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Itrathin films of single-walled car-

bon nanotubes (SWNTs) represent

a unique class of materials particu-
larly interesting and potentially beneficial
for a diverse range of applications includ-
ing high-strength hybrid nanocompos-
ites, growth platforms for neuronal
circuits,? highly sensitive chemical/bio-
logical sensors,> ¢ electrode materials for
solar cells,”® and as active elements in elec-
tronic devices.”'® Applied SWNT research
and development efforts divested across
many fields are a result of their superior
electronic and mechanical properties, yet
the potential remains to be realized for any
widespread application. This is partly due to
limitations in reproducible directed assem-
bly that also hinders the understanding of
their fundamental properties, as well as
chirality purification. The desired layout, or
topology, of the SWNT network (SWNTnt)
will depend on the application and, there-
fore, may have a wide variance of density,
alignment, and bundling. For example,
SWNT-based sensors should have debun-
dled, nonburied semiconducting tubes with
minimal percolation paths for unambigu-
ous response,>!" while electrode materials
require higher density and an optimal de-
gree of bundling of perhaps metallic tubes'?
to maximize current carrying capacity.”'3
For transparent electrode applications, the
alignment can also play a crucial role as the
degree of anisotropy can impact the opto-
electrical properties.’

The ability to tune SWNTnt topology
is especially important for SWNTnt-based
thin-film transistors (SWNTntTFTs). Al-
though single-tube TFT devices can poten-
tially achieve the intrinsic mobility of a semi-
conducting SWNT," single-tube assembly
method is extremely challenging to scale
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ABSTRACT Ultrathin, transparent electronic materials consisting of solution-assembled nanomaterials that

are directly integrated as thin-film transistors or conductive sheets may enable many new device structures.

Applications ranging from disposable autonomous sensors to flexible, large-area displays and solar cells can

dramatically expand the electronics market. With a practical, reliable method for controlling their electronic

properties through solution assembly, submonolayer films of aligned single-walled carbon nanotubes (SWNTs)

may provide a promising alternative for large-area, flexible electronics. Here, we report SWNT network TFTs

(SWNTntTFTs) deposited from solution with controllable topology, on/off ratios averaging greater than 10°, and

an apparent mobility averaging 2 cm?/V - s, without any pre- or postprocessing steps. We employ a spin-assembly

technique that results in chirality enrichment along with tunable alignment and density of the SWNTSs by balancing

the hydrodynamic force (spin rate) with the surface interaction force controlled by a chemically functionalized

interface. This directed nanoscale assembly results in enriched semiconducting nanotubes yielding excellent TFT

characteristics, which is corroborated with p.-Raman spectroscopy. Importantly, insight into the electronic

properties of these SWNT networks as a function of topology is obtained.
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up, and not technologically practical for
large-area applications. Thin films of SWNTs,
from random to well-aligned networks, rep-
resent a promising path to scalable device
manufacturing.'®"'® The ability to tune the
topology of these networks represents an
important challenging issue in nanotech-
nology and is central to the performance
and charge transport in such devices. Ex-
perimental and theoretical studies of SWNT-
ntTFTs have shown that the degree of align-
ment and density of the SWNTs
dramatically influences charge
transport.’®?° Another significant issue is
high contact resistance at tube junctions.
While having a higher density of tubes
can increase the source—drain current
(Is) by creating more percolation paths, the
increased density also leads to an increase
in the probability of having a percolation
path dominated by metallic species and,
therefore, shorted TFTs. Here, we show high
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alignment can increase density
without significantly raising
junction points; however, a cer-
tain level of misalignment is re-
quired for percolation, and it is
well-known that density and
alignment directly influence the
SWNTntTFT behavior.’ More-
over, the level of contact resis-
tance at intertube junctions de-
pends on overlap angle such
that an optimal atomic registry
exists at this molecular junc-
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tion,?! as well as chirality where the resistance is much
lower at all-semiconducting (SC) junctions than metal
(MET)—SC junctions.??

