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This article presents our recent work in the controlled synthesis of multiwalled (MWNT) and single-walled
nanotubes (SWNT) with ordered architectures. The general synthesis approach involves chemical vapor
deposition using rationally designed catalyst and substrates. The results include self-oriented MWNTs, individual
SWNTs grown from controlled surface sites, and structures of suspended SWNTs along well-defined directions.
The chemically derived nanotube architectures have opened up new possibilities in fundamental characterization
and potential applications of nanotube materials. Systematic electron transport measurements are carried out
to elucidate the electrical properties of various classes of SWNTs and to explore the physics in one-dimensional
systems. High-performance electrical devices based on individual SWNTs are enabled by combining synthesis
and microfabrication approaches.

Introduction

Carbon nanotubes exhibit intriguing and potentially useful
structural, electrical, and mechanical properties.1-4 A nanotube
has high Young’s modulus and tensile strength and can be
metallic, semiconducting, or semimetallic depending on the
helicity and diameter. Utilization of these properties with
individual or ensembles of nanotubes have led to advanced
scanning probes,5-9 nanoelectronic devices,10-12 and electron
field emission sources.13-18

Developing controlled synthesis methods to obtain ordered
carbon nanotube architectures is an important and viable route
to fundamental characterization and potential applications of
novel molecular wires. The ultimate goal in nanotube synthesis
should be the gain of control over the locations and orientations
of nanotubes, as well as their atomic structures including
helicity, diameter, and topological defects. In recent years,
significant progress has been made in controlling the growth
of multiwalled carbon nanotubes (MWNTs)19 on surfaces using
chemical vapor deposition (CVD) methods. Long and well-
aligned MWNTs on large-scale substrates have been synthe-
sized.18,20-22 However, the growth of single-walled nanotubes
(SWNTs)23 into ordered architectures remains a challenging task.

This paper presents our development of controlled CVD
synthesis strategies to obtain ordered multiwalled and single-
walled nanotube structures. The key elements in our overall
approach include understanding the chemistry of catalyst
materials and synthesizing nanotubes on rationally designed
substrates containing patterned catalyst. The results include
MWNTs self-oriented perpendicular to substrates and assembled
into regular arrays. By enabling a CVD synthesis method for
structurally perfect SWNTs, individual SWNTs are grown from
controlled surface sites. Also, for the first time, suspended
SWNT architectures with nanotubes directed toward well-
defined orientations are synthesized.

The nanotube architectures derived by controlled chemical
routes have opened up new possibilities in fundamental char-
acterization and potential applications of novel nanowire materi-
als. In particular, single-walled nanotubes are true molecular
wires with their diameters in such a regime (∼1-5 nm) that
the electronic structure of a SWNT sensitively depends on its
chirality.1 SWNTs serve as ideal systems to study physics
problems in quasi one dimension. To this end, we will show
that our growth strategy readily allows SWNTs to be integrated
into electrical circuits and addressed individually. Systematic
electron transport measurements are carried out to elucidate the
electrical properties of various classes of nanotubes. Also, high
gain field-effect transistors based on individual SWNTs are
demonstrated.

Synthetic Strategies for Various Nanotube Architectures

Growth of Self-Oriented Multiwalled Nanotubes.Previous
methods to obtain ordered multiwalled nanotube structures relied
on the CVD growth of nanotubes in confined environments
including the pores of mesoporous silica or channels of alumina
membranes.20,21,24,25We found that nanotubes can self-assemble
into aligned structures during CVD growth, and the driving force
for self-alignment is the van der Waals interactions between
nanotubes.18 Our synthesis approach involved catalyst patterning
and rational design of the substrate to enhance catalyst-substrate
interactions and to control the catalyst particle size. The
substrates were porous silicon obtained by electrochemical
etching of n-type silicon wafers in HF/methanol solutions. The
resulting substrate consisted of a thin nanoporous layer (pore
size of ∼3 nm) on top of a macroporous layer (with submi-
crometer pores).26,27 Patterned catalyst squares on the porous
silicon substrate were obtained by evaporating a 5 nmthick
iron film through a shadow mask. CVD growth using the
substrate was then carried out at 700°C in a 2-in. tube furnace
under an ethylene flow of 1000 sccm/min for 15-60 min. Figure
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1a shows a scanning electron microscope (SEM) image of
regularly spaced arrays of nanotube towers grown on top of
patterned iron squares on porous silicon substrates. The nanotube
towers exhibit very sharp edges and corners with no nanotubes
branching away from the blocks. The high-resolution SEM
image (Figure 1b) reveals that the MWNTs (Figure 1b inset)
within each block are well aligned along the direction perpen-
dicular to the substrate surface. The length of the nanotubes
and thus the height of the towers can be controlled in the range
10-240 µm by varying the CVD reaction time, and the width
of the towers is controlled by the size of the openings in the
shallow mask. The smallest self-oriented nanotube towers
synthesized by our method are 2µm × 2 µm wide.

