu,
H. Shiku, T. Matsue: Dielectrophoretic micropattern-

6.58

6.60

6.61

6.62

6.63

6.64

6.65

6.66

6.67

ing with microparticle monolayers covalently linked
to glass surfaces, Langmuir 20, 11005-11011 (2004)
P.Y. Chiou, A.T. Ohta, M.C. Wu: Massively parallel
manipulation of single cells and microparticles using
optical images, Nature 436(7049), 370-372 (2005)

P. Maury, M. Escalante, D.N. Reinhoudt, J. Huskens:
Directed assembly of nanoparticles onto polymer-
imprinted or chemically patterned templates fab-
ricated by nanoimprint lithography, Adv. Mater.
17(22), 27118-2723 (2005)

Y.D. Yin, Y. Lu, B. Gates, Y.N. Xia: Template-assisted
self-assembly: A practical route to complex aggre-
gates of monodispersed colloids with well-defined
sizes, shapes, and structures, J. Am. Chem. Soc.
123(36), 8718-8729 (2001)

L. Malaquin, T. Kraus, H. Schmid, E. Delamarche,
H. Wolf: Controlled particle placement through
convective and capillary assembly, Langmuir 23,
11513-11521 (2007)

R.D. Deegan, 0. Bakajin, T.F. Dupont, G. Huber,
S.R. Nagel, T.A. Witten: Capillary flow as the cause
of ring stains from dried liquid drops, Nature
389(6653), 827-829 (1997)

B.G. Prevo, 0.D. Velev: Controlled, rapid deposition
of structured coatings from micro- and nanoparticle
suspensions, Langmuir 20(6), 2099-2107 (2004)

T. Kraus, L. Malaquin, H. Schmid, W. Riess,
N.D. Spencer, H. Wolf: Nanoparticle printing with
single-particle resolution, Nat. Nanotechnol. 2,
570-576 (2007)

Y. Cui, M.T. Bjork, J.A. Liddle, C. Sonnichsen,
B. Boussert, A.P. Alivisatos: Integration of colloidal
nanocrystals into lithographically patterned de-
vices, Nano Lett. &(6), 1093-1098 (2004)

C.A. Fustin, G. Glasser, H.W. Spiess, U. Jonas: Param-
eters influencing the templated growth of colloidal
crystals on chemically patterned surfaces, Langmuir
20, 9114-9123 (2004)

Y.N. Xia, Y.D. Yin, Y. Lu, J. Mclellan: Template-
assisted self-assembly of spherical colloids into
complex and controllable structures, Adv. Funct.
Mater. 13(12), 907-918 (2003)

M.l. Gordon, D. Peyrade: Separation of colloidal
nanoparticles using capillary immersion forces,
Appl. Phys. Lett. 89(5), 053112 (2006)

H. Schmid, B. Michel: Siloxane polymers for
high-resolution, high-accuracy soft lithography,
Macromolecules 33(8), 3042-3049 (2000)

C. Minelli, C. Hinderling, H. Heinzelmann, R. Pugin,
M. Liley: Micrometer-long gold nanowires fabricated
using block copelymer templates, Langmuir 21(16),
7080-7082 (2005)

0.D. Velev, E.W. Kaler: In situ assembly of colloidal
particles into miniaturized biosensors, Langmuir
15(11), 3693-3698 (1999)

P.A. Smith, C.D. Nordquist, T.N. Jackson, T.5. Mayer,
B.R. Martin, J. Mbindyo, T.E. Mallouk: Electric-

9|V Med



210

9|V Hed

Part A

Nanostructures, Micro-/Nanofabrication and Materials

6.68

6.69

field assisted assembly and alignment of metallic
nanowires, Appl. Phys. Lett. 77(9), 1399-1401 (2000)
N.V. Dziomkina, G.J. Vancso: Colloidal crystal assem-
bly on topologically patterned templates, Soft Matter
1(4), 265-279 (2005)

G. Markovich, C.P. Collier, J.R. Heath: Re-
versible metal-insulator transition in ordered metal
nanocrystal monolayers observed by impedance
spectroscopy, Phys. Rev. Llett. 80(17), 3807-3810
(1998)

E. Kim, Y.N. Xia, G.M. Whitesides: Micromolding in
capillaries: Applications in materials science, J. Am.
Chem. Soc. 118(24), 5722-5731 (1996)

Y. Lu, Y.D. Yin, B. Gates, Y.N. Xia: Growth of large
crystals of monodispersed spherical colloids in flu-

6.72

6.73

idic cells fabricated using non-photolithographic
methods, Langmuir 17(20), 6344-6350 (2001)

I. Langmuir, V.J. Schaefer: Activities of urease and
pepsin monolayers, J. Am. Chem. Soc. 60, 1351-1360
(1938)

T. Kraus, L. Malaquin, E. Delamarche, H. Schmid,
N.D. Spencer, H. Wolf: Closing the gap between self-
assembly and microsystems using self-assembly,
transfer, and integration of particles, Adv. Mater.
17(20), 2438-2442 (2005)

F. Rosei, M. Schunack, Y. Naitoh, P. Jiang, A. Gour-
don, E. Laegsgaard, |. Stensgaard, C. Joachim, F. Be-
senbacher: Properties of large organic molecules
on metal surfaces, Prog. Surf. Sci. 71(5-8), 95-146
(2003)



2n

7. Three-Dimensional Nanostructure Fabrication
by Focused lon Beam Chemical Vapor Deposition

Shinji Matsui

In this chapter, we describe three-dimensional
nanostructure fabrication using 30 keV Ga™ focused
ion beam chemical vapor deposition (FIB-CVD) and
a phenanthrene (Cy,Hyo) source as a precursor. We
also consider microstructure plastic art, which is
a new field that has been made possible by mi-
crobeam technology, and we present examples of
such art, including a micro wine glass with an ex-
ternal diameter of 2.75 pm and height of 12 pum. The
film deposited during such a process is diamond-
like amorphous carbon, which has a Young's
modulus exceeding 600 GPa, appearing to make
it highly desirable for various applications. The
production of three-dimensional nanostructure is
discussed. The fabrication of microcoils, nanoelec-
trostatic actuators, and 0.1pm nanowiring - all
potential components of nanomechanical systems
- is explained. The chapter ends by describing
the realization of nanoinjectors and nanomanip-
ulators, novel nanotools for manipulation and
analyzing subcellular organelles.

Electron beams (EBs) and focused ion beam (FIBs)
have been used to fabricate various two-dimensional
nanostructure devices such as single-clectron transis-
tors and metal-oxide—semiconductor (MOS) transistors
with nanometer gate lengths. Ten-nanometer structures
can be formed by using a commercially available EB
or FIB system with 5—10nm-diameter beams and high-
resolution resist [7.1]. Two-dimensional nanostructure
fabrication is therefore already an established process.
There are various approaches to three-dimensional fab-
rication using a laser, an EB, or a FIB to perform
chemical vapor deposition (CVD). FIB- and EB-CVD
are superior to laser-CVD [7.2] in terms of spatial reso-
lution and beam-scan control. Koops et al. demonstrated
some applications such as an atomic force microscopy
(AFM) tip and a field emitter that were realized us-
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ing EB-CVD [7.3]. Blauner et al. demonstrated pillars
and walls with high aspect ratios achieved using FIB-
CVD [74].

