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Ultrathin Films of Single-Walled Carbon Nanotubes for
Electronics and Sensors: A Review of Fundamental and
Applied Aspects
By Qing Cao and John A. Rogers*
Ultrathin films of single-walled carbon nanotubes (SWNTs) represent an

attractive, emerging class of material, with properties that can approach the

exceptional electrical, mechanical, and optical characteristics of individual

SWNTs, in a format that, unlike isolated tubes, is readily suitable for scalable

integration into devices. These features suggest the potential for realistic

applications as conducting or semiconducting layers in diverse types of

electronic, optoelectronic and sensor systems. This article reviews recent

advances in assembly techniques for forming such films, modeling and

experimental work that reveals their collective properties, and engineering

aspects of implementation in sensors and in electronic devices and circuits

with various levels of complexity. A concluding discussion provides some

perspectives on possibilities for future work in fundamental and applied

aspects.
1. Introduction

Single-walled carbon nanotubes (SWNTs) are, by now, a
well-known class of material. Their molecular structure can be
visualized as graphene sheets rolled-up to certain directions
designated by pairs of integers (Fig. 1a). Interest in SWNTs
derives from the exceptional electrical, mechanical, optical,
chemical, and thermal properties associated with their unique
quasi 1D structure, atomically monolayered surface, and
extended curved p-bonding configuration.[1–6] An individual
SWNT can be either semiconducting, metallic or semimetallic,
depending on its chirality and diameter. These different types of
SWNTs can be contemplated for use as active channels of
transistor devices, due to their highmobilities (up to�10 000 cm2

Vs�1 at room temperature),[7] or as conductors for advanced
electrical interconnects, due to their low resistivities,[8–11]
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high current-carrying capacities (up to
�109 A cm�2),[12] and high thermal con-
ductivities (up to 3500Wm�1 K�1).[13] In
addition, SWNTs are stiff and strong,
exhibiting Young’s moduli in the range of
1–2 TPa, as inferred from properties of
bundles and multiwalled tubes[14–19] or,
recently, as determined directly from mea-
surements on statistically significant sets of
isolated SWNTs.[20] The fracture stresses
can be as high as 50 GPa, as determined
from SWNT bundles,[21,22] yielding a den-
sity-normalized strength �50 times larger
than that of steel wires.[18] Although
structurally perfect SWNTs are chemically
inert due to the absence of surface dangling
bonds,[23,24] their properties can be very
sensitive to adsorbed species, partly because
of weight-normalized surface areas as high
as 1600 m2 g�1,[25] thereby rendering them
attractive for various sensor applications. Over the past decade,
large numbers of academic and industrial groups have explored
the use of SWNTs in diverse application possibilities, ranging
from nanoscale circuits for beyond silicon based complementary
metal-oxide-semiconductor (CMOS) era electronics,[26–28] to low
voltage, cold-cathode field-emission displays,[29] to hydrogen-
storage devices,[30–32] to agents for drug delivery,[33,34] to
light-emitting devices,[35,36] thermal heat sinks,[37,38] electrical
interconnects,[39] and chemical/biological sensors.[40]

The electronic properties of SWNTs are among their most
important features. Use as an electronic material represents one
of their most commonly envisioned areas of application. Their
high mobilities and ballistic transport characteristics, for example,
have led naturally to their consideration as a replacement for Si in
future generation devices, especially when continued dimen-
sional scaling as the primary driver for improved performance
becomes increasingly difficult.[28,41–43] Unlike other proposed
‘‘future’’ electronic technologies, such as spintronics,[44–47]

molecular electronics,[48–53] quantum-dot cellular automata,[54]

and nanowire crossbar arrays,[55–60] SWNTs have the advantage of
being compatible with conventional field-effect transistor (FET)
architectures. Experimental data suggest that SWNTs offer more
than one order of magnitude improvement in device transcon-
ductance over Si technology for otherwise similar designs,
together with small intrinsic capacitance for possible operation at
terahertz frequencies (Fig. 1b).[28,42,61,62] Despite many notable
achievements in devices constructed on individual SWNTs, such
29
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as the realization of a three-stage CMOS ring oscillator based on a
single tube (Fig. 1c),[63] there are many daunting challenges in
scaling to any realistic type of system. The two most important of
these are the inability to draw significant current output from
single SWNT devices, and the lack of practical methods to yield
good device-to-device reproducibility in properties. This second
challenge arises from an absence of techniques for synthesis of
electronically homogeneous SWNTs, and of methods to form
them with controlled orientations and spatial locations.

Systems that involve large numbers of nanotubes in random
networks, aligned arrays, or anything in between, and with
thicknesses between sub-monolayer and a few layers, avoid these
challenges. Many believe that SWNTs in these formats offer the
most technologically realistic integration path, at least for the
foreseeable future. In particular, because many SWNTs are
involved in transport in such ‘‘films,’’ they offer i) attractive
statistics that minimize device-to-device variations even with
electronically heterogeneous tubes, ii) large active areas and high
current outputs, and iii) relative insensitivity to spatial position or
orientation of individual tubes. In optimized layouts that consist
of perfectly aligned arrays of long tubes, these films can exhibit
properties that approach those associated with isolated
SWNTs.[64] As a result, these materials have some potential for
use in high-frequency electronics, possibly heterogeneously
integrated with CMOS Si platforms.[65] Even in completely
random networks, which are easy to synthesize, the character-
istics can be attractive.[66] Such SWNT films can facilitate new
types of applications in electronics that are enabled by large area
coverage (i.e., macroelectronics[67]), mechanical flexibility/
stretchability, or optical transparency. This review summarizes
recent progress in this relatively new field, with an emphasis on
advanced demonstrations in electronics and sensors. The first
section reviewsmethods for assembling SWNT thin films. After a
summary of experimental and theoretical work on the nature of
charge transport in these systems, various implementations in
sensors and in electronic devices, e.g., thin-film transistors
(TFTs), and digital/analog circuits are presented. The final section
concludes with some perspectives on opportunities for future
work.
2. Preparation of Carbon-Nanotube Films

Formation of films of SWNTs with coverages ranging from
sub-monolayer to a few layers on desired substrates represents
the starting point for their fundamental study and use in
applications. The fabrication techniques must provide control
over the tube density (D, as measured in the number of tubes per
unit area for randomnetwork films or tubes per length for aligned
arrays), the overall spatial layouts of the SWNT, their lengths, and
their orientations. These parameters significantly influence the
collective electrical, optical, and mechanical properties. Some
ability to control the diameter distributions and, ideally, the ratio
of semiconducting to metallic SWNTs (m-SWNTs) can also be
important. For certain applications mentioned in the introduc-
tion, these methods should also be compatible with large areas
and low-cost processing. This section describes some of the most
successful approaches.
� 2009 WILEY-VCH Verlag Gm
2.1. Solution Deposition Methods

Techniques to form SWNT thin films by depositing tubes
separately synthesized by one of several bulk methods from
solution suspensions are attractive because they can be
cost-effectively scaled to large areas and they are compatible
with a wide variety of substrates. A successful strategy generally
involves a reliable means, such as surfactant wrapping, to form
stable solutions of SWNTs, and a robust mechanism to remove
them from solution, such as through evaporation of solvent,[68,69]

or specific interactions between nanotubes, ligands, or sur-
faces.[70–75] In perhaps the simplest approach, known as the
vacuum-filtration method, vacuum-induced flow of a suspension
of SWNTs through a porous filtration membrane leaves SWNTs
trapped on the surface of the filter, to provide control over D in
certain ranges.[69,76] The vacuum helps to remove solvent and to
increase the overall throughput. This method is widely used for in
assembling high-D multilayered SWNT films for applications as
transparent conductive coatings, discussed in Section 4. An
obvious limitation is that the SWNTs deposit on filter
membranes, which are not generally substrates of interest.
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 29–53
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Figure 1. a) Formation of a SWNT by rolling a graphene sheet along a
chiral vector C, such as the (5,5) vector shown here. b) Current–voltage
characteristics of an FET constructed on a single SWNT, with a high k
dielectric (VGS: Gate-source voltage changed from 0.3 to 1 V in steps of
0.1 V from bottom to up; IDS: drain-source current; VDS: drain-source
voltage). Reproduced with permission from Ref. [61]. Copyright 2002
Nature Publishing Group. Inset: Schematic view of the device layout.
Reproduced with permission from Ref. [1]. Copyright 2002 American
Chemical Society. c) Oscillation frequency under different supply voltages
changed from 0.56 to 1.04 V in steps of 0.04 V for a three-stage CMOS ring
oscillator constructed on a single SWNT. Inset: SEM image of the tube and
circuit structures. Reproduced with permission from Ref. [63]. Copyright
2006 The American Association for the Advancement of Science (AAAS).
Certain transfer techniques, described subsequently, can address
this issue.[77] A practical challenge for solution deposition
methods is that the low solubility and strong intertube
interactions of SWNTs make it difficult to obtain sub-monolayer
SWNT thin films, with uniform moderate-to-high coverage (i.e.,
high D) and without significant presence of bundles. The use of
Adv. Mater. 2009, 21, 29–53 � 2009 WILEY-VCH Verlag Gmb
SWNT–substrate chemical interactions can reduce these pro-
blems, but they narrow the range of substrates and surfactants
that can be used; these interactions can also have adverse effects
on SWNT properties.

A controlled flocculation (cF) process provides an attractive
alternative solution. Thismethod involves actively driving SWNTs
out of solution through the addition of liquids that are miscible
with the suspending solvent and that also interact with the
surfactant, in a way to disrupt its capacity to stabilize the SWNTs.
When applied during the casting step, this cFprocess can yield, in
a single step, films with D selected over a wide range.[78,79] For
this process to produce uniform films of SWNTs without
significant presence of bundles, the fluids must be confined close
to the surface of a target substrate during mixing. This
confinement may be accomplished in several different ways.
In one case, methanol and aqueous suspensions of SWNTs are
confined as a thin liquid film close to the surface of the receiving
substrate by simultaneously introducing them onto a rapidly
spinning substrate (Fig. 2a).[78] The associated shear flows help to
confine the two liquids vertically and tomix them rapidly, favoring
the formation of uniform coatings of individual or minimally
bundled SWNTs (Fig. 2b). Shear forces associated with fluid flows
can also lead to some degree of alignment, as illustrated in the
atomic force microscopy (AFM) images in the inset of Figure 2b.
In another approach, laminar flows in microfluidic channels
provide the confinement.[79] The fluids flow side-by-side in a
microchannel, and mix by diffusion only in a narrow region near
the interface between the two liquids (Fig. 2c). SWNTs deposit in
this region onto the substrate, forming a patterned film (Fig. 2d).
This cF method can form films with Ds that range from a small
fraction of a monolayer to thick, multilayer coatings by simply
increasing the duration of the procedure or the relative amounts
of SWNTsuspension andmethanol, on a wide range of substrates
with different surface chemistries, including low-energy surfaces,
like those of polydimethylsiloxane (PDMS). This latter capability
makes it possible to print the films in an additive, dry-transfer
process simply by contacting a PDMS stamp coated with SWNTs
to a higher-energy surface.[77–79]

Assembly techniques that form aligned arrays of SWNTs are
important for applications in electronic devices because these
arrangements avoid tube–tube contacts, which can limit charge
transport through films.[80,81] This alignment can be induced by
external forces, such as those associated with electric[82–87] or
magnetic fields[88,89] and mechanical shear.[90–92] Alternating-
current (ac) dielectrophoresis is notable[87] because it can be used
not only to guide the deposition of partially aligned SWNTs to
certain regions of a substrate but also to enrich the content of
metallic tubes,[86] for applications such as transparent conductive
coatings and photovoltaic devices.[93] The inset to Figure 2e shows
a typical setup, where voltages applied to prepatterned micro-
electrodes create an electrical field. This field induces dipole
moments in the SWNTs, especially in metallic tubes, due to their
much larger polarizability, to attract the SWNTs and orient them
along the field lines (Fig. 2e).[87] Alignment can also be achieved
in other ways. In one example, convective flow of SWNTs to a
liquid–solid–air contact line in a simple tilted-drop casting
process creates nematic ordering with long-range alignment
induced by narrow geometries chemically defined on surfaces.[94]