The mechanism of nanotube self-orientation involves the
nanotube base growth mode.18 Since the nanoporous layer on
the porous silicon substrate serves as an excellent catalyst
support, the iron catalyst nanoparticles formed on the nano-
porous layer interact strongly with the substrate and remain
pinned on the surface. During CVD growth, the outermost walls
of nanotubes interact with their neighbors via van der Waals
forces to form a rigid bundle, which allows the growth of
nanotubes perpendicular to the substrate. The porous silicon

substrates exhibit important advantages over plain silicon
substrates in the synthesis of self-aligned nanotubes. Growth
on substrates containing both porous silicon and plain silicon
portions find that nanotubes grow at a higher rate (in length/
min) on porous silicon than on plain silicon. This result suggests
that ethylene molecules can permeate through the macroporous
silicon layer and thus efficiently feed the growth of inner and
outer nanotubes within the towers. The nanotubes grown on
porous silicon substrates exhibit monodispersed diameters, since
catalyst nanoparticles with a narrow size distribution can be
formed on the porous supporting surface and the strong
catalyst-support interactions prevent the catalyst particles from
sintering at elevated temperatures during CVD growth.

Enabling the Growth of Single-Walled Nanotubes by
CVD. Arc discharge28,29 and laser ablation30 have been the
principal methods for obtaining high-quality single-walled
nanotube materials. Both methods involve evaporating carbon
atoms from solid carbon sources atg3000°C, which limits the
scale-up of SWNTs. Also, nanotubes synthesized by the
evaporation methods are in tangled forms that are difficult to
purify, manipulate, and assemble for building addressable
nanotube architectures. Chemical vapor deposition methods have
been very successful in synthesizing carbon fibers, filaments,
and MWNTs.31-35 However, CVD synthesis of high-quality
SWNTs is only recent by using methane as carbon feedstock
and iron oxide nanoparticles supported on high surface area
alumina as the catalyst.36 High-temperature conditions (850-
1000°C) are employed in the growth to overcome high strain
energies in forming small diameter SWNTs (<5 nm), and to
obtain nearly defect-free tube structures. The choice of methane
is critical to the CVD approach to SWNTs. It is found that
methane is stable at the elevated growth temperatures without
appreciable self-pyrolysis. This stability prevents the formation
of amorphous carbon that tends to cause catalyst poisoning and
overcoating of the nanotubes. Catalytic decomposition of
methane by the transition metal catalyst particles is thus the
dominant process in SWNT growth.36-38

Within the methane CVD approach, we find that the chemical
and textural properties of the catalyst materials dictate the yield
and quality of SWNTs.38 Bulk quantities of high-quality single-
walled carbon nanotubes (SWNTs) can be synthesized by
optimizing the catalyst. Thus far, our optimized catalyst consists
of Fe/Mo bimetallic species supported on a sol-gel derived
alumina-silica multicomponent material.38 Shown in Figure 2
is a TEM image of SWNTs synthesized in bulk by using this
catalyst. The image illustrates the remarkable abundance of
individual and bundled SWNTs that are free of defects and
amorphous carbon coating. The diameters of the SWNTs are
dispersed in the range 0.7-5 nm with a peak at 1.7 nm. Weight
gain studies found that the yield of nanotubes can be as high as
45 wt %. Through systematic studies, we have found that a
good catalyst material for SWNT synthesis necessarily exhibits
strong metal-support interactions, possesses a high surface area
and large pore volume, and retains these characteristics at high
temperatures without sintering. The strong metal-support
interactions allow high metal dispersion and thus a high density
of catalytic sites. The open pore structure of a catalyst allows
efficient diffusion of reactant and intermediate hydrocarbon
species. We believe that the rate-limiting step in SWNT CVD
growth involves gas diffusion. This is based on the results that
high-SWNT-yielding catalysts exhibit large pore volumes in the
mesopore regime.

Growth Mechanism of SWNT. The states of nanotube ends
contain rich information about nanotube growth mechanisms.