The deposition rate of FIB-CVD is much higher
than that of EB-CVD due to factors such as the differ-
ence in mass between an electron and an ion. Further-
more, the smaller penetration depth of ions compared
with electrons makes it easier to create complicated
three-dimensional nanostructures. For example, when
we attempt to make a coil nanostructure with line width
of 100nm, 10-50keV electrons pass through the ring
of the coil and reach the substrate because of the large
range of electrons (at least a few microns), which makes
it difficult to create a coil nanostructure using EB-CVD.
On the other hand, since the range of ions is a few
tens of nanometers or less, the ions are deposited in-
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substrate and on a human hair as works of microstruc-
ture plastic art are shown in Figs. 7.2a and 7.3. A micro
wine glass with an external diameter of 2.75 um and
a height of 12 pum was formed. The fabrication time was
600s at a beam current of 16 pA. This beautiful micro
wine glass shows the potential of the field of microstruc-
ture plastic art. A micro Colosseum and a micro Leaning
Tower of Pisa were also fabricated on a Si substrate, as
shown in Figs. 7.2c and 7.4.

Various microsystem parts have been fabricated us-
ing FIB-CVD. Figure 7.2b shows a microcoil with a coil
diameter of 0.6 um, a coil pitch of 0.7 um, and a line
width of 0.08 pm. The exposure time was 40 s at a beam
current of 0.4 pA. The diameter, pitch, and height of
the microcoil were 0.25, 0.20, and 3.8 um, respec-
tively. The exposure time was 60s at a beam current
of 0.4 pA. The results show that FIB-CVD is a highly
promising technique for realizing parts of a microsys-
tem, although their mechanical performance must be
measured.

b) SIM image (tilt 45°)

Fig.7.5 Data flow of 3-D pattern-
generating system for FIB-CVD

Establish
priority

@)

7.1.2 Three-Dimensional
Pattern-Generating System

We used ion-beam-assisted deposition of a source gas
to fabricate 3-D structures. The 3-D structure is built
up as a multilayer structure. In the first step of this 3-D
pattern-generating system, a 3-D model of the structure,
designed using a 3-D computer-aided design (CAD)
system (3-D DXF format), is needed. In this case we
realized a structure shaped like a pendulum. The 3-D
CAD model, which is a surface model, is cut into sev-
eral slices, as shown in Fig.7.5. The thickness of the
slices depends upon the resolution in the z-direction
(the vertical direction). The x- and y-coordinates of
the slices are then used to create the scan data (voxel
data). To fabricate the overhanging structure, the ion
beam must irradiate the correct positions in the cor-
rect order. If the ion beam irradiates a voxel located in
mid-air without a support layer, the ions intended for
the voxel will be deposited on the substrate. Therefore,

Fig.7.7 T-4 bacteriophage
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the sequence of irradiation is determined, as shown in
Fig.7.5.

The scan data and blanking signal therefore include
the scan sequence, the dwell time, the interval time, and
the irradiation pitch. These parameters are calculated
from the beam diameter, xy-resolution, and z-resolution
of fabrication. The z-resolution is proportional to the
dwell time and inversely proportional to the square of
the irradiation pitch. The scan data are passed to the
beam deflector of the FIB-CVD, as are the blanking
data. The blanking signal controls the dwell time and
interval time of the ion beam.

Figure 7.6 shows a 3-D CAD model and an
scanning ion microscope (SIM) image of the star-

7.2 Nanoelectromechanics
7.2.1 Measuring Young's Modulus

An evaluation of the mechanical characteristics of such
nanostructures is needed for material physics. Buks and
Roukes reported a simple but useful technique [7.9] for
measuring the resonant frequencies of nanoscale ob-
jects using a scanning electron microscope (SEM). The
secondary electron detector in the SEM can detect fre-
quencies up to around 4 MHz, so the sample vibration
is measured as the oscillatory output signal of the de-
tector. Buks and Roukes used this technique to evaluate
the Casimir attractive force between two parallel beams
fabricated on a nanoscale. We evaluated the mechanical
characteristics of DLC pillars in terms of the Young's

ship Enterprise NCC-1701D (from the television series
Star Trek), which was fabricated by FIB-CVD at
10 ~ 20 pA [7.8]. The nanospaceship is 8.8 um long
and was realized at about [: 100000000 scale on
silicon substrate. The dwell time (f4), interval time
(t;), irradiation pitch (p), and total process time (fp),
were 80 ps, 150ws, 2.4nm, and 2.5h, respectively.
The horizontal overhang structure was successfully
fabricated.

Figure 7.7 shows a nano T4 bacteriophage, which
is an artificial version of the virus fabricated by FIB-
CVD on silicon surface. The size of the artificial nano
T4 bacteriophage is about ten times that of the real
virus.

modulus, determined using resonant vibration and the
SEM monitoring technique [7.10, 11].

The system setup for monitoring mechanical vi-
bration is shown in Fig.7.8b. There were two ways
of measuring the pillar vibrations. One is active mea-
surement, where the mechanical vibration is induced
by a thin piezoelectric device, 300 pum thick and 3 mm
square. The piezo device was bonded to the sidewall of
the SEM’s sample holder with silver paste. The sam-
ple holder was designed to observe cross sections in
the SEM (S5000, Hitachi) system. Therefore, the pil-
lar’s vibration was observed as a side-view image, as
shown in Fig.7.8a. The range of vibration frequencies
involved was 10 kHz up to 2 MHz, which is much faster

=

b)
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beam
Secondary
electron
detector

Sample

holder | 1

W
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T
Spectrum Fig.7.8 (a) SEM image of the vi-
analyzer bration. The resonant frequency was

1.21 MHz. (b) Schematic diagram of
the vibration monitoring system
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than the SEM raster scanning speed. Thus the resonant
vibrations of the pillars can be taken as the trace of the
pillar’s vibration in the SEM image. The resonant fre-
quency and amplitude were controlled by adjusting the
power of the driving oscillator.

The other way to measure pillar vibrations is pas-
sive measurement using a spectrum analyzer (Agilent
4395A), where most of the vibration seemed to de-
rive from environmental noise from rotary pumps and
air conditioners. Some parts of the vibration result
from spontaneous vibration associated with thermal ex-
citations [7.9]. Because of the excitation and residual
noise, the pillars on the SEM sample holder always
vibrated at a fundamental frequency, even if noise iso-
lation is enforced on the SEM system. The amplitude of
these spontaneous vibrations was on the order of a few
nanometers at the top of the pillar, and high-resolution
SEM can easily detect it at a magnification of 300 000.

We arranged several pillars with varying diameters
and lengths. The DLC pillars with the smallest diameter
of 80nm were grown using point irradiation. While we
used two FIB systems for pillar fabrication, slight dif-
ferences in the beam diameters of the two systems did
not affect the diameters of the pillars. Larger-diameter
pillars were fabricated using an area-limited raster scan
mode. Raster scanning of a 160nm? region produced
a pillar with a cross section of about 240nm?, and
a 400nm? scan resulted in a pillar with a cross sec-
tion of 480nm?2. A typical SEM image taken during
resonance is shown in Fig. 7.8a. The FIB-CVD pillars
seemed very durable against mechanical vibration. This
kind of measurement usually requires at least 30 min,
including spectrum analysis and photo recording, but
the pillars still survived without any change in reso-
nance characteristics. This durability of the DLC pillars
should be useful in nanomechanical applications.

The resonant frequency f of the pillar is defined
by (7.1) for a pillar with a square cross section, and (7.2)
for a circular cross section

aﬁ2

E
2x L2\ 12p°

ﬁ'.qunre = (7.1)
ap* | E

circular — 57 a1) 72 . ° 7.2

f ular L2 16p ( )

where a is the width of the square pillar or the diameter
of the circular-shaped pillar, L is the length of the pil-
lar, p is the density, and £ is the Young’s modulus. The
coefficient B defines the resonant mode; g = 1.875 for
the fundamental mode. We used (7.1) for pillars 240 and
480 nm wide, and (7.2) for pillars grown by point-beam

irradiation. The relationship of the resonant frequency
to the Young's modulus, which depends on the ratio of
the pillar diameter to the squared length, is summarized
in Fig. 7.9. All of the pillars evaluated in this figure were
fabricated using the SMI9200 FIB system under rapid
growth conditions. Typical growth rates were about
3—5 pm/min for the 100 nm-diameter and 240 pum-wide
pillars, and 0.9 wm/min for the 480 nm-wide pillars.
When calculating the data shown in Fig.7.9, we as-
sumed that the density of the DLC pillars was about
2.3 g/cm?, which is almost identical to that of graphite
and quartz. The slope of the line in Fig. 7.9 indicates
the Young’s modulus for each pillar. The Young’s mod-
uli of the pillars were distributed over a range from 65
to 140 GPa, which is almost identical to that of nor-
mal metals. Wider pillars tended to have larger Young’s
moduli.

