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ver the years, the development

of new materials with well-

defined properties has been the
enabling force for novel technological ap-
plications. The properties of materials are
not only governed by their atomic compo-
sitions and chemical bonding, but also by
their dimensions and length scales. Interest-
ing properties arise when a material sys-
tem approaches molecular dimensions. At
such small scales, materials inherit some of
the properties of molecules, resulting in
unique optical, electrical, chemical, and me-
chanical characteristics and novel function-
alities. This miniaturization trend was first
envisioned by Richard Feynman in his talk,
“There is Plenty of Room at the Bottom” at
the 1959 annual meeting of the American
Physical Society. Since then, a wide range of
materials with reduced dimensions have
been synthesized and characterized.'” One
particularly interesting example of miniatur-
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Figure 1. Forms of crystalline carbon. A wide range of carbon struc-
tures with different physical, electrical, and mechanical properties are
attainable. Reproduced with permission from ref 6. Readers may view,
browse, and/or download material for temporary copying purposes
only, provided these uses are for noncommercial personal purposes.
Except as provided by law, this material may not be further repro-
duced, distributed, transmitted, modified, adapted, performed, dis-
played, published, or sold in whole or part, without prior written per-
mission from the American Physical Society. For information, see

http://publish.aps.org/linkfag.html.
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The 2008 Kavli Prize in Nanoscience was awarded to Dr. Sumio lijima for his
contributions in the field of carbon nanotubes. Carbon nanotubes are molecular-scale wires with
well-defined and atomically smooth surfaces that exhibit remarkable properties. Great progress
has been made in the field of 1-D nanostructures, including carbon nanotubes and inorganic
nanowires, in terms of synthesis, characterization, and technological applications, some of which
are summarized in this article.

ized structures are one-dimensional (1-D)
nanomaterials, such as carbon nanotubes
and nanowires (NWs), with molecular-scale
diameters and microscale lengths." %87 |n
recent years, significant progress has been
made in the synthesis, assembly, under-
standing of the fundamental properties,
and design of novel applications based on
1-D materials, a small subset of which are
summarized in this article.

Carbon Nanotubes. Carbon exhibits remark-
able properties. There are multiple differ-
ent forms of crystalline carbon with differ-
ent bonding configurations and geometric
dimensions. Carbon
can be found in 3-D
(diamond or graphite),
2-D (graphene sheets),
1-D (carbon nano-
tubes), or 0-D (bucky-
ball) structures (Figure
1).58 Each of the above
carbon materials ex-
hibits distinct proper-
ties. For instance, dia-
mond is insulating,
graphite is semimetal-
lic, and carbon nano-
tubes are uniquely me-
tallic or
semiconducting, de-
pending on their struc-
ture. Carbon nano-
tubes are atomically
well-defined, cylindri-
cal structures that are
hollow inside and
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lijima was studying the
carbon materials formed
on the negative end of the
cathode electrode of an
arc-discharge evaporator
when he observed
MWNTs by transmission
electron microscopy.
Shortly thereafter, the
synthesis of SWNT's by
arc-discharge was

reported.

consist of either one (i.e., single-walled
carbon nanotubes, SWNTs) or multiple
(i.e., multiwalled carbon nanotubes,
MWNTs) shells of carbon in a sp? bond-
ing configuration.’® With diameters as
small as ~0.4 nm (~100000X thinner
than a human hair)'®'” and lengths as
long as 1 ¢cm, these high-aspect ratio
materials are perhaps the closest real-
life analogue to an ideal 1-D system
(Figure 2). Their unique carbon—carbon
bonding network and 1-D structure
give rise to a number of interesting
properties. For instance, nanotubes are
among the strongest known materials,
conduct electricity better than copper,
and are efficient transporters of
heat.®™'> Depending on their chirality,
nanotubes exhibit different electrical
and optical properties. While this pre-
sents a singular opportunity for explor-
ing novel concepts, it also presents a
major challenge toward large-scale and
reliable integration for certain applica-
tions that demand high monodispersity.
Discovery and Synthesis. Tube-like carbon
nanostructures were first observed as
early as 1952."®'° However, it was not
until nearly four decades later when Dr.
Sumio lijima reported the observation
of MWNTSs in the journal of Nature that
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created worldwide interest and excite-
ment, and resulted in the development
of an entirely new materials field." lijima
was studying the carbon materials
formed on the negative end of the cath-
ode electrode of an arc-discharge
evaporator when he observed MWNTs
by transmission electron microscopy.
Shortly thereafter, the synthesis of
SWNTs by arc-discharge was
reported.>?° Since then, a number of
other methods have been demon-
strated for high-quality and high-yield
synthesis of nanotubes, including laser
ablation and chemical vapor deposition