Using a similar principle, arrays can be assembled using the
H & Co. KGaA, Weinheim 31
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Figure 2. a) Schematic illustration of the deposition of uniform films of
largely isolated, individual SWNTs in a cF process that involves mixing
methanol and an aqueous suspension of SWNT on a rapidly spinning
substrate. b) AFM image of an SWNT film deposited on plastic substrate in
this manner. Inset: Magnified AFM image showing the radial alignment of
SWNTs in a film deposited by cF on a spinning wafer. The bottom shows a
line trace revealing the heights of individual SWNTs. Reproduced with
permission from Ref. [78]. Copyright 2004 American Chemical Society.
c) Schematic illustration of the deposition of films in line geometries by
mixing methanol and a suspension of SWNTs in the interdiffusion region
of a laminar-flow microfluidic cell. d) Optical image of a SWNT film in the
geometry of a line (dark gray in the center of the image) deposited with a
microfluidic cell, as illustrated in c). Reproduced with permission from
Ref. [79]. Copyright 2006 Wiley-VCH. e) SEM image of an aligned SWNT
film formed by ac dielectrophoresis. Reproduced with permission from Ref.
[87]. Copyright 2006 Wiley-VCH. Inset: Schematic illustration of the exper-
imental setup. An ac field applied through microelectrodes causes the
deposition of aligned SWNTs, often with enhanced content of m-SWNTs.
Reproduced with permission from Ref. [86] Copyright 2003 AAAS. f) AFM
image of an aligned array of SWNTs assembled with a LB technique.
Reproduced with permission from Ref. [95]. Copyright 2007 American
Chemical Society.
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Langmuir–Blodgett (LB) technique (Fig. 2f).[95] Films created in
this manner can be transferred to various substrates (e.g., Si,
glass, plastics) with the potential for repeated transfers to yield
complex, multilayered structures.[77,96]

A main advantage of solution methods is that they can yield
thin films directly at room temperature using SWNTs formed
with bulk synthesis procedures, in a manner that is compatible
with patterning techniques such as thermal, piezeoelectric, or
electrohydrodynamic jet printing.[97–99] A key disadvantage is that
� 2009 WILEY-VCH Verlag Gm
the SWNTs must be first dispersed into solution suspensions.
This step often requires processes, such as high-power
ultrasonication and strong-acid treatments, which degrade the
electrical properties and reduce the average lengths of the tubes.
In addition, the surfactant coatings represent unwanted organic
contaminants for electronic devices. The development of new
solubilization approaches might be needed to avoid these
features.
2.2. Chemical Vapor Deposition (CVD) Growth

Films of SWNTs formed directly by CVD exhibit high levels of
structural perfection, long average tube lengths, high purity, and
relative absence of tube bundles compared to those derived from
the techniques described in the previous section. The CVD
method also provides excellent control over D, morphology,
alignment, and position, to an extent that is unlikely to be possible
by solution deposition. The value of D is important, due to its
strong influence on electrical properties of the films. Several
strategies in CVD can be used to control D. For example, the
composition and flow rate of the feeding gas are important. With
ethanol as the carbon feedstock, D significantly increases
compared to the case of methane, possibly due to the ability of
OH radicals to remove seeds of amorphous carbon from catalytic
sites in the early stages of growth (comparing Fig. 3a and
b).[100,101] Although some hydrogen is necessary to prevent the
pyrolysis of carbon to form soot,[102] recent results suggest that
the addition of water or oxygen can scavenge excess H radicals
and thereby increase D.[103,104] The nature of the catalyst is also
important. For example, catalysts of Fe/Co/Mo on silica
supports[104–106] yield densities higher than those obtained from
discrete iron nanoparticles, due to increased surface area, pore
volume, and catalytic activity (comparing Fig. 3b and c). The
concentration of the catalyst can also determine D. Other critical
properties of the tubes, such as diameter distributions and,
possibly, chiralities, can be influenced by the size[107–112] and
composition of the catalyst.[113–116] Growth temperature, pres-
sure, and time can also affect properties, such as average tube
length.[117,118]

The CVD method also provides opportunities to control the
alignment of the SWNTs. The driving force for alignment can
arise from electrical fields,[119,120] laminar flow of feeding
gas,[121–125] surface atomic steps,[126,127] as well as anisotropic
interactions between SWNTs and single-crystalline sub-
strates.[128–131] Electric fields (>1V mm�1) can induce torques,
which are sufficiently large to overcome random thermal
motions, on growing SWNTs, even at the high-temperature
growth conditions, thereby yielding field-aligned SWNTs
(Fig. 3d).[119,120] In another approach, convective flow resulting
from the temperature difference between the substrate and
feeding gas can lift either catalyst nanoparticles[121,125] or
SWNTs[123] from the surface of the substrate. In this lifted
configuration, laminar flow can align the SWNTs in free space, in
such a manner that they can fall back onto the substrate in their
aligned state.[124] These methods lead to well aligned, millimeter-
long nanotubes in a method that is relatively tolerant of debris or
defects on the substrate. With multiple growth steps, complex
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 29–53
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Figure 3. SEM images of SWNT films grown by CVD with a) ethanol and b) methane as the
feeding gas, and Fe/Co/Mo catalysts on silica supports. c) SEM image of a SWNT film formed
withmethane feeding gas and ferritin catalysts deposited from a suspension in methanol. d) SEM
image of an aligned array of SWNTs grown by CVD with an applied electric field between
microelectrodes (white). Reproduced with permission from Ref. [120]. Copyright 2001 American
Institute of Physics. e) Crossbar array of SWNTs formed by a two-step flow-alignment growth
process. Reproduced with permission from Ref. [125]. Copyright 2003 Wiley-VCH. f) AFM image
of an SWNT array grown on a miscut sapphire substrate. Reproduced with permission from
Ref. [127]. Copyright 2005 American Chemical Society. g) Low-resolution SEM image of aligned
arrays of SWNTs grown by CVD with methanol and Fe catalyst patterned into 10mm wide stripes
(bright horizontal lines) on quartz. h) AFM image of selected SWNTs in these arrays.
i) Self-organized nanotube serpentines formed due to the combined alignment effects from
the quartz substrate and gas flow. Reproduced with permission from Ref. [130]. Copyright 2007
American Chemical Society.
layouts, such as multilayer crossbar arrays, are possible
(Fig. 3e).[125] Disadvantages include difficulty in achieving high
D or perfectly linear shapes, due to thermal motions of the
SWNTs and slight fluctuations in the gas-flow direction.

Interactions between SWNTs and atomic structures on
single-crystalline substrates can enable arrays with nearly perfect
alignment and linearity. For example, miscut c-plane sapphire
substrates offer parallel, regularly spaced 2 Å high atomic
steps[126] and 1.3 nm high faceted nanosteps after annealing;[127]

both can serve as templates to guide nanotube growth through
increased contact area for van der Waals interactions, uncom-
pensated dipoles for electrostatic interactions, and improved
wetting of catalyst nanoparticles due to capillarity (Fig. 3f). The
lattice structure of some single-crystalline substrates, such as
ST-cut single-crystal quartz and a-plane/r-plane sapphire, can
yield arrays of nanotubes due to orientationally anisotropic
interaction energies between the SWNTs and the sub-
strates.[128,129] The degree of alignment depends on the surface
quality and cleanliness and the underlying physics of the
interactions. The highest levels of alignment and the highest
levels of D can be achieved simultaneously, with catalysts
patterned into small regions on quartz, such that the tubes grow
Adv. Mater. 2009, 21, 29–53 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
primarily in regions of the substrate that are
uncontaminated by unreacted catalyst parti-
cles.[132] Figure 3g shows scanning electron
microscopy (SEM) images of such aligned
SWNT films, grown from catalyst patterned
into narrow stripes oriented perpendicular to
the preferred growth direction on quartz. The
images show excellent alignment and linearity
in tubes with lengths of �100mm and in
uniform densities over large areas (up to
2.5 cm� 8 cm, limited by the CVD chamber.)
The tubes are nearly perfectly linear, with
maximum deviations typically less than 5 nm,
comparable to the resolution of the AFM
(Fig. 3h). The tubes are also parallel to one
another to better than 0.1 degree. The average
D can be as high as 5–10 SWNT mm�1, with
peak values of 50 SWNT mm�1.[130,131] Com-
pared with others, this approach appears to be
the most promising means to create SWNT
arrays for demanding applications such as
those in high-frequency electronics, where
high D, degrees of alignment, and linear
configurations with a complete absence of
SWNT–SWNT overlap junctions are impor-
tant. Advanced growth approaches that com-
bine several alignment schemes enable com-
plex configurations of SWNTs, including
crossbar arrays,[133] perpendicular arrays,[134]

and serpentines (Fig. 3i).[130,135]

Although not as convenient for large-area
substrates as solution approaches, CVD meth-
ods are intrinsically scalable for realistic
applications, as evidenced by their widespread
use for other materials in various areas of
electronics. Moreover, means to transfer high-
quality CVD SWNT films from growth sub-
strates to other substrates, including flexible plastic sheets, have
been established recently, thereby expanding their applicability.
The details of these transfer methods will be further discussed in
Section 6.1.
2.3. Thin Films of Purified SWNTs

The ability to create collections of only semiconducting SWNTs
(s-SWNTs) can be useful for nearly all applications of SWNTs,
including those that use thin films (although, as described
subsequently, it is not a requirement in this case). Enrichment can
be achieved under certain conditions at the growth stage,[136,137]

but approaches where s-SWNTs and metallic SWNTs (m-SWNTs)
are separated after synthesis appear to offer the greatest level of
control.[138] Such separation may arise from differences in i)
electrical properties, ii) chemical properties, or iii) optical
properties between s-SWNTs and m-SWNTs. The extent of
separation is most commonly characterized through Raman/
UV–vis spectroscopy or by direct electrical measurements.

Differences in electrical properties represent the most relevant
features that distinguish s-SWNTs andm-SWNTs for applications
eim 33
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Figure 4. a) Optical image and absorbance spectra for SWNTs enriched by
diameter and electronic type, via ultracentrifugation. The second- and
third-order semiconducting and first-order metallic optical transitions
are labeled as S22, S33, and M11, respectively. b) Transfer characteristics
of SWNT TFTs made with enriched semiconducting (red) or metallic (blue)
SWNTs. Inset: AFM image of an SWNT film used for a similar device (scale
bar: 1mm). Reproduced with permission from Ref. [147]. Copyright 2006
Nature Publishing Group. c) Ratios of the intensities of the disorder mode
to tangential mode in Raman spectra (intensity D/T) of different SWNTs
after functionalization, due to exposure to diazonium salt at various
concentrations. Filled and open symbols refer to m-SWNTs and s-SWNTs,
respectively. Each symbol corresponds to a specific tube with the indicated
chiral index, assigned from the radial breathing mode. Inset: illustration of
the selective reaction between m-SWNTs and diazonium salt. Reproduced
with permission from Ref. [165]. Copyright 2003 AAAS. d) Transfer
characteristics of an SWNT TFT before and after functionalization
(VDS¼�0.1 V) plotted in logarithmic scale. Inset: AFM image of the
channel region showing that most tubes directly span the S/D electrodes.
Reproduced with permission from Ref. [167]. Copyright 2005 American
Chemical Society. e) Transfer characteristic of an SWNT TFT before and
after selective plasma etching, plotted in logarithmic scale. Upper inset:
Schematic illustration. Lower inset: AFM image of part of a device channel
region after plasma etching, showing one SWNT severely damaged.
f) Diameter distribution of SWNTs with different responses toward plasma
etching. (ND, nondepletable; D, depletable; LOST, electrically insulating.)
Reproduced with permission from Ref. [168]. Copyright 2006, AAAS.
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in electronics. The most direct way to exploit these differences in
a separation scheme involves the operation of a TFT device that
incorporates collections of tubes. Here, increasing the bias
between the source/drain (S/D) electrodes while a gate field is
applied to turn the s-SWNTs ‘‘off’’ leads to selective electrical
breakdown of the m-SWNTs in aligned arrays of tubes, or the
purely metallic percolation pathways in networks of tubes. This
procedure, which was originally demonstrated with a FET
constructed on an individual multiwalled tube,[139] can increase
the on/off current ratio by up to 105 without significantly
decreasing the on-state currents (Ion).