We found that the stiffness increases significantly as
the local gas pressure decreases, as shown in Fig. 7.10.
While the absolute value of the local gas pressure at the
beam point is very difficult to determine, we found that
the growth rate can be a useful parameter for describing
the dependence of Young’s modulus on pressure. All
data points indicated in Fig.7.10 were obtained from
pillars grown using point irradiation. Therefore, the pil-
lar diameters did vary slightly from 100 nm but not by
more than 5%. A relatively low gas pressure, with good
uniformity, was obtained by using a single gas nozzle
and gas reflector. We used a cleaved side-wall of an Si
tip as the gas reflector, which was placed 10—-50 pum
away from the beam point so as to face the gas noz-
zle. The growth rate was controlled by changing the
distance to the wall. While there is a large distribu-

Resonant frequency (kHz)

4000
@ T=01pm
@ J=024pum
3000 A =048 pm
E =140 GPa E =100 GPa
2000
1000
@ E=650GPa
0
0 1 2 i) 4

all? (x 107%)

Fig.7.9 Dependence of resonant frequency on pillar
length
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Fig.7.10 Dependence of Young's modulus on growth rate

tion of data points, the stiffness of the pillar tended
to become stiffer as the growth rate decreased. The
two curves in Fig.7.10 represent data points obtained
for a beam current of 0.3 and 1 pA, respectively. Both
curves show the same tendency; the saturated upper lev-
els of the Young's modulus are different for each ion
current at low gas pressure (low growth rate). It should
be noted that some of the pillars’ Young’s moduli ex-
ceeded 600 GPa, which is of the same order as that
of tungsten carbide. In addition, these estimations as-
sume a pillar density of 2.3 g/cm’, but a finite amount
of Ga was incorporated with the pillar growth. If the
calculation takes the increase in pillar density due to
the Ga concentration into account, the Young’s mod-
ulus exceeds 800 GPa. Such a high Young’s modulus
reaches that of carbon nanotubes and natural diamond
crystals. We think that this high Young's modulus is due
to surface modification caused by the direct ion impact.

Ga' FIB
Beam scanning direction

In contrast, when the gas pressure was high enough
to achieve a growth rate of more than 3 pum /min, the pil-
lars became soft but the change in the Young’s modulus
was small. The uniformity of the Young’s modulus (as
seen in Fig.7.9) presumably results from the fact that
the growth occurred in this insensitive region, where the
low levels of source gas limit pillar growth.

7.2.2 Free-Space Nanowiring

All experiments were carried out in a commercially
available FIB system (SMI9200: SII NanoTechnology
Inc.) using a beam of 30kV Ga™ ions. The beam was
focused to a spot size of 7nm at a beam current of
0.4 pA, and it was incident perpendicular to the surface.
The pattern drawing system (CPG-1000: Crestec Co.,
Tokyo) was added to the FIB apparatus to draw any pat-
terns. Using the CPG, it is possible to control beam scan
parameters such as scanning speed, xy-direction, and
blanking of the beam, and so 3-D free space nanowiring
can be performed [7.12].

Figure 7.11 illustrates the free-space nanowiring
fabrication process using both FIB-CVD and CPG.
When phenanthrene (C14H¢) gas or tungsten hexacar-
bonyl (W(CO)g) gas, which is a reactive organic gas,
is evaporated from a heated container and injected into
the vacuum chamber by a nozzle located 300 jum above
the sample surface at an angle of about 45° with respect
to surface, the gas density of the C4H;o or W(CO)g
molecules increases on the substrate near the gas noz-
zle. The nozzle system creates a local high-pressure
region over the surface. The base pressure of the sam-
ple chamber is 2x 1077 Pa and the chamber pressure
upon introducing C4H |y and W(CO)¢ as a source gas
was 1 x107* and 1.5x 107 Pa, respectively. If a Ga™

Fig. 7.1 Fabrication of DLC free-
space wiring using both FIB-CVD
and CPG
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ion beam is irradiated onto the substrate, C;4H,y or
W(CO)s molecules adsorbed on the substrate surface
are decomposed, and carbon (C) is mainly deposited
onto the surface of the substrate. The direction of depo-
sition growth can be controlling through the scanning
direction of the beam. The material deposited using
C4H ¢ gas was diamond-like carbon, as confirmed by
Raman spectra, and it had a very large Young’'s modulus
of 600 GPa [7.7,10].

After the two walls shown in Fig. 7.11 were formed,
free-space nanowiring was performed by adjusting the
beam scanning speed. The ion beam used was a 30kV
Ga™ FIB, and the irradiation current was 0.8-2.3 pA.
The x- and y-scanning directions and the beam scan-
ning speed were controlled by the CPG. The height in
the z-direction was proportional to the irradiation time.
Deposition is made to occur horizontally by scanning

1 um

Fig.7.12 (a) DLC free-space wiring with a bridge shape.
(b) DLC free-space wiring with parallel resistances

Fig.7.13 (a) Radial DLC free-space wiring grown in 16 directions
from the center. (b) Scanning ion microscope (SIM) micrograph of
inductance (L), resistance (R), and capacitor (C) structure

the beam at a certain fixed speed in a plane. How-
ever, if the beam scanning speed is faster than the
nanowiring growth speed, it grows downward or drops;
conversely, if the scanning speed is too slow, the de-
position grows slanting upward. Therefore, it is very
important to control the beam scanning speed care-
fully when growing a nanowire horizontally. It turns
out that the optimal beam scanning speed to realize
a nanowire growing horizontally, using two Cj4H;o gas
guns, was about 190 nm/s. The expected pattern resolu-
tion archived using FIB-CVD is around 80 nm, because
both the primary Ga' ion and secondary-electron scat-
tering occur over distances of around 20nm [7.10, 13].

Figures 7.12 and 7.13 show examples of free-space
nanowiring fabricated by FIB-CVD and CPG. All of
the structures shown were fabricated using C4Hjo as
a precursor gas.

Figure 7.12a shows nanobridge free-space wiring.
The growth time was 1.8 min and the wiring width was
80 nm. Figure 7.12b shows free-space nanowires with
parallel resistances. The growth time was 2.8 min, and
the wiring width was also 80 nm.

Figure 7.13a shows free-space nanowiring grown
in 16 directions from the center. Figure 7.13b shows
a scanning ion microscope (SIM) image of an induc-
tor (L), a resistor (R), and a capacitor (C) in a parallel
circuit structure with free-space nanowiring. A coiled
structure was fabricated by circle-scanning of the Ga*
FIB. The growth times of the L, R, and C structures
were about 6, 2, and 12 min, and all the nanowiring is
about 110nm wide. From these structures, one can see
that it is possible to fabricate nanowiring at an arbitrary
position using FIB-CVD and CPG. These results also
indicate that various circuit structures can be formed by
combining L, C, and R.

