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We report optimized chemical vapor deposition growth procedures that can produce arrays of individual
single walled carbon nanotubes (SWNTs) in horizontal configurations with perfect linear shapes to within
experimental uncertainties and with levels of alignment >99.9%. This process also enables simultaneous
growth of random networks of SWNTs integrated with the arrays in complex layouts. The electrical properties
of thin film type transistors formed with SWNTs grown in this fashion approach expectations based on the
intrinsic properties of the pristine, individual SWNTs. The procedures described here might represent a strategy
to large scale integration of SWNTs into devices for applications in electronics and optoelectronics, sensing,
nanomechanical systems, and other areas.

Benchmarking studies of the transport properties of semiconducting single-walled carbon nanotubes (SWNTs) indicate
certain important advantages compared to single-crystal silicon
in both bulk wafer and nanowire structural forms.1-3 These
findings together with promising demonstrations of SWNTs as
active elements in sensors,4-6 optoelectronic devices,7 transparent conductors,8 and thin film electronics9-12 create interest in
the development of scalable means for integrating SWNTs into
devices, circuits, and systems.13-21 One strategy involves the
formation of effective conducting or semiconducting thin films
that consist of random networks9,22 or well-aligned arrays of
SWNTs.23-26 The large number of SWNTs that are active in
devices (e.g., transistors) formed with such “films” enables highcurrent outputs with statistical averaging effects that provide
good device-to-device uniformity in properties even with
SWNTs that are electronically heterogeneous.17 The aligned
arrays have advantages compared to the random networks
because they avoid percolation transport pathways,11,12,27 unusual
scaling of device properties,28 tube/tube junction resistances,
and other features that might be undesirable for many applications.29 Achieving the ideal configuration of perfectly aligned
horizontal arrays of perfectly linear SWNTs at high but
submonolayer densities, as measured by the number of SWNTs
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per micron, represents a significant experimental challenge.
Nevertheless, methods that use guided chemical vapor deposition
(CVD) growth of SWNTs on certain types of single-crystal
substrates22-26 appear promising, particularly when implemented
with strategically designed patterns of catalyst.24 This paper
presents a range of results on SWNT arrays formed using
optimized implementations of procedures of this type, as well
as the electrical and scaling properties of thin film transistor
devices that are constructed with them. The extremely high
quality of the arrays, the ease with which they can be integrated
into devices, and the excellent performance that can be achieved
suggest that these approaches have the potential to provide a
realistic pathway to SWNT-based electronics and optoelectronics, sensors, and other systems.
For growth of the arrays, we start with recently reported
procedures that use CVD of SWNTs on thermally annealed
quartz substrates. The basic alignment mechanism in this system
is thought to involve preferential growth along step edges30 and/
or along certain crystallographic directions due to orientationally
anisotropic interaction energies between the tubes and the
quartz.26 When the catalyst is uniformly distributed on the
substrate at moderately low densities (i.e., ∼10 particles/µm2),
the growth can yield extremely linear, well-aligned and long
tubes but at low densities (∼0.2 SWNT/µm).23 Many applications, however, demand much higher densities, preferably
approaching a full monolayer. (Multilayer arrangements can
frustrate field effect current modulation in thin film transistors.)
Increasing the catalyst density increases the tube density but
with reductions in the average tube length, degree of alignment,
and linearity in the shape.24 These effects are thought to be due
to unwanted interactions between unreacted catalyst particles
and growing SWNTs. Patterning the catalyst into strategic
locations (e.g., stripes oriented perpendicular to the preferred
growth direction) avoids this problem and provides a means
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Figure 1. (a, b) SEM images of aligned SWNT arrays collected at different magnifications. The tube density is ∼5 SWNT/µm. The bright horizontal
lines in (a) correspond to random networks of SWNT that form near the Fe catalyst that exists in these locations. (c) AFM images of selected
SWNTs in these arrays. (d) AFM images of iron oxide catalyst particles after 1.5 h annealing process. Distribution of diameters of SWNTs in the
arrays (e), and catalyst particles (f) measured by AFM. The average diameter is ∼1.2 nm for SWNTs and ∼1.8 nm for the catalyst particles.