Figure 1. (a) Scanning electron microscopy image of arrays of bundled
multiwalled nanotube towers. (b) High-resolution SEM showing aligned
MWNTs within a tower. The inset shows a TEM image of the bundled
MWNTs.
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Careful high-resolution TEM imaging of the SWNTs synthe-
sized by our CVD method frequently observes closed tube ends
that are free of attached or encapsulated metal particles (Figure
2 inset). The opposite ends are typically found embedded in
the catalyst support particles when imaged along the lengths of
the nanotubes. These observations suggest that SWNTs grow
in the methane CVD process predominantly via the base growth
process.31,32,36-42 The first step of the CVD reaction involves
the absorption and decomposition of methane molecules on the
surface of transition metal catalytic nanoparticles on the support
surface. Subsequently, carbon atoms dissolve and diffuse into
the nanoparticle interior to form a metal-carbon solid-state
solution. Nanotube growth occurs when supersaturation leads
to carbon precipitating into a crystalline tubular form. The size
of the metal catalyst nanoparticle generally dictates the diameter
of the synthesized nanotube. In the base growth mode, the
nanotube lengthens with a closed end while the catalyst particle
remains on the support surface. Carbon feedstock is thus
supplied from the “base” where the nanotube interfaces with
the anchored metal catalyst. Base growth operates when strong
metal-support interactions exist so that the metal species remain
pinned on the support surface. In contrast, in the tip growth
mechanism, the nanotube lengthening involves the catalyst
particle lifting off from the support and carried along at the
tube end. The carried-along particle is responsible for supplying
carbon feedstock needed for the tube growth.31,32,39-41 This mode
operates when the metal-support interaction is weak. In the
methane CVD method, we find that enhancing metal-support
interactions leads to significant improvement in the performance
of the catalyst material in producing high-yield SWNTs. This

is rationalized by the increased catalytic sites and the facilitated
base-mode growth processes. On the other hand, catalysts with
weak metal-support interactions lead to aggregation of metal
species and reduced nanotube yield and purity.38 Further
understanding of the chemistry of catalysts and nanotube growth
will undoubtedly lead to the synthesis of bulk quantities of high-
quality SWNTs approaching the kilogram scale.

Growth of Isolated Single-Walled Nanotubes on Con-
trolled Surface Sites.The successful CVD synthesis of SWNTs
in bulk forms has led to a straightforward synthetic route to
addressable individual nanotube wires. By using substrates
patterned with 1-5 µm wide catalytic islands, we obtain
“nanotube chips” that contain isolated single-walled nanotubes
grown from desired locations on the substrates.12,37,43Atomic
force microscopy (AFM) images of SWNTs on a nanotube chip
is shown in Figure 3, where the synthesized nanotubes extending
from the catalyst islands are clearly observed. The diameters
of the nanotubes are measured to be in the range 0.7-4.0 nm,
which is consistent with TEM results obtained with bulk SWNT
materials. Some of the nanotubes have one end attached to a
catalyst island and the other end terminated between islands.
Nanotubes bridging islands with both ends attached to the
opposing islands are also observed. As described in a later
section, the bridging SWNTs allow reliable electrical connec-
tions to be made from the macroscopic scale to individual
SWNTs. Thus, our controlled chemical synthesis opens up a
new route to individual nanowire electrical circuits that are
needed for fundamental and practical purposes.

Growth of Free-Standing SWNTs with Directed Orienta-
tions. Obtaining single-walled carbon nanotube architectures
with nanotubes in aligned orientations has been challenging.
We have devised a synthesis strategy that leads to suspended
SWNTs directed toward controlled orientations parallel to the
plane of a silicon substrate. The SWNTs are suspended bridges
grown from catalyst material placed on top of regularly patterned
silicon tower structures.68 The synthesis approach begins with
developing a series of liquid-phase catalyst precursor materials
that allow for uniform film formation and large-scale catalyst
patterning. A specific precursor material consists of ethanol (40
mL) and 2-butanol (20 mL) solutions of P-123 block copolymer
(1. 0 g),44,45 AlCl3‚6H2O (2.4 g), FeCl3‚6H2O (0.09 g), and
MoO2Cl2 (0.004 g). Using contact printing46,47 of a flat
polydimethylsiloxane (PDMS) stamp inked with a film of the
precursor material, we selectively place the precursor on top of
tower arrays premade on a silicon substrate. Calcination at 700
°C for 4 h leads to the formation of catalytic iron oxide
nanoparticles supported on alumina/silica mixed oxides confined
on the tower tops. Subsequent CVD growth with the substrate
yields SWNTs emanating from the towers. Directed free-
standing SWNT networks are formed by nanotubes growing to
adjacent towers and suspended above the surface. When
examining with a scanning electron microscope (SEM), we
observe that highly directional suspended SWNTs are formed
on the synthesized sample. The directions of the suspended tubes
are determined by the pattern of the towers. Well-aligned SWNT
bridges are obtained in an area of the substrate containing
isolated rows of towers as shown in Figure 4a, where suspended
tubes forming a power-line-like structure can be seen. In an
area containing towers in a square configuration, a square of
suspended nanotube bridges is obtained (Figure 4b). Direction-
ality of the suspended tubes is simply a result of the rationally
designed substrate. During the CVD growth, nanotubes emanate
from the top of the towers. The nanotubes growing toward