The free-space wiring structures were observed us-
ing 200keV TEM. The analyzed area was 20nm in
diameter. Figure 7.14a,b shows TEM images of DLC
free-space wiring and a pillar. It became clear from
these energy-dispersive x-ray (EDX) measurements that
the dark part (A) of Fig.7.14a corresponds to the Ga
core, while the outside part (B) of Fig.7.14a corre-
sponds to amorphous carbon. This free-space wiring
therefore consists of amorphous carbon with a Ga core.
The center position of the Ga core is actually located
below the center of the wiring. However, in the case of
the DLC pillar, the Ga core is located at the center of the
pillar. To investigate the difference between these core
positions, the Ga core distribution in free-space wiring
was observed in detail by TEM. The center position of
the Ga core was about 70 nm from the top, which was
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a 0.2 pm-thick SiO;-on-Si substrate by an electron-
beam lithography and lift-off process. After that, a coil
and free-space nanowiring were fabricated onto the Au
electrode to form a switch function using nanowiring
fabrication technology with FIB-CVD and CPG. The
coil structure was fabricated by scanning a Ga® beam
in a circle at fixed speed in Cj4H ;o ambiance gas. An
electric charge (positive or negative) was applied to
the coil, and the reverse electric charge was applied
to the nanowiring. The coil extended upward when
a voltage was applied, because these was now an elec-
trical repulsive force between each loop of the coil.
At the same time, the coil and the nanowiring grav-
itated toward one another, because they had opposite
charges. This attraction caused the coil to contact with
the nanowiring when a certain threshold voltage was
reached.

Next, we evaluated the switch function by mea- : 4 ;
suring the current that flowed when the coil and the Fig.7.18 (a) Principle of movement of nanomechanical switch.
nanowiring were in contact. Figure 7.18b,c shows SIM  SIM micrographs of nanomechanical switch: {b) before applying

' e 1pm il 1 pum

micrographs of the nanomechanical switch before and
after applying a voltage. These micrographs indicate
that the coil and nanowiring make contact when a volt-
age is applied to the coil. At the same time, /-V
measurements of the nanomechanical switch were car-
ried out, as shown in Fig. 7.19a. The current was plotted
against the applied voltage at room temperature, and
from this graph, it was apparent that the current be-
gins to flow at a threshold voltage of 17.6 V. At this
point, the electrical resistance and the resistivity of the
nanomechanical switch are about 250 M€2 and 11 €2 cm,
respectively. We measured the /-V characteristics for
ten nanomechanical switches. The threshold voltage
was around 20 V in each case. The switching function
was confirmed by performing on/off operations at an ap-

a) Current (nA) b) Current (nA)

voltage and (c) after applying voltage

plied voltage of 30 V, as shown in Fig. 7.19b. A pulsed
current of about 170nA was detected for this applied
voltage.

7.2.4 Nanoelectrostatic Actuator

The fabrication process of 3-D nanoelectrostatic ac-
tuators (and manipulators) is very simple [7.16]. Fig-
ure 7.20 shows the fabrication process. First, a glass
capillary (GD-1: Narishige Co., East meadow, NY) was
pulled using a micropipette puller (PC-10: Narishige
Co.). The dimensions of the glass capillary were 90 mm
in length and 1 mm in diameter. Using this process,

160 2504
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40 . "
50 Fig.7.19 (a) /-V curve for the
= nanomechanical switch. (b) Pulsed
0 > 0 T — current to on/off operation for the
o 20 IR0 2 2 9 & - 2 ; nanomechanical switch at an applied
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voltage of 30 V
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Fig.7.20 Fabrication process of 3-D nanoelectrostatic actuators

we obtained a glass capillary tip with a 1 pum diam-
eter. Next, we coated the glass capillary surface with
Au by direct-current (DC) sputtering. The Au thickness
was = 30 nm. This Au coating serves as the electrode
that controls the actuator and manipulator. Then, the
3-D nanoelectrostatic actuators and manipulators were
fabricated by FIB-CVD. This process was carried out
in a commercially available FIB system (SIM9200: SII
NanoTechnology Inc.) with a Ga™ ion beam operating
at 30keV. FIB-CVD was carried out using a phenan-
threne (C14Ho) precursor as the source material. The
beam diameter was about 7nm. The inner diameter of
cach nozzle was 0.3mm. The phenanthrene gas pres-
sure during growth was typically 5x 107> Pa in the
specimen chamber. The Ga* ion beam was controlled
by transmitting CAD data on the arbitrary structures to
the FIB system.

Bending distance a (pm)
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Fig.7.22 Dependence of bending distance on applied voltage

b) Moving principle
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a) SIM image
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Fig.7.21a,b Laminated pleats-type electrostatic actuator.
(a) SIM image of a laminated pleats-type electrostatic ac-
tuator fabricated on the tip of a Au-coated glass capillary.
(b) Tlustration of moving principle of the actuator

A laminated pleats-type electrostatic actuator was
fabricated by FIB-CVD. Figure 7.21a shows an SIM
image of a laminated pleats-type electrostatic actuator
fabricated at 7pA and 60min exposure time. Fig-
ure 7.21b shows the principle behind the movement of
this actuator. The driving force is the repulsive force
due to the accumulation of electric charge. This elec-
tric charge can be stored in the pleats structures of the
actuator by applying a voltage across the glass capil-
lary. The pillar structure of this actuator bends due to
charge repulsion, as shown in Fig.7.21b. Figure 7.22
shows the dependence of the bending distance on the

b) Moving principle

>

a) SIM image

1 pm

Fig.7.23a,b le type electrostatic actuator. (a) SIM im-
age of a coil-type electrostatic actuator fabncaaed on the
tip of a Au-coated glass capillary. (b) lllustration of moving
principle for the actuator
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7.3 Nanooptics: Brilliant Blue Observation from a Marpho Butterfly Scale Quasistructure

applied voltage. The bending distance is defined as the
distance a in the inset of Fig.7.22. The bending rate
of this laminated pleats-type electrostatic actuator was
about 0.7nm/V.

A coil-type electrostatic actuator was fabricated
by FIB-CVD. Figure 7.23a shows an SIM image of
a coil-type electrostatic actuator fabricated at 7 pA and
10 min of exposure time. Figure 7.23b shows the prin-
ciple behind the movement of this actuator, which is
very simple. The driving force is the repulsive force
induced by electric charge accumulation; the electric
charge can be stored in this coil structure by applying
a voltage across the glass capillary. This coil struc-
ture expands and contracts due to charge repulsion,
as shown in Fig.7.23b. Figure 7.24 shows the depen-
dence of the coil expansion on the applied voltage. The
length of the expansion is the distance « in the inset of
Fig. 7.24. The result revealed that the expansion could
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Fig.7.24 Dependence of coil expansion on applied voltage

be controlled in the applied voltage range from 0 to
500 V.

7.3 Nanooptics: Brilliant Blue Observation
from a Morpho Butterfly Scale Quasistructure

The Morpho butterfly has brilliant blue wings, and the
source of this intense color has been an interesting topic
of debate for a long time. Due to an intriguing opti-
cal phenomenon, the scales reflect interfered brilliant
blue color for any angle of incidence of white light.
This color is called a structural color, meaning that it is
not caused by pigment reflection [7.17]. When we ob-
served the scales with a scanning electron microscope
(SEM) (Fig.7.25a), we found three-dimensional (3-D)
nanostructures 2 um in height, 0.7 um in width, and
with a 0.22 pum grating pitch on the scales. These nano-
structures cause a similar optical phenomenon to the
iridescence produced by a jewel beetle.

We duplicated the Morpho butterfly scale qua-
sistructure with a commercially available FIB system
(SMI9200: SII Nanotechnology Inc.) using a Ga™ ion
beam operating at 30 kV [7.18]. The beam diameter was
about 7nm at 0.4 pA. The FIB-CVD was performed
using phenanthrene (C14Hq) as a precursor.

In this experiment, we used a computer-controlled
pattern generator, which converted 3-D computer-aided
design (CAD) data into a scanning signal, which was
passed to an FIB scanning apparatus in order to fabri-
cate a 3-D mold [7.8]. The scattering range of the Ga
primary ions is about 20 nm, and the range of the sec-
ondary electrons induced by the Ga ion beam is about

20nm, so the expected pattern resolution of the FIB-
CVD is about 80 nm.