for increasing the SWNT coverage while maintaining the
alignment, length, and linear geometries.24
This paper introduces important improvements in this basic
approach, including optimized annealing conditions for the
quartz, processing methods that eliminate residue from the
substrate surfaces, high-density catalyst stripes formed from
evaporated submonolayer films of iron, ethanol for the feed gas,
and well-controlled temperature of the substrate. These procedures yield arrays of SWNTs with levels of perfection that are
orders of magnitude better than previously reported results23-26
with coverages that are also substantially higher. Figure 1a-c
shows scanning electron microscope (SEM) images of representative aligned arrays of SWNTs grown using these optimized
approaches. The substrate was an ST-cut single-crystal quartz
wafer,31 annealed in air at 900 °C for 8 h prior to growth.
Isolated lines of catalyst on quartz were prepared by photolithographically patterning iron deposited by physical vapor
deposition. In particular, the catalyst consisted of an ultrathin
film (0.1-0.2 nm) of Fe uniformly deposited by electron beam
evaporation (Temescal BJD1800) onto a photolithographically
patterned layer of photoresist (AZ5214) on the quartz. After
removing the photoresist with acetone and stripper (AZ Kwik
stripper), samples were annealed at 900 °C for 1.5 h to form
isolated iron oxide nanoparticles. The widths and spacings of
the stripes patterned by photolithography that defined the spatial
extent of these nanoparticles were 10 and 100 µm, respectively.
The CVD process began by flushing the chamber with a high
flow rate of Ar (3000 sccm) for 2 min and then heating the
furnace to 925 °C while flowing H2 (300 sccm). After stabilizing
the temperature, flows of both H2 and Ar were set to 8 sccm.
Growth of SWNTs occurred by passing these gases through an
ethanol bubbler held a 0 °C in a water bath chiller prior to entry
into the chamber. Growth was terminated after 20 min, and the
chamber was then cooled in H2 and Ar flow. We estimate the
growth rate of aligned SWNT formed in this manner to be
between 0.5 and 2.5 µm/sec, consistent with previous reports
for unaligned SWNTs grown by CVD on amorphous substrates.32,33
As shown in Figure 1a,b, the degree of alignment and linearity
in the SWNT arrays can be extremely high. In particular, the

percentage alignment, as measured using the total summed
lengths of SWNT segments oriented along the preferred growth
direction and of those oriented along any other direction, is
reproducibly >99.9%. The degree of linearity is also exceptionally high. For a typical tube shown in Figure 1c, for example,
the maximum spatial deviation from a perfectly linear shape is
∼5 nm along lengths of ∼5 µm. This level of deviation is
comparable to the uncertainty in determining the location of a
tube by fitting the convolved height profile obtained with our
atomic force microscope (AFM; DimensionV, Digital Ins.)
equipped with a standard tip (radius of curvature ∼20 nm).
Figure 1d shows an AFM image of catalyst particles formed
from 0.2 nm evaporated iron film. On the basis of AFM
measurements in the regions of the catalyst, the average size of
the iron oxide nanoparticles is 1.8 nm, as indicated in the
histogram of Figure 1. Figure 1e presents the distribution of
tube diameters, evaluated by AFM. The mean (∼1.2 nm) and
the range of diameters (0.4-4 nm) are similar compared to
SWNTs grown using conventional CVD approaches. The degree
of alignment and linearity do not depend on diameter for this
range. The average densities of the arrays can be as high as
5-10 SWNT/µm. Figure 2a shows an AFM image of aligned
SWNTs with average tube density around 10 SWNT/µm. At
some areas, the tube density could be as high as 50 SWNT/
µm. Figure 2b shows an AFM image of SWNTs separated by
a distance of ∼15 nm. These results suggest that uniform
densities at this level and perhaps higher are possible with
suitable optimization. Increasing the thickness of the Fe catalyst
film, the flow rate of the ethanol and other procedures designed
to increase the density further typically lead to the formation
of bundles and growth vertically out of the plane of the substrate
in the regions of the catalyst. Further work and perhaps different
strategies will be required to improve the densities to values
substantially higher than those introduced here.
The separation distance between the lines of catalyst limits
the lengths of the SWNTs in the arrays of Figure 1. Growth
from an isolated catalyst line reveals the length distribution when
the growth is not limited by structures on the substrate. Figure
3 shows some results. The average length is ∼300 µm with
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Figure 2. (a) AFM image of a dense array of SWNTs emerging from a region of patterned catalyst. (b) High-resolution AFM image of a highdensity region in this array. The shortest distance between two SWNT, as measured in this fashion, is ∼15 nm. In this area, the local tube density
can be as high as 40-50 SWNT/µm.