The challenges associated with network assembly/
alignment is preceded by another persistent problem
unique and fundamental to nanotubes: all synthesis
methods produce nanotubes with both semiconduct-
ing and metallic chiralities.> As a result, typical SWNT-
ntTFTs have an on/off ratio that is typically quite poor,
100 or lower in as-deposited transistors?* without
“burnoff” metallic tubes.?> Substantial effort has been
focused on the chemistry of growing single chirality
tubes with high temperature (>500 °C) vapor deposi-
tion.?® These SWNTs may be transferred subsequently
to flexible substrates,?” but the scaling of this method
with flexible large-area substrates remains unclear. Bulk
chirality separation methods include dielectrophore-
sis,®® macromolecular/DNA wrapping,?® and selective
reactions,**32 yet the yield is relatively low and it re-
mains unclear how these methods ultimately affect
SWNT electronic properties. In another approach, re-
searchers have adopted a technique from biochemis-
try and demonstrated separation by density gradient
centrifugation,®*34 and this appears to be promising for
scalable device integration provided the surfactants/
centrifuge medium can be completely removed and
not alter TFT properties.3> Meanwhile, device struc-
ture engineering by patterning etch lines into SWNT
networks long-channel devices (100 wm) was dem-
onstrated to cut off percolation paths of metallic
SWNTs, but this imposes restrictions on the final de-
vice dimensions.™

We have been focusing efforts to address the above
issues of SWNT separation and alignment by develop-
ing a solution-based fabrication method for SWNTnt-
TFTs with the ability to control the chirality and topo-
logical characteristics. This approach not only provides
a modular platform toward the fabrication of SWNT-
based electronics but also allows us to understand how
the topological characteristics, namely, density and
alignment, affect the transistor performance. Our previ-
ously demonstrated approach, which relies upon spe-
cific (noncovalent) interfacial interactions to enrich
SWNT chirality, is advantageous here since it contains
multiple deposition parameters (surface chemistry, spin
rate, concentration, solution volume, etc.) to simulta-
neously tune network alignment and density. We incor-
porate a single-step process directly on a gate/insula-
tor substrate resulting in a refined SWNT network film
immediately viable for flexible electronic applications.
We have applied this to both SiO, and flexible poly-
meric and ITO substrates. On SiO, modified with amine
or aromatic functionality, the resulting networks pos-
sess very different levels of alignment and density un-
der the same deposition conditions, with on/off ratio
averaging around 100 000 and 1.2, respectively.3 The
SWNTntTFTs on polymeric and ITO substrates had

\\&) VOL.3 = NO. 12 = LEMIEUX ET AL

slightly lower on/off ratio (10°%) due to increased sur-
face roughness, yet high enough performance and sta-
bility to function as underwater, low-voltage TFTs.3” We
used aminosilanes due to their well-known affinity
to CNTs, which has been shown to selectively bind
SC—SWNTSs.3'36 Here, the deposition parameters, in-
cluding spin rate and SWNT solution volume, are sys-
temically varied to control the SWNT density and align-
ment, and the influence of these properties on the
electrical performance is reported. Our results demon-
strate how the interplay between density and align-
ment can be used to tune the electrical performance
of solution-assembled SWNTNntTFTs.

RESULTS AND DISCUSSION

SWNT Network Formation. SWNTnts were fabricated
from arc-discharge SWNTSs in n-methyl pyrrolidone
(NMP) solutions spin-coated onto amine-functionalized
substrates with variable spin-coating speeds, as de-
picted in Figure 1. The conditions have been described
in detail previously®® (see also Materials and Methods),
but briefly, we used well-dispersed and debundled
SWNT/NMP solutions (10 wg/mL), as this solvent has
been shown to completely exfoliate CNTs into SWNTs.3®
Furthermore, surfactants are not used in this process
as these can alter SWNT electronic properties. Using si-
lane chemistry, the surface of a Si/SiO, substrate was
functionalized with an amine-terminated monolayer for
reasons described previously. The selective adsorption
process is critical on having a smooth and close-packed
amine layer, with water contact angle above 40°. Ami-
nosilane monolayer formation from APTES is nontrivial,
as suggested by the large range of contact angles (from
23 to 93°) reported in the literature, due to the high en-
vironmental sensitivity of amine-containing silanes.3¥4°
In addition to the triethoxysilane headgroup assem-
bling along the SiO, surface, a variety of undesirable in-
teractions can occur to disrupt the formation of a uni-
form monolayer. Amine groups can hydrogen bond to
the surface, or with a sufficient amount of water in the
system (a small amount is required for the hydrolysis re-
action), the amine monomer can polymerize in the so-
lution resulting in rough surfaces with large aggregates
of silane deposits.*! Excessive reaction times can also
lead to high contact angle with high surface roughness
due to multilayer formation.3**? These undesirable reac-
tion attributes lead to the large range in contact angles
and film thicknesses; however, we have found that
aminosilane monolayers with contact angle between
38 and below 80° can be suitable for our deposition/
separation process (Supporting Information).