[64,140–142] Difficulties in
applying this approach to complex circuits, where independent
electrical access to all transistors might not be feasible, limits its
utility. Methods for wafer-scale implementation of this type of
approach would be valuable.

A different class of strategy utilizes charged polymers, such as
single-stranded deoxyribonucleic acid (DNA) and certain surfac-
tants, to encapsulate SWNTs and suspend them into solu-
tions.[143,144] Some of these polymers can induce image charges
inm-SWNTs, which results in lower linear charge density and/or
higher packing density of m-SWNT–polymer complexes com-
pared with their s-SWNT counterparts.[145–148] Subsequent
separation can be achieved through either ion-exchange
chromatography or ultracentrifugation.[145,147,149–151] For ultra-
centrifugation, the tube diameter, electronic type, and length can
also influence the buoyant density and the viscous drag,[147,152]

respectively, thereby providing a route to separation according to
diameter, electronic type, or length, depending on the nature of
surfactants (Fig. 4a). Diameter control can be important for
applications in electronics because the diameter influences the
band gap, work function mobility, and mean free path for charge
transport.[7] The length can influence the nature of charge
transport through the networks, as described in detail in the
following sections. These sorting procedures are especially
effective for high-quality SWNTs synthesized by the laser-ablation
method, and can be performed in multiple cycles to achieve
degrees of separation sufficiently high to construct TFTs with on/
off switching ratio above 104 even at relatively high D and short
channel length (LC, Fig. 4b).

[147,153] Some other polymers with
specific functional groups can selectively bind with s-SWNTs or
m-SWNTs due to their structure and diameter differences,
enriching certain types in the supernatant or on selectively
functionalized surfaces.[154–156]

Differences in chemical reactivity can also be exploited for
separation.[157–164] Experiments and calculations suggest that
m-SWNTs are more chemically reactive than s-SWNTs, possibly
because their finite density of states (DOS) near the Fermi level
can stabilize charge-transfer complexes that form reaction
intermediates.[165,166] Ideally, under certain conditions, only
m-SWNTs will react with chemical reagents, rendering them
insulating without altering the properties of s-SWNTs. For
example, diazonium can react preferentially with m-SWNTs at
optimized concentrations, as indicated by Raman spectroscopy
(Fig. 4c).[165,167] The intensity of the disorder mode in m-SWNTs
at �1300 cm�1 increases upon reaction, which suggests an
increase in sp2 carbon. At the same time, the tangential mode at
�1590 cm�1 decreases and at �169 cm�1 disappears, both of
which are consistent with an increase in the level of structural
defects. Much less pronounced changes occur for most s-SWNTs
� 2009 WILEY-VCH Verlag Gm
under the same conditions. Only with increased diazonium
concentration, e.g., 10mM for the conditions studied, does
Raman spectroscopy indicate similar reactions with s-SWNTs.
These observations are consistent with in situ electrical
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 29–53
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measurements on devices (Fig. 4d).[167] In particular, at moderate
concentrations, device on-state (Ion) and off-state (Ioff) currents
decrease by similar amounts, consistent with selective elimina-
tion of conduction pathways through the m-SWNTs. The result is
a sharp increase in the on/off ratio without significant reductions
in the device mobility. Similar results are observed in gas-phase
reactions with methane plasma.[168] Here, AFM shows that
m-SWNTs are selectively etched into short segments by
hydrocarbonation. The on/off ratios in devices increase by four
orders of magnitude, as shown in Figure 4e. Both approaches are
promising, but the reactivity also depends on SWNT diameter,
which determines the radius of curvature and thus hybridization
configurations of C–C bonding (Fig. 4f). As a result, the range of
reaction variables (i.e., concentration, temperature, etc) that
ensures selective reaction with m-SWNTs but not with s-SWNTs
is small, especially for devices that use SWNTs with a wide
distribution of diameters and chiralities. This delicate balance
reduces the practical value of these methods. Other similar
chemistries might be developed to circumvent this limitation.

As another route to separation, it might be possible to exploit
the different band structures of m-SWNTs and s-SWNTs through
their UV-vis-near-infrared (NIR) absorption spectra, as shown in
Figure 4a. One can conceive, for example, of a light-induced
ablation process[169] that could remove m-SWNTs and not
s-SWNTs. In this manner, it might be possible to utilize a light
source with appropriate wavelength and intensity to selectively
eliminate m-SWNTs. Although some recent publications suggest
such a capability, through indirect or direct means, additional
work to optimize the approaches and to reveal the fundamental
mechanisms might be required.[169–171]

In summary, although promisingmethods to separate solution
suspensions of SWNTs are beginning to emerge, achieving
simplicity and low-cost operation with an ability to remove all of
the m-SWNTs without degrading the s-SWNTs remain important
goals. Techniques capable of application directly to pristine CVD
tubes on substrates would be extremely valuable, particularly for
processing the sort of aligned configurations and high-quality
SWNTs that are possible in this case. Progress made so far
suggests that a reliable method may be available soon, perhaps by
combining ideas from selective synthesis and post-synthesis
sorting.[151]
3. Properties of SWNT Thin Films

The electrical properties of networks and arrays of SWNTs
formed using the methods described in the previous sections are
the basis for their application in electronics and sensors. In films
that include many SWNT–SWNT junctions, the electrical
transport involves percolation and flow of charge through many
tubes when probed on length scales that are much larger than the
average distance between junctions. The behavior, then, is
controlled by the lengths of the SWNTs, their degree of alignment
(i.e., density of SWNT–SWNT junctions), the distribution of
electronic properties, and D. In films that involve perfectly
aligned arrays of SWNTs, on the other hand, these percolation
pathways are absent, and charge transport occurs directly through
multiple tubes, each of which acts as an independent, parallel
channel. The following summarizes experimental and theoretical
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studies of the films, and concludes with a description of some of
their unique optical and mechanical properties.
3.1. Conducting Films of SWNTs

As synthesized, SWNT thin films contain roughly 1/3 m-SWNTs
and 2/3 s-SWNTs. The high intrinsic conductivities of the
m-SWNTs, together with the relatively long lengths that can be
achieved, render the films, at sufficiently high Ds, attractive as
conducting layers, especially for applications requiring high
frequency (�10 GHz) and high electrical field (>10 kV m�1), or
those that benefit from low optical absorption or mechanical
robustness.[172,173] Such films in random configurations, which
are sometimes referred to as metallic carbon nanotube networks
(m-CNNs) can achieve low sheet resistances, RS, with superior
mechanical/optical properties and the ability to be integrated onto
a wide range of substrates.[76,77,106] Methods described in the
preceding section can be used to form m-CNNs with selected Ds
and sheet conductances in cost-efficient ways to meet the
requirements of different applications, such as transparent
conductors for displays or touch screens.[69,76,106,174,175] The
dependence of Rs on D can be approximated by standard
percolation theory according to[69,176]

Rs ¼ kðD� NcÞaLbS ð1Þ
where k is a fitting constant, Nc is the percolation threshold, LS is

average tube length, a is a parameter determined by the spatial

arrangement of SWNTs in the film, and b is a parameter

determined by the tube–tube junction resistance and SWNT

conductivity. For an infinite 2D homogenous percolation

network, Nc can be expressed as

Ls
ffiffiffiffiffiffiffiffi
pNc

p
¼ 4:236 ð2Þ

Experimental and theoretical analysis suggest that the van der
Waals adhesive force between SWNTs leads to even lower
percolation thresholds, by increasing the contact lengths between
SWNTs.[177]
3.2. Semiconducting Films of SWNTs

SWNT thin films with moderate/low D or with enriched content
of s-SWNTs can behave collectively as semiconducting networks
(s-CNNs), for use in active electronic devices. This section
describes experimental and theoretical studies of relationships
between network properties and electrical characteristics, some
features associated with the electrostatic coupling of such films to
planar electrodes in transistors, the role of SWNT–metal contacts,
and the use of chemical modifications to engineer the properties
of such devices.

3.2.1. Percolation Modeling of SWNT

Thin Films

Fundamental, predictive knowledge of the physics of transport
through moderate/low D SWNT films is important to interpret
and optimize the electrical performance when used as the
semiconducting components of transistors. The classical percola-
H & Co. KGaA, Weinheim 35



R
E
V
IE

W

www.advmat.de

Figure 5. a) Schematic illustration of a model system for heterogeneous percolative simulation.
SWNTs are represented as sticks with finite lengths, corresponding to the average tube length (LS).
These sticks populate the device channel region, defined by a width (representing either channel
width,W, or strip width,WS) and channel length (LC), at a density D. b) Measured (symbols) and
computed (lines) properties of SWNT TFTs. From left to right, these films range fromwell-aligned,
low-coverage to partially aligned, high-coverage cases. The plots show Ion, Ioff, and on/off ratio for
aligned (left), partially aligned (middle), and dense partially aligned (right) networks. Insets:
images of the simulated networks, where the scale bar has a length of 10mm. Reproduced with
permission from Ref. [183]. Copyright 2007 American Chemical Society. c) Measured (symbols)
and simulated (lines) IDS �VDS characteristic of SWNT TFTs with high (blue) and low (green)
densities, respectively. Reproduced with permission from Ref. [185]. Copyright 2007 IEEE.
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tion theory outlined in Section 3.1 only
addresses homogenous infinite networks.
For applications in transistors, the electronic
heterogeneity of the SWNTs, their anisotropic
alignment, and the finite extent of the thin
films make it necessary to develop nonlinear,
finite-size percolation models, for predictive
assessment of the properties.[178–181] The key
geometrical parameters for such modeling,
including average tube length (or stick length,
LS), LC, and width of the transistor channel
(W) or of the strips defined in the networks
(WS, as described subsequently), are depicted
in Figure 5a. In the linear response region of
device operation, drift-diffusion theory can be
used to describe transport within individual
sticks, according to J¼ qmndw/ds, where J is
current density, q is carrier charge, m is
mobility, n is carrier density, w is electro-
potential, and s is length along the tube. When
combined with the current continuity equa-
tion, dJ/ds¼ 0, this expression gives the
nondimensional potential wi along each tube
i according to d2wi/ds

2� cij(wi� wj)¼ 0. Here,
cij¼G0/G1 is the dimensionless charge-
transfer coefficient between tubes i and
j.[180] The network is assumed to contain
metallic and semiconducting tubes at a ratio
of 1:2. Ion and Ioff correspond to the sum of
fluxes through all sticks and through just the
purely metallic transport pathways, respec-
tively. The finite W or WS is incorporated by
use of reflecting boundary conditions at the
edges of the network.[182] For transport in
completely random networks, this approach
can successfully predict the scaling behavior
with W, WS (Fig. 6b), LC, and D, based on
models that randomly populate a 2D grid with
sticks of fixed length (LS) and random
orientation (u).[66,182] For partially aligned
networks, the degree of alignment, as defined

in terms of an anisotropy parameter, R, where R¼ L///

L?¼
PN

i¼1 jLS;i cos uij
.PN

i¼1 jLS;i sin uij, can be described with

a probability density function to control how sticks populate the
2D grid. Both LS and R are typically determined through analysis
of experimental images of the networks. For a wide range of LS
and R values, as shown in Fig. 5b, where LS changes from 5 to
40mm and R changes from 2.9 to 21.4, the experimental data
(symbols) and simulation results (lines) agree well.[183] Results
obtained in a similar study also show that for partially aligned
SWNTs, when LC> LS, where no single SWNTcan bridge the S/D
electrodes directly, the transconductance is maximized for an
optimum R, which lies between a completely random network
and perfectly aligned array to achieve a balance between reducing
SWNT–SWNT junctions and increasing conductance pathways
formed by misaligned SWNTs. If, on the other hand, LC< LS,
then there is no need for the formation of pathways composed of
� 2009 WILEY-VCH Verlag Gm
multinanotubes, and the transconductance is always improved
with increasing degree of alignment.[184]

