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Abstract The formation of manufacturable electronic
materials that incorporate single-walled carbon nanotubes
(SWNTs) will most likely involve the use of networks of
these molecular wires, due to the enhanced current drive
and reproducibility of such films. Therefore, control over
the density of SWNTs during the deposition of 2-D net-
works is of critical importance for the development of
numerous enhanced electronic materials. Room tempera-
ture deposition methods are of particular interest as they
allow separation, purification, and/or chemical modifica-
tion of SWNTs before deposition. This article reports three
iterative liquid-deposition techniques that allow control
over the properties of three distinct types of SWNT net-
works. First, density control was obtained for 2-D networks
of unbundled, high-aspect ratio SWNTs. Such networks
exhibited semiconductive behavior, with tunable on/off
ratios. Second, electrically continuous 2-D clusters of high
aspect ratio SWNTs were formed by allowing capillary
forces to develop in a sessile suspension droplet. These
constructs displayed tunable metallic conductivity, and
may have the applications as interconnects in microelec-
tronics. Finally, highly conductive, 3-D networks of bun-
dled SWNTs were formed via an evaporation method. For
these three types of networks, the density of SWNTs, and
thus the macroscopic conductance, was readily controlled
via the number of deposition cycles used in their formation.
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Introduction

Single-walled carbon nanotubes (SWNTs) have unique
electrical properties that are useful in a variety of electronic
device structures. Therefore, they have been investigated
for use as quantum wires [1], field-effect transistors (FETs)
[2], and current-rectifying diodes [3]. However, device
structures based on individual nanotubes are impractical
because of their low current drive relative to that of con-
ventional Si-based electronic materials [4, 5], variations in
the electrical properties of SWNTs [6], and significant
manufacturing difficulties with regard to scale-up [7, 8].

The most promising route to the formation of repro-
ducible SWNT-based device structures is the use of thin-
films of electrically continuous networks [9-11]. Such
arrays exhibit greater tunability and reproducibility, as the
SWNT density is the major determining factor for the
macroscopic electrical properties [10, 12]. These networks
behave as semiconductive thin-films when composed of
low densities of unbundled SWNTs. When SWNTs are
bundled together and/or in high-density networks, the
material exhibits metallic conduction, with conductivity
increasing commensurate with SWNT density. Both types
of networks have a much higher current drive than an
individual SWNT, as the current load is directly propor-
tional to the number of SWNTs in the network. Further,
networks can be fabricated with much greater inter-device
precision and can be more easily combined with existing
industrial micro-fabrication methods. Therefore, SWNT
networks are being investigated for numerous applications,
including light-weight flexible displays [13-15], nano-
composites for energy storage [16], supercapacitors [17],
and sensors [18, 19].

Room-temperature routes to SWNT network formation
will allow the creation of new lightweight, energy efficient
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electronic materials. In particular, liquid deposition meth-
ods are of significant interest as they allow the incorpora-
tion of purification and/or chemical modification steps
before network formation [20, 21]. Previously reported
liquid deposition approaches include SWNT network
deposition using filtration [22], printing [23, 24], dip-
coating [25], spray-coating [26], and laminar fluid-flow
methods [27, 28].

As networks of bundled [3, 29] and unbundled [30, 31]
SWNTs have very different properties and applications,
there is a great necessity for the development of deposition
methods that allow control over the density and degree of
bundle formation of nanotubes in the network. For the
networks described in this manuscript, a new purification
method for the formation of suspensions of unbundled,
high aspect ratio SWNTs was used to ensure that any
bundles observed in deposits occurred as a result of the
deposition method [32]. Then, three approaches to the
development of methods for maintaining density control
throughout the formation of SWNT networks were inves-
tigated. First, low-density, 2-D networks of unbundled
SWNTs were formed via a repeated deposition process that
reproducibly deposited arbitrary densities of SWNTs
(painted-spin, PS). Second, 2-D clusters of SWNTs were
formed by combining a previously reported SWNT puri-
fication process for the production of high aspect ratio
SWNTs [20] with the “coffee-ring” deposition phenome-
non (incubated-spin, IS); [33] these high-aspect ratio
SWNTs behaved uniquely when deposited from sessile
aqueous droplets. Finally, high-density, 3-D networks of
high-aspect ratio SWNTs were formed via a repeated
evaporation method (coated-dry, CD).

