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ABSTRACT

We introduce a simple solution-based method for the fabrication of highly oriented carbon nanotube (CNT) arrays to be used for thin-film
transistors. We exploit the liquid-crystalline behavior of a CNT solution near the receding contact line during tilted-drop casting and produced
long-range nematic-like ordering of carbon nanotube stripes caused by confined micropatterned geometry. We further demonstrate that the
performance of thin-film transistors based on these densely packed and uniformly oriented CNT arrays is largely improved compared to
random CNTSs. This approach has great potential in low-cost, large-scale processing of high-performance electronic devices based on high-
density oriented CNT films with record electrical characteristics such as high conductance, low resistivity, and high career mobility.

Electronic devices based on solution-processable one-strated that carbon nanotubes, like other anisotropic and one-
dimensional semiconducting materials and their arrays aredimensional molecules, might form a lyotropic liquid-
generating significant research interest for the applications crystalline phasé? 22 Above a critical concentration, CNTs
requiring low-cost fabrication, large-area coverage, and low- have shown a phase transition to the nematic liquid-crystal
temperature processing on flexible substratésSemicon- phase. This liquid-crystalline behavior of CNT solution can
ducting single-wall carbon nanotubes (SWNTs) are one of offer novel solution-processable routes to large-scale align-
the promising candidates for high-performance thin-film ment of CNTs in many potential applications requiring
transistors (TFTs) because of their potentially high carrier oriented CNT array®® However, inducing long-range ne-
mobilities and large current-carrying capacitiédlowever,  matic ordering with low misaligned defects within the CNT
because of the limited current-carrying capacity of individual surface layer still remains a big challenge.

SWNTSs, random networks or parallel arrays of SWNTS  erein, we report the formation of long-range ordered and
Would_be required to provide the necessary current density yonse arrays of CNTs via liquid-crystalline processing by
of devices. The performance of carbon nanotube (CNT) TFTS gy tilted-drop casting of CNT solution on functionalized

can be improved by increasing the surface density and nronatterned geometries. As the solvent evaporates during
controlling the ‘uniform allgnme_nt of CNTs. Sevgral ap- ilted-drop casting, the carbon nanotubes diffuse from the
proaches hi\ge been made to align CNTs by ;olutl_on—bgse ulk solution to the liquig-solid—air receding contact line
techmqug@, bu.t mpst of the methods are limited in thelr. by convective flow, causing the concentrated solution to form
prospective applications because of the low surface densnya nematic liquid-crystalline phase. The confined geometry

ﬁf thebCNT atrtray fct)rr;?d. Otfl:erhsoLlJItlo;-baseg'\?_?pr%ac;rlﬁsOf the micropatterned surface induces a uniform long-range
ave been attempted fo make highly gense S PULINE  entation of dense CNT films during the surface deposition.

resu_ltmg CNT layer is randomly orientéd. We further demonstrate that the electrical performance of
Highly dense, randomly oriented CNTs have been used ,, .~ .. . .
thin-film transistors based on these densely packed uniformly

recently as effective semiconducting layers for thin-film o ;
. . . riented CNT array is improved dramatically compared to
transistors, although the inter-nanotube contact resistance Ofan dom CNTs

many overlapping tubes limited the full exploitation of the o ) )
intrinsic high mobilitiesi#18 Recently, it has been demon- Purification of single-wall carbon nanotubes synthesized

by arc-discharge (Carbon Solutions, Inc) was performed by
~ *To whom correspondence should be addressed. E-mail: vladimir@ mild air oxidation (350°C, 2 h), followed ly a 6 M
lastate.edu. hydrochloric acid washing for 2 h. Stable dispersion of CNTs

Tlowa State University. ) ’ ) h ’
*Georgia Institute of Technology. was achieved by dissolving purified CNTs in 1% aqueous
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Figure 1. Surface ordering of carbon nanotube films by slow evaporation of carbon nanotube solution during tilted-drop casting on the
NH.-terminated SAM surface of a silicon wafer. (a) Scheme for the tilted-drop fabrication routine without physical confinemdht. (b
AFM topographical images of a CNT surface film at different magnifications showing liquid-crystalline texture and ordering along with
characteristic topological defects.