Using amine-terminated substrates prepared in the
same APTES deposition batch with contact angles of
around 60°, samples were fabricated according to the
spin-coating and SWNT solution volume conditions de-
scribed in Table 1. Overall, the alignment listed in Table
1 deviated not more than *2% for all substrates (four
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havior when networks were assembled at
a slower spin rate of 1000 rpm (Supporting
Information). Apparently, the shear rate is
not high enough to enable selective ad-
sorption. Networks deposited with a larger
volume of solution (100 pL) at 2000 rpm

SWNT Spin Assembly

displayed poor alignment (55% within
+10%) owing to the SWNTs in solution in-

‘ teracting more with the nascent SWNTs on
o the surface rather than the underlying

3 amine monolayer. The effect of a faster

- spin rate is significant, whereby 75% of the

SWNTs are aligned within =10% when de-

©=107|
positing 50 L SWNT solution at 4000 rpm.
Even when using the large volume (100
wL) at 4000 rpm, a reasonably high align-
ment is still achieved (69%) relative to that
observed with the same volume (100 L) at

2000 rpm (55%).

Electrical Properties. As evidenced from
Figure 1 and summarized in Table 1, requ-
lar arrays of SWNTnt are fabricated with
various topologies. To understand how the
topology effects electronic properties, we
deposited top contact source/drain gold

%0

Figure 1. (a) Schematic depicting assembly of the SWNTnt formation. The ; _ _
SWNT solution (10 pg/mL in NMP) is spin-coated onto the amine- electrodes with Lc. 50 pmand W = 1000
functionalized dielectric, followed by deposition of source and drain elec-  *M (on 300 nm SiO,) and measured the

trodes. (b—e) Resulting AFM images (10 X 10 pum, z-scale is 10 nm) of
the SWNTnt deposited under the different conditions described in Table
1, as well as the corresponding alignment histograms where @ is the
fwhm value of the Gaussian fit to the histograms. From top to bottom
are A1 (b), A2 (c), A3 (d), and A4 (e). The scale bar in b—e is 2 pm.

tested) within each sample type, indicating good repro-
ducibility of this method. In order to gain a better un-
derstanding of how topology affects the electrical per-
formance of SWNTNtTFTs, here we prepared films by
varying the spin rate, which affects alignment and
SWNT density (solution volume). The average align-
ment of networks deposited with 50 p.L solution at
2000 rpm was determined from 10 X 10 um? AFM im-
ages recorded from at least four locations over the en-
tire substrate (2.5 cm long by 1.5 cm wide), indicating
that roughly 71% of the SWNTs are aligned within
+10% away from the long axis of the substrate (histo-
grams, Figure 1b). Neither preferential alignment nor
absorption was observed, resulting in no transistor be-

TFT characteristics. The resulting transfer
plots are shown in Figure 2 (see Support-
ing Information for corresponding output
curves). Gate leakage in all tested devices
did not exceed 10 pA. From the averaged
semilog transfer plots (Figure 2), it is difficult to accu-
rately determine the threshold voltage (V), particularly
due to the spread in V; arising from the presence of vari-
ous SWNT, substrate interactions, SWNT/electrode con-
tact, and SWNT/SWNT interactions.?>*? In fact, by mea-
suring devices at very small channel lengths (e.g., Lc = 2
pwm; see Figure 3 and Figure SI-4), where there is typi-
cally only a few, if not a single, SWNT, these off-state
current/Vr variations, which are highly sensitive to band
gap energy (a function of slight variations in diameter),
could be observed.