Figure 2. TEM image of SWNTs synthesized in bulk using a catalyst
supported on a sol-gel derived alumina-silica hybrid material. Inset:
an example of the frequently observed SWNT ends that are closed and
free of metal particles.
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adjacent towers become suspended, whereas nanotubes directed
toward other orientations fall onto the sidewalls of the towers
(not easily resolved under SEM). In Figure 4c, we show a TEM
image of a suspended SWNT bridge between silicon towers
and an image (Figure 4c inset) showing the high-resolution
structure of the SWNT.

The directed growth of suspended SWNTs presented here
involves developing a new type of liquid-phase catalyst material,
contact printing of catalyst onto designed substrates and CVD
synthesis. The method should open a new window in charac-
terization and device applications of organized nanowire
architectures in suspended states or after being transferred onto
flat substrates.

Physics of Atomically Well-Defined Nanowires

It is well recognized that single-walled carbon nanotubes are
ideal systems for studying solid-state physics in quasi one
dimension.1 SWNT wires have well-defined atomic structures
and can be considered as molecule-like wires.4 It has been
actively pursued to elucidate their band structures,1,48-52 quan-
tum confinement,53-55 and electron-electron56-59 and electron-
lattice60,61 interaction effects in SWNTs. The remarkable
sensitivity of a SWNT electronic structure on tube chirality and
diameter requires addressing individual nanotubes in order to
understand electron transport in various classes of nanotubes.
Single-“molecule” transport studies are needed in order to study
physical phenomena and properties that maybe averaged out in
an ensemble of nanotubes. Previous approaches to addressable
SWNT electrical architectures include randomly depositing
SWNTs from liquid suspensions onto predefined electrodes53

or onto a flat substrate followed by locating nanotubes and
patterning electrodes.57 Results obtained with individual single-
walled tubes and ropes include Coulomb charging56,57 and
Luttinger liquid behavior57 in metallic tubes. Semiconducting
SWNTs were found to exhibit field-effect transistor character-
istics at room temperature.10-12,43 Nevertheless, the intrinsic
electrical properties of various classes of nanotubes remain to
be fully explored.

Integrated Circuits of Individual Single-Walled Nantubes.
The synthesis of individual SWNTs at desired surface sites has
enabled a controlled route to addressable SWNTs for systematic

electrical measurements of nanotubes. With the SWNT chips
described earlier, integrated nanotube circuits can be constructed
by using a straightforward microfabrication procedure.12,43

Various types of metals are used to contact nanotubes including
Ti, Ni, Nb, Cr, Au, Al, Ag, Ca, and Mg. The contacting process
places metal electrodes to fully cover the catalyst islands and
extend over the edges by 0.5-1 µm. The individual SWNT
bridges between islands leads to a significant number of metal-
SWNT-metal electrical devices. Optical and AFM images of
a representative device are shown in Figure 5. In our samples,
the lengths of individual SWNTs between electrodes wereg3
µm. Degenerately doped silicon wafers with 500 nm thick
thermally grown oxide on the surfaces are used as substrates.
The heavily doped substrate is conducting at low temperatures
and used as a back-gate. Figure 5c shows the schematic structure
of our devices.

Electron Transport Properties of Metallic Nanotubes.
Single-walled armchair nanotubes with (n,n) indices are true
metallic wires with finite density of states at the Fermi level.1

At low temperatures, a perfect (n,n) arm-chair tube should be
conducting, and transport along the length of the tube is expected
to be ballistic due to quenched phonon modes and the defect-
and impurity-free nature of the nanotube. If ohmic contacts can
be made between metal electrodes and the tube, a resistance of
6.5 kΩ, i.e., half of the resistance quantumh/e2, is expected.62

However, it has been challenging to make good electrical
contacts to SWNTs. At low temperatures, Coulomb blockade
has been observed in individual metallic single-walled tubes or
ropes because of high contact resistance on the order of
megaohms. Coulomb charging effects have been the main
physics studied in these samples.56,57

Using the approach of controlled SWNT synthesis and
contacting, we have obtained a large number of low-resistance
individual SWNT samples in the range of tens to hundreds of
kilo-ohms (length between the edges of contacting electrodes
g3 µm). These individual SWNT samples remain to be in low
resistance states when cooled to low temperatures. The lowest
single-tube resistance is∼12 kΩ measured at 2 K. Detailed
transport data obtained with this sample are shown in Figure 6.
The linear resistance of the sample decreases as the temperature
is decreased, and a slight upturn is observed below 30 K in the