Figure 7.25b shows an SIM image of the Morpho
butterfly quasistructure fabricated by FIB-CVD using 3-

a) b)
" e Shetener Morpho |

1 pm

Fig.7.25a,b Morpho butterfly scales. (a) Optical microscope image
showing top view of Morpho butterfly. SEM image showing a cross-
sectional view of Morpho butterfly scales. (b) SIM image showing
inclined view of Morpho butterfly scale quasistructure fabricated by
FIB-CVD
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D CAD data. This result demonstrates that FIB-CVD
can be used to fabricate the quasistructure.

We measured the reflection intensities from Morpho
butterfly scales and the Morpho butterfly scale qua-
sistructure optically; white light from a halogen lamp
was directed onto a sample with angles of incidence
ranging from 5° to 45°. The reflection was concentrated
by an optical microscope and analyzed using a commer-
cially available photonic multichannel spectral analyzer
system (PMA-11: Hamamatsu Photonics K.K., Hama-
matsu City, Japan). The intensity of light incident from
the halogen lamp had a peak at a wavelength close
to 630 nm.

The Morpho butterfly scale quasistructure was made
of DLC. The reflectivity and transmittance of a 200 nm-
thick DLC film deposited by FIB-CVD, measured by
the optical measurement system at a wavelength close to
440 nm (the reflection peak wavelength of the Morpho
butterfly), were 30% and 60%, respectively. Therefore,
the measured data indicated that the DLC film had
high reflectivity near 440 nm, which is important for
the fabrication of an accurate Morpho butterfly scale
quasistructure.

We measured the reflection intensities of the
Morpho butterfly scales and the quasistructure with
an optical measurement system, and compared their
characteristics. Figure 7.26a,b shows the reflection
intensities from Morpho butterfly scales and the qua-
sistructure, respectively. Both gave a peak intensity near
440nm and showed very similar reflection intensity
spectra for various angles of incidence.

We have thus successfully demonstrated that a Mor-
pho butterfly scale quasistructure fabricated using

7.4 Nanobiology
7.4.1 Nanoinjector

Three-dimensional nanostructures on a glass capillary
have a number of useful applications, such as manipu-
lators and sensors in various microstructures. We have
demonstrated the fabrication of a nozzle nanostructure
on a glass capillary for a bioinjector using 30 keV Ga™
focused ion beam assisted deposition with a precur-
sor of phenanthrene vapor and etching [7.19]. It has
been demonstrated that nozzle nanostructures of vari-
ous shapes and sizes can be successfully fabricated. An
inner tip diameter of 30 nm on a glass capillary and a tip
shape with an inclined angle have been realized. We re-
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Fig.7.26a,b Intensity curves of the reflection spectra for:
(a) Morpho butterfly scales, (b) Morpho butterfly scale qua-
sistructure

FIB-CVD can give almost the same optical character-
istics as real Morpho butterfly scales.

ported that diamond-like carbon (DLC) pillars grown
by FIB-CVD with a precursor of phenanthrene vapor
have very large Young’s moduli, exceeding 600 GPa,
which potentially makes them useful for various appli-
cations [7.10]. These characteristics are applicable to
the fabrication of various biological devices.

In one experiment, nozzle nanostructure fabrication
for biological nanoinjector research was studied. The tip
diameters of conventional bioinjectors are greater than
100nm and the tip shapes cannot be controlled. A bio-
nanoinjector with various nanostructures on the top of
a glass capillary has the following potential applications
(shown in Fig. 7.27):
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Manipulator

Sensor

Injector

Fig.7.27 Potential uses for a bionanoinjector

1. Injection of various reagents into a specific or-
ganelle in a cell

2. Selective manipulation of a specific organelle out-
side of a cell by using the nanoinjector as an
aspirator

3. Reducing the mechanical stress produced when op-
erating in the cell by controlling the shape and size
of the bionanoinjector

4. Measurement of the electric potential of a cell, an
organelle, and an ion channel exiting on a mem-
brane, by fabricating an electrode

Thus far, 3-D nanostructure fabrications on a glass
capillary have not been reported. We present nozzle
nanostructure fabrication on a glass capillary by FIB-
CVD and etching in order to confirm the possibility of
bionanoinjector fabrication.

The nozzle structures of the nanoinjector were fab-
ricated using a function generator (Wave Factory: NF
Electronic Instruments, Yokohama, Japan). Conven-
tional microinjectors are fabricated by pulling a glass
capillary (GD-1: Narishige Co.) using a micropipette
puller (PC-10: Narishige Co.). The glass capillary was
90 mm in length and 1 mm in diameter.

b) After

a) Before

Conventionally, the tip shape of a microinjector
made by pulling a glass capillary, and which is used
as an injector into a cell, is confrolled by applying me-
chanical grinding (or not). However, the reliability of
this technique for controlling tip shape is very poor and
requires experienced workers.

A bionanoinjector tip was fabricated on a glass cap-
illary by FIB-CVD, as shown in Fig.7.28a—c. First,
FIB etching made the tip surface of the glass capil-
lary smooth. Then, a nozzle structure was fabricated at
the tip by FIB-CVD. Figure 7.28a shows the surface of
a chip smoothed at 120 pA and after 30 s exposure time
by FIB etching, with inner hole diameter of 870 nm.
A nozzle structure fabricated by FIB-CVD with inner
hole diameter of 220nm is shown in Fig. 7.28b. Fig-
ure 7.28c shows a cross section of Fig.7.28b. These
results demonstrate that a bionanoinjector could be suc-
cessfully fabricated by 3-D nanostructure fabrication
using FIB-CVD. The bionanoinjector was used to in-
ject dye into a egg cell (Ciona intestinalis) as shown in
Fig.7.29.

7.4.2 Nanomanipulator

An electrostatic 3-D nanomanipulator that can manipu-
late nanoparts and operate on cells has been developed
by FIB-CVD. This 3-D nanomanipulator has four fin-
gers so that it can manipulate a variety of shapes.
To move the nanomanipulator, electric charge is ac-
cumulated in the structure by applying voltage to the
four-fingered structure, and electric charge repulsion
causes them to move. Furthermore, we succeeded in
catching a microsphere (made from polystyrene latex)
with a diameter of 1 jum using this 3-D nanomanipulator
with four fingers [7.20].

The glass capillary (GD-1; Narishige Co.) was
pulled using a micropipette puller (PC-10; Narishige
Co.). A tip diameter of about 1.0 jum could be obtained
using this process. Then, the glass capillary surface was
coated with Au in order to fabricate an electrode for

€) Cross section

Fig.7.28a-c SIM images of a bio-
nanoinjector fabricated on a glass
capillary by FIB-CVD. (a) Before
FIB-CVD, (b) after FIB-CVD. and
(€) cross section of (b)
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7.5 Summary

Three-dimensional nanostructure fabrication using
30keV Ga™ FIB-CVD and a phenanthrene (Ci4Hp)
source as a precursor has been demonstrated. The
film deposited on a silicon substrate was characterized
using a transmission microscope and Raman spec-
tra. This characterization indicated that the deposited
film is diamond-like amorphous carbon, which has
attracted attention due to its hardness, chemical in-
ertness, and optical transparency. Its large Young's
modulus, which exceeds 600 GPa, makes it highly de-

References

sirable for various applications. A nanoelectrostatic
actuator and 0.1 pm nanowiring were fabricated and
evaluated as parts of nanomechanical system. Fur-
thermore, a nanoinjector and nanomanipulator were
fabricated as novel nanotools for manipulation and
analysis of subcellular organelles. These results demon-
strate that FIB-CVD is one of the key technologies
needed to make 3-D nanodevices that can be used
in the field of electronics, mechanics, optics, and
biology.