In the saturation region of device operation, the conductance
along the channel is no longer a constant, making it necessary to
solve self-consistently both the Poisson equation and drift-
diffusion equation. Surprisingly, such modeling shows that the
conductance exponent term for the saturation regime is exactly
the same as that in the linear regime. The behavior of the devices
can, therefore, be described by the following universal formula:

ID ¼ A

LS

LS

LC

� �m DL2
Sð Þ

VGS � VTð ÞVDS � gV2
DS

� �
ð3Þ

where A is proportional to the gate capacitance, the diameter

distribution of the SWNTs, and the resistances at SWNT–SWNT
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 29–53



R
E
V
IE

W

www.advmat.de

Figure 6. a) Transfer characteristics of TFTs with LC of 100mm and W of
100mm, based on SWNT random networks cut into strips withWS of 100,
10, 5, and 2mm, from top to bottom, along the electron-transport direction,
in logarithmic scale (VDS: �0.2 V). b) The measured (filled) and simulated
(open) influence ofWS on the on/off ratio (Ion/Ioff) and normalized device
transconductance (gm/gm0, where ‘‘0’’ represents the state without strips)
for SWNT devices shown in a). Inset: SEM image of the channel region of
such a device. Reproduced with permission from Ref. [66]. Copyright 2008
Nature Publishing Group. c) Transfer characteristics of TFTs based on
aligned arrays of SWNTs with LC of 5, 10, 25, 50mm, andW of 200mm (VDS:
�0.5 V). The straight lines serve as visual guides to indicate the slopes used
to extract the linear region gm. Inset: SEM image of the channel region of
such a device. d) Mobilities (m) calculated using parallel plate model for
capacitance (mDEV) and per-tube mobilities calculated considering only the
capacitance coupling between s-SWNTs and planar gate electrode (mt) as a
function of LC. Reproduced with permission from Ref. [64]. Copyright 2007
Nature Publishing Group.
junctions, g is an independent geometrical parameter typically

�0.5, and m is a universal exponent of stick percolation systems.

With a given A, VT, and g , this equation describes the

characteristics of transistors with arbitrary LS, LC, and D in both

linear and saturation regions, as shown in Fig. 5c.[185] The good

agreement of these theoretical results with experiments suggests

that heterogeneous percolation models can accurately describe

the physics of transport in SWNT thin films with any layout, in

both linear and saturation regimes. These observations enable

quantitative interpretation of the transport behavior of SWNT

thin films and also help to guide optimization of their layout

design and properties, as described in the following sec-

tion.[184,186]
3.2.2. Relationship Between Film Layout and Properties

In addition to length, orientation distribution, and other aspects,
the spatial arrangement of SWNTs strongly influences the overall
Adv. Mater. 2009, 21, 29–53 � 2009 WILEY-VCH Verlag Gmb
electrical properties of the films. Apristine, as-synthesized SWNT
random network is electrically isotropic. Lithographic patterning
and etching procedures provide a route to engineering the layouts
of such networks, to advantage. For example, cutting a network
into narrow strips (width, Ws) oriented along the overall transport
direction (Fig. 6b inset) limits the lateral crosstalk between
SWNTs, such that the percolation thresholds rise with decreasing
WS. Such increases in threshold affect Ioff more than Ion, because
the m-SWNTs are less abundant than s-SWNTs, and because the
Ioff in the network device arises from pathways that involve only
m-SWNTs. As a result, etched strips in the network can lead to
orders ofmagnitude decreases in Ioff by significantly reducing the
possibility of purely metallic pathways. At the same time, their
adverse effects on the Ion variability and effective mobility, both of
which are strongly determined by s-SWNTs (Fig. 6), can be
comparatively minor when implemented in optimized geome-
tries.[66] The role of these strips on the electrical properties of
SWNT thin films can also be quantified through percolation
modeling discussed in the previous section (Fig. 6b).[182] This type
of engineering of the layouts of SWNT networks offers
opportunities to achieve high on/off ratio without steps to enrich
the population of s-SWNTs or to remove the m-SWNTs.

The collective properties of random networks or partially
aligned SWNT thin films in the limit of LC> LS are influenced not
only by the properties of the SWNTs themselves, but also by the
finite resistance and electrostatic screening at the SWNT–SWNT
junctions.[80,81] Perfectly aligned arrays of SWNT assembled
using the guided growth methods described in Section 2.2, with
LC< LS, can avoid these SWNT–SWNT contacts altogether,
thereby enabling certain electrical characteristics of the films to
approach intrinsic properties of the individual SWNTs.[64,130,184]

Figure 6c depicts a series of transfer characteristics of transistors
that use aligned arrays. The effective mobilities (mDEV), extracted
from devices with long LC (e.g.,> 25mm) where the effect of
parasitic contact resistances are small, approach 1000 cm2 Vs�1,
which is a 10-fold improvement over that of values reported for
random networks. The per tube mobilities (mt), calculated using
the capacitance only of the s-SWNTs in the arrays, as described
below, can exceed 2000 cm2 Vs�1, which is only slightly lower
than the diameter averaged intrinsic mobilities (�3000 cm2 Vs�1,
Fig. 6d) evaluated from sets of devices constructed on single
tubes.[64] These attractive properties, at a reproducible, scalable
level in thin-film devices, allow this class of material to be
considered for high-performance electronic systems, as described
further in Section 7.

3.2.3. Capacitance Coupling of SWNT Thin Films

The electrostatic capacitance coupling between a planar electrode
and a SWNT thin film, which is generally in a sub-monolayer
format for optimal use as a semiconducting material, is critically
important for transistor operation and for estimating the
performance limits of SWNT TFTs. This coupling can be much
different than that of traditional thin-film type materials,
depending on D and on the separation between the planar gate
electrode and the film (d), due to the SWNT film’s limited surface
coverage and stick topology.[187,188] A simple model system,
consisting of a parallel array of equally spaced SWNTs, can
provide a semiquantitative understanding of the gate capacitance
H & Co. KGaA, Weinheim 37
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coupling in SWNT TFTs that use films with some degree of
misalignment and/or nonuniform spacings (Fig. 7a).[189] Finite-
element simulation reveals that the fringing fields and electro-
static screening between neighboring SWNTs can lead to
electrical field distributions, and therefore capacitance coupling
to a gate electrode that deviate significantly from that of a
parallel-plate capacitor (Fig. 7b). An analytical expression of gate
capacitance (Ci), which assumes that the charge distributes
symmetrically around the nanotube (consistent with a single
sub-band quantum limit), can be obtained for the case of
nanotubes that are fully embedded in a material with the same
dielectric constant (e) as the gate dielectric,

Ci ¼
2

"
log

L0

RT

sinp2d=L0

p
þ C�1

Q

� ��1

L�1
0 ð4Þ

where L0 is the average distance between neighboring tubes; RT

is the tube radius, and CQ
�1 is quantum capacitance. In most

regimes, this equation yields results similar to direct, finite-

element simulation (Fig. 7c). The validity of these models has

been confirmed, qualitatively and semiquantitatively, through

experiments on SWNT TFTs with a range of dielectric thicknesses

as well as direct capacitance–voltage measurements.[66,189] This

knowledge is critical in comparing the effective mobilities of

SWNT thin-film devices with different Ds and ds, and in

obtaining accurate transient state analysis of such devices and

circuits that incorporate them.

3.2.4. Electrical Contacts Between SWNT Films and

Metallic Electrodes

For transistors built on individual SWNTs, two distinct types of
behaviors have been reported. The first involves field-effect
Figure 7. a) Schematic illustration of a model system used to calculate the
capacitance coupling between an array of SWNTs and a planar electrode.
L0: average distance between neighboring tubes; RT: tube radius; d:
dielectric thickness. b) Simulation of the electropotential distribution of
this system evaluated with the finite-element method (FEM). The black
lines correspond to the field lines. c) Capacitances (Ci) for capacitors
formed with SWNT arrays with different densities, SiO2 dielectric layers
with different ds, and planar electrodes, computed with FEM (symbols) and
an analytical expression (lines). Reproduced with permission from
Ref. [189]. Copyright 2007 American Institute of Physics.
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modulation of apparent device resistance through changes in the
properties only of the contacts, and not the channel.[190–192]

Devices of this type are often referred to as Schottky-barrier (SB)
transistors. The second type of reported operation is due to a more
conventional mechanism, in which the field effect modulates the
properties of the channel. Here, the contacts contribute a simple,
Ohmic, and field-independent resistance.[7,193–195] These two
dramatically different operational-mode cases can result, at least
in part, from differences in the SWNTs (e.g., diameters, densities
of defects, etc), in the metals for the contacts, and in extrinsic
features associated with the details of device processing. The
ability to form large collections of SWNT TFTs with good
uniformity in properties allows standard transmission-line model
(TLM) analysis of their behavior. The first, and simplest,
observation that emerges from an analysis of random network
devices with moderate Ds and LCs significantly larger than the
average distance between tube junctions is that the device
mobilities, as evaluated without specifically including the effects
of the contacts, are only weakly dependent on LC. This outcome is
consistent with a small role of contacts in the device operation
(Fig. 8a).[142,196–198] A more detailed study, using standard TLM
procedures,[199] involves first determining the resistance of
semiconducting pathways (Rsem) from the overall device
resistance, by assuming that Rsem (the resistance associated with
the semiconducting pathways) andRmet (the resistance associated
with the metallic pathways, as determined from Ioff) are
connected in parallel. Plotting this quantity (Rsem) as a function
of LC at a range of gate-source voltages (VGS) provides key
insights. In particular, the y-intercepts and inverse slopes of linear
fits to such data yield the contact resistance and the channel sheet
conductance, respectively, at each VGS. The results reveal that VGS

significantly modulates the conductance of SWNT films in a
manner that is quantitatively consistent with silicon-device
models. Furthermore, the contact resistance is negligible
compared with the channel resistance for LC larger than
�2mm, for the example here. The ‘‘intrinsic’’ mobility (mint)
can be calculated by subtracting the effects of contact resistance;
the results are almost identical to values extracted directly from
transfer characteristics of individual devices (Fig. 8b inset).

By contrast, for TFTs built with aligned arrays of SWNTs, the
effects of contacts can be prominent, due mainly to the lowered
channel resistances in this case compared to that of the random
network devices. These effects can be seen most simply through
the strong dependence of the mobilities extracted from transfer
characteristics, ignoring the effects of contacts, on LC (Fig. 8a). In
particular, the mobilities increase with increasing LCs, and
approach mint at long LCs, where the channel resistance is
sufficiently large to dominate the device behavior (Fig. 8c
inset).[64] Full TLM analysis shows that even in aligned-array
devices, the total device resistance changes mainly due to
modulation of the channel sheet conductance by VGS; the
properties of the contacts change by a comparably small amount
(i.e., by an amount less than experimental uncertainty for these
data) with VGS (Fig. 8c). The contact resistance pertube, as
evaluated from the y-intercept and the estimated number of
s-SWNTs involved in transport, is �30 kV,[64] close to the value,
ca. �21 kV, extracted from measuring transistors built on
individual tubes.[7] Chemical-doping approaches demonstrated
for single-tube devices, or new metallic materials for S/D
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 29–53
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Figure 9. Transfer characteristics of a) ambipolar, b) unipolar p-channel,
and unipolar n-channel SWNT TFTs achieved with a) dielectric passivation
or b) polymer charge-transfer doping.