For electronic measurements, results were aver-
aged from four substrates for each sample type. Over-

_____________________________________________________________________________________________________________|
TABLE 1. Samples Described in Figure 1¢

avearge SWNT
spin-coat SWNT density  alignment (%) average mobility
sample type  spin-coat RPM  volume (j1L) (tubes/pm?) within £10%  gate modulation ~ max /pscurrent (pA) (em?/(V - 5)) average on/off
A0 1000 50 7 40 no 1.22 NA 1.97
Al 2000 50 8 n yes 0.10 0.5 113 X 10°
A2 2000 100 12 55 yes 0.80 n 246
A3 4000 50 7 75 yes 0.19 1.1 134 X 10°
A4 4000 100 n 69 yes 0.24 20 462 X 10°

“Substrate size is 2.5 cm long, 1.5 cm wide. Four substrates of each type were examined. APTES contact angle is 60° for all samples, and SWNT solution (10 pg/mL in
NMP) was dispensed at the center of the substrate. L = 50 wm, W = 1000 um. “See the Supporting Information.
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Figure 2. (a) Transfer characteristics (Ips— V) for each of the SWNTnts. These are averaged from tests done on eight devices
(Lc = 50 pm, W¢ = 1000 pum) on four different wafers for each condition at Vps = —1 V (32 devices for each condition). (b) His-
tograms compiled from the transfer characteristics showing average Ips max, as well as comparing the average and maxi-
mum values for on/off ratio. (c) Typical angular dependence of the SWNTnt for sample type A4. This type of test demon-
strates the high alignment of SWNTnt, and when source/drain electrodes (Lc = 5 pm, W¢ = 500 pum) are deposited more than
20° perpendicular from the direction of SWNT alignment, the transistors are “off” (no gating). (d) Typical cycling (transfer
characteristics) (at Vps = —1 V) for sample A4 over 50 cycles on a devices with Lc = 50 pm, W = 1000 pm.

all, on/off ratio reached a maximum value of nearly 9
X 10° (Figure 2), and all samples exhibited on/off ra-
tios of over 10°. The level of mobility is lower than typi-
cally observed in CVD-grown networks, and this can

be attributed to the increased defects in SWNTSs due to
extensive solution processing. The poorest performing
sample type was A2 (2K, 50 pL), which also had the
poorest alignment. The poor TFT performance of
sample A2 is a result of large MET—SWNT content, evi-
denced by an order of magnitude higher “on-current”
and more than 4 orders of magnitude higher “off-
currents”. Greater MET—SWNT content is also observed
by Raman spectroscopy results (discussed later). When
comparing this result relative to sample A4, in which
the overall SWNTnt density is the same, the importance
of higher spin speed becomes clear. The higher fluidic
shear force leads to enhanced alignment, in addition to
chirality enrichment. In other words, at a spin speed of
2000 rpm, the selective tube/surface interaction breaks
down after 50 pL of deposited solution, corresponding
to a density of >9/um?, as the inefficient packing of
SWNTs increases effective coverage and lowers the sur-
face area of the free amine layer. In this case, an in-
crease in nanotube density is not possible, but rather
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SWNTSs nonspecifically adsorb to the existing network
resulting in degraded TFT behavior. However, at a spin
speed of 4000 rpm, because of the higher alignment,
the density of SWNTs can be increased with an en-
hancement of TFT behavior.

Comparing sample types A3 (4K, 50 pL) and A4 (4K,
100 pl), essentially doubling the SWNT concentration
does not drastically affect alignment and results in both
an increased on/off ratio and on-current, with an Ips.ma
of A4 double that of A3. The SWNTnt alignment is sig-
nificantly better in A3 (75%) than A4 (69%). Thus, the
lower Ips current makes sense because typically a higher
level of alignment produces a slightly lower on/off ra-
tio due to a lower on-current (Ips.max) caused by a lower
number of percolation paths. From a qualitative per-
spective, a small level of misalignment is necessary for
TFT networks of 1D nanostructures, and quantitatively,
it appears that optimum charge transport in terms of
the highest max on/off ratio (Figure 1) is achieved when
70% of tubes are within £90% parallel with each other.
Furthermore, although A1 (2K, 50 pL) and A3 (4K, 50
L) have the same relative density, the Ips.max Current is
lower for A1, most likely due to the large level of mis-
alignment leading to more tube/tube contacts causing

www.acsnano.org
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Figure 3. (a) Transfer characteristics at smaller channel
lengths. While V; is affected strongly going to smaller Lc
(Wc kept constant at 100 um) due to a lower number of
tubes being sampled, the on/off ratio remains relatively con-
stant (Vps = —1 V). (b) Average transfer characteristics at Lc
=2 pm, Wc =2 pm (Vps = —1V, averaged over 20 devices).
Even with such a small channel geometry where perhaps
one percolation path is present, on/off ratio remains over
100, with on-current (Ips max) being reduced due to the low
number of SWNTs being sampled.