Figure 3. (a) AFM image of SWNTs grown from patterned catalyst islands on a silicon oxide substrate (scale bar: 0.5µm). (b) Image of an
individual SWNT bridging adjacent islands (scale bar: 0.5µm).
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resistance vs temperature curve (solid line in Figure 6a,
measured under zero gate voltage). Applying a-10 V gate
voltage is found to lower the resistance of the sample (dashed
line in Figure 6a), and the resistance is 12 kΩ at 2 K. As shown
in Figure 6b, current-voltageI-V curves recorded underVg )
-10 V at room temperature and 4K exhibit linear characteristics
near zero bias voltage. At 2 K, the sample exhibits clear staircase
structures in theI-V (dotted line in Figure 6b). However, the
origin of these interesting features remains unclear at the present
time. In Figure 6c, current vs gate voltage curves measured
under various bias voltages show fluctuations but the absence
of periodic Coulomb oscillations. Sweeping the gate voltage
from -100 to 100 V, we find that the sample remains
conducting in the entire experimentally accessible gate voltage
range. These results suggest that the SWNT is of true metallic
nature and should correspond to a (n,n) armchair tube. Coulomb
blockade behavior is not clearly observed with this sample
because highly transparent contacts have been made to the
nanotube.

Among the various contacting metals investigated for SWNTs
including Ti, Ni, Nb, Cr, Au, Al, and Ag, we have found that
Ti tends to give rise to the lowest contact resistance. The low
resistance is also attributed to the controlled approach of
nanotube growth and integration that allow metal electrodes
coupling to the sides and the ends of a nanotube. It is expected
that the broken translational symmetry at a nanotube end allows
strong electrical coupling between the nanotube and a metal,63

which could be a factor in the observed low contact resistance
of our samples. It remains a challenge, however, to address the
precise nature of the contacts and to achieve the 6.5 kΩ
resistance limit in metallic SWNT systems.

It is a common observation with our samples that upon
varying gate voltage, the resistance of metallic SWNTs can
be changed by a factor of 2-4. This gate dependence is far
from negligible although much weaker than semiconducting
SWNTs.10-12 We attribute this phenomenon to the observation
that the transparency of metal-tube contacts (or junctions) is
tunable by gate voltages. This is based on recent experiments

Figure 4. (a) SEM image of a suspended SWNT “power-line”
structure. (b) SEM image of a square of suspended SWNT bridges. (c)
TEM image of a SWNT bridge suspended between silicon towers
(inset: a high-magnification TEM image showing the structure of a
SWNT).

Figure 5. (a) Optical image of SWNT integrated circuits. (b) AFM
image of an individual SWNT device. (c) Schematic view of the device
structure.
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that observed superconducting proximity effect in SWNT
samples in contact with superconducting Nb electrodes.64 In this
case, only under certain gate voltages are pronounced proximity
effects observable, suggesting enhanced metal-tube contact
transparency by these gate voltages.64 The gate dependence of
metal-tube coupling is also consistent with recent numerical
calculations that found contact resistance to a SWNT depending
on the Fermi energy of the tube.67 The origin of nonperiodic
fluctuations in the current vs gate voltage data for the metallic
SWNT (Figure 6c) at low temperatures remains to be fully
understood. Some of the variations could be due to metal-tube
transparency changes under various gate voltages.

Electron Transport Properties of Semiconducting Nano-
tubes. Chiral (m,n) SWNTs with m - n * 3 × (integer) are
semiconducting in nature and have primary energy gapsEg ∝

1/d whered is the nanotube diameter.1 Transport studies of this
class of nanotubes have been limited at 300 K, and temperature-
dependent electrical properties remain unexplored so far.10,11

Furthermore, fundamental issues such as the origin of carrier
type, nature of contact, and transport mechanisms in semicon-
ducting SWNTs have not been addressed. Our growth method
produces SWNTs with diameters dispersed in the range∼0.7-3
nm, and the resulting semiconducting tubes have energy gaps
∼1-0.25 eV according to band structure calculations.1 For the
first time, we have obtained temperature-dependent transport
characteristics of individual semiconducting SWNTs of various
tube diameters. Also, transport mechanisms through semicon-
ducting SWNTs at various temperatures are elucidated.