Figure 3. (a) Scanning electron microscope image of SWNTs grown
from a patterned line of Fe catalyst (vertical, bright stripe on the left
side of this image). (b) Histogram of the lengths of SWNTs shown in
(a). The longest tube is ∼1 mm, and the average length is ∼300 µm.
(c) Raman spectrum of an individual SWNT from the array shown in
(a), collected using a confocal spectrometer. The peaks labeled “Q” at
∼127 and ∼205 cm-1 are associated with the quartz substrate. The
RBM of the SWNT is at ∼144.5 cm-1. (d) Frequency of the RBM of
a SWNT as a function of position along its length. The frequency is
constant to within the uncertainty of the measurement ((0.5 cm-1) for
this 40 µm long segment.

some tubes that are as long as 1 mm. We observed that several
factors influence the length. First, photoresist residue and
high flow rates result in amorphous carbon formation and the
early termination of growth. Second, growth temperatures (925930 °C) that are somewhat higher than those reported previously
improve substantially the yield (i.e., the density) as well as the
lengths. Third, cooling the ethanol bubbler (0 °C) reduces the
vapor pressure of ethanol and allows improved control over its
concentration in the chamber thereby enabling the prevention
of amorphous carbon formation.
There are a couple of mechanisms for growth termination.
Depending on tip- or base-growth, the termination mechanism
could be different. The growth mechanism with Fe catalyst on
quartz is not known clearly. If we assume that it is base-growth,
SWNT must overcome the van der Waals forces between the
tube and substrate to increase their length. When tubes reach a
critical length, the driving force of the growth cannot overcome
the van der Waals forces, and as a result growth will be
terminated. Interestingly most of the tubes stop growing around
the same length (∼200-300 µm). If we assume the growth is