increased channel resistance. The high level of align-
ment that can be achieved is revealed in Figure 2c in
which devices (Lc = 5 pm, W = 50 wm) tested that were
perpendicular to the direction of alignment by only
more than 20° became insulating. Moreover, in terms
of reliability, the SWNT TFTs fabricated here have very
low hysteresis measured in air (Figure 2d), indicating
these devices are highly stable in ambient, and APTES
is suitable for passivating the trap states on the SiO, sur-
face. While the mobility of these solution-processed de-
vices is low compared to SWNT TFTs made with CVD*
or prepurified®> SWNTs, this value is still on par with
published results.'s'84> However, the on/off ratios re-
ported here are nearly 2 orders of magnitude better
than those obtained previously with solution-processed
nanotube networks. This combination of results is quite
significant for nanotube networks fabricated directly
from solution, as opposed to multistep processed or
high-temperature CVD fabricated nanotube networks.
Finally, the on/off ratio did not significantly de-
crease going to smaller channel lengths, an indication

www.acsnano.org

Raman Intensity (AU)

Raman Shift [cm'l)

Figure 4. p-Raman mapping data at 633 nm (1.96 eV excita-
tion). The resulting spectrum for each sample is averaged
over four maps (12 point mapping over a 200 X 200 pm
area) on four different substrates for each condition. The
curves are normalized to the largest RBM peak (~170 cm™")
for direct comparison. The blue shaded region represents
the metallic tubes, while the red shaded region represents
the semiconducting tubes resonant at this wavelength.

of true SC—SWNT enrichment in the network. Figure 3
shows the result of testing small channel devices as de-
scribed above with density of tubes around 8/um?. In
Figure 3a, devices were fabricated at Lc = 3, 5, 10, and
20 pm, with W¢ constant at 100 wm, and the results
shown were averaged over 10 devices for each chan-
nel length. The average on/off ratio remains around 10%,
but importantly, off-current does not exceed 0.1 nA.
As expected, average mobility is slightly affected by
channel length as 3 um is highest, before dropping off
and remaining at a constant level for 5—20 wm (mobil-
ity at 3 wm is better than at 2 wm because the 2 um de-
vices had lower W/L as W¢ = 2 wm for Lc = 2 pum). In-
terestingly, Vr steadily increases from 1.9 to 2.9 V with
decreasing channel length, indicative of a lower sam-
pling of SWNTs (see above) species having their proper-
ties averaged as Lc decreases. At smaller channel di-
mensions, these outliers (either a very small percentage
of MET—SWNTs or small diameter, smaller band gap
SC—SWNTSs) become statistically significant, especially
on the 2 X 2 wm devices.

.-Raman Analysis. An overall comparison of the
p.-Raman results at 1.96 eV excitation for all samples is
summarized in Figure 4. The 1.96 eV excitation energy is
resonant with the majority of SWNT tubes used in this
work, which possess a relatively large average diam-
eter of 1.4 = 0.5 nm, determined by AFM. In particu-
lar, the 1.96 eV line is well-suited for separation
analysis because it is resonant with MET—SWNT
(EM) and SC—SWNT (E35) in a nearly 50/50 ratio as indi-
cated in Figure 4 by the blue and red shaded regions,
respectively. As discussed before, sample A2 exhibited
the poorest transistor behavior likely due to the pres-
ence of MET—SWNTs manifested in the relatively high
off-current compared to other samples. Focusing on the
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TABLE 2. Samples Described in Figure 5

average SWNT
spin-coat SWNT density alignment (%) max lps average mobility
sample type spin-coat RPM volume (pL) (tubes/pum?) within £10% gate modulation current (pA) (em%(V - 5)) average on/off
0 4000 25 3 76 no insulating NA N/A
1 4000 50 5 78 yes 0.05 0.9 1.4 % 10*
2 4000 100 n n yes 0.16 14 12X 10°
3 4000 150 15 69 yes 0.20 1.9 2.2 X 10°
4 4000 175 18 69 yes 4m 17 2.8 X 102
5 4000 200 22 67 no 6.90 NA NA

“Substrate size is 2.5 cm long, 1.5 cm wide. Three substrates of each type were examined. APTES contact angle is 60° for all samples, and SWNT solution (10 p.g/mL in

NMP) was dispensed at the center of the substrate. Lc = 50 um, W¢ = 1000 pum.