sodium dodecyl sulafate (SDS) solution by sonication for 2 a NH-terminated self-assembled monolayer (SAM) accord-
h and centrifugation (18 000 rpm, 1 h). The resulting SWNT ing to the procedure described in detail elsewrRéfeFor
bundles were 1.6 0.6 um in length and 6.4 3.0 nm in this process, an appropriate amount of SWNT solution was
diameter, as measured from atomic force microscopy (A¥M). spread on the tilted substrate and left without any perturbation
The concentration of the resulting CNT solution wa@.1— inside a sealed container. As the solvent evaporated, the
0.2 mg/mL. All of the silicon substrate was modified with liqguid—solid—air contact line swept down the surface,
(aminopropyl)triethoxysilane to form an NHerminated accumulating highly concentrated solution in the vicinity
surface. The CNT solution was tilted-drop cast on photo- and leaving a dense CNT layer behind the receding line.
lithographically patterned surfaces tilted abo@tfér uni- Figure 1b shows an AFM image of the resulting SWNT film
directional solvent evaporation. The tilted-drop casting formed after tilted-drop casting was completed. It shows a
process was conducted in a sealed container (within 2 days)large area of dense SWNT film in which SWNT bundles
for SWNT films in Figure 1 or in ambient laboratory form a monolayer surface film with the thickness 7 nm close
conditions (within 18 h) without using any sealed container to the diameter of the bundles (Supporting Information Figure
for other SWNT films. For CNT-TFT fabrication, a heavily S1) with occasional defects and multilayer aggregates
doped silicon wafer was used as the substrate and the gaté¢indicated by arrows).
electrode. CNT films were fabricated on a $i@00 nm)/ A higher resolution imaging revealed that SWNTs are
Si substrate, and, subsequently, Au electrodes were preparedssembled into small bundle-like structures and within each
with e-beam lithography followed by lift-off of photoresist domain SWNTs are uniformly aligned (Figure 1c and d).
(AZ 5214). The semiconducting properties of CNT-TFTs This microstructure is similar to nematic-type ordering
were measured by a HP 4155 semiconductor parameterobserved for liquid-crystalline CNT solutions and their
analyzer for 5-7 devices with variable channel lengths and footprints on a solid substraté?6:2” Although previous
presented as average values. studies are based on highly concentrated CNT solutions, our
Figure 1a shows a schematic of the tilted-drop casting observed liquid-crystalline-like surface structures are achieved
process of SWNT solution on a silicon wafer modified with  from low-concentration{0.1—0.2 mg/mL) aqueous solution
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Figure 2. (a) Schemes for the tilted-drop fabrication of a thin film on an amine-terminated SAM surface micropatterned with photoresist

polymer stripes. (b and c) AFM topographical images of carbon nanotube films showing uniaxially oriented, densely packed CNT bundles.