Experimental
Preparation and characterization methods
SWNT suspension preparation

As SWNTs aggregate during the growth process due to
strong Van der Waals interactions, a new method of
forming suspensions of unbundled, high-aspect ratio
SWNTs was used [32]. In brief, low power probe sonica-
tion (Branson, Model 250) was employed to unbundle the
SWNTs while minimizing sonication-induced damage.
Next, repeated centrifugation (45 min at 18,000xg,
Beckman, GS-15R) and decantation cycles were employed
to form stable suspensions enriched in high-aspect ratio
SWNTs. The purified suspensions utilized for depositing
the networks were composed of 0.02 mg/mL arc discharge
SWNTs (Carbolex, AP-grade) in 1% w/v sodium dodecyl

sulfate (SDS), with the exception of one concentrated
suspension (0.1 mg/mL) that was employed to deposit an
ultra-low density of SWNTs for the PS electrical charac-
terization studies, as described below. All suspensions were
evaluated with UV-Vis-NIR spectroscopy (Agilent, Cary
5000) before network formation.

The presence of unbundled SWNTs in a suspension
can be verified with UV-Vis—NIR spectroscopy [34, 35].
Spectra for suspensions of unbundled SWNTs have
enhanced peaks indicative of interband transitions for
metallic M;;, 400-650 nm) and semiconductive SWNTSs
(S22, 550-900 nm and S;;, 900-1600 nm). These transi-
tions are diminished in suspensions of bundled SWNTs
(Fig. 1a). In addition, the high absorbance observed for
unpurified suspensions is due to the presence of carbo-
naceous impurities as well as bundles of SWNTs. In
contrast, spectra for purified suspensions show enhanced
absorbance peaks due to interband transitions in unbun-
dled SWNTs (Fig. 1b). Therefore, as the suspensions are
composed of unbundled SWNTs (as confirmed with AFM
as well), the challenge becomes determining the effect of
the deposition method on the formation of bundles in
each deposit.

The formation of suspensions of unbundled SWNTS is
crucial to the formation of electronic materials, as indi-
vidual SWNTs have a 2/3rd probability of being semi-
conductive and 1/3™ probability of being metallic [36-38].
This property allows low-density networks of unbundled
SWNTs to behave as semiconductive thin films, while
bundles of SWNTs behave as metallic conductors. Previ-
ous semiconductor device characterization studies of
deposits formed from untreated and purified suspensions
have shown the effectiveness of this purification method
for the formation of unbundled deposits [39]. Owing to the
presence of SWNT bundles and other impurities, little
gating was observed for untreated suspensions, while sus-
pensions of unbundled SWNTs could be utilized to form
transistors, the conductance of which could be effected by
the application of a gate bias.

Substrate preparation

Silicon wafers, with a 300 nm thermally grown oxide
layer, were cleaned with a CO, “snow-jet” before and after
the deposition of a monolayer of (3-aminopropyl) trieth-
oxysilane (Sigma-Aldrich) [40]. This monolayer acted as
an adhesion layer. An enamel-based copolymer acrylate
was used as a mask during the silanization process to
confine the silane to a square area between the source/drain
electrode pairs. These electrodes were composed of
150 nm of Ti deposited through a stencil using a thermal
evaporator (Thermionics).