7.1 S. Matsui: Nanostructure fabrication using electron
beam and its application to nanometer devices,
Proc. IEEE 85, 629 (1997)

7.2 0. Lehmann, F. Foulon, M. Stuke: Surface and three-
dimensional processing by laser chemical vapor
deposition, NATO ASI Ser. Appl. Sci. 265, 91 (1994)

1.3 H.W. Koops, J. Kretz, M. Rudolph, M. Weber,
G. Dahm, K.L. Lee: Characterization and appli-
cation of materials grown by electron-beam-
induced deposition, Jpn. J. Appl. Phys. 33, 7099
(1994)

7.4 A. Wagner, J.P. Levin, J.L. Mauer, P.G. Blauner,
S.J. Kirch, P. Long: X-ray mask repair with focused
ion beams, J. Vac. Sci. Technol. B 8, 1557 (1990)

1:5 I. Utke, P. Hoffmann, B. Dwir, K. Leifer, E. Kapon,
P. Doppelt: Focused electron beam induced de-
position of gold, J. Vac. Sci. Technol. B 18, 3168
(2000)

7.6 A.). DeMarco, J. Melngailis: Lateral growth of fo-
cused ion beam deposited platinum for stencil mask
repair, J. Vac. Sci. Technol. B 17, 3154 (1999)

7.7 5. Matsui, T. Kaito, J. Fujita, M. Komuro, K. Kanda,
Y. Haruyama: Three-dimensional nanostructure
fabrication by focused-ion-beam chemical vapor
deposition, J. Vac. Sci. Technol. B 18, 3181 (2000)

7.8  T. Hoshino, K. Watanabe, R. Kometani, T. Morita,
K. Kanda, Y. Haruyama, T. Kaito, J. Fujita,
M. Ishida, Y. Ochiai, S. Matsui: Development
of three-dimensional pattern-generating system
for focused-ion-beam chemical-vapor deposition,
1. Vac. Sci. Technol. B 21, 2732 (2003)

7.9  E.Buks, M.L. Roukes: Stiction, adhesion energy, and
the Casimir effect in micromechanical systems, Phys.
Rev. B 63, 033402 (2001)

7.10 ). Fujita, M. Ishida, T. Sakamoto, Y. Ochiai,
T. Kaito, 5. Matsui: Observation and characteristics of
mechanical vibration in three-dimensional nano-
structures and pillars grown by focused ion beam
chemical vapor deposition, J. Vac. Sci. Technol. B19,
2834 (2001)

7.11 M. Ishida, J. Fujita, Y. Ochiai: Density estimation for
amorphous carbon nanopillars grown by focused ion
beam assisted chemical vapor deposition, J. Vac. Sci.
Technol. B 20, 2784 (2002)

7.12 T. Morita, R. Kometani, K. Watanabe, K. Kanda,
Y. Haruyama, T. Hoshino, K. Kondo, T. Kaito,
T. Ichihashi, 1. Fujita, M. Ishida, Y. Ochiai,
T. Tajima, S. Matsui: Free-space-wiring fabrica-
tion in nano-space by focused-ion-beam chemical
vapor deposition, J. Vac. Sci. Technol. B 21, 2737
(2003)

7.13 1. Fujita, M. Ishida, Y. Ochiai, T. Ichihashi, T. Kaito,
S. Matsui: Graphitization of Fe-doped amorphous
carbon pillars grown by focused ion-beam-induced
chemical-vapor deposition, J. Vac. Sci. Technol. B
20, 2686 (2002)

7.14 K. Nakamatsu, K. Yamamoto, T. Hirayama, S. Matsui:
Fabrication of fine electron biprism filament by free-
space-nanowiring technique of focused-ion-beam
+ chemical vapor deposition for accurate off-axis
electron holography, Appl. Phys. Express 1, 117004
(2008)

7.15 T. Morita, K. Nakamatsu, K. Kanda, Y. Haruyama,
K. Kondo, T. Hoshino, T. Kaito, J. Fujita, T. Ichihashi,
M. Ishida, Y. Ochiai, T. Tajima, S. Matsui: Nanome-
chanical switch fabrication by focused-ion-beam
chemical vapor depaosition, J. Vac. Sci. Technol. B
22, 3137 (2004)

7.16 R. Kometani, T. Hoshino, K. Kondo, K. Kanda,
Y. Haruyama, T. Kaito, J. Fujita, M. Ishida, Y. Ochiai,
S. Matsui: Characteristics of nano-electrostatic ac-
tuator fabricated by focused ion beam chemical
vapor deposition, Jpn. ). Appl. Phys. 43, 787
(2004)

7.17 P. Vukusic, J.R. Sambles: Photonic structures in bi-
ology, Nature 424, 852 (2003)

7.18 K. Watanabe, T. Hoshino, K. Kanda, Y. Haruyama,
S. Matsui: Brilliant blue observation from a Morpho-
butterfly-scale quasi-structure, Ipn. 1. Appl. Phys.
44, 148 (2005)



3-D Nanostructure Fabrication by FIB-CVD | References 229

119

R. Kometani, T. Morita, K. Watanabe, K. Kanda,
Y. Haruyama, T. Kaito, J. Fujita, M. Ishida, Y. Ochiai,
S. Matsui: Nozzle-nanostructure fabrication on glass
capillary by focused-ion-beam chemical vapor de-
position and etching, Jpn. J. Appl. Phys. 42, 4107
(2003)

R. Kometani, T. Hoshino, K. Kondo, K. Kanda,
Y. Haruyama, T. Kaito, J. Fujita, M. Ishida, Y. Ochiai,
S. Matsui: Performance of nanomanipulator fab-
ricated on glass capillary by focused-ion-beam
chemical vapor deposition, J. Vac. 5ci. Technol. B
23, 298 (2005)

1.21

7.22

S. Akita, Y. Nakayama, S. Mizooka, Y. Takano,
T. Okawa, K.Y. Miyatake, 5. Yamanaka, M. Tsuji,
T. Nosaka: Nanotweezers consisting of carbon nano-
tubes operating in an atomic force microscope, Appl.
Phys. Lett. 79, 1691 (2001)

R. Kometani, T. Hoshino, K. Kanda, Y. Haruyama,
T. Kaito, J. Fujita, M. Ishida, Y. Ochiai, S. Mat-
sui: Three-dimensional high-performance nano-
tools fabricated using focused-ion-beam chemical-
vapor-deposition, Nucl. Instrum. Methods Phys.
Res. B 232, 362 (2005)

1|V ved



8. Introduction to Micro-/Nanofabrication

Babak Ziaie, Antonio Baldi, Massood Z. Atashbar

This chapter outlines and discusses important
micro- and nanofabrication techniques. We start
with the most basic methods borrowed from
the integrated circuit (IC) industry, such as thin-
film deposition, lithography and etching, and
then move on to look at microelectromechanical
systems (MEMS) and nanofabrication technolo-
gies. We cover a broad range of dimensions, from
the micron to the nanometer scale. Although
most of the current research is geared towards
the nanodomain, a good understanding

of top-down methods for fabricating
micron-sized objects can aid our under-
standing of this research. Due to space
constraints, we focus here on the most
important technologies; in the microdomain
these include surface, bulk, and high-aspect-ratio
micromachining; in the nanodomain we concen-
trate on e-beam lithography, epitaxial growth,
template manufacturing, and self-assembly.
MEMS technology is maturing rapidly, with some
new technologies displacing older ones that have
proven to be unsuited to manufacture on a com-
mercial scale. However, the jury is still out on
methods used in the nanodomain, although it