We find that semiconducting SWNT samples exhibit common
characteristics but differ quantitatively. The room temperature
resistance is typically in the range 200-500 kΩ for samples
with relatively large diameter (d > 2.0 nm) tubes. Smaller
diameter tube samples withd e 1.5 nm exhibit higher resistance
on the order of megaohms or higher. The semiconducting tubes
appear to be hole-doped, and their conductance can be dimin-
ished by applying positive gate voltages. At 4 K, the samples
are insulating and show a gaplike region within(10 to(1000
mV in the I-V curves. The gap region is found to be larger for
smaller diameter tubes. Temperature-dependent resistance of the
samples shows that transport through the semiconducing tubes
involves thermal activation with higher barriers for smaller
diameter tubes.

Parts a and b of Figure 7 show the room-temperatureI-V
curves obtained with ad ) 2.8 nm and length of∼3 µm
semiconducting SWNT (sample S1). The sample exhibits a
highly linear I-V with a resistance of∼370 kΩ measured at
zero gate voltage. Positive gate voltages progressively reduce
the linear conductance of the sample (Figure 7a). AtVg > 3 V,
the conductance is suppressed by 4 orders of magnitude from
that atVg ) 0. TheseI-V characteristics are signatures of hole-
doped semiconducting SWNTs acting as p-type “transistors”
as reported previously.10-12,43 The result of resistance vs
temperature measured by using near-zero bias voltages (|V| e
1 mV) under zero gate voltage is shown in the inset of Figure
7b. The temperature dependence of resistance is weak from 300
to 25 K, with an increase from 370 kΩ to 1 MΩ. Below 25 K,
the resistance increases sharply andR(T) can be approximately
fitted to exp[-Ea/(kBT)] with an activation barrier ofEa ≈ 4.6
meV (Figure 7b inset). At 4 K, a gap of∼20 mV is observed
in the I-V curve and the sample is insulating in the bias range
|V| j 10 mV (Figure 7b). The insulating region is found to be
significantly suppressed by applying a- 1.5 V gate voltage.
On the other hand, applying a positive gate voltage leads to a
larger insulating region in theI-V curve (Figure 7b).

In parts c and d of Figure 7, we show the results obtained
with ad ) 1.3 nm and length of∼5 µm semiconducting SWNT
(sample S2). The room-temperature linear resistance of the
sample is∼3.4 MΩ under zero gate and is dramatically
increased by positive gate voltages (Figure 7c inset). When the
sample is cooled, theI-V curve becomes nonlinear and the
resistance is infinity below 40 K because of the appearance of
a gaplike insulating region inI-V. At 4 K, the insulating region
is within (0.7 V as shown in Figure 7c. The linear resistance
of the sample sharply increases as temperature decreases and
can be well fitted into an exponential formR(T) ≈ exp[-Ea/
(kBT)] with an activation barrierEa ≈ 25 meV (Figure 7d).

A band diagram model is presented in Figure 8 for a metal-
semiconducting tube-metal system to rationalize the obtained

Figure 6. (a) Resistance vs temperatureR(T) for a metallic SWNT
contacted by 20 nm/60 nm Ti/Au: (solid line)R(T) measured under
zero gate voltage; (dashed line)R(T) measured under-10 V gate
voltage. (b)I-V curves recorded at 300, 4, and 2 K respectively (gate
voltage) -10 V). (c) Current vs gate voltage curve recorded at 2 K
under various bias voltages.
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transport results. First, we consider that the nanotube is
uniformly hole-doped along its entire length. Hole-doping to
nanotubes was previously attributed to electron transfer from
nanotubes to metal electrodes due to different work functions.10

In our samples, it is not plausible that the effect of work function
mismatch (φNi ) 5.5 eV vsφNT ≈ 4.5 eV) can extend over the
∼3-5 µm long tube. Furthermore, we have used titanium,
aluminum, and silver, which have similar work functions as
graphite, and magnesium and calcium with lower work functions
than graphite for the contacting metals. The resulting semicon-
ducting tube samples all appear to be hole-doped and show
p-type transistor behavior. Thus, metal/tube work function
mismatch does not appear to be the origin of hole-doping in
our samples. Nevertheless, a complete understanding of the
precise doping mechanism requires further investigation. We
tentatively propose that a possible doping source could be
charged species on the sample surface or trapped charges in
the substrate near the SWNT. Stray or trapped charges are

known to exist in SiO2/Si systems and affect the electrical
characteristics of conventional semiconductor devices.66 It is
also possible that interactions between a nanotube and molecular
species in the environment (including surface hydroxyl groups
and other species on the SiO2) lead to the observed hole-doping
effects. Such doping mechanisms act over the entire length of
a nanotube instead of being localized near the contacts. Note
that homogeneous hole-doping to SWNTs was also suggested
in ref 11. Second, we suggest that each contact consists of a
series resistance (black bar in Figure 8) and forms a Schottky-
like junction with the p-type nanotube bridge. The junction
barrier height approximately equals the separation between the
nanotube Fermi level and the valence bandEFV ) EF - EV.