techniques.?' 2

Monodispersity. A wide range of selec-
tive synthesis, purification, separation,
and destruction methods for attaining
monodisperse SWNTs of well-defined
chirality and diameter have been ex-
plored with varying degrees of

success.?*> 2 Selective
synthesis is perhaps the
most attractive approach
for applications that re-
quire direct growth and
positioning of nanotubes
on substrates for large-
scale integration, either
in vertical or horizontal
configurations. Through
trial and error, it has been
found that growth condi-
tions, including tempera-
ture, pressure, carbon
source, plasma, and the
metal catalyst material
can all affect the overall
distribution of nanotube
chiralities and diameters
grown. Of these param-
eters, tuning the catalyst
material and the use of
plasma-enhanced chemi-
cal vapor deposition seem
to be the most promising
for selective
syntheses.?>?* Despite
these efforts, it is still chal-
lenging to synthesize
nanotubes controllably of
one chirality with >90%
purity. On the other hand,
a number of solution-
based purification and
separation methods for

postsynthesis processing of nanotubes
have been shown to enable better con-
trol of the dispersity of nanotubes. In
particular, density gradient ultracentrif-
ugation has enabled the separation of
nanotubes with >97% purity.>> Further
improvement toward mono-dispersity
may be attained by a combination of se-
lective syntheses and postgrowth purifi-
cation and separations.”®

Properties and Applications. Due to their
unique properties, many novel applica-
tions based on carbon nanotubes have
been envisioned and demonstrated, in-
cluding electronics, optoelectronics,
sensors, drug delivery shuttles, compos-
ites, and more.2~'>27%3 Particularly,
nanotube electronics have been the fo-
cus of a wide range of academic and in-
dustrial research efforts.>~"'"1327733 The
high electron and hole mobility (u =~
10000 cm?/V - s) of nanotubes, their
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Figure 2. SWNT structures. (a) A scanning tunneling mi-
croscopy image, showing the atomic structure of a SWNT.
Adapted with permission from ref 15. Copyright 1998 Mac-
millan Publishers Ltd. (b) Ultralong, high-yield and
impurity-free synthesis of vertically aligned SWNTs on Si
substrates is achieved by water-assisted chemical vapor
deposition as first demonstrated by S. lijima and col-
leagues. A matchstick on the left is shown for size refer-
ence. (c) Scanning electron microscopy (SEM) images of
patterned bundles of vertically aligned nanotubes grown
by the same technique as in panel b. Inset scale bar is 50
pm. Panels b and c are reproduced with permission from
ref 22. Copyright 2004 American Association for the Ad-
vancement of Science.