@ Springer
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Fig. 1 a UV-Vis-NIR spectroscopy of suspensions showed a high
absorbance and relatively small interband transitions, as typically
observed for suspensions of bundled SWNTs, while b the reduced
absorbance and enhanced peaks corresponding to interband transi-
tions in unbundled SWNTs confirms the ability to transform the
suspensions of bundled SWNTs into stable suspensions of unbundles
SWNTs used in these studies

SWNT network characterization techniques

In order to quantify the effect of each deposition method on
the resulting SWNT network morphology, deposits formed
using each method were examined with intermittent mode
atomic force microscopy (AFM, Pico Plus, Molecular
Imaging). A minimum of five representative images, from
the center, halfway point, and edge of the network were
obtained for each method following each deposition cycle.
Height histograms for the AFM images were generated
with image analysis software (SPIP v.5.1, Imagemet).

A probe station and a semiconductor characterization
(Signatone, S-1160 and Keithley, 4200, respectively)
unit were used for electrical characterization of devices.

@ Springer

Two-point probe resistance measurements were obtained
by contacting prefabricated Ti electrodes and generating an
I/V curve for each sample after each deposition cycle. A
two-point probe method was advantageous in these studies,
as it allowed a direct comparison of the change in resis-
tance for each type of device, while also allowing the
determination of its on/off ratio via a standard three-ter-
minal semiconductor device characterization setup.

Liquid deposition methods for SWNT network
formation

An iterative deposition method, that involved alternating
deposition and rinse cycles, was applied to a rotating Si/
SiO, wafer that was mounted on a spin-coater (Laurell
Technologies, WS-400). For rinse cycles, 25 mL of 65 °C
nanopure-H,O was applied at the rate of 1 mL/s as the
substrate spun at 5,500 rpm. The three spin casting meth-
ods are denoted painted-spin (PS), incubated-spin (IS) and
coated-dry (CD).

PS method

400 pL of SWNT suspension was drop-cast onto the rota-
tional center of a 2" Si/SiO, wafer. Next, the sample was
spun at a rate of 60 rpm, as the suspension was painted from
the center to the edge of the wafer at arate of 0.5 cm/s. Then,
the spin rate was rapidly accelerated up to 1500 rpm, where
it remained for 45 s. Finally, a rinse cycle was applied to the
substrate. This deposition/rinse cycle was repeated to tune
the macroscopic conductivity of these networks. In addition
to minimizing waste, this procedure was the most effective
for eliminating bundle formation during SWNT network
deposition, resulting in a uniform network over the entire
wafer.

IS method

4 mL of SWNT suspension was drop-cast onto the center
of the substrate. After an incubation time of 10—12 min, the
sample was spun at 1200 rpm for 45 s. This deposition
period was followed by a rinse stage. As deposition of
SWNTs occurred preferentially at the drop’s edge, as
described in detail below, this process was repeated with
successively larger volumes of suspension to produce a
network with macroscopic conductance.

CD method

4 mL of SWNT suspension was drop-cast onto a wafer and
spread to coat the entire surface. After complete drying, the
sample was rinsed. This process was repeated to increase
the conductivity of the deposited SWNT thin film.
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Results and discussion

As-produced (AP) grade arc discharge soot contains bun-
dles, or ropes, composed of 50-100 SWNTs held together
by relatively strong van der Waals attractions. As the
suspension preparation method used for these studies has
proven effective for the formation of stable suspensions of
unbundled, high-aspect ratio SWNTs [20], the effect of
each deposition method on bundle formation could be
ascertained from the analysis of AFM images of the
deposits. For the PS deposition method, less than 10% of
tubes observed had heights greater than 2.0 nm, indicating
the deposition of unbundled SWNTs. The ability of this
deposition method to form deposits that exhibited FET
behavior, further confirmed the formation of low-density
networks of unbundled SWNTs. Therefore, the bundles

Height (nm)
A R

Fig. 2 Networks composed of spin-cast high-aspect ratio SWNTs
using the PS method a five deposition cycles resulted in a sparse
network that does not exhibit macroscopic conductivity; b 10
deposition cycles increases the density of SWNTs above the

observed in the IS and CD methods were not present in the
suspension, but likely formed during the deposition
process.