The junction barrier is responsible for the observed thermally
activated transport through semiconducting SWNTs and is
determined to beEa ≈ EFV ≈ 4.6 and 25 meV respectively for
samples S1 and S2. The expected energy gap for thed ) 2.8
and 1.3 nm length tubes areEg ≈ 0.2 and 0.6 eV, respectively,
according to band structure calculations. Thus, the semiconduct-
ing tubes are hole-doped to large degrees. At 300 K, the samples
exhibits linearI-V curves (under zero gate voltage), since the
junction barriers can be overcome by thermal energyEa e kBT
) 26 meV. Positive gate voltages cause the valence band to
shift down from the Fermi level, leading to higher barriers and
thus less conducting states as seen in parts a and c of Figure 7.
At 4 K wherekBT , Ea, thermally activated transport through
the system is quenched. The sample is in an insulating state
near zero bias, as shown in parts b and c of Figure 7. Under
significantly high bias voltages, the sample is turned into a
conducting state. Analyses of theI-V curves (Figure 7b,c)
indicate that current increases by∼3 orders of magnitude after

Figure 7. (a) Room-temperatureI-V characteristics of ad ) 2.8 nm semiconducting SWNT (sample S1) contacted by 20 nm/60 nm Ni/Au. (b)
I-V curves recorded at 4 K for sample S1 under various gate voltages (inset: linear resistance vs temperature). (c)I-V curve for ad ) 1.3 nm
semiconducting SWNT (sample S2) with Ni contacts recorded at 4 K (inset: room-temperatureI-V characteristics). (d) Linear resistance vs
temperature (inset: plot of resistance in log scale vs 1/T).

Figure 8. Proposed band diagram for a metal-semiconducting
SWNT-metal system. The junction barrier heightEa is determined by
the separation between the nanotube Fermi level and the valence band
EFV ) EF - EV.
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the turn-on and can be fitted toI ∼ exp(-c/V) wherec is a
constant. These results suggest that electron transport through
a semiconducting tube at low temperatures is via a tunneling
mechanism. Under a high bias voltage, electron tunneling occurs
through the reverse biased Schottky-like junction. The mech-
anism of thermally activated transport at high temperatures and
transport via tunneling at low temperatures is similar to that
observed in conventional metal-semiconductor-metal systems
by Lepselter and Sze.65

Integrated Nanotube Devices

Nanotube Molecular Transistors with High Gains.Previ-
ous single-walled nanotube (SWNT) field effect transistors
(FET) obtained by randomly deposited SWNTs across electrodes
exhibit low transconductance and voltage gain.10,11 Our con-
trolled chemical synthesis and integration approach have led to
single-walled nanotube transistors that “mimic” silicon-based
metal oxide field effect transistors (MOSFET) with similarI-V
characteristics and normalized transconductance. First, with our
semiconducting nanotube samples, we reproducibly observed
an interesting feature in theI-V curves when high bias voltages
were applied. TheI-V curves show marked asymmetry with
respect to the polarity of the bias voltage when|V| g 1 V. I-V
curves obtained at room temperature with thed ) 2.8 nm tube
sample (S1) over a bias range of 3 to-3 V are presented in
Figure 9a. Under a given gate voltage, the absolute current value
is higher under a positive bias than under its negative bias. In
the negative bias side, the current initially scales linearly as|V|
but reaches saturation and stays constant at large negative biases.
On the positive bias side, the current increases monotonically
as the bias voltage increases and does not show any saturation.
The asymmetry inI-V becomes increasingly dramatic under
higher gate voltages. AtVg ) 3 V, the I-V curve essentially
resembles that of a rectifying diode.

The asymmetry inI-V is found to be inherent to the metal-
tube-metal system.I-V curves recorded after exchanging the
source and drain electrodes show nearly unchanged asymmetry.
Positive bias voltages still lead to higher absolute current values
than negative biases (Figure 9b). Furthermore, we find that
symmetricalI-V curves can be obtained (Figure 9c) by scanning
V in the range-3 to 3 V while biasing the two electrodes at
-V/2 and +V/2, respectively. These results suggest that the
observed asymmetricalI-V curves are not caused by asym-
metrical parameters such as different contact resistances at the
two metal-tube interfaces. We conclude that for a significantly
high bias voltageV, the current flow|I| is not solely determined
by the absolute value of voltage|V| across the system and can
be influenced by the bias configuration. The [0,|V|] bias
configuration leads to higher current flow than the [0,-|V|]
configuration; such asymmetry is introduced into the system
by the large applied bias voltage. Note that asymmetry is nearly
absent in theI-V curves in the small bias regime (|V| < 0.1)
as can be seen in Figure 7a.