www.acsnano.org



compatibility with high-k gate dielec-
trics without electron transport degra-
dation, and ability to form metal ohmic
contacts readily make these molecular
structures an ideal channel material for
high-performance nanoscale
transistors.”'33°732 Furthermore, owing
to their 1-D nature, better electrostatics
can be attained by coaxial gating of
nanotubes, thereby minimizing the vari-
ous short-channel effects that are often
encountered in nanoscale, planar de-
vices.?® Ballistic nanotube transistors,
free of any carrier scattering, have al-
ready been shown to be capable of de-
livering ~30X higher ON current den-
sity (ON current is proportional to
switching speed) as compared to state-
of-the-art Si devices, therefore demon-
strating the potential of using chemi-
cally synthesized molecular-scale
structures for high-performance and
low-power electronics (Figure 3).3°
While the potential of nanotube elec-
tronics has been demonstrated, chal-
lenges in the assembly and purification
of nanotubes need to be addressed to
enable their integration for large-scale
manufacturing. A number of ap-
proaches for achieving well-aligned
nanotube arrays on substrates have
been explored, including substrate-
induced aligned growth and solution-
based Langmuir—Blodgett tech-
niques.?* However, further improve-
ments in the deterministic positioning
of nanotubes with nanometer-scale ac-
curacy over large areas are still needed.
Another potential application of nano-
tubes is for the channel material of thin-
film transistors (TFTs), consisting of ei-
ther parallel arrays or thin films of
nanotubes.®® Unlike nanoelectronics,
TFTs have a higher tolerance for mis-
alignment and purity of SWNTSs. Further-
more, because of their unique mechan-
ical properties, nanotubes are highly
flexible, making them ideal for integra-
tion in bendable, plastic electronics. Be-
side the integration of nanotubes for ac-
tive device elements, they may also be
utilized for high-performance
interconnects.

The scaling of interconnects is per-
haps one of the most significant chal-
lenges facing the continuation of the
aggressive scaling of integrated circuits.

www.acsnano.org
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Figure 3. Self-aligned near-ballistic SWNT transistors. (a) Side-view schematic of a device.
(b) SEM image showing the top-view of a device. The nanotube appears faint under the
thin Pd electrodes. (c) Transfer characteristics for a nanotube device with length L ~ 50 nm
and diameter d ~ 1.7 nm at different biases (V). (d) Output characteristics of the same
device. Solid lines are experimental data and symbols are ballistic quantum simulation,
showing a good match between experiments and theory and suggesting near-ideal trans-
port in the nanotube transistors. The transistors deliver ~30X higher ON current density
(normalized by 2d) at an operating voltage V,, = 0.3 as compared to 90-nm node Si tech-
nology devices. Reproduced with permission from ref 30. Copyright 2004 American

Chemical Society.

At small scales, metal inter-
connects suffer from elec-
tromigration and high para-
sitic resistances. In contrast,
nanotubes are immune to
electromigration owing to
their strong carbon—carbon
sp® network and exhibit lower
resistances than a copper
wire of similar
dimensions.?~'"'332 Addition-
ally, nanotube films may be
utilized as transparent con-
ducting electrodes for certain
applications, such as displays.
Compared to the commonly
used indium tin oxide elec-
trodes, nanotube films show
lower resistance for the same
transparency level 343>
Another interesting appli-
cation of carbon nanotubes is
in chemical and biological
sensors. Since all of the car-
bon atoms are on the surface,
SWNTs are highly sensitive to
their environment. For in-
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Figure 4. Core/shell nanowire heterostructures. (a) Sche-
matic of a generic approach used to synthesize core/shell
nanowires. In the first step, the nanowire core is grown fol-
lowed by the deposition of the shell in a second step.
(b,c) Transmission electron microscopy images of Ge/Si
core/shell nanowire heterostructures, showing abrupt
junctions. Panels b and c reproduced with permission from
ref 46. Copyright 2002 Macmillan Publishers Ltd.
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roller
with NWs

species and its absorp-
tion on the surface of
SWNTs results in an ef-
fective “hole” doping
of the devices by
charge transfer, there-

printed
NWs

receiver
substrate

fore modulating the
conductance. Similar
to other electronic
nose sensors, carbon
nanotube sensors suf-
fer from inadequate
specific response to
various analytes.?? In
the future, surface
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Figure 5. Printing of nanowires on substrates. (a) A schematic of
a roll printing setup used for the assembly of parallel arrays of
nanowires on substrates. Nanowires are first grown using chemi-
cal vapor deposition on a cylindrical glass substrate (i.e., roller),
and are then transferred to a receiver substrate by a roll printing
process. Adapted with permission from ref 57. Copyright 2007
American Institute of Physics. (b) Images of printed Ge and Si
nanowire superstructures on Si/SiO, substrates. (c) The printed
nanowire arrays can be configured as device elements. From top
to bottom, SEM images of back-gated single NW FET, and 10
and 250 pum wide parallel arrayed NW FETs. The effective chan-
nel width is defined by the number of nanowires and the pitch.
Reproduced with permission from ref 56. Copyright 2008 Ameri-

can Chemical Society.