Effect of deposition method on network morphology
and surface roughness

PS method

SWNT networks formed using the PS method had the
lowest density of bundles, as observed via AFM, with the
density of randomly oriented SWNTs increasing repro-
ducibly from one deposition cycle to the next (Fig. 2). The
density of these networks could be tuned via either the
number of deposition cycles, or changing the concentration
of SWNTs in the deposition suspension. For the deposition

percolation threshold for semiconductive SWNTs; ¢ 12 deposition
cycles results in a deposit with increasing metallic behavior; d 25
deposition cycles further increases sheet conductance

@ Springer
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Table 1 Change in roughness for each deposition method with
increasing deposition cycles

Deposition method RMS roughness

Bare Silicon 0.32
PS5 1.73
PS 7 2.54
PS 9 2.68
PS 12 2.99
PS 15 3.47
PS 18 3.31
PS 21 3.90
PS 24 4.48
IS 1 1.01
IS 2 1.07
IS 3 1.11
IS7 1.57
CD 5.51

suspension used, an increasing density of impurities was
observed with increasing deposition cycles. Such an
increase was not observed for the case of deposits formed
when suspensions are drop-cast onto to substrates rotating
at high speed [41]. This increase in impurities was likely
due to the painting process allowing time for any carbo-
naceous impurities in the suspension to deposit on the
substrate via electrostatic interactions with the amine-
functionalized surface. These impurities were responsible
for a consistent increase in the root-mean-square (RMS)
roughness, with increasing deposition cycles (Table 1).
Therefore, although height analysis of AFM images indi-
cated that each deposition cycle resulted in the deposition
of low densities of unbundled SWNTs, the RMS roughness
increased from 1.73 to 4.48 for 5-24 deposition cycles,
respectively. The RMS roughness for the PS method was
found to be consistently higher than that for the IS method.
However, as the CD method allowed time for complete
drying, it resulted in the highest observed RMS roughness
of the three deposition methods evaluated.

The painting method clearly results in the deposition of
greater densities of unwanted carbonaceous impurities.
However, an advantage of this method over drop casting is
that the uniform suspension layer formed before spinning
at high speeds allowed a homogenous distribution of
SWNT lengths throughout the deposit. As the PS method
starts with a thin homogeneous suspension layer, no
changes in length as a function of distance from the center
of rotation were observed. Alternatively, when SWNT
suspension is drop-cast onto a substrate that is rotating at a
high spin-rate, the magnitude of centripetal force acting on
each SWNT increases with its length [41]. This results in
length gradients throughout the film. Therefore, despite its

@ Springer

requirement for improved purity in deposition suspensions,
the PS method has an increased potential for the repro-
ducible formation of well-defined thin films.

The PS method has the additional advantage of reducing
suspension requirements to 0.02 mL/cm?® substrate. This
low volume of suspension minimizes any edge effects
(caused by solvent pooling at the edge of the wafer until a
bead is large enough to leave the edge). In addition, as
there is a short interval (<5 s) between suspension depo-
sition and initiating high-speed sample rotation, the amount
of bundling that occurs during the drying process is mini-
mized. Thus, the deposition of unbundled SWNTSs occurs
after a laminar fluid flow phase in the rapidly thinning
aqueous layer, as in previous studies using a manual drying
technique [27, 30]. This allows these liquid-deposited
networks to behave as semiconductive thin-films at suffi-
ciently low network densities.

IS method

For the IS method, a 10-12 min incubation period facil-
itated the formation of 2-D clusters of SWNTs (Fig. 3a).
These clusters, which were observed to have a thickness
consistent with one layer of SWNTs, could be described
as <2 nm-high low-density groups of parallel SWNTs. At
incubation times greater than 12 min, the side-by-side
growth of bundles was augmented with 3-D growth. For
example, when a single deposition with a 25 min incu-
bation time was used, the height of the bundles was
significantly greater (Fig. 3b). Therefore, the growth pat-
tern of these 2- and 3-D clusters appears to follow a
nucleation and growth mechanism, with the initially
deposited low-density arrays of SWNTs acting as seed
crystals for the deposition of additional nanotubes. As
deposition, this process occurs only at the substrate/sus-
pension/air interface, this process was repeated with a
series of successively larger drops of suspension to
increase the coverage of the 2-D clusters.