Recent innovations in the area of micro/manofabrication
have created a unique opportunity for manufacturing
structures in the nm—mm range. The available six or-
ders of magnitude dimensional span can be used to
fabricate novel electronic, optical, magnetic, mechan-
ical, and chemical/biological devices with applications
ranging from sensors to computation and control. In this
chapter, we will introduce major micro/manofabrication
techniques currently used to fabricate structures from
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and Template Manufacturing......... 261
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appears that bottom-up methods are the most
feasible, and these will have a major impact in
a variety of application areas such as biology,
medicine, environmental monitoring, and nano-
electronics.

the nm to several hundred jum range. We will mainly fo-
cus on the most important and widely used techniques
and will not discuss specialized methods. After a brief
introduction to basic microfabrication, we will discuss
MEMS fabrication techniques used to build microstruc-
tures down to about 1 pm in dimensions. Following
this, we will discuss several top-down and bottom-up
nanofabrication methods not discussed in other chapters
of this Handbook.
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8.1 Basic Microfabrication Techniques

Most micro/nanofabrication techniques have their roots
in the standard fabrication methods developed for
the semiconductor industry [8.1-3]. Therefore, a clear
understanding of these techniques is necessary for
anyone starting to embark on a research and devel-
opment path in the micro/mano area. In this section,
we will discuss the major microfabrication methods
used most frequently in the manufacturing of mi-
cro/nanostructures. Some of these techniques such as
thin-film deposition and etching are common between
the micro/nano and very large-scale integration (VLSI)
microchip fabrication disciplines. However, several
other techniques which are more specific to the mi-
cro/nanofabrication area will also be discussed in this
section.

8.1.1 Lithography

Lithography is the technique used to transfer a computer-
generated pattern onto a substrate (silicon, glass,
GaAs, etc.). This pattern is subsequently used to
etch an underlying thin film (oxide, nitride, etc.) for
various purposes (doping, etching, etc.). Although pho-
tolithography, i.e., lithography using an ultraviolet
(UV) light source, is by far the most widely used
lithography technique in the microelectronic fabrica-
tion, electron-beam (e-beam) and x-ray lithography
are two other alternatives which have attracted con-
siderable attention in the MEMS and nanofabrication
areas. We will discuss photolithography in this section
and postpone discussion of e-beam and x-ray tech-
niques to subsequent sections dealing with MEMS and
nanofabrication.

The starting point subsequent to the creation of
the computer layout for a specific fabrication sequence
is the generation of a photomask. This involves a se-
quence of photographic processes (using optical or
e-beam pattern generators), which results in a glass
plate having the desired pattern in the form of a thin
(= 100nm) chromium layer. Following the generation
of the photomask, the lithography process can pro-
ceed as shown in Fig. 8.1. This sequence demonstrates
the pattern transfer onto a substrate coated with sili-
con dioxide; however, the same technique is applicable
to other materials. After depositing the desired mater-
ial on the substrate, the photolithography process starts
with spin-coating the substrate with a photoresist. This
is a polymeric photosensitive material which can be
spun onto the wafer in liquid from (usually an adhe-

sion promoter such as hexamethyldisilazane HMDS is
used prior to the application of the resist). The spin-
ning speed and photoresist viscosity will determine the
final resist thickness, which is typically in the range
0.5-2.5um. Two different kinds of photoresist are
available: positive and negative. With positive resist,
UV-exposed areas will be dissolved in the subsequent
development stage, whereas with negative photore-
sist, the exposed areas will remain intact after UV
development. Due to its better performance with re-
gard to process control in small geometries, positive
resist is the most extensively used in the VLSI pro-
cesses. After spinning the photoresist onto the wafer,
the substrate is soft-baked (5-30min at 60-100°C)
in order to remove the solvents from the resist and
improve adhesion. Subsequently, the mask is aligned
to the wafer and the photoresist is exposed to a UV
source.

Depending on the separation between the mask and
the wafer three different exposure systems are available:

k Silicon substrate

Deposit thin film
(oxide, nitride, etc.)

k Spin photoresist

|}

'
£
=
&
2
:
Ll L L e L |

l End of lithography

Fig. 8.1 Lithography process flow
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1. Contact
2. Proximity
3. Projection

Although contact printing gives better resolution com-
pared with the proximity technique, the constant contact
of the mask with the photoresist reduces the process
yield and can damage the mask. Projection printing
uses a dual-lens optical system to project the mask im-
age onto the wafer. Since only one die at a time can
be exposed, this requires a step-and-repeat system to
cover the whole wafer area. Projection printing is by
far the most widely used system in microfabrication

a) Oxidize the substrate

i i»SiOz

b) Spin the photoresist and soft bake
-

Photo-
resist

€) Expose the photoresist

VAVAVAVAVAVAVAVAVAV A

O —

d) Develop the photoresist and hard bake

CoEm

@) Etch the oxide

Lo

) Strip the photoresist

Fig. 8.2a-f Schematic drawing of the photolithographic
steps with a positive PR

and can yield superior resolutions compared with the
contact and proximity methods. The exposure source
for photolithography depends on the resolution. Above
0.25 wm minimum line width, a high-pressure mercury
lamp is adequate (436nm g-line and 365nm i-line).
However, between 0.25 and 0.13 pum, deep-UV sources
such as excimer lasers (248 nm KrF and 193 nm ArF)
are required. Although there has been extensive compe-
tition for the below-0.13 pum regime (including e-beam
and x-ray), extreme UV (EUV) with wavelength of
10—14 nm seems to be the preferred technique, although
major technical challenges still remain [8.4]. Immersion
lithography (i.e., using a liquid in the space between
the lens and substrate in order to increase the numerical
aperture), a recent innovation, has allowed the mini-
mum feature size to be reduced to 32 nm without the
requirement for EUV sources [8.5].

After exposure, the photoresist is developed in
a process similar to the development of photographic
films. The resist is subsequently hard-baked (20—-30 min
at 120—180°C) in order to further improve adhesion.
The hard-bake step concludes the photolithography se-
quence by creating the desired pattern on the wafer.
Next, the underlying thin film is etched and the photore-
sist is stripped using acetone or other organic removal
solvents. Figure 8.2 shows a schematic of the pho-
tolithography steps with a positive photoresist.

8.1.2 Thin-Film Deposition and Doping

Thin-film deposition and doping are extensively used
in micro/manofabrication technologies. Most fabricated
micro/nanostructures contain materials other than that
of the substrate, which are obtained by various depo-
sition techniques or by modification of the substrate.
Following is a list of a few typical applications for
the deposited andfor doped materials used in mi-
cro/nanofabrication, which gives an idea of the required
properties:

Mechanical structure

Electrical isolation

Electrical connection

Sensing or actuating

Mask for etching and doping

Support or mold during deposition of other mater-
ials (sacrificial materials)

® Passivation

Most of the deposited thin films have properties dif-
ferent from those of their corresponding bulk forms (for
example, metals shows higher resistivities in thin-film
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Fig.8.6 Schematic representation of a typical PECVD
system

nitride, and amorphous silicon. Conformality is good
for low-aspect-ratio structures, but becomes very poor
for deep trenches (20% of the surface thickness inside
through-wafer holes with an aspect ratio of 10). Stress
depends on deposition parameters and can be either
compressive or tensile. PECVD nitrides are typically
nonstoichiometric (SiyN,) and are much less resistant
to etchants in masking applications.