The bias polarity associated asymmetricalI-V has been
consistently observed in all the p-type semiconducting SWNT
samples that we have studied. We propose that the asymmetry
in I-V is caused by local gating effects of the biased drain
electrode. Under a given gate voltage, the nanotube can be
considered to have a constant hole density along its length.
Under a negative bias configuration [0,-|V|], the electric field
lines can be substantially enhanced at the nanotube section near
the drain electrode for|V| g 1 V. The negative drain bias
effectively introduces an increase in the gate voltage localized
near the tube section close to the drain, resulting in a reduction

of hole density in the section. Equivalently, a higher barrier to
transport resulted at the junction at the drain. TheI-V curve
thus falls below the line extrapolated from the low-bias curve.
Saturation occurs in theI-V curve for large|V| because of the
competing roles of driving and gating of the drain bias voltage.
On the other hand, under the positive bias configuration [0,|V|],
the electric field lines at the section of the nanotube close to
the drain becomes suppressed or even reversed at large|V|. This
leads to local hole enrichment (or equivalently barrier lowering)
in the nanotube section near the drain, and theI-V curve
deviates to the higher current direction from the linear curve
extrapolated from the small bias regime. Overall, a negative or
positive bias voltage with absolute value on the order of∼1 V
locally depletes or increases the hole-carrier density in the
nanotube segment near the drain, leading to a lower absolute
current level when the system is negatively biased. This
phenomenon can be related to local carrier depletion and channel
pinch-off by negative drain bias in a conventional p-type
MOSFET.66

Our results are significant in the realization of high-
performance nanotube-based transistors. First, theIds-Vdscurves
of our samples exhibit similar characteristics as silicon-based
devices.66 Second, high voltage gain and transconductance are

Figure 9. (a) Room-temperatureI-V curves recorded with sample
S1 forV in the range 3 to-3 V under various gate voltages. (b)I-V
curves recorded after exchanging the source-drain electrodes. (c)
SymmetricalI-V curves obtained by scanningV while biasing the two
electrodes at-V/2 andV/2, respectively.
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obtainable with our samples. Sample S1 (Figure 9) exhibits
positive voltage gain of∆Vds/∆Vg|I)3µA ≈ 3 compared to the
maximum gain of∼0.35 obtained previously.10 From the linear
region of theIds - Vds curves, we derive a transconductance
∂Ids/∂Vg|V)100mV ≈ 200 nA/V, which is 2 orders of magnitude
higher than previous results with SWNTs.11 Normalized by the
diameter of the nanotube (“channel width”), the transconduc-
tance is∼0.1 mS/µm and is comparable to that of a silicon
p-MOSFET.

Conclusion

This article presented synthetic strategies that lead to various
nanotube architectures useful for fundamental studies and
potential applications of nanotube wires. Undoubtedly, the
approach of direct growth of nanowire materials into ordered
structures represents a promising direction toward new nanoscale
science and devices. This method achieves atomically well-
defined nanowires by bottom-up chemical routes, and wired-
up architectures that normally require top-down fabrication or
assembly techniques. The general approach of chemical vapor
deposition has received considerable attention recently because
of the unique opportunities in scaling up nanotubes in bulk and
organizing nanowires on large-scale surfaces. Ordered multi-
walled nanotube architectures can now be synthesized by several
CVD methods on various substrates. The structured nanotube
materials can be scaled up in straightforward ways and shall
find applications in electron field emission, flat panel display,
large-scale scanning force probes, electrochemical sensors, and
electrodes. Single-walled carbon nanotubes are unique because
their diameters enter a regime such that their electrical properties
is strongly manifested by quantum confinement effects in the
other two dimensions and their structures on the atomic scale.
It can be envisioned that in the foreseeable future, SWNT
architectures will be integrated as key components into micro-
chips of next generations of electronic, memory, logic, me-
chanical, and electromechanical devices.

Significant future work is required in order to meet the
continued challenge in controlled nanotube synthesis. It is
desired to gain the full ability to grow SWNTs at any desired
location with controlled orientations, either on flat or textured
surfaces or at the ends of scanning probes or at any other places.
It is an ultimate synthetic goal if one can control whether a
semiconducting or metallic SWNT is grown at a particular
location with directionality. Controlling the atomic structure of
nanotubes including diameter and chirality probably will require
the development of catalytic particles with molecularly well-
defined structures. Thus, one of the main focuses in future
research should be the development of new catalyst materials
and catalyst support materials. Also, a deeper understanding of
the chemistry of catalyst and nanotube growth is required. We
are convinced that further control in nanotube synthesis will
continue to open new possibilities in nanoscale science and
technology.
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