tip-growth, the termination mechanism should be related with
the activation of the catalyst particles. Amorphous carbon
formation on the catalyst can stop the growth. The life time of
the active catalyst determines the length of the tube.
The long lengths and the relatively large separations between
the ends of long tubes like those in Figure 3 allow Raman
spectroscopy to be performed on individual aligned tubes in
the array. Such information can provide valuable insights into
the uniformity of the dimensions and chirality of a single tube
along its length. The measurements used a confocal instrument
(Jobin-Yvon) and a 100X microscope objective to focus the
excitation laser (He-Ne, 632 nm wavelength; ∼1 µm spot size;
5 × 105 W/cm2 power density). The backscattered Raman signal
was collected through a 50 µm pinhole. Figure 3c shows the
results of a single point measurement on a typical SWNT. The
two Raman peaks around 127 and 205 cm-1 are due to quartz.
The peak at 144 cm-1 is the radial breading mode (RBM) of
the SWNT, which is related to the diameter of the tube. Figure
3d presents the frequency of the RBM as a function of position
along the length of this tube. The results indicate a position
independent value of 144 ( 0.5 cm-1 for the 50 µm length
examined here. The variation in frequency is within the spectral
resolution of the spectrometer is (∼0.5 cm-1). These data
suggest that the diameter (∼1.7 nm) of the tubes in the arrays
for the cases that we examined does not change during the
growth process, which is consistent also with AFM measurements.
Isolated lines of catalyst provide SWNT layouts convenient
for studies such as those described above. The ability to define
the locations and spatial layouts of the catalyst sites into other
geometries can be important for applications that require unusual
arrangements of aligned tubes or the integration of these aligned
tubes with random networks of tubes. Figure 4 shows SEM
images of some representative examples, including “wavy” line
patterns (Figure 4a), arrays of disks (Figure 4b), and complex
circuitlike structures (Figure 4c). The bright white regions
correspond to high-coverage random networks of SWNTs that
grow in the areas where the catalyst is present. These networks
have densities of ∼100 SWNT/µm and sheet resistances of
∼250 Ω/sq, suitable for use as transparent, tube-based interconnects between the aligned arrays of SWNTs. The results of
Figure 4b,c also illustrate clearly that the direction of gas flow
is unimportant in determining the alignment in this process;
aligned tubes grow equally well in directions that are different
by 180 degrees.
The degree of alignment depends on the surface quality and
cleanness of the quartz surface. Contamination or coatings on
the surface affects the alignment. To illustrate this effect, we
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Figure 4. Aligned arrays of SWNT grown from catalysts particles
patterned into different geometries, including (a) wavy lines, (b) circles
(2 µm diameters separated by 25 µm), and (c) a complex circuit-like
pattern.
Figure 6. (a) SEM image of an SWNT formed into an unusual shape
due to the combined effects of alignment due to the quartz surface
(blue arrow indicates X-axis) and to gas flow (red arrow direction). (b)
Large area and (c) zoomed SEM image of a zigzag shaped SWNT.

Figure 5. (a) Schematic illustration of the geometry of quartz with a
2 nm thick patterned stripe of amorphous SiO2. (b, c) SEM images of
SWNTs grown on this substrate.

grew SWNT on quartz with a patterned layer of amorphous
SiO2 (∼2 nm thickness) deposited by electron beam evaporation.
Figure 5 shows schematic illustrations of this system, together
with SEM views of SWNTs grown on this type of substrate.
Aligned SWNTs that enter the SiO2-coated area lose alignment
and grow in random directions. The SWNTs regain their
alignment after emerging on the other side of the uncoated area.
Some of the SWNTs (Figure 5c) stop at the interface of the
SiO2 pattern perhaps because of the small surface relief
associated with this layer. These observations suggest that the
SWNTs grow while in intimate contact with the quartz, which
is quite different than the growth mechanisms typically observed
on amorphous substrates.
In general, we do not observe effects of gas flow on SWNT
alignment. Nevertheless, in rare instances near the edge of the
sample, gas flow can be important perhaps because of high peak
flow rates associated with turbulence in these regions. In these
cases, interplay between gas flow and quartz-induced alignment
occurs. When the SWNT touches the quartz surface, it orients