Figure 8. a) Linear region device mobilities, extracted from transfer
characteristics and capacitances calculated using a rigorous model, of
SWNT TFTs based on aligned arrays (D� 5 SWNT mm�1, left axis, square)
and random networks (D� 6 SWNT mm�2, right axis, circle). Width-
normalized resistance of semiconducting responses of TFTs (RsemW)
based on b) SWNT random networks and c) aligned SWNT arrays as a
function of LC at different VGS (in frame b, VGS changes from�6 to�16 V in
step of 2 V from top to bottom. In frame c, VGS changes from�20 to�32 V
in step of 2 V from top to bottom). The solid lines represent linear fits.
Although all fitted lines show similar intercepts, this outcome is just a
coincidence of the linear regression fitting process. The relative standard
errors for the fitted intercepts are between 40 and 200%. Insets: Plots of the
sheet conductance (DRsemW/DLC)

�1 associated with the semiconducting
responses, determined from the reciprocal of the slopes of the linear fitting
in the main frames, as a function of VGS, giving the ‘‘intrinsic’’ device
mobilities (mint) after subtracting influences from contact resistances.
electrodes, may help to reduce the contact resistance.[200,201] In all
cases, the work functions and chemistries of the contact metals
can have important effects on performance and polarity of SWNT
TFTs. High-work-function metals, such as palladium/gold,
provide efficient contacts for p-channel devices; with decreasing
work function, ambipolar and n-channel behavior can be
Adv. Mater. 2009, 21, 29–53 � 2009 WILEY-VCH Verlag Gmb
observed. Similar results have been reported for devices
constructed on individual tubes.[192,202,203]

3.2.5. Chemical Modifications of Transport

Transport in SWNTs is known to be sensitive to their surrounding
environment, due to the high surface to volume ratios of the
tubes.[204] SWNT TFTs that use as-grown or as-deposited
nanotube networks/arrays typically exhibit unipolar p-channel
behavior when built with high work function metals for S/D
contacts and exposed to oxygen, at least partly due to the presence
of SBs at the contacts.[190,205] Such devices can be converted to
air-stable n-channel or ambipolarmodes when they are passivated
with inorganic dielectrics.[206,207] The mechanism behind this
process could involve elimination of oxygen molecules that
otherwise collect on the sidewalls of SWNTs and/or SWNT–metal
contact in open air.[205,208–210] In this view, removal of absorbed
oxygen renders s-SWNTs as intrinsic (i.e., undoped) semicon-
ductors[205,210,211] and/or reduces the SBs for electron conduc-
tion, such that both electrons and holes can be injected from S/D
electrodes[190,212] (Fig. 9a). Charge-transfer doping with amine-
containing molecules/polymers provides a convenient means to
achieve similar control, as initially demonstrated in single-tube
devices.[213,214] This strategy works for SWNT TFTs with
conventional gate dielectrics as well as those that use polymer
electrolytes.[142,196–198,215] In particular, uniformly coating the
channel region with low molecular weight polyethyleneimine
(PEI) leads to unipolar n-channel operation in as-fabricated
p-channel devices (Fig. 9b). These behaviors are thought to arise
from changes in the electrical properties of nanotubes them-
selves, due to the polymer coatings.[197,216] The effective device
mobilities of n-channel devices that result from this process are
generally somewhat inferior to those of their p-channel counter-
parts, possibly because of incomplete coating/interaction of the
PEI with the tubes or residual electron withdrawing species
adsorbed onto the devices prior to coating. Control of device
polarity by simple application of dielectric/polymer coatings is
effective for random networks, aligned arrays, or anything in
between. This capability represents an advantage of SWNT TFTs
compared to organic TFTs, where completely different chemis-
tries for the semiconducting materials are typically used for
p-channel, n-channel, and ambipolar devices.[217–219]
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3.3. Optical and Mechanical Properties

Although the band gaps of SWNTs are relatively small, films of
the type described in the preceding sections can be relatively
transparent to visible light for several reasons. First, because of
their small diameter and high aspect ratio, SWNTs exhibit low,
polarization-dependent optical absorption cross-sections.[220]

Second, SWNTs have low plasma cut-off frequencies.[76] Third,
their high intrinsic mobilities and conductivities enable films
with even relatively low coverage to provide good electrical
properties. Compared to traditional transparent conductive/
semiconducting oxides such as indium-doped tin oxide (ITO) or
zinc oxide (ZnO), such SWNT films can provide higher
performance and with a potential for lower cost. They are,
therefore, under exploration for use in transparent passive and
active electronic devices, as discussed in detail in Section 4.
SWNT thin films also offer excellentmechanical properties due in
part to the intrinsic mechanical properties of the SWNTs, that is,
high elastic moduli and fracture stresses.[20,221,222] Experiments
suggest that even under exerted high strain levels (�5%), the
electrical properties of SWNT thin films only vary within
15%.[20,223] These features make SWNT films attractive for
applications that require high degrees of mechanical bending,
such as flexible or conformable electronic systems, which will be
further discussed in Section 6.
Figure 10. a) Optical image of a transparent, conductive SWNT film on a sapphire substrate.
Reproduced with permission from Ref. [76]. Copyright 2004 AAAS. b) Optical image of an array of
‘‘all-tube’’ flexible transparent TFTs (TTFTs) on a plastic substrate. The arrow indicates the S/D
structures, which are faintly visible as arrays of gray squares in the center of this image. c)
IDS�VDS characteristic of a SWNT TTFT (VGS changed from �80 to 40V in steps of 20 V).
Reproduced with permission from Ref. [106]. Copyright 2006 Wiley-VCH. d) Brightness versus
voltage for an OLED that uses a SWNT thin film as the anode. Reproduced with permission from
Ref. [250]. Copyright 2006 American Chemical Society. Inset: Schematic illustration of the device
layout of OLED. HTL, hole-transport layer; EML, emission layer. Reproduced with permission
from Ref. [230]. Copyright 2006 American Chemical Society. e) Current density (i) versus voltage
for organic solar cells that use ITO or SWNT thin films (black square) as the anode. Inset:
Schematic and optical image of flexible organic solar cell using SWNT thin film as electrodes on
PET substrate. Reproduced with permission from Ref. [251]. Copyright 2006 American Institute of
Physics.
4. Transparent Electronics Based
on Carbon-Nanotube Thin Films

Invisible electronic materials are of special
value for many military and consumer applica-
tions, such as antistatic coatings, flat panel
displays, photovoltaic devices, and certain
security components.[224] Metal oxides, for
example, ZnO and ITO, are the most widely
usedmaterials in such applications. They have,
however, several limitations: i) they are costly
and ITO is becoming increasingly expensive
due to a predicted shortage of indium; ii) they
have facture strains less than 1%,[225] resulting
in limited mechanical robustness; iii) their
deposition requires vacuum procedures and,
often, elevated temperatures; iv) semiconduc-
tor films typically demonstrate modest mobi-
lities (up to �20 cm2 Vs�1).[226,227] By contrast,
SWNT thin films, which can be produced in
large quantities by arc-discharge and/or CVD
methods and then deposited and patterned
with cost-efficient solution processes or print-
ing procedures (see Section 2.1 and 6.1), offer
outstanding electrical, optical, and mechanical
properties, as discussed in Section 3. As a
result, such materials have emerged as
promising candidates for transparent electro-
nics.[173,228] In this section, we describe the
development of transparent conductive SWNT
films, where the aim is to replace ITO/ZnO for
certain applications. We then introduce some
� 2009 WILEY-VCH Verlag Gm
examples of the integration of transparent SWNT thin films into
functional active electronic and optoelectronic devices.
4.1. Transparent Conductive Films of Carbon Nanotubes

Although the idea of utilizing SWNT films as conductive
materials is simple, the overall properties depend in complex
ways on many parameters including average tube length, tube
diameter, deposition method, abundance of m-SWNTs, and
adventitious doping from the ambient.[76,229] For conductive
films, long SWNTs, to minimize the role of SWNT–SWNT
junctions in transport, with relatively large diameters, to
minimize the band gap of s-SWNTs, are preferred.[175,230] Ideally,
the deposition method should allow assembly of uniform films at
high throughput on any substrate, with accurate control of D.
Several of the techniques described previously have attractive
capabilities, most notably the cF and vacuum-filtration meth-
ods.[69,76,78] These approaches can yield uniform coatings over
large areas. Figure 10a shows such a film 50 nm thick covering a
4 inch diameter wafer, with sheet resistance< 100V sq�1 and
transmittance greater than 70% over the visible range, both
comparable to properties of ITO films with similar thickness. The
conductance can be further reduced by doping s-SWNTs with
strong acid/oxygen or by hybridizing with gold nanoparti-
cles.[231–234] Films made with m-SWNTs collected by ultracen-
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 29–53
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trifugation have sheet resistances as much as 10 times smaller
than those of films formed with identical procedures but using
unsorted SWNTs.[235] Also, films made with m-SWNTs that have a
narrow diameter distribution demonstrate a colored appearance,
thus opening the possibility for use in conductive optical filters.[235]
4.2. Applications in Active Transparent Electronics and

Optoelectronics

Transparent conducting and semiconducting films have been
demonstrated in various active-device structures, ranging from
TFTs to optoelectronic devices andmicroelectromechanical systems/
nanoelectromechanical systems (MEMS/NEMS).[106,236–241] The
ability to form transparent TFTs is interesting because it suggests
a path to invisible circuits.[242] Such devices can be realized by
combining, for example, either SWNT-film electrodes (i.e., high
D) and transparent organic semiconductors, or metal oxide
electrodes and semiconducting SWNT films (i.e., moderate or
low D).[106,243,244] Here, we highlight an approach to flexible
transparent transistors that uses SWNT films for all of the
current-carrying layers.[106] Figure 10b shows an optical image of
an array of this type of ‘‘all-tube’’ transparent TFTs. Such devices
can be formed through sequential transfer printing of CVD
nanotube networks with different densities onto a plastic
substrate. High-D films form the S/D and gate electrodes, while
moderate-D films form the semiconductor. The optical transmit-
tance, even for the most opaque S/D regions, is above 75%,
comparable to some of the best transparent transistors based on
oxides.[227,245] These devices demonstrate attractive electrical
properties, with effective mobilities of�30 cm2 Vs�1, comparable
to or somewhat larger than those of typical amorphous
semiconducting oxides, <20 cm2 Vs�1. (Fig. 10c).[227,245] These
performance attributes suggest potential use in applications that
are more advanced than switching transistors in active-matrix
liquid-crystal displays. When combined with mechanically robust
elastomeric dielectrics, the devices can withstand tensile strains
up to 3.5% without degradation. Beyond this limit, the dielectrics
fail, but the SWNT films remain conductive/semiconducting.