low-frequency radial breathing mode (RBM) region of
the spectra, which reveals SWNT chirality determined
through methods described previously,**47 it is clear
that A2 (2K, 100 pL) has a larger and broader shoulder
at the high-end frequencies as compared to the other
samples with more SC-enriched networks. In fact, the
average spectrum for A2 is bimodal (Figure 4 and
Supporting Information), indicating little enrichment
of SC—SWNTs. It is apparent that, for sample A2,
the assembly leading to poor alignment from insuf-
ficient SWNT/surface interaction does lead to a
deposition of a SWNTnt with a mixed chirality con-
tent and with charge transport properties domi-
nated by MET—SWNTs.

As expected, all samples show a strong SC band at
roughly 170 cm ™" because SC—SWNTs are initially se-
lectively adsorbed in the assembly process. However,
samples A1 and A2 have a larger RBM area in the blue
shaded region (Figure 4) compared to A3 and A4, and
this is a result of the stronger hydrodynamic force dur-
ing network assembly, resulting in better selectivity
for A3 and A4. While sample A1 has a noticeable
MET—SWNT peak, this is still much smaller than the
nearly bimodal distribution for sample A2, and this ex-
plains the better on/off ratio for sample A1 relative to
A2. Furthermore, the lower SWNT density of A1 relative
to A2 (Figure 1 and Table 1) leads to less metallic perco-
lation paths in the network, but this should also re-
duce Ips current; this is observed in the electronic per-
formance (Figure 2b), where A2 had the lowest current.
Thus, the Raman data corroborate the electronic and
AFM data. Looking at the average RBM spectra for
samples A3 and A4, smaller MET—SWNT content is de-
tected relative to A1 and A2, with just very small shoul-
ders at ~200 cm ™. We therefore conclude that, at
slower spin rates, the network is very sensitive to den-
sity for achieving high on/off ratio as observed from
combined electrical and spectroscopic characterization.
With faster spin-coating speed, the binding at the
aminosilane interface is more selective, and the on/
off ratio is not sensitive to density until higher values
are reached (see below). At higher spin rates, the
nanotubes have a shorter residence time with the
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substrates and are less likely to be absorbed by
weak, nonspecific interactions.

SWNT Density Influence on Sorting. At a spin speed of
2000 rpm, the electrical performance of SWNTntTFTs
breaks down at an accumulation density of just over 10
tubes/wm?. At faster spin rates, however, a critical
breakdown density point was not reached for the afore-
mentioned system. To this end, the maximum SWNT
density was determined by gradually increasing the vol-
ume of deposited solution while maintaining a con-
stant spin rate of 4000 rpm, according to the samples
listed in Table 2. Figure 5 shows AFM topography im-
ages of network arrays with increasing SWNT density,
from insulating networks with low density up to highly
conductive, dense networks on the verge of selective
absorption breaking down in which no significant gat-
ing was observed. The corresponding transfer curves
(averaged from 24 individual curves over three samples
for each density) demonstrate that the electronic prop-
erties are heavily influenced by SWNT density.

This is summarized in Figure 6, where the on/off ra-
tio and mobility steadily increase until about 15 SWNTs/
wm?2. At this point, the on/off ratio falls off dramati-
cally, while the Ips.max continues to increase. The optimal
nanotube density is indicated by the green (center)
shaded region in Figure 6, where high charge trans-
port is accompanied by reasonably high on/off ratio,
which apparently is around 14—18 tubes/pm?. Look-
ing at sample 4, although the on/off ratio remains
above 100, this value represents a sharp drop (3 orders
of magnitude) from the previous samples as a result of
surface sorting breaking down. The incoming SWNTs
begin to have more interaction with the nascent SWNT
network rather than “empty” surface, resulting in non-
specific adsorption. This is reflected in an order of mag-
nitude increase in current for sample 4 as well as an
off-current that jumps from picoamperes to tens of
nanoamperes. Because of this, the corresponding mo-
bility is increased by nearly an order of magnitude. Sim-
ply put, this is due to the presence of more MET—SWNTs.
It should be noted that when going to faster spin
assembly speeds (greater than 4K), electronic perfor-
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Figure 5. Series of typical AFM images (2 X 2 pum, z-scale = 10 nm) of the SWNT networks at each density indicated, with
increasing density from top to bottom. The scale bar represents 1 pm. The right column is the average transfer characteris-