Another interesting type of CVD is epitaxial growth.
In this process, a single-crystalline material is grown as
an extension of the crystal structure of the substrate.
It is possible to grow dissimilar materials if the crys-
tal structures are somehow similar (lattice matched).
Silicon-on-sapphire (SoS) substrates and some het-
erostructures are fabricated in this way. However, most
common in microfabrication is the growth of silicon
on another silicon substrate. Of particular interest for
the formation of microstructures is selective epitaxial
growth. In this process the silicon crystal is allowed
to grow only in windows patterned on a masking
material. Many CVD techniques have been used to pro-
duce epitaxial growth. The most common for silicon
is thermal chemical vapor deposition or vapor-phase
epitaxy (VPE). Metalorganic chemical vapor deposi-
tion (MOCVD) and molecular-beam epitaxy (MBE)
are the most common for growing high-quality II-V
compound layers with nearly atomic abrupt interfaces.
The former uses vapors of organic compounds with
group III atoms such as trimethylgallium (Ga(CH3)3)
and group V hydrides such as AsH; in a CVD cham-
ber with fast gas switching capabilities. The latter
typically uses molecular beams from thermally evap-

orated elemental sources aiming at the substrate in an
ultrahigh-vacuum chamber. In this case, rapid on/off
control of the beams is achieved by using shutters in
front of the sources. Finally, it should be mentioned
that many metals (molybdenum, tantalum, titanium, and
tungsten) can also be deposited using LPCVD. These
are attractive for their low resistivities and their ability
to form silicides with silicon. Due to its application in
new interconnect technologies, copper CVD is an active
area of research.

Physical Vapor Deposition

(Evaporation and Sputtering)

In physical deposition systems the material to be de-
posited is transported from a source to the wafers, both
being in the same chamber. Two physical principles are
used to do this: evaporation and sputtering.

In evaporation, the source is placed in a small con-
tainer with tapered walls, called the crucible, and is
heated up to a temperature where evaporation occurs.
Various techniques are utilized to reach the high temper-
atures needed, including the induction of high currents
with coils wound around the crucible and the bom-
bardment of the material surface with an electron beam
(e-beam evaporators). This process is mainly used to
deposit metals, although dielectrics can also be evap-
orated. In a typical system the crucible is located at
the bottom of a vacuum chamber whereas the wafers
are placed lining the dome-shaped ceiling of the cham-
ber (Fig. 8.7). The main characteristic of this process is
very poor step coverage, including shadow effects as il-
lustrated in Fig. 8.8. As will be explained in subsequent

Wafers

Fig. 8.7 Schematic representation of an e-beam deposition
system
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Fig. 8.8 Shadow effects observed in evaporated films. Ar-
rows show the trajectory of the material atoms being
deposited

sections, some microfabrication techniques utilize these
effects to pattern the deposited layer. One way to im-
prove the step coverage is by rotating and/or heating the
wafers during deposition.

In sputtering, a target of the material to be deposited
is bombarded with high-energy inert ions (usually
argon). The outcome of the bombardment is that indi-
vidual atoms or clusters are removed from the surface
and ejected towards the wafer. The physical nature of
this process allows its use with virtually any existing
material. Examples of interesting materials for micro-
fabrication that are frequently sputtered include metals,
dielectrics, alloys (such as shape memory alloys), and
all kinds of compounds (for example, piezoelectric lead
zirconate titanate (PZT)). The inert ions bombarding
the target are produced in direct-current (DC) or RF
plasma. In a simple parallel-plate system the top elec-
trode is the target and the wafers are placed horizontally
on top of the bottom electrode. In spite of its lower de-
position rate, step coverage in sputtering is much better
than in evaporation. However, the films obtained with
this deposition process are nonconformal. Figure 8.9
illustrates successive sputtering profiles in a trench.

Both evaporation and sputtering systems are often
able to deposit more than one material simultane-
ously or sequentially. This capability is very useful
to obtain alloys and multilayer films (e.g., multilayer
magnetic recording heads are sputtered). For certain
low-reactivity metals such as Au and Pt the previous
deposition of a thin layer of another metal is needed
to improve adhesion. Ti and Cr are two frequently
used adhesion promoters. Stress in evaporated or sput-
tered layers is typically tensile. The deposition rates
are much higher than for most CVD techniques. How-
ever, due to stress accumulation and cracking, thickness
beyond 2 pm is rarely deposited with these processes.

Fig. 8.9 Typical cross section evolution of a trench while
being filled with sputter deposition

For thicker deposition a technique described in the next
section is sometimes used.

Electroplating
Electroplating (or electrodeposition) is a process typi-
cally used to obtain thick (tens of pum) metal structures.
The sample to be electroplated is introduced into a solu-
tion containing a reducible form of the ion of the desired
metal and is maintained at a negative potential (cath-
ode) relative to a counterelectrode (anode). The ions are
reduced at the sample surface and the insoluble metal
atoms are incorporated into the surface. As an example,
copper electrodeposition is frequently done in copper
sulfide-based solutions. The reaction taking place at the
surface is Cu** +2e~ — Cus,. Recommended current
densities for electrodeposition processes are on the or-
der of 5-100mA /cm?.

As can be deduced from the process mechanism,
the surface to be electroplated has to be electrically
conductive, and preferably of the same material as the
deposited one if good adhesion is desired. In order to
electrodeposit metals on top of an insulator (the most
frequent case) a thin film of the same metal, called
the seed layer, is previously deposited on the surface.
Masking of the seed layer with a resist permits selective
electroplating of the patterned areas. Figure 8.10 illus-
trates a typical sequence of the steps required to obtain
isolated metal structures.

Pulsed Laser and Atomic Layer Deposition
Pulsed laser and atomic layer deposition techniques
have attracted a considerable amount of attention re-
cently. These two techniques offer several unique
advantages compared with other thin-film deposition
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the relaxation of the internal (compressive or tensile)
stress during the release step. Otherwise the structures
will clamp themselves to the walls of the template and
their retrieval will not be possible. Any material that can
be conformally deposited and yet not damaged during
the HF release step is suitable for the structural layer.
Structures made of polysilicon, nitride, and electroless
nickel [8.50] have been reported. Nickel can only be
deposited in combination with polysilicon since a con-

a) Nitride deposition and patterning,
DRIE etching and oxide deposition

b) Poly 1 deposition and etch back, oxide patterning and
poly 2 deposition and patterning
Poly 2

d) Silicon isotropic etching

Fig.8.41a-d HARPSS process flow: (a) nitride deposi-
tion and patterning, DRIE etching and oxide deposition,
(b) poly 1 deposition and etch back, oxide patterning, and
poly 2 deposition and patterning, (c) DRIE etching, and
(d) silicon isotropic etching

" UH OIS g RN
Fig.8.42 SEM photograph of a microgyroscope fabri-
cated using the HARPSS process (after [8.51])

ductive surface is needed for the deposition to occur.
After deposition of structural materials a blanket etch
(poly-Si or nitride) or a mechanical lapping (nickel)
is performed to remove the excess materials from the
surface. Finally, a 49% HF with surfactant is used to dis-
solve the sacrificial layers. The process can be repeated
many times using the same template, thus consider-
ably lowering fabrication costs. Figure 8.40 shows an
SEM photograph of a microactuator fabricated using the
HEXSIL process.

HARPSS
The high-aspect-ratio combined poly- and single-
crystal silicon (HARPSS) technology is another tech-
nique capable of producing high-aspect-ratio electri-
cally isolated polycrystalline and single-crystal silicon
microstructures with capacitive air gaps ranging from
submicrometer to tens of micrometers [8.52]. The struc-
tures, tens to hundreds of micrometers thick, are defined
by trenches etched with DRIE and filled with oxide
and poly layers. The release of the microstructures is
done at the end by means of a directional silicon etch
followed by an isotropic etch. The small vertical gaps
and thick structures possible with this technology find
application in the fabrication of a variety of MEMS de-
vices, particularly inertial sensors [8.53] and RF beam
resonators [8.54]. Figure 8.41 shows the process flow
in a cross section of a single-crystal silicon beam res-
onator. The HARPSS process starts with deposition and
patterning of a silicon nitride layer that will be used
to isolate the poly structure’s connection pads from the
substrate. High-aspect-ratio trenches (% 5 um wide) are
then etched into the substrate using a DRIE etch. Next,
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