but involves ordering along the receding contact line. We  These dense and highly oriented SWNT films can be
suggest that the formation of the liquid-crystalline structure exploited as components in high-performance electronic
is caused by the high evaporation rate on the contact line,devices. Without going into detailed study of the device
resulting in highly concentrated solution in the vicinity of performance, but just to test their potential, we fabricated
the receding contact line, thus promoting the liquid-crystalline CNT thin-film transistors (TFTs) in which densely packed
ordering. This phenomenon is well known in colloid CNT layers serve as semiconducting channels between
systemg®2® and a similar behavior has been observed source and drain electrodes (Figure 3a and b). For device
previously for SWNT%3 and nanorod solution:33 fabrication, sourcedrain contact electrodes were made with
The surface textures and defects for our SWNTs closely Au (50 nm high) layers by using e-beam evaporation and a
resemble those observed for liquid-crystalline CR¥8The subsequent lift-off process. Here, we used only an Au contact
typical singularity defects of liquid-crystalline types related with a minimal Schottky barrier to carbon nanotuBess
to disclinations with a singular center and with two centers known, Au electrodes are strongly attached to the silicon
are presented in Figure 2c. It is worth noting that by changing surface because of the affinity to amine-terminated SAM and
the solvent evaporation rate the structure of the SWNT film the use of an additional interlayer can be avoided, making
can be controlled: with increasing the evaporation rate, the the fabrication process simpler without compromising struc-
size of nematic-type domain decreased, resulting in anture robustness.
isotropic texture when the evaporation completed within  To analyze the preliminary electrical properties and device
several hours (Supporting Information Figure S2). Conse- performances, we fabricated oriented and random CNT films
quently, the higher nematic ordering is achieved by slowing that were formed with and without micropatterning, respec-
down the solvent evaporation rate. Finally, surface cracks tively (Figure 3c and d). CNT surface layers with confined
and undulations observed for these CNT films occur becausegeometries show strong preferential orientation with some
of internal stresses from the coupling between the nematic modulation along the stripes due to flow instabilities while
ordering and elasticity in the formation procégs. random texture was observed in traditional CNT film (Figure
The array of long-range nematic structures can be created3c and d). The nanotube density in both cases was about 18
by confining the drying process within micropatterned bundlestm, which corresponds to a surface density of 7
geometries (Figure 2a). To control this process, we formed bundlesin?, taking into account of the average bundle length
stripes of photoresist on top of amine-terminated SAM by (1.6 um).
using photolithography with the periodicity @m. In this The transfer and output characteristics of a CNT-TFT are
case, the tilted-drop casting process splits in parallel micro- shown in Figure 4a and b. The device exhibits p-type
channels with the solution confined between parallel solid semiconducting behavior with a line#ys characteristics
walls (height is 1.3tm) (Figure 2a). This modification results and minorIVy hysteresis, which is a typical behavior of
in a unidirectional microfluidic flow pattern, which causes SWNT transistors operated in &frThe saturation regime
the formation of multiple stripes of highly oriented SWNT was not reached under experimental conditions available.
films. Removing the photoresist micropattern leads to the Also, the device shows a modest dependence on gate voltage
densely packed oriented SWNT stripes with 2r& width due to the presence of CNT bundles containing metallic
and 5um periodicity (Figure 2b and c). Within these stripes, nanotubes. The transistor with random SWNTs shows similar
SWNTs form undulated structures with the director of the p-type semiconducting behavior, but the current level is much
local orientation regularly modulating along the axis due to lower than that of oriented SWNTSs (see the inset in Figure
capillary instabilities in the receding frofftlt is worth noting 4a). The electrical characteristics are compared in Figure
that when the width of confining channel increased and 4c—ffor CNT-TFTs with different channel lengths (different
became much higher than the average nanotube length (1.@listances between electrodes). Considering that the effective
um) the nematic-like ordering vanished. This behavior channel width contributing to the observed transport proper-
indicates the importance of the steric factors in the formation ties is half of the full channel width (20@xm) for a
of highly oriented structures. micropatterned array, we normalized the device performances
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Si back gate

Figure 3. Device configurations of back-gated oriented (a) and random CNT-TFTs (b) with Au source/drain electrodes. (c) AFM topographical
image of a CNT-TFT with uniaxially ordered micropatterned CNT array. (d) AFM topographical image of a CNT-TFT with randomly
oriented CNT surface film.