stance, nanotube-based electronic sen-
sors with 100 part-per-trillion sensitivity
to NO, have been demonstrated.>® NO,
is a strong electron-withdrawing gas
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functionalization
and/or large-scale mul-
tiplexing of nanotube
sensors may be uti-
lized to enable better
specificity in the re-
sponse and detec-
tion.2® Additionally,
the large surface-area-
to-volume ratio of nan-
otubes presents an
ideal opportunity for
energy storage appli-
cations, including su-
percapacitors and fuel
cells.?94°

Nanotubes also ex-
hibit superb mechani-
cal properties.*’ ™3 The
carbon—carbon sp?
bonding is among the
strongest known
chemical bonds in na-
ture. As a result, nano-
tube structures exhibit
the highest tensile
strength and elastic
modulus of all
materials.®*? By utiliz-
ing their mechanical
properties, researchers
have demonstrated
strong yet lightweight
nanotube-based com-
posites for a number of
applications,*® some
of which have already
been commercialized.
Finally, nanotubes can be readily func-
tionalized for biomedical applications.>®
Although the exact biological toxicity>’
of nanotubes remains a controversial

topic, depending on their surface func-
tionalization and purity, SWNTs have
been shown to be compatible with cer-
tain cellular systems as their molecular-
scale dimensions allow them to pen-
etrate into the desired cells for drug
delivery or bioimaging functionalities.

The potential applications listed
here present only a fraction of those
that have been proposed and envi-
sioned, which attests to the versatility
of nanotubes as functional
nanomaterials.

Crystalline, Inorganic Nanowires. Besides
carbon nanotubes, inorganic NWs
present another unique class of 1-D na-
nomaterials with distinct chemical,
physical, and mechanical properties.*>
NWs are single crystalline, cylindrical
materials with tunable diameters (d =
2 nm), lengths, and elemental composi-
tion.* Unlike carbon nanotubes, most in-
organic NWs do not exhibit a band-gap
dependence on their “chirality” (i.e.,
crystal orientation), although the band
gap does depend on NW diameter, es-
pecially for small diameter NWs, due to
quantization effects.

The first synthesis of single-
crystalline NWs was reported in 1998
by Charles Lieber and colleagues in
which a laser ablation method was used
to synthesize Si NWs by the
vapor—liquid—solid process.** Since
then, Lieber and others have demon-
strated the syntheses of a wide range
of NW materials, including heterostruc-
tures (Figure 4)**~*” with advanced and
well-defined functionalities and proper-
ties while controllably assembling them
into hierarchical structures (Figure 5)
and configuring them for a wide range
of applications.*®-%°

Properties and Applications. While the ma-
terial properties of carbon nanotubes
are primarily governed by their chirality
(and thus, their diameter), for NWs, the
properties are tuned by both the diam-
eter and the elemental composition,
which adds another handle in control-
ling functionality. Over the past decade,
NWs have been demonstrated as build-
ing blocks for a number of applications,
including electronics, electro-optics,
sensors, energy generation and stor-
age, neural-interfaces, and more.*>~%¢

www.acsnano.org
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Figure 6. Carbon nanotube and nanowire journal publica-
tions. (a) Number of annual journal publications for
1994—2007, showing an astonishing growth in the field
for this period. (b) Distribution of nanotube and nanowire
publications by country of authorship. The data is ob-
tained from the ISI Web of Science database (June 23,