Transparent conductive SWNT films are of particular interest
for optoelectronic devices based on organic semiconductors, such
as organic light-emitting diodes (OLEDs) and organic photo-
voltaic devices (OPVs), as a replacement for ITO to realize
low-cost roll-to-roll manufacturing.[246] In addition, SWNTs can
provide excellent contacts to organic semiconductors[243] without
the disadvantages of ITO, such as diffusion of oxygen into organic
layers, absorption in the blue region, and poor mechanical
robustness/chemical stability.[225,247,248] Since SWNT films
exhibit relatively high work functions (�4.9 eV),[249] they can
serve as electrodes for hole-injection/extraction in OLEDs/OPVs.
For optimum results, a poly(3,4-ethylenedioxythiophene)/poly
(styrene sulfonate) (PDOT/PSS) coating, which offers higher
work function (�5.2 eV), is often applied to the SWNT layer, to
improve device efficiency and to planarize the SWNTs (Fig. 10 d
and e inset). Luminescence above 3000 cd m�2 and turn-on
voltages around 5.0 V have been reported in flexible OLEDs;
power efficiencies up to 2.5%, comparable to that of devices with
ITO electrodes, have been achieved in flexible OPVs, all using
SWNT thin films as the anode electrodes (Fig. 10d and e).[250–252]
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Experiments also show that replacing ITO with SWNT films as
electrodes does not alter device lifetimes.[250]
5. SWNT Thin Films for Sensing

The electronic properties of SWNTs, which consist exclusively of
surface atoms, are very sensitive to adsorbents.[204,205] Changes
can be electrically evaluated in resistor, transistor, or capacitor
structures. In this manner, it is possible to incorporate SWNTs as
sensing elements for various molecules of interest, from toxic
chemical vapors to bio-macromolecules.[253–255] Compared with
individual nanotubes, SWNT thin films, where a large number of
tubes are exposed to analytes simultaneously, not only improve
the signal-to-noise ratio and thus the detection limit,[256] but they
can also be used conveniently to build large numbers of identical
devices, as discussed previously. In this section, we summarize
various device-structures/sensing strategies specially engineered
for SWNT thin films in gas or biomolecular sensors.
5.1. Gas Sensors

SWNT gas sensors respond to the surface coverage of analytes
(P/P0, where P is the partial pressure and P0 is equilibrium
pressure, respectively), unlike conventional gas sensors, which
respond to their concentration (P).[257,258] As a result, they can
offer very high, ca. �part per billion (ppb) level, detection limits
for low vapor pressure analytes such as chemical warfare agents
and explosives, which cannot be detected by conventional gas
sensors for which such concentrations are insufficient to load the
active materials.[257–262] The simplest sensor is a chem-resistor,
which involves electrical contacts at two ends of a SWNT thin
film, as represented by the flow cell shown in Figure 11a inset.[260]

Gas molecules adsorb onto the surfaces of the SWNTs, especially
at defect points.[263] Experiment and calculation suggest that
charge transfer between adsorbed molecules and the SWNT
valence band changes the number of mobile charge carriers, and
thus the apparent resistance.[208,264] Molecules with strong
electron-donating or withdrawing capabilities lead to large changes
in resistance. Dimethyl methylphosphonate (DMMP), a simulant
for the nerve agent sarin, can be detected at ppb levels due to its
high electron-donating properties (Fig. 11a).[260] The recovery of
resistance can be slow, however, due to high desorption energies,
thus limiting the dynamic range/reversibility. One solution to this
problem is to form the SWNT sensor in a TFT geometry. By
application of a suitable gate voltage, the resistance can be nearly
completely reset to its initial value, possibly due to the action of
repulsive Coulomb forces between adsorbents and the gate-
induced charge (Fig. 11b).[260]

Besides monitoring variations in the conductance of SWNT
thin films, sensing can be accomplished by measuring the
changes in capacitance between the film and a planar electrode in
a chem-capacitor structure (Fig. 11c inset).[257] The capacitance
response comes from changes in i) quantum capacitance of
SWNTs, due to the shift of Fermi level as a result of charge
transfer doping associated with adsorbed molecules, and ii)
geometrical capacitance, due to the change of dielectric
environment closely surrounding SWNTs, as a result of both
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Figure 11. a) Relative change in resistance (DR/R) versus time for a SWNT chem-resistor loaded in
a flow cell exposed to 1 ppb DMMP. Inset: Optical image of a SWNT flow cell chem-resistor sensor.
b) Resistance (R) versus time for a SWNT chem-transistor in response to exposure to DMMP and
subsequent bias voltage applied to the gate. Reproduced with permission from Ref. [260].
Copyright 2003 American Institute of Physics. c) Relative change in capacitance (DC/C) versus
time for a SWNT chem-capacitor exposed to doses of N,N-dimethylformamide (DMF) at varying
concentrations noted in the figure. Reproduced with permission from Ref. [257]. Copyright 2005
AAAS. d) Normalized change in capacitance (DĈ, red) and conductance (DĜ, green) versus time
for a SWNT sensor exposed to doses of DMMP and dimethyl phosphite (DMP) at varying
concentrations. Reproduced with permission from Ref. [265]. Copyright 2005 American Chemical
Society. e) DR/R versus time for a SWNT chem-resistor decorated with Pd nanoparticles exposed
to hydrogen at varying concentrations (in the unit of ppm) noted in the figure. Reproduced with
permission from Ref. [267]. Copyright 2007 Wiley-VCH. Inset: AFM image of Pd nanoparticles
deposited on a random network of SWNTs via electroplating. Reproduced with permission from
Ref. [268]. Copyright 2007 American Institute of Physics. f) Relative change of conductance (DG/
G0) versus time of a SWNT sensor exposed to DMMP pulses through an integrated m-GC
column. Inset: Optical image of the integrated m-GC system with SWNT gas sensor as detector.
Reproduced with permission from Ref. [274].
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electric-field alignment of dipole moments and field-induced
polarizations of adsorbed molecules.[257] Because an ac field is
utilized in capacitance measurements, molecules are forced to
undergo continuous adsorption–desorption processes. This
feature leads to rapid and reversible behavior (Fig. 11c).[257]

Unlike conductance, the capacitance responses do not require
strong interactions with the absorbed molecules or direct charge
transfer, the latter of which is likely to happen only at some finite
‘‘active’’ sites, for example, defect points. The result is an ability to
detect over a large range of concentrations.[258] The different
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
mechanisms for conductance and capacitance
responses lead to different responses to analyte
molecules with similar structures (Fig.
11d).[265] The ratio of the change in conduc-
tance to the change in capacitance can be used
as a characteristic signature to distinguish
different chemical vapors.

A major disadvantage of SWNTgas sensors
is lack of specificity. One way to solve this
problem is to functionalize SWNTs with
specific receptors for targeted analytes. For
instance, decorating SWNTs with either eva-
porated or electroplated palladium nanoparti-
cles (Fig. 11e inset) leads to the formation of a
SWNT chem-resistor specific for hydrogen
detection.[266–268] When exposed to hydrogen,
the reversible formation of electron-rich palla-
dium hydride hinders hole transport in p-doped
s-SWNTs, and thus leads to higher resistance.[269]

Due to the availability of abundant active sites in
SWNT thin films, these sensors can respond
linearly over a wide concentration range, an
obvious advantage over previous results from
individual-tube devices (Fig. 11e).[267] A major
source of interference for this sensor is oxygen,
which also reacts with Pd.[269] Additional
chemoselective coatings may help to solve this
problem.[258,270] Similar strategies have also
been developed for specific detection of H2S,
CH4, and CO2.

[271–273] Another approach is to
circumvent this issue entirely by integrating
SWNT gas sensors into microgas chromato-
graphy (m-GC) systems (Fig. 11f).[274]
5.2. Biosensors

Since the diameters and carrier densities of
SWNTs are comparable to the sizes and
surface-charge densities of bio-macromolecules,
SWNTs can serve as ultrasensitive transducers
in biosensors based on chem-resistor or
transistor structures.[40,275,276] Biomolecules,
such as DNAs and proteins, can nonspecifically
bind to the surfaces of SWNTs, due to
hydrophobic interactions, p–p stacking interac-
tions,[143] and possibly amino-affinity of SWNTs
to alter the conductance of SWNT thin films.[277]

In this way, the SWNTs themselves can function

as labels for efficient label-free detection (Fig. 12a and b).[278,279]

Furthermore, single-strand DNAs bound to SWNTs can serve as
probes for their complementary strands, to distinguish, for
example, between mutant and wild-type alleles (Fig. 12c). [278,279]

Generally, there are two mechanisms for biomolecules to
influence the electronic properties of SWNTs: i) electrostatic
gating or doping of SWNTs, and ii) modulation of the SB between
SWNTs and contact electrodes.[280] Recent experiments in which
only contact or channel regions of SWNT transistors were
exposed to DNA solutions suggest that although both mechan-
heim Adv. Mater. 2009, 21, 29–53
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Figure 12. a) Schematic illustration of label-free detection of DNA using
SWNT TFTs. b) Transfer characteristics of SWNT TFTs before (bare NT),
and after incubation with 12-mer DNA probes (probe), as well as after
incubation with the complementary DNA target (hybrid). c) Relative
change in conductance (1�G/G0) for SWNT TFTs incubated with probe
DNAs in response to the complementary (wild type) or single basepair
mismatched (mutant) single-strand target DNA. Reproduced with per-
mission from Ref. [278]. Copyright 2006 American Academy of Science.
d) Schematic illustration of highly sensitive detection of biomolecules
utilizing large-area Schottky contacts. e) Relative change of conductance
(G/G0) versus time for SWNT chem-resistor capable of specific detection
utilizing antigen–antibody interaction of human chorionic gonadotropin
(hCG) and mouse antibody (b-hCG). PBS, phosphate-buffered saline; BSA,
bovine serum albumin. Reproduced with permission from Ref. [283].
Copyright 2006 American Chemical Society. f) Schematic illustration of
noncovalent functionalized SWNTs for detecting prostate-specific antigen
(PSA). g) Schematic illustration of the reaction sequence to functionalize
SWNTs with anti-PSAmonoclonal antibody (PSA-AB). h) Change in current
versus time for a PSA-AB-functionalized SWNT thin-film chem-resistor
exposed to buffer, BSA, and PSA. Inset: SEM image of SWNT thin film as
the active layer. Reproduced with permission from Ref. [286]. Copyright
2005 American Chemical Society.
isms contribute to DNA sensing, contact modulation can be more
significant.[281,282] The dominant role of contact modulation is
also supported by measurements of transfer characteristics of
SWNT TFTs, where both decreases of p-branch and increases of
n-branch conductance were observed for DNA-functionalized
devices (Fig. 12b).[278] The sensitivity of SWNT biosensors can
therefore be improved by engineering the electrode profile to
maximize the thin-metal contact area with SWNTs (Fig. 12d).[283]

The detection limit can be increased by over 100 times to achieve
picomolar- or even femtomolar-level detection limits in this
manner.[283,284] Selective detection by use of antigen–antibody
interactions can also be achieved in this structure, by first coating
the device with antigens by nonspecific adsorption and then
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masking the remaining active sites with a surfactant. After these
treatments, only addition of the corresponding antibody induces
changes in conductance, without any response to other
interfering proteins (Fig. 12e).[283]

A more generalized and reliable approach to achieve specific
detection involves direct chemical functionalization of the SWNTs.
Noncovalent approaches are generally preferred as they do not
degrade the intrinsic electrical properties of the SWNTs.[285]

Figure 12f and g schematically illustrate the use of a bifunctional
small-molecule linker that binds with SWNTs through p–p
stacking interactions and with an antibody through covalent
bonding.[286] In this system, only the introduction of a specific
antigen can change the conductance, presumably due to
electrostatic gating effects (Fig. 12h). Other nanotube functiona-
lization agents, such as polymers and dextrans,[287,288] and other
specific biointeractions, such as enzyme–substrate interactions
and aptamer–substrate interactions,[253,289–291] can also be utilized.
6. Application of SWNT Thin Films in Flexible,
Conformable, and Stretchable Electronic Systems

Electronic devices that can be formed on mechanically flexible
substrates have recently attracted considerable attention owing
partly to the proliferation of handheld, portable consumer
electronics and the attractive features that flexibility would bring
to such devices.[67,292] In addition, many next-generation military
and industrial radio-frequency (RF) surveillance systems and
others benefit from flexible and large-area layouts. Currently,
amorphous Si (a-Si), low-temperature polycrystalline silicon, and
organic semiconductors represent the most widely explored
materials for the semiconductor components of these sys-
tems.[293,294] Due to their modest electrical properties, applica-
tions that require substantial computational, control, or com-
munication functions cannot be addressed. The combination of
attractive electrical, mechanical, and optical properties of SWNT
thin films renders them interesting candidates. Replacing organic
semiconductors and a-Si in these flexible/stretchable systems or
in macroelectronic devices, instead of competing with wafer-scale
Si microelectronics, might represent the most realistic short/
medium-term application goal.[67,142,292,295] In this section, we
first discuss methods to integrate high-quality SWNT thin films
on plastic substrates, with a focus on dry transfer printing
techniques. We then describe several classes of SWNT TFTs,
emphasizing device layouts and optimization, followed by circuit
level demonstrations. Finally, we introduce recently developed
classes of stretchable devices that use SWNT thin films on
elastomer substrates.