(conductance, mobility, and transconductance) correspond-C is the gate capacitance, aMg is the drain voltage, is
ingly. As can be seen in Figure 4c, the resistance of the presented in Figure 46.The gate capacitance can be
oriented CNT-TFT is much lower (35 times) than that with  estimated from the relatio@ = e<y/t, wheree is the dielectric
a random CNT surface layer. Moreover, the contact resis- constant of the silicon oxide (3.9, is the vacuum
tances of the gold/nanotube interface, as determined by thepermittivity, andt is the thickness of the gate dielectric
y intercept of the linear fit, are negligible compared to the (silicon oxide)'® The hole mobility increases with the channel
channel resistances, indicating an excellent property achievedength in the short channel range until saturation for the long
by avoiding the use of adhesive metal interlayers. channels. The hole mobility of oriented CNT-TFT is in the
Correspondingly, the normalized conductance of oriented range of 66-92 cnt/Vs, which is much larger (56 times)
CNT-TFTs is 4-7 times higher than those with random than those of random CNT-TFTs. Both values are signifi-
CNTs (Figure 4d). All CNT-TFTs show a similar linear cantly larger than those of amorphous Si TFFsl(cr/
dependence of conductance upon channel length with theVs)3” We suggest that the uniaxially oriented SWNTs
conductance exponent ef1.17 for oriented and-0.96 for significantly reduce the number of inter-tube contacts that
random CNT-TFTs. The value 0f0.96 for random SWNT  the carriers should pass through, resulting in dramatically
film agrees very well with the experimental and theoretical increased mobility. The highest mobility of 126 #is
studies based on random network of SWNT fil#h As achieved for some oriented CNT-TFTs (for channel length
known, the conductance exponent approache$ for high- of 20um, see the data in Supporting Information Figure S3)
density &3.0um?) SWNT films and decreases with decreas- is comparable to the record mobility reported for the highly
ing nanotube densif$f.Oriented CNT-TFTs possess similar  oriented SWNT TFTs (125 cffVs) prepared by the CVD
conductance exponents with some higher-off deviation on method® However, this mobility is higher than those for
channel 2.5:m, which is possibly caused by the occasional the TFTs with parallel arrays of silicon nanowires
ballistic transport through highly oriented longer nanotubes (119 cn#/Vs) .3

(over 2-3um) for short channel length (2/6m). As known, Finally, normalized device transconductaneg=(dlp/
the ballistic transport for short channel length can make the dvg)/W) scales linearly with channel length for both TFTs
transport scaling more rapidly with channel lengftf® (Figure 4f). The transconductance is within 0-620.2 uS/

The linear hole mobility estimated from the relatior~ um (atVp = 0.1 V) for oriented CNT-TFTs, which is 7 times
(dip/dVg)(L/IWCW,), wherelp is the drain currenty is the higher than that for random CNT-TFTs (0.063.03 uS/
gate voltagel. is the channel length/is the channel width,  «m). The transconductance value (0-@22 uSjum) for
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Figure 4. (a) Transfer characteristics of oriented CNT-TFTs with 20 mm channel length. The bias vUliage0.5 V. The inset compares

the transfer characteristics between oriented and random SWNTSs. (b) Output characteristics of oriented CNT-TFTs when the gate voltage
is swept from—40 to 40 V in 20 V steps. (ef) Electrical characteristics of oriented (circles) and random (squares) CNT-TFTs with
different channel lengths: (c) resistance measuregat —40 V; (d) normalized conductance measure®@t= —40 V, channel width

is 200um; (e) career mobility; (f) normalized transconductance.

oriented CNT-TFTs is higher/comparable to that of oriented crystalline behavior of CNT solution in the vicinity of the
receding contact line induced by localized solvent vaporiza-
characteristics of oriented CNT-TFTs quoted above are muchtion. We have controlled the nematic-like ordering of carbon
higher than those for random CNT-TFTs. Moreover, they nanotubes during the tilted-drop casting process by using a
are very high compared to the usual literature values for confined micropatterned geometry. Because of the liquid-
CNT-TFTs and are sometimes close to the record valuescrystalline behavior near the contact line, the process

Si nanowire TFTs (0.02S/um).3° These and other electrical

reported for rather complicated TFT versions.

densely packed, uniaxially aligned SWNTs as a semicon-

suggested does not require highly concentrated CNT solution
In conclusion, we have developed a simple and easy and still provides for densely packed and uniformly oriented
solution-based assembly strategy for the fabrication of CNT predominantly monolayer surface films.

Although our CNT-TFTs show excellent electrical char-

ducting layer in CNT-TFTs. We suggested using the liquid- acteristics even without special optimization, their relatively
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