For repeated deposition times of 10 min, the RMS
roughness increased at a much slower rate than that
observed for the PS methods, from 1.01 to 1.57 over
seven deposition cycles. This indicates that while 2-D
clusters of aligned SWNTs dominate the deposit, any
carbonaceous impurities remaining in the suspension are
far less likely to be deposited. This can be explained by a
closer examination of the deposition process. The depo-
sition of suspended particles primarily at the substrate/
suspension/air interface can be attributed to a “coffee-
ring” effect, as described by Deegan and coworkers [33].
In brief, as a drop of a suspension evaporates, the evap-
oration rate is greater at the edges than at the center of the
drop, due to surface area effects. This differential evap-
oration rate results in capillary flow from the center to the
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Fig. 3 AFM data of high-
aspect ratio SWNTs deposited
from the partial evaporation of
sessile drops using the IS
method: a 2-D clusters were
formed when incubation times
of 10-12 min were used and a
height histogram of the z-range
of every pixel in the image
shows an average height of

1.7 nm, indicating that the
clusters were composed of a
single layer of SWNTSs; b for an
incubation time of 25 min, the
2-D clusters acted as nucleation
points for the 3-D growth of
SWNT bundles and the average
height observed is 16 nm

edges of the drop. As the contact line of the suspension is
pinned during the early stages of evaporation, this out-
bound suspension flow transports particles to the drop’s
edge, where they deposit as the solution evaporates. A
unique power-law equation was proposed to describe the
increase in mass at the drop’s edge. Subsequent study by
Hu and coworkers demonstrated that this solution flow is
sufficient to return the particles to the center of the drop,
unless the flow-rate is dampened by surfactants that
reduce the solution’s surface tension, and subsequently,
the capillary flow-rate [42].

For the suspensions of high aspect ratio SWNTs used in
these studies, the circular evaporation-induced flow of the
solution was sufficient to deposit 2-D clusters of SWNTs
near the drying line (Fig. 4). This behavior can be attrib-
uted to the fact that the high-aspect ratio SWNTs in the
deposition suspensions were of sufficient length to be
transported to the solvent front by capillary forces, but too
massive to return to the center of the suspension with the
solvent. Therefore, these high-aspect ratio SWNTs were
deposited at the edge of the drop.

Percent (%)
-9

2 4 6
Height (nm)

Percent (%)
]

Height (nm)

The monolayer thickness of these deposits is due to the
strong electrostatic interactions between the amine-termi-
nated surface and defects on the nanotubes, as well as the
extended n-bonding network of the SWNT sidewalls. In
addition, confinement effects due to the thin solution layer
at the drop’s edge facilitated the deposition process. The
interplay between the surface/SWNT electrostatic interac-
tions and the inter-SWNT van der Waals forces are
responsible for the 2-D cluster formation dominating at low
incubation times. At longer incubation times, inter-SWNT
van der Waals forces result in 3-D growth being thermo-
dynamically favored over further nucleation. The disorder
in the orientation of the 2-D bundles with respect to one
another is likely induced by the spinning process.

CD method
Of the three methods investigated, only the CD method
consistently deposited large 3-D aggregates, resulting

in dense networks composed of bundles of SWNTs
(Fig. 5a). In addition, the extended drying times used in
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Fig. 4 In the IS deposition method a a sessile drop of SWNT
suspension is allowed to incubate on the wafer for 10-12 min; b this
incubation time allows the development of evaporation-driven
currents that concentrate the SWNTs at the substrate/suspension/air