6.1. Film Formation on Flexible Substrates

Although solution deposition methods are naturally compatible
with plastic substrates, the films formed in this way generally
have electrical properties that are significantly worse than those of
films formed by CVD, at least in part due to their shorter average
tube lengths, residual surfactant coatings, and structural defects
induced by solubilization processes. Most CVD procedures for
synthesizing SWNTs require, on the other hand, high tempera-
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Figure 14. Transfer characteristics of SWNT TFTs on plastic substrates
coated by bilayer nano-dielectrics, with LCs, from top to bottom, of 50mm
(green), 75mm (red), 100mm (black), a) before and b) after uniformly
coating the channel region with PEI (VDS: �0.2 V). Reproduced with
permission from Ref. [198]. Copyright 2006 Wiley-VCH. c) Schematic
illustration of a top-gate SWNT TFT on a plastic substrate. d) Transfer
characteristics of top-gate SWNT TFTs with high kHfO2 dielectric and high
work function (Au, blue) and low work function (Al, black) gate electrodes.
Inset: transfer characteristics of the SWNT with Al gate plotted on a
logarithmic scale, with VDS¼�0.5 V (navy),�2 V (green),�5 V (magenta).
Dashed lines are SPICE simulation results. Reproduced with permission
from Ref. [66]. Copyright 2008 Nature Publishing Group.

Figure 13. a) Schematic illustration of a process that uses polyimide (PI)
and a gold (Au) film to transfer CVD-grown nanotubes (in this case, aligned
arrays of SWNTs grown on quartz) to other substrates. SEM images of b)
aligned SWNT arrays transferred from a single-crystal quartz growth
substrate to a plastic substrate and c) triple crossbar arrays of SWNTs
formed by three consecutive transfer processes. Reproduced with per-
mission from Ref. [96]. Copyright 2007 American Chemical Society.
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tures (generally above 800 8C for thermal CVD and 450 8C for
certain plasma-enhanced methods). Such conditions prevent the
direct growth of nanotubes on plastic and other potentially
interesting materials.[296] Although microwave methods may
allow tubes to be grown directly on plastic, further development is
required to improve tube quality.[297] Transfer printing techniques
avoid these challenges by separating the high-temperature CVD
synthesis from target substrates with limited thermal stability.
One such technique uses PDMS stamps to remove SWNT films
from a growth substrate such as SiO2/Si after HF etching of the
oxide.[223] This method is simple and has very high efficiency.
The values of D evaluated on the receiving substrate are almost the
same as those on the growth substrate. Related methods that use
‘‘carrier’’ films, which adhere strongly to the SWNTs and may
serve as plastic substrates for subsequent device/circuit
fabrication, can transfer tubes directly without undercut etching
(Fig. 13a).[66,96,298–300] Such approaches can be used, for example,
to transfer aligned nanotubes grown on quartz (Fig. 13b).[96,300]

In both cases, a metal film, which is subsequently removed
by wet-etching after transfer, can be applied on top of SWNT films
to bind them together during the printing processes. Multiple
transfer steps enable further control of D and tube layouts
(Fig. 13c).[96]
6.2. Mechanically Flexible SWNT Thin-Film Transistors

Conventional microfabrication techniques or printing
approaches can be applied to SWNT films on plastic to form
devices and circuits.[197] The gate dielectrics are important
components of SWNT TFTs. High capacitances for low-voltage
and hysteresis-free operation, together with low leakage current
densities for power efficiency are desirable. Deposition methods
Figure 15. a) Schematic illustration and b) static transfer characteristics of
a CMOS inverter formed with a pair of back-gated SWNT TFTs that use
films of random networks of SWNTs and HfO2/epoxy bilayer gate dielec-
trics. The n-channel TFT is coated with PEI. The inset of b) provides the
corresponding circuit diagram. Vdd, common power supply; Vin, input
voltage; Vout, output voltage; Vss, common ground. Reproduced with
permission from Ref. [198]. Copyright 2006 Wiley-VCH.
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that are compatible with plastic substrates can also be important,
depending on the application. Certain classes of 3D-crosslinked
organic multilayers (�16 nm) formed through room-temperature
self-assembly processes are attractive, due to the large capaci-
tances (�170 nF cm�2), excellent insulating properties (leakage
current densities less than 10�9 A cm�2) and smooth surface
morphologies.[215,301] A different approach utilizes inorganic
oxides (2–5 nm) formed by atomic layer deposition (ALD), with
spin-cast crosslinked epoxies (�10 nm) on top to serve as
adhesive layers for transfer printing, if necessary.[198] Such bilayer
nano-dielectrics, similar to organic multilayers, offer high
capacitance (up to �330 nF cm�2) as well as low leakage current
density, interface charge density, interface state density, and
dissipation factors. These high-capacitance dielectrics also greatly
reduce the subthreshold swing (S) of SWNT TFTs, which enables
operation at voltages even lower than those that would be inferred
from the differences in capacitance. Therefore, hysteresis for both
p-channel and n-channel devices built on bilayer nano-dielectrics
Figure 16. a) Schematic view, b) circuit diagram, and c) static transfer characteristics of an
inverter composed of two p-channel SWNT TFTs on a PI substrate. PU, polyurethane; PAA,
polyamic acid. In c), the dashed line represents a circuit simulation result. d) Optical image of a
flexible SWNT integrated circuit chip bonded to a curved surface. e) Input–output characteristics
of a four-bit decoder composed of 88 SWNT TFTs. In descending order, the first four traces are
inputs, labeled as most significant bit (MSB), second bit (SB), third bit (TB), and least significant
bit (LSB) on the right-hand side; the remaining traces, labeled ‘‘0’’ to ‘‘15’’, show the output
voltages of the sixteen outputs. f) Measured (blue) and simulated (red) dynamic response of one
output line under a square-wave input pulse (black) at a clock frequency of 1 kHz. Reproduced
with permission from Ref. [66]. Copyright 2008 Nature Publishing group.
or organicmultilayers ismuch smaller than that
of devices on more widely explored thick oxide
or polymer dielectrics, possibly due to a
reduction in the electrical fields near the SWNTs
as result of lower operating voltage and fewer
traps in dielectrics (Fig. 14a and b).[198,215,302,303]

Devices with such dielectrics can incorpo-
rate a bottom-gate structure, where a contin-
uous conductive film, for example, ITO
deposited on polyethylene terephthalate
(PET) substrate, serves as a gate elec-
trode.[198,223] This layout is easy to fabricate
and is useful for evaluating the electronic
properties of the devices, although it is not
immediately suitable for circuit integration.
There are two approaches to avoid this
limitation. One is to use a patterned bottom-
gate structure.[304] The advantage of this
approach is that the nanotubes are exposed,
thereby enabling their electronic properties to
be further tuned with chemical modification
techniques discussed in Section 3.2.5. When
exposed to oxygen from the air, for example,
the devices demonstrate unipolar p-channel
behavior (Fig. 14a). Another approach is to
deposit gate dielectrics on top of SWNTs for a
top-gate device structure (Fig. 14c).[66] High k
dielectrics can be deposited by ALD, for
example, on CVD tubes transferred to a
polyimide substrate. Such designswith random-
network SWNT thin films offer good device
properties, that is, mobilities � 70 cm2 Vs�1,
subthreshold slopes�200mVdec�1, operating
voltages less than 4 V, transconductances as
high as 0.12mS mm�1 and on/off ratios >103

enabled by the striping scheme discussed in
Section 3.2.2 (Fig. 14d).[66] Furthermore,
because high-capacitance gate dielectrics
reduce the relative contribution of voltage
across the dielectric to the threshold voltage
(VT), VT can be controlled using gate metals
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with different work functions.[63,305] For example, replacing
Au with Al as the gate metal shifts VT by �(0.6–0.8) V, thereby
changing the device operation from depletion mode to
enhancement mode. The behaviors of these SWNT TFTs can
be described with standard models for silicon device technol-
ogies, for example, SPICE (simulation program for integrated
circuits emphasis) models, thereby allowing the use of existing
sophisticated computer-aided design platforms developed for
silicon integrated circuits (ICs) (Fig. 14d).[66] A disadvantage of
the top-gate device structure is that SWNTs are passivated, and
thus isolated from external dopants, such as oxygen or polymers.
Therefore, these transistors often exhibit some level of ambipolar
behavior, which limits the on/off ratios at high S/D bias
conditions (Fig. 14d inset). Small-molecule doping techniques
similar to those demonstrated in single SWNT devices might be
useful.[200] As discussed in the following section, even without
such approaches, top-gate transistors can meet requirements for
certain ICs.
H & Co. KGaA, Weinheim 45



R
E
V
IE

W

www.advmat.de

46
6.3. Flexible Integrated Circuits

Despite numerous achievements in optimizing various aspects
of isolated SWNT TFTs, these devices are only of practical
value when integrated into circuits. Since the polarity of
SWNTs can be controlled by charge-transfer doping methods,
as discussed in Section 3.2.5, a CMOS type inverter, which
represents an important element in digital circuits, can be
constructed by connecting a p-channel and an n-channel
bottom-gate devices, doped by oxygen and polymers,
respectively (Fig. 15a).[197,198,215,306] With high-capacitance gate
dielectrics to enhance the transconductance and S, voltage gains
approaching ten can be achieved, which is comparable to
single-tube inverters based on local bottom-gated devices (Fig.
15b).[61,198] Similar circuits, such as CMOS NAND gates, have
also been recently demonstrated.[306]

For more complex structures/functions, top-gate devices
facilitate multilayer interconnects, and more importantly,
computer-aided platforms to assist circuit design.[66] Figure 16a
and b show a schematic layout and circuit diagram for a p-channel
MOS (PMOS) inverter, the building block for PMOS-type logic
circuits, fabricated on polyimide substrates with two separately
addressable SWNT TFTs. The static transfer characteristics can
be successfully predicted by simulations (Fig. 16c). The voltage
gain is much larger than unity, and can thus be used to drive
subsequent logic gates without losing logic integrity. Further
integration yields SWNT-based digital circuits, composed of other
Figure 17. a) AFM image of a SWNT film loaded onto an elastomer substrate. Conductance was
measured between two contact electrodes on upper and lower ends. b) AFM image shows the
elongation of an individual SWNT in the film under external stress. c) The resistance change of a
SWNT thin film to repetitive application of 0–10% strain and then 10–20% strain. Inset: the
normalized resistance (DR/R) change as a function of external strain (s) of the device. The GF is
�1. Reproduced with permission from Ref. [318]. Copyright 2006 American Institute of Physics.
d) Schematic illustration of the formation of ‘‘wavy’’ SWNTs by transfer of aligned arrays of
SWNTs grown on a single-crystalline quartz substrate to a uniaxially strained PDMS elastomer
substrate followed by release of the prestrain (epre). e) AFM image of aligned arrays of SWNTs
transferred to elastomer substrate with epre¼ 0 before and after applying 5% compressive strain.
f) Change of resistance of an array of wavy tubes as a function of applied strain. The GF is �4.
Reproduced with permission from Ref. [20]. Copyright 2008 American Chemical Society.
logic gates and decoders, incorporating up to
88 transistors, which represents the largest
SWNT circuit achieved to date (Fig. 16d). This
circuit can successfully decode a binar-
y-encoded input of four data bits into 16
individual data output lines, where one output
is enabled, depending on whether the encoded
value corresponds to the data line number (Fig.
16e). Due to the high mobility of the SWNT
thin films, these decoder circuits can success-
fully operate in the kilohertz regime, even with
critical dimensions (�100mm) that are suffi-
ciently coarse to be patterned by techniques
such as screen printing (Fig. 16f).[307–309] This
attribute is important for their potential
applications in low-cost, printed electronics.