along the [2-1-10] direction. Figure 6a shows different configurations of the SWNTs on the quartz surface. The SWNT
along the blue arrow (X-axis) is aligned due to SWNT-lattice
interaction, and the SWNT along the red arrow (indicating the
flow direction) is aligned because of gas flow. The result is an
unusual zigzag shape (Figure 6b,c).
Studies of SWNT growth on quartz substrates with different
cuts can provide additional insights into the alignment mechanisms. Quartz crystal has a hexagonal crystal structure, which
belongs to the rhombohedral crystal system. The alignment
direction [2-1-10] is known as the main axis (X-axis) of quartz.
The basal plane (0001), has 3-fold symmetry. We examined
growth on three different quartz surfaces: Y-cut (0010), Z-cut
(0001), and X-cut (2-1-10), each of which has a different
orientation with respect to the alignment axis. Figure 7a-c
shows top views of a space-filling model of Y-cut (0010), Z-cut
(0001), and X-cut (2-1-10) quartz, respectively. Figure 7d-f
shows the orientation with respect to the main crystal axis.
Scanning electron micrographs of SWNTs grown on these
wafers are shown in Figure 7g-i. On Y-cut substrates, we
observed alignment of SWNTs along the X-axis (Figure 7g),
consistent with other results presented here and previously. On
Z-cut wafers, which have 3-fold symmetry, we observed three
alignment directions along three identical X-axes (Figure 7h).
On the other hand, on the X-cut wafer we did not observe any
alignment (Figure 7i). These observations indicate that SWNT
prefer the [2-1-10] direction. Strong anisotropic interaction is
likely due to the arrangement of Si and O atoms. It is important
to note that the piezoelectric effect in quartz is also observed
along the X-axis.
One area of application for arrays such as these is in
electronics. To explore these possibilities, we fabricated topgated transistors that use the aligned SWNT arrays for the
semiconducting channel, using recently reported procedures34
but with different materials for the gate dielectrics, as discussed
subsequently. For the device examples in Figure 5, the fabrica-
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Figure 7. Space-filling model of Y-cut (a), Z-cut (b), and X-cut (c) quartz surfaces. (d-f) The insets show the orientation of the quartz surface with
respect to main axis of quartz. SEM images of SWNTs grown on Y, Z, and X-cut quartz wafers, respectively. The Y-cut provides high degree of
alignment along [2-1-10] direction; Z-cut provides 3-fold symmetric alignment (inset in e shows a high-magnification SEM image); and X-cut does
not provide any alignment.

tion began with the growth of aligned SWNTs using 10 µm
wide catalyst lines separated by 100 µm. Photolithography (AZ
5124) followed by uniform electron beam evaporation of Ti (1
nm), Pd (25 nm), and removal of the resist defined source and
drain electrodes with gaps placed at parts of the susbtrates that
do not include the patterned catalyst lines. After another
photolithography step to protect the region between these
electrodes, O2 reactive ion etching (200 mTorr, 100 W) removed
all of the exposed SWNTs to yield electrically isolated the
devices. A hydrogen silsesquioxane (HSQ, Fox-12; Dow
Corning) formed the gate dielectric. Spin coating (6000 rpm,
30 s) a precursor to this material and then baking (220 °C for
10 min) created a uniform, 80 nm thick nanoporous layer. An
advantage of HSQ is its excellent ability to conform to and
planarize the underlying topography associated with the tubes
and the source and drain electrodes. Even very thin (∼30 nm)
layers could be used effectively. The gate electrode (Ti, 1 nm;
Au, 25 nm) was defined on top of the HSQ by photolithography
and liftoff. Figure 8a gives a schematic illustration of a device.
Figure 8b shows the atomic structure of the dielectric and its
integration with a SWNT. Imaging by SEM before depositing
the gate dielectric and gate reveals the layout of the channel
region of the device, as illustrated in Figure 8c. The variation
in source/drain current (Id) as a function of gate voltage (Vg) at
a source/drain bias (Vd) of 0.5 V appears in Figure 8d for a
device with 5 and 200 µm channel length (Lc) and width (W),
respectively. The density of the array is ∼5 SWNT/µm. This
device then involves the parallel operation of ∼1000 individual
SWNTs. The large output currents (i.e., mA) are consistent with
this device design. The moderate ratio of currents in the on and
off states results from the large numbers (∼300) of metallic
tubes that span the source and drain electrodes. The hysteresis
observed in Figure 8d is characteristic of nanotube devices that

Figure 8. (a) Schematic illustration of the geometry of a thin film
type transistor that uses aligned SWNTs as the semiconducting channel.
(b) Atomic structure of a silsesquioxane gate dielectric coating a SWNT
on a substrate. (c) SEM image of the channel region of a device like
the one illustrated in (a). The bright regions at the top and bottom of
this image are the source and drain electrodes. (d) Source/drain current
(Id) as a function of gate voltage (Vg) at a source/drain bias of 1 V.
The arrows indicate the sweeping direction of the gate voltage.