Fig. 5 AFM images of
networks deposited using the
CD method show that a a small
degree of inter-bundle
alignment is evident on a large
scale; b the SWNTs form large
bundles due to alignment and
condensation driven by currents
caused by evaporative forces in
the suspension; ¢ for extended
drying times, 3-D bundles of
SWNTs are deposited at the
substrate/suspension/air
interface, as the solvent front
recedes

this deposition method resulted in a greater degree of
inter-SWNT bundle alignment. A greater concentration
of carbonaceous impurities is also evident. This was not
the case for the PS method due to the rapid deposition
process from small volumes of suspension, or the IS
method, as these impurities apparently remained trapped
in the circular capillary solvent currents utilized to
deposit the more massive nanotubes at the suspension’s
edge. As the suspension is allowed to dry completely in
this deposition method, all the impurities remaining in
the suspension are deposited onto the SWNT network
(Fig. 5b). Therefore, after only one deposition cycle, the
CD method had the highest RMS roughness of the three
methods investigated.
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interface, as the contact line is pinned for short evaporation times.
After the wafer is spun at 1200 rpm for 12 s, the process was repeated
with the addition of increasingly larger drops of suspension

Effect deposition method on macroscopic electronic
transport

PS method

As the PS method uses an increasing number of deposition
cycles to build a low-density network, the change in
macroscopic conductance with the density of SWNTSs can
be modeled with percolation theory [43, 44]. When applied
to a random array of conducting sticks, Eq. 1 describes the
critical density, N, above which macroscopic conduction
is observed.

_ 4.2367

Pxn

(1)

C



J Mater Sci (2011) 46:6812-6822

6819

20
@ 3
[ S IS 10 min
=0 S 12 min|
18 2%
c
8 PR S U—
o 1 2 3 4
12 # Deposition Cycles
L 4 )
[

Sheet Conductance (pS/O)

0 4 8 12 16 20 24
# Deposition Cycles

Fig. 6 The PS method allowed the maximum level of control over
the sheet conductance of the network, as unbundled, high-aspect ratio
SWNTs were deposited with controlled density. Alternatively, the
increase in conductivity was greater for the IS and CD methods, in
which each deposition cycle deposits increasing densities of 2- and
3-D bundles, respectively

where 4.236% is a theoretical constant based on a con-
ducting sticks model [45], / is the average length of the
SWNTs in the network, and 7 represents the ratio of a
circle’s circumference to its diameter (as an SWNT can
have any angle of rotation in the plane of the substrate).

Since an average length of 1.5 £ 0.4 um was observed
for the SWNTs, N, is expected to be 2.5 SWNT/me. As a
low density of SWNTs is deposited in each deposition
cycle, eight repetitions were required to achieve this den-
sity and observe macroscopic conduction (Fig. 6). The
slowest increase in the slope of the conductance versus
number of deposition cycles curve was observed for the PS
method, as it builds up SWNT networks by repeatedly
depositing ultra-low densities of unbundled SWNTs until
the desired network density is reached.

IS method

The magnitude of the conductance for the IS method was
intermediate with respect to the other two deposition
methods. The macroscopic conductance observed indicates
that although SWNT clusters were deposited preferentially
at the drop’s edge, repeating the process with successively
larger volumes of suspension resulted in the formation of
macroscopic networks of 2-D clusters. Therefore, the IS
method allowed the deposition of 2-D clusters of aligned
SWNTs over an increasing area as the number of deposi-
tion cycles increased.

In addition, when the incubation time was increased
from 10 to 12 min (Fig. 6, inset), the slope of the plot of

sheet versus number of deposition cycles increased. This
indicates that allowing greater time for the nucleation and
growth of the SWNT clusters resulted in the deposition of
greater densities of nanotubes as repeating the deposition
process allowed the capillary flow process that deposited
SWNTs to increase the density of 2-D bundles. This indi-
cates that this deposition process can be tuned via both the
number of deposition cycles and the incubation times used
in each deposition. The IS method, like the PS method,
could be repeated until the desired macroscopic electrical
properties are achieved, facilitating applications that
require conductive and transparent thin-films. Alterna-
tively, on the microscopic scale, such 2-D clusters may
have applications in the formation of highly conductive
interconnects between electronic device structures.