6.4. SWNT Thin Films in Stretchable

Devices

Foldable and stretchable electronic systems
have recently emerged into an interesting area
of research.[310–313] The ultimate goal is to
overcome form-factor limitations associated
with systems that only offer flexibility (i.e.,
ability to wrap cylinders and cones), to enable
applications such as wearable personal-health
monitoring systems and electronic eye-type
imagers on hemispherical substrates.[314,315]

SWNTs, due to their excellent mechanical/
electrical properties and sensitive electromech-
� 2009 WILEY-VCH Verlag Gm
nical responses, are promising for such systems.[316,317] Simply
loading a SWNT random network onto an elastomeric substrate
affords a two-terminal stretchable resistor with the ability to
accommodate strains greater than 20% (Fig. 17a).[318] Such strain
leads to deformation of individual SWNTs in the network (Fig.
17b), thereby changing their electronic properties reversibly, due
to changes either in band gaps and/or SWNT–SWNT con-
tacts.[317,318] This property can be utilized to construct strain
sensors with piezoresistance gauge factors (GF), defined as
resistance modulation per strain, comparable with those of
conventional metal-strain gauges (ca. GF 1–5, Fig. 17c).
Alternative designs involve aligned arrays of SWNTs in sinusoidal
‘‘wavy’’ layouts, formed through nonlinear buckling processes
(Fig. 17d).[20] Applied strains lead to reversible deformation of
these buckling patterns (Fig. 17e) and changes in the electrical
properties (Fig. 17f). Further improvement of GF in these devices
to achieve performance comparable to those of gauges built with
individual SWNT (GF as high as 1000),[317,319] and forming more
complex multifunctional devices that can combine the active,
sensory and structural capabilities of SWNTs, appear to represent
promising future-research directions.
7. SWNT Thin-Film Radio-Frequency Analog
Electronics

The combination of high intrinsicmobility (�104 cm2Vs�1), small
capacitance (�100 aF mm�1), and nanometer-thick body channels
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 29–53
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Figure 18. a) Current gain (jH21j2) as a function of frequency for two SWNT TFTs on a plastic
substrate with LC of 800 nm. Inset: optical image of high-frequency SWNT TFTs on plastic
substrate. Reproduced with permission from Ref. [329]. Copyright 2007 American Institute of
Physics. b) Optical image of SWNT TFT that uses aligned arrays of SWNTs grown on quartz and
GSG layout designed for high-frequency measurements. Inset: magnified view showing the
signal-ground-signal layout for probing pads. c) SEM image of SWNT arrays in the channel
regions of device with split gate design. Inset: magnified view. d) jH21j2 andmaximumpower gain
(Gmax) as a function of frequency for a SWNT TFT with LC of 700 nm. g) jH21j2 and Gmax as a
function of gate length for TFTs based on SWNT aligned arrays. Reproduced with permission
from Ref. [323]. Copyright 2008 American Academy of Science.
make SWNTs promising for high-speed
devices, with some potential for operation in
the terahertz regime.[28,43,320] SWNT films
consisting of aligned arrays represent the most
realistic path to such devices.[321] This section
summarizes recent efforts to measure and
optimize the high-frequency response of
SWNT TFTs, focusing on results obtained from
conventional scattering-parameter measure-
ments. Collections of devices configured as
oscillators,[322] resonant antennas, RFamplifiers,
mixers, andaudio amplifiersprovideexamplesof
all of the key building blocks for RF analog
electronics technology, with functional, all-
nanotube transistor radios as demonstration
systems.[323]

7.1. Measurement and Analysis of

High-Frequency SWNT TFTs

Due to their relatively low impedance, direct
scattering-parameter measurement of high-
frequency properties of SWNT TFTs can be
accomplished with standard high-frequency
test equipment, thereby avoiding indirect
measurement techniques that have been used
in individual SWNT transistors.[207,324–327] In
one approach, devices with LCs of 300 nmwere
formed with partially aligned SWNTdeposited
from solution by dielectrophoresis.[328] Although
such devices show low on/off ratios (consistent
with the enrichment of m-SWNT content via
this deposition technique), their cutoff fre-
quencies for current gain ( ft) are close to
4 GHz. The extracted ‘‘intrinsic’’ current gain
and computed cut-off frequency for power gain
( fmax) has some uncertainty, due to the very
small intrinsic capacitance of SWNTs and

less-than-unity stability factor for these films. Similar approaches
can yield devices (LC� 800 nm) on plastic (Fig. 18a inset), where
ft, is near �1 GHz (Fig. 18a).[329]

Improved performance and reproducibility can be obtained in
devices that use aligned SWNT arrays grown on quartz, with
electrodes configured to match those of conventional ground-
signal-ground (GSG) microwave probes (Fig. 18b and c).[323] The
extracted cut-off frequency for a device with comparable but larger
LC, i.e., LC of 700nm, is 5 GHz for current gain and 9 GHz for
power gain (Fig. 18d).[330] The achievement of �10 GHz cut-off
frequency for TFTs built on relatively low D, ca. �5 SWNT mm�1,
SWNTaligned arrays, demonstrates the high quality of structurally
perfect, pristine CVD nanotubes. The LC scaling behavior of these
transistors indicates that they are not dominated by contact
resistance, for LCs in themicrometer range. The linear dependence
of ft on 1/LC suggests a large effect of the capacitance associated
with parasitics (Fig. 18e).[323] Effective ways to increase D and to
dope nanotubes at the contacts are necessary to improve the
performance, especially in the sub-100 nm regime.
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7.2. Carbon-Nanotube Transistor Radio: A Functional

High-Frequency System

Compared with digital electronics, analog systems require
relatively low integration densities, especially for the highest
performance parts. These aspects, the high mobilities and the
potential for intrinsically linear behavior[331] in SWNT TFTs
render analog RF electronics an attractive potential area of
application. As described in the last section, SWNT TFTs can
produce larger-than-unity power gain in the very-high-frequency
(VHF) range. They can therefore be configured as RF power
amplifiers and integrated together to form functional analog
electronic systems, e.g., nanotube radios, where SWNT TFTs
provide all of the active components (Fig. 19a).[323] To form a radio
system, SWNT chips composed of several TFTs are connected to
an external antenna and a speaker through wire bonding
(Fig. 19b). Such radios are able to receive signals broadcast by
commercial radio stations. The power spectrum of the output of
the radio to a weather/traffic report appears in Fig. 19c.[323]
H & Co. KGaA, Weinheim 47



R
E
V
IE

W

www.advmat.de

Figure 19. a) Block and circuit diagram of a radio system using SWNT
TFTs for all of the active components. b) Optical image of the completed
radio system, with magnified view of SWNT chips bonded into a package.
c) Power spectrum of the radio output measured across an external
speaker, for a commercial broadcast of a traffic report, showing a response
characteristic of the human voice. Reproduced with permission from
Ref. [323]. Copyright 2008 the National Academy of Sciences.
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Similar to power amplifiers, oscillators, which represent another
important component in analog RF systems, have been demon-
strated with oscillation frequencies as high as 500 MHz.[322]

We note that separate efforts recently demonstrated single-SWNT
devices as mixers[332] and as mechanical oscillators[333] for certain
components of different kinds of radios.
8. Conclusion and Outlook

Individual SWNTs provide an ideal 1D model system to study
physics at the nanoscale. For practical electronic-device applica-
tions, thin films of SWNT, in the form of either random networks
or aligned arrays, presently appear to represent the most realistic
integration path. Compared with conventional materials, SWNT
films have many interesting properties, rendering them suitable
for various unusual multifunctional/multipurpose systems that
require a combination of electrical, mechanical, optical, and
chemical properties. Examples include transparent electronics,
chemical sensors, and flexible electronics. In these cases, SWNTs
could provide capabilities that are impossible or difficult to
� 2009 WILEY-VCH Verlag Gm
achieve with established inorganic materials, e.g., Si or III-Vs, as
developed for wafer-based electronics.

In the past few years, research on SWNT thin films has evolved
from fundamental studies and demonstrations of basic device
operations to practical issues, such as performance advantages
over existing technologies, cost, and manufacturability, evaluated
in prototype systems that include ICs, transistor radios, and
integrated sensor systems. In the simplest case, SWNT
conductive coatings can now achieve levels of transparency
and sheet conductance/mobility comparable with those of metal
oxides, but with advantages in mechanical robustness, materials
availability, and ease of forming coatings over large areas. Also,
SWNT chemical sensors offer compelling detection capabilities
compared to established technologies, with the interesting
possibility for natural integration with other classes of SWNT
film devices. For applications in active electronics, SWNT thin
films can be assembled on a variety of substrates, including
flexible sheets of plastic and stretchable slabs of rubber. Mobilities
of transistors that use aligned arrays of SWNTs, where progress
has been driven mainly by the development of guided-growth
techniques, have reached levels (ca. >2000 cm2 V�1 s�1) that
compare well with some of the best inorganic semiconductors. In
parallel, research on devices that use random networks films have
yielded mobilities (ca.�100 cm2 V�1 s�1) much larger than those
of organic semiconductors/a-Si, as well as strategies for
engineering the layouts of the networks for on/off ratios as high
as 105, even in the presence of the usual population ofm-SWNTs.
In either type of film, polarity control can be readily achieved with
charge-transfer doping methods, with demonstrations in power
efficient CMOS logic gates. Gate dielectric materials have also
been developed to decrease operating gate voltages to as low as
�1V and, in related work, to reduce the hysteresis from levels so
large that the transistors could be used effectively as memory
devices[334–336] to values that are nearly negligible. Both
bottom-up, that is, heterogeneous percolative modeling, and
top-down, that is, empirical device modeling, approaches have
been developed to describe the behavior of SWNTdevices/circuits
quantitatively and predictively, for operating frequencies that
range from direct current to tens of GHz. Complex functional
digital and analog circuits, composed of up to nearly one hundred
SWNT devices and operating at frequencies well into the GHz
regime, respectively, have also been demonstrated, showing the
scalability of SWNT thin-film technology. Procedures have also
been developed for integrating SWNT TFTs into 3D formats and
with other inorganic semiconductor devices, such as Si
MOSFETs, thereby creating new application possibilities.[65]

In spite of this progress, significant challenges remain,
especially with certain material aspects. First, and perhaps most
important, techniques for growing electronically homogeneous
SWNTs, or for post-growth purification, in a scalable and
high-speed manner that can be applied with tubes in bulk or
wafer-scale configurations must be developed. Second, advanced
film-preparationmethods are needed to achieve improved control
over D, SWNT lengths, diameters, and orientation distributions,
as these parameters heavily influence the properties of SWNT
thin films. Third, techniques are required for controlled doping of
SWNTs, for the purpose of increasing their conductivity, reducing
parasitic contact resistances, and adjusting device VTs. Even if
these problems are overcome, it is important to note that other
bH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 29–53
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classes of materials, such as inorganic nanoparticle/nanowire/
nanomembrane thin films[337–345] and graphene films,[346–350]

might be able to provide alternatives to SWNTs, at least for certain
applications. Nevertheless, in our view, recent progress suggests
that SWNT films offer a unique combination of properties, such
that the selected applications, cost structures, addressable
markets, and related issues will ultimately determine the success
of this material, rather than any intrinsic limitation associated
with the physics or materials science.
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