operate at gate voltages larger than ∼5 V. The hysteresis with
the HSQ material, notably, is smaller at comparable gate fields
than that observed with other materials. The reason for low
hysteresis could be related to the porosity of HSQ materials
and high-curing temperature (220 °C). The detailed mechanisms
for hysteresis in nanotube devices have been studied by other
groups35 and remain a topic of current research.
Figure 9 shows additional data from devices of this type. In
particular, Figure 9a,b shows the scaling of device properties
with channel length (Lc). As expected, both the on and off
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Figure 9. (a) Source/drain current (Id) as function of gate voltage (Vg)
at a source/drain bias of 1 V measured from thin film transistors that
use SWNT arrays with channel widths of 200 µm and channel lengths
(Lc) between 2 and 50 µm. (b) On current and off current (Ion and Ioff,
respectively) as a function of channel length. (c) Channel length
dependence of on/off ratio. (d) Apparent mobility calculated by using
a parallel plate model for the capacitance (µp) and rigorous calculations
of the device capacitance taking into account only semiconducting tubes
(µS) and both metallic and semiconducting tubes (µSM).

currents (Ion and Ioff, respectively) increase with decreasing
channel length. The rate of increase is slightly less, however,
than a 1/Lc scaling, likely due to the increasing relative role of
contacts with decreasing Lc.
The linear regime mobilities can be calculated in several
different ways. We define the effective field-effect mobility of
the TFT device as

µd )

Lc dI
‚
VdCW dVg

(1)

where C is the capacitance per unit area. The simplest method
approximates C as that of a uniform parallel plate capacitor.
This estimate has been used in the past in thin film type SWNT
devices,36,37 but it is valid only when the average spacing
between adjacent tubes is significantly smaller than the thickness
of the gate dielectric. Figure 9d shows the results of such
calculations. We refer to this quantity as the thin film or device
mobility.34 (Since the effects of contacts are ignored completely
in the above expression, the apparent mobility decreases with
decreasing channel length.) A more rigorous definition of the
mobility relies on explicit calculation of the capacitance coupling
between the gate and the array of tubes, including the effects
of fringing fields and electrostatic screening. The capacitance
can be derived analytically for a uniformly spaced array of
SWNTs by a variety of methods.34,36 An approach that uses
classical electrostatics with image charge techniques and is
applied to the case that the dielectric constant of the gate
dielectric is similar to that of the substrate (geometry in Figure
8) yields the following expression for the total capacitance per
unit area of the SWNT array:34,36

Ctot )

Q NF
)
V
V

ln

(

2π0rN

)

sinh(π(2t + r)/∆L)
sinh (πr/∆L)

(2)

Figure 10. (a) Potential distribution associated with electrostatic
coupling of a planar electrode to an array of SWNTs calculated by
finite element modeling. The distance between the tubes is assumed to
be constant. The Y-axis is scaled by 2. (b) Calculated capacitance for
arrays with a tube density of 5 SWNT/µm.