CD method

Finally, deposits formed using the CD method showed the
greatest increase in conductivity, as each deposition cycle
deposited large 3-D bundles of SWNTs. In fact, after just
two deposition cycles, the sheet conductance far surpassed
that of the highest observed conductance for the other two
methods. This is due to the deposition of high-densities of
3-D bundles of SWNTs in each deposition cycle. The high
conductance of these 3-D bundles makes them a possible
route to the formation of highly conductive thin-films that
are compatible with flexible substrates.

Effect of deposition method on field-effect transistor
performance

PS method

The 2/1 ratio of semiconductive/metallic SWNTSs in arc
discharge soot [8] allows one to use a FET configuration to
obtain a qualitative measure of the degree of bundling
induced by each deposition process (Fig. 7). When the gate
voltage is scanned from negative to positive, only networks
composed of low-densities of unbundled SWNTSs behave as
semiconductive thin-films. The semiconductive thin-films
exhibit a strong dependence of source/drain current on gate
voltage, while the metallic thin-films show little change.
The semiconductive behavior is consistently observed in
the density limit between N, for the semiconductive and the
metallic SWNTs. Thin-films with densities above N_ for
the metallic SWNTs, as well as networks composed of
bundles of SWNTs, consistently exhibit metallic
conduction.

The conductivity of the 2-D networks deposited with the
PS method showed a reduction of over two orders of
magnitude as the gate voltage was scanned from —4 to
1 V. This behavior is typical of a p-type semiconductor.
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Fig. 7 When tested in a FET configuration, the conductance of the
network composed of a low density of unbundled SWNTs changed by
several orders of magnitude as the gate voltlage was scanned, while
the conductance of the two networks composed of bundles of SWNTs
remain comparatively unchanged

However, the networks deposited using the IS and CD
methods show little change in conductivity in this same
voltage range. This difference in macroscopic transport is
caused by the presence of 2-D clusters and 3-D bundles of
SWNTs in networks deposited using the IS and CD
methods, respectively. This behavior results from metallic
SWNTs, which remain unaffected by the gate voltage,
acting as current pathways.

Previous reports have shown that the contact resistance
at the metal/SWNT interface plays an important role in
FET performance [46, 47]. An additional study has dem-
onstrated that the contacts to both semiconductive and
metallic SWNTs can be optimized by a local voltage pulse
applied through a conducting AFM probe [48]. Under ideal
conditions, FET devices composed of liquid deposited
networks of unbundled SWNTs have exhibited on/off
ratios of >1O6, if the contact resistance to the metal elec-
trodes was minimized [49]. Therefore, a new approach to
device fabrication was employed (Fig. 8) to understand the
effect of the number of deposition cycles on the on/off ratio
of FET devices. An ultra-low density of SWNTs (below the
percolation threshold for semiconductive SWNTs) was
deposited through one deposition cycle from a suspension
with an SWNT concentration of 0.1 mg/mL. The macro-
scopic conductivity was not observed for these layers.
Then, thermal deposition of Ti through a stencil was
employed to form source and drain electrodes spaced 1 cm
apart.

While macroscopic conductance was not observed for
these samples, the ultra-low density of pre-deposited
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Fig. 8 SWNT network transistor formation: a an initial ultra-low
density of SWNTs was deposited. Macroscopic conductivity was not
observed for these deposits; b a stencil mask was used during high-
vacuum thermal deposition of Ti; ¢ the resulting Ti electrodes have
enhanced contacts to the pre-deposited SWNTs, allowing better
electrical contacts to the SWNTs deposited during the formation of
the conducting network

SWNTs provided a foundation for the enhanced electri-
cal conductivity to SWNTs that were deposited subse-
quently; a small portion of the pre-deposited SWNTs
remained partially covered, extending into the source/
drain channel, allowing low-resistance SWNT-SWNT
contacts to dominate between the Ti electrodes. This
resulted in the reduction of the SWNT/Ti interfacial
Schottky barrier typically observed for such devices.
Consequently, an enhanced conductivity was observed
throughout a wide range of deposition cycles when
SWNT suspensions of 0.02 mg/mL were subsequently
employed to deposit networks exhibiting tunable mac-
roscopic conductivity as subsequently deposited SWNTs
contacted the pre-deposited SWNTs near the SWNT/Ti
electrode interface.