in the Ge/Si and InAs/InP
core/shell NW
structures.*®>° Another
unique advantage of NWs
for electronics is the abil-
ity either to grow NWs di-
rectly on Si substrates or
first to grow and then to
transfer them to receiver
substrates for heteroge-
neous integration,® with-
out encountering the lat-
tice mismatch difficulties
often faced for planar
films. Furthermore, the
low processing tempera-
tures for crystalline NWs
enable multilayer stack-
ing of high-performance
electronic and sensor ele-
ments for multifunctional,
3-D integration.”*>> Inter-
estingly, NWs can be as-
sembled as highly or-
dered arrays by contact
printing on unconven-
tional substrates, such as
plastic, glass, or paper for
high-performance, “print-

2008).

To date, NWs with carrier mobilities
as high as those of SWNTs for the same
diameters (d < 5 nm) have not yet been
achieved, and it remains an open ques-
tion as to whether such high mobilities
(on the order of 10000 cm?/V - s) will
ever be attained in sub-5-nm NWs due
to surface scattering and quantization
effects. However, high-mobility p-type
(v, = 750 cm?/(V - 5)) and n-type (p,, ~
10000 cm?/V - s) transistors based on
Ge/Si core/shell and InAs NWs have
been demonstrated for diameters of
10—25 nm.***%32 While there is no clear
evidence for increased carrier mobili-
ties over their bulk counterparts, the re-
duced dimensions of NWs result in im-
proved gate coupling and reduced
short channel effects, which are critical
for achieving high performance in
nanoscale devices. Additionally, NW
heterostructures can be readily synthe-
sized with controlled dimensions and el-
emental composition for enhanced
transport properties as has been shown

www.acsnano.org

able” macroelectronics
(Figure 5).>%>7

Semiconductor NWs
have also been utilized for harvesting
solar, mechanical, and thermal
energies.®>%47%% For instance, all-
inorganic and inorganic—organic hy-
brid solar cells based on individual NWs
and NW arrays have been demonstrated
as possible routes toward cheap and
yet reasonably efficient
photovoltaics.°®¢*4® In another inter-
esting approach, the piezoelectric prop-
erties of ZnO NWs were utilized to har-
vest the vibrational energy of the
system for energy-generating fabrics.%*
Optically active NWs have also been uti-
lized for a variety of optoelectronic ap-
plications, including efficient lasers,
light-emitting diodes, and highly sensi-
tive, polarized photodetectors.>>°

Due to their nanoscale diameters,

NW devices may be utilized for effec-
tive electrical interfacing and communi-
cation with neurons and other cellular
systems.®? In this approach, nanoscale
junctions have been formed between
neurons and the NWs and used for spa-

=4

tially resolved and sensitive detection,
stimulation, and inhibition of neuronal
signal propagation along axons and
dendrites ex vivo. Such a novel system
may lead to better fundamental under-
standing of neuronal operation and
communication while presenting a
novel path toward future bioinspired
electronics. Additionally, as for carbon
nanotubes, the large surface-area-to-
volume ratios of NWs makes them ideal
materials for sensing applications. Well-
defined surface functionalization ap-
proaches have been developed to en-
able highly sensitive and specific
detection of various biological materi-
als, including proteins and viruses.®’
Such electronic biosensors may provide
an efficient and economical detection
method for early disease diagnoses.

Since the early 1990s, the field of
1-D nanostructures has seen explosive
progress in the controlled synthesis and
detailed characterization of carbon nan-
otubes and NWs. These miniaturized
materials have served as model systems
for understanding basic phenomena in
1-D. Furthermore, the unique properties
of nanotubes and NWs have led to the
development of a wide range of techno-
logical applications. Undoubtedly, this
exciting field will continue to grow and
expand (Figure 6) with researchers ac-

Over the past decade,
inorganic nanowires have
been demonstrated as
building blocks for a
number of applications,
including electronics,
electro-optics, sensors,
energy generation and
storage, neural-interfaces,

and more.
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tively tackling the various processing
challenges, including purification and
assembly, while creating, developing,
and exploiting new applications.
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