tics at each density (Lc = 50 pm, W = 1000 pm, Vps = —1 V) over eight devices from three substrates at each condition.
mance did not improve because alignment becomes ure S-6 in the Supporting Information. Further stud-
dramatically enhanced resulting in much reduced ies are being carried out on the properties of aligned
tube/tube contacts. This higher alignment regime CNTs in this regime and this will be the subject of an-
leads to very low Ips current, as can be seen in Fig- other publication.
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Figure 6. Compilation plot of the transfer characteristics as a function
of density. This shows that the Ips max is steadily increasing, while on/
off ratio reaches a maximum value at around 16 tubes/pm?, indicating
that the surface sorting begins to breakdown at this tube density.
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In conclusion, nanotube networks are important
electronic materials, and a full understanding of their

electronic properties, which is heavily dependent upon
network topology, will be required for potential TFT de-
vice integration. In this work, an approach to thin-film
transistor development of going beyond “random”
nanotube network devices with a self-sorted SWNTnt
is expanded upon here. The characterization of these
SWNTnts in terms of electronic properties as a function
of network topology has not been investigated for
these critical systems made from a scalable, one-step
solution process. The performance of SWNTntTFTs is
dramatically altered by tube density, alignment, and
spin-coating speed, all of which can be easily tuned
with our process. p.-Raman mapping indicates more ef-
ficient specific chirality sorting at a spin speed of 4k as
opposed to 2k, and by looking at a wide range of
samples, there is a “sweet-spot” for devices that combine
higher Ips max with higher on/off ratio. By gaining an in-
sight into the hydrodynamic/surface binding force bal-
ance at this crucial interface, this can pave the way for a
powerful, one-step solution-based process that is scalable
and applicable to plastic (flexible) and metal surfaces.

MATERIALS AND METHODS

Preparation of Surfaces. Doped silicon wafers (Silicon Quest) of
(100) orientation with 300 nm oxide were cleaned for 30 min in
Piranha solution (3:1 H,S04/H,0,), rinsed copiously with water,
dried under N,, and taken inside a dry N, glovebox for silane
modification. SAMs of aminopropyltriethoxy silane (APTES)
(Gelest, silanes were distilled prior to use) were absorbed from
0.5% solution (in anhydrous toluene) for reaction times ranging
from 5 min to 2 h at room temperature. Following self-assembly,
surfaces were rinsed twice in toluene, sonicated in toluene, and
rinsed again in toluene, then dried under N,, annealed under
vacuum for 20 min at 90 °C before characterization. SAM sur-
face roughness did not exceed 0.3 nm rms measured with AFM.
TFT geometry for bottom contact devices was achieved through
conventional lithography, 40 nm thick gold electrodes); Lc = 2,
5,10, 25, and 50 pum, while W¢ = 2, 50, or 100 um. Top contact
source/drain electrodes deposited from 40 nm gold through a
shadow mask, with Lc = 50 um and W = 1000 pwm.

Nanotube Solution Preparation. Details of the nanotube purifica-
tion and resulting “buckypaper” formation are provided in a pre-
vious publication.*® Solutions of the purified buckypaper were
prepared by dissolving small amounts of buckypaper (by 20 min
of sonication at 700 W, 60% amplitude) at a concentration of 10
rg/mL in NMP (1-methyl-2-pyrrolidone, Omnisolve, spectro-
photometry grade).

Spin-Coating Procedure. These solutions were carefully dropped
via pipet near the surface and in the center of a 2.5 cm X 1.5
cm of the APTES-modified silicon wafer spinning at speeds be-
tween 500 and 6000 rpm (Headway research).

Sample Characterization. AFM topography images were ac-
quired in the tapping mode regime using a Multimode AFM
(Veeco). Alignment and density analysis was carried out with
ImageJ software. All electronic tests were conducted using a Kei-
thley 4200 SC semiconductor analyzer. p-Raman (LabRam Ara-
mis, Horiba Jobin Yvon) measurements were carried out at 633
nm (1.96 eV) excitation at 100X magnification and 1 pm spot
size, and 1800 grating. Excitation power through our filter was
2 mW for the 633 nm line. All data were acquired from auto-
mated multipoint (12 points) mapping over random areas (at
least five different areas) of the samples, with three spectra accu-
mulated and averaged at each single point. All summarized
data were normalized to the 303 cm™' mode in silicon.
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