In a standard FET characterization setup, 0.5 V was
applied between the source and the drain electrodes while
the gate voltage was scanned between £5 V. The on/off
ratio increased from 1.2 x 10* to 2.0 x 10* for 1-3
deposition cycles (Fig. 9). Then, the maximum on/off ratio,
2.5 x 10°, was observed after four deposition cycles.
Therefore, four deposition cycles mark the point at which
the ratio of the number of semiconductive/metallic path-
ways reaches a maximum. Additional deposition cycles
result in an increase of the number of metallic pathways.
As the conductivity of these metallic pathways is not
strongly affected by the gate bias, the on- and off-state
currents begin to increase, with a concurrent decrease in
the on/off ratio.
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Fig. 9 As the gate voltage was scanned between +5 V (0.5 V was
applied between the source and drain electrodes), increasing the
number of deposition cycles permitted on/off ratio to be tuned to a
maximum of 2.5 x 10° for four deposition cycles. Additional
deposition cycles resulted in the formation of additional metallic
pathways, reducing device performance

IS and CD methods

The IS and CD networks showed little change in the con-
ductivity upon exposure to a gate bias (Fig. 7). This is
expected because of the observance of high densities of
2-D and 3-D clusters for networks deposited using the IS
and CD methods, respectively. The presence of a single
metallic SWNT in a cluster renders it a metallic conductor.
This highlights the importance of the development of
methods for obtaining strict density control during the
formation of SWNT networks.

Conclusion

Three spin-casting techniques have been employed to
deposit semiconductive and metallic SWNT networks
having tunable electrical transport. The PS method pro-
vides a high level of density control during the deposition
of 2-D networks of unbundled, high-aspect ratio SWNTs.
The conductivity of these networks can be tuned via
changes in the density of deposition suspensions and/or the
number of deposition cycles. Most of the previously
reported liquid deposition techniques allow bundle forma-
tion during the drying stage. However, the PS method
greatly reduces this effect by first coating the substrate with
a thin layer of a suspension of high-aspect ratio SWNTs,
reducing suspension use to 0.02 mL/cm® of substrate
coated. Next, high-speed sample rotation is employed to

effect laminar drying of the substrate, resulting in the
deposition of low densities of unbundled SWNTs. A major
advantage of this method is that these networks can be
tuned from semiconductive to metallic by simply increas-
ing the number of deposition cycles. When tested in an
FET configuration, these networks consistently behaved as
thin-film semiconductors, reaching an on/off ratio of 10° ,
indicating that the low-density networks of unbundled
SWNTs were formed over a large area. The rate of the
increase in conductance for each deposition method varied
in the order PS < IS < CD.

In the IS method, 2-D networks, composed of clusters of
side-by-side SWNTs, were formed by allowing an incu-
bation time of 10—12 min before the application of cen-
trifugal force. This incubation time allows the formation of
circular evaporation-induced currents that deposit high-
aspect ratio SWNTs at the drop’s edge. This process was
repeated with a series of successively larger drops of sus-
pension to grow a 2-D thin-film of clusters of SWNTs with
a height consistent with a single layer of nanotubes. As
macroscopic conductivity in these networks is supported by
2-D bundles of SWNTSs, these networks have metallic
conduction. The ability to deposit 2-D clusters of aligned
SWNTs provides a route to the formation of electronic
device structures that require higher current drive than
possible with an individual SWNT.

In the CD method, 3-D networks with high-densities of
bundled SWNTs were formed via an evaporation method.
The conductance of these networks is also tunable by
repeating the deposition process. Semiconductor charac-
terization experiments showed that these highly conductive
networks little response to an external gate bias. As these
networks show the greatest increase in conductance per
deposition cycle and are composed of SWNT bundles, they
will likely have applications in device structures that
require highly conductive, flexible electronic materials.
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