where Q is the total charge per unit area of the array, F is the
linear charge density along a single SWNT in the array, V is
the potential difference between a SWNT in the array and the
gate electrode, N is the total number of tubes per unit length,
∆L is the distance between the tubes (∆L ) 1/N) in the array,
t is the gate dielectric thickness, 0 is the permittivity of free
space, r is the dielectric constant of the gate dielectric, and r is
the tube diameter. In the limiting cases of low and high densities,
eq 2 yields expressions consistent with a parallel plate
(Cp ) Lim Ctot ) 0/t) and with a single tube (Cs ) Lim Ctot/
∆Lf0
∆Lf∞
N ) 2π0r/ln((2t + r)/r), respectively, consistent with other
reports.34,36,37 The metallic SWNTs in the array contribute to
the device capacitance, but these tubes cannot be modulated
with the gate field. The metallic tube capacitance represents a
type of intrinsic parasitic capacitance, which can be modulated
only by eliminating the metallic tubes and not, for example, by
optimizing the device layout. For mobility calculation, we
consider two different cases. In the first, because only semiconducting tubes can be modulated by the gate, we include only
the capacitance of the semiconducting tubes (C ) Ns‚F/V, where
Ns is the number of semiconducting tubes per unit length). The
mobility calculated with eq 1 and this rigorous value of the
device capacitance yield a value that is equal to the average
single tube mobility. In the second case, we include capacitance
contributions from both the metallic and the semiconducting
tubes, such that the mobility is equal to two thirds of single
tube mobility. Figure 9d shows scaling of the calculated mobility
using different capacitance value. The per tube mobilities
(∼2000 cm2/Vs) of the semiconducting SWNT inferred from
these measurements are in the same range as independent
measurements on devices that incorporate individual tubes.17
Finite element modeling (FEM) reproduces these limits as well
as the functional variations between them. Figure 9d shows the
results of mobilities computed with eq 1. The values are
systematically higher than those estimated with the parallel plate
model, as expected. Figure 10a shows the calculated field
distribution and electric-field lines using eq 2. Figure 10b
presents the calculated capacitance as a function of dielectric
thickness, derived with eq 2 and FEM simulation.
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performance that approaches values expected based on the
intrinsic properties of the SWNTs with good device-to-device
uniformity. The array geometry greatly simplifies the integration
of SWNT into complex circuits for a range of other applications
such as light-emitting diodes, photodetectors, chemical sensors,
nanoelectromechanical oscillators, and electrically or thermally
conductive elements.
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Figure 11. (a) Schematic geometry of a TFT on an ITO-coated PET
substrate. (b) SEM images of TFTs that use aligned arrays of SWNT
as the semiconductor and dense SWNT networks as source and drain
electrodes. (c) Source/drain current (Id) as function of gate voltage (Vg)
at a source/drain bias of 0.5 V of the TFT as a function of gate voltage.
(d) Channel length dependence of calculated field effect mobility
calculated using parallel plate capacitance.

In addition to devices such as these that use SWNTs for the
channel, it is possible to combine random networks with aligned
arrays to produce all-tube devices. Such designs can yield
optically transparent devices with the ability for integration on
flexible plastic substrates for possible applications in flexible
heads-up displays and other systems. This type of nanotube
approach to transparent thin film transistors could complement
recently reported strategies that use inorganic semiconducting
and conducting oxides,38 organic transistors with networks of
SWNT as electrodes,39 and transistors that use networks of
SWNTs for both the semiconductor and electrodes.40 The
fabrication for devices presented here began with the patterning
of thin (<0.5 nm) Fe catalyst into shapes that define the source
and drain electrodes on a quartz substrate. The optimized CVD
techniques described previously yielded collections of SWNTs
in layouts, qualitatively similar to those shown in Figure 4, from
these catalyst patterns. Dense, random networks and aligned
arrays of SWNTs formed in the areas coated and uncoated with
catalyst, respectively. Aligned SWNTs that emerge from the
catalyst areas grow along the preferred direction on the quartz
to connect two random networks. Figure 11a,b shows schematic
illustration of final device and SEM images of networks and
arrays. Transfer printing39,41 these structures onto thin plastic
substrates (PET) coated with layers of indium tin oxide (100
nm; ITO) as the gate electrode and Polyamide (1 µm, polyamic
acid, Aldrich) as the gate dielectric formed the final device.
The dense random networks of SWNTs serve as the source and
drain electrodes. Probing these devices by physically contacting
the source, drain, and gate electrodes using conventional probe
tips reveals their electrical properties (Figure 11c,d). These
devices show mobilities as high as ∼240 cm2/Vs, computed
using the parallel plate models for C. The large hysteresis is
characteristic of high-operationg voltages and thick dielectrics.
The relatively high sheet resistances (∼250 Ω/sq) of the source
and drain electrodes contribute to device resistance and reductions in apparent mobility with channel length.
In summary, this paper demonstrates an optimized, reliable
CVD process capable of producing large scale arrays of SWNTs
that offer levels of perfection in alignment and linearity that
are orders of magnitude better than previously reported results.
Thin film transistors that use these arrays show device level
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