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;their exceptional charge transport properties in transistors, semiconducting carbon

Hst be assembled onto substrates in aligned arrays comprised of individualized nanotubes
at opti cking densities. However, achieving this control on the wafer-scale is challenging. Here,
we investigate solution-based shear in substrate-wide, confined channels to deposit continuous films of
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well-aligned, individualized, semiconducting nanotubes. Polymer-wrapped nanotubes in organic ink
are forced through sub-mm tall channels, generating shear up to 10,000 s uniformly aligning
nanotubes across substrates. The ink volume and concentration, channel height, and shear rate
W are elucidated. Optimized conditions enable alignment within a £32° window, at 50
narfétubes pm™, on 10 x 10 cm’ substrates. Transistors (channel length of 1 — 5 pum) are fabricated
pardlel an@, perpendicular to the alignment. The parallel transistors perform with 7x faster charge
ca ﬁ lity (101 and 49 cm”*V's™ assuming array and parallel-plate capacitance, respectively) with
hig ratio of 10°. The spatial uniformity varies £10% in density, +£2° in alignment, and £7% in
o BIEEMS®,) osition occurs within seconds per wafer, and further substrate scaling is viable. Compared
to §§dom networks, aligned nanotube films promise to be a superior platform for applications
including sensors, flexible/stretchable electronics, and light emitting and harvesting devices.

1. Introdu

SC

Se ting single-walled carbon nanotubes are widely regarded as a promising

U

candidate for next-generation thin film transistors because of their exceptional charge transport

]

properties, ion-processability, mechanical resilience,™ and air-stability. In order to fully

)

exploit na ast and directional charge transport properties in thin film transistors, films of

d

highly aligned, individualized, electronics-grade semiconducting nanotubes are needed. These

nanotubes mu uniformly deposited over large-area substrates at an intermediate linear packing

\'

density nanotubes pm™."*”! Alignment is important, as it decreases the number of

resistive nagotube-nanotube junctions in the charge percolation pathway, thereby enabling high

[

transistor drj rent and mobility.[8'9] Moreover, nanotube individualization and control over

O

packing de important because the bundling and the formation of multilayers of tubes at

high packing densities can result in transistors with low on/off conduction modulation ratio due to

I

. . 10,11 . erpe .
electrostatjg screeming.!">™" Bundles and multilayers can also decrease on-current due to difficulties

{

in forming tance electrical contacts to tightly spaced nanotubes.™ On the other hand, if the

density of es is too low, then there are an insufficient number of charge conducting

pathwags, T ing in poor on-current and mobility. Individualization is also imperative in
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applications such as sensors, in which the nanotube surface area must be maximized to increase the

number of accessible sites for analyte binding.™™?

{

Dri otube alighment has been difficult, by itself, but concurrently realizing control
over packi , Nanotube individualization, uniformity, and large-area scaling has been
H I

especially dhallenging. Most conventional approaches for depositing nanotubes onto substrates

[15]

e.g., spin- A blade-"*' and drop-casting;*® spraying;!*”*®
(e.g., sp p g praying

and vacuum filtration'**?”) yield films of

nanotubes that randomly oriented. Strategies for aligning nanotubes have been pursued;

S

however, ese approaches have been developed without thin film transistors in mind. For

example, the alignfinent of multi-walled carbon nanotubes has been demonstrated extensively; yet,

b

[21,22]

multi-walle nanotubes are semimetallic and thus are not suitable for transistors.

Il

Furthermo iques for aligning multi-walled carbon nanotubes are generally difficult to

translate t@ali single-walled carbon nanotubes, which are considerably smaller than multi-

d

walled he alignment of nanotubes in polymer matrices has also received substantial

attention; but chnique yields bulk composites rather than single layers of tubes on surfaces.’*

Wi

21 Likewise, recent work has shown that films of aligned nanotubes can be obtained via vacuum

filtration uf@®ler specific conditions.””® However, these films consist of many stacked layers of

¢

nanotubes, er, alignment of nanotubes via liquid crystal phenomena also typically yields

O

multilayers.

h

ve been pursued for the more specialized alignment of nanotubes specifically for

|

thin film elBctronics applications. These methods include directional chemical vapor deposition,*=>?

[35]

U

Langmuir-Blodge 4 and Schaefer strategies, floating evaporative seIf—assemny,BHs] directed

3 42l among others. Many of these approaches are

evaporatio nd elastomeric release,

promising, a ificant progress has been made, for example, in producing transistors with high

A
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[43] [37] [44,45]

conductance,”™ with high mobility,”” or that have aggressively downscaled channel lengths.

While these methods are promising, more work is needed to refine or identify strategies that are

scalable an jeve uniform alignment, individualization, and control over packing density.

-based shear is investigated as a means for depositing continuous films of well-

aligned, insidualized, electronics-grade semiconducting nanotubes onto substrates at the
intermedia@g density needed for thin film transistors. Whereas microfluidic channels have
been previously utilized to shear-align nanowires***”! and nanotubes*®** in solution over small
areas, heremrate-wide deposition strategy is explored for depositing nanotubes to form a
uniform, contiE film. For example, we demonstrate uniform deposition on a 10 x 10 cm?
substrate. of shear have been utilized in other nanotube and nanowire alignment

[50]

approache ast, including blown-bubble assembly,® spinning Langmuir method,”" air-

[39-41]

driven direti aporation, and bulk polymer flow.?* However, additional effort is still

require rge-area and uniform nanotube films with the attributes (e.g., alignment,
individualizati ntrolled packing density, semiconducting-purity) that are needed to fully exploit

nanotubes in electronics.

In hlow-induced shear is a promising approach for aligning elongated

nanostruct @ ocity gradients in a flow field induce a shear force that acts to rotate elongated

nanostruct at their long-axis points in the direction of flow — provided that the magnitude

of the jient exceeds the rotational diffusion coefficient, D,, of the nanostructure.®

|

Smaller nafostructures have larger D, and thus, in comparison to larger nanostructures such as

nanowires and multi-walled nanotubes, single-walled carbon nanotubes are particularly difficult to

t)

align via sh example, the D, of a typical single-walled nanotube (diameter, d, = 1.4 nm;

A
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length, L, = 0.5 um) is ~ 310 s which is 100x larger than the D, of ~ 3 s for a conventional inorganic

nanowire (diameter, d, = 25 nm; length, L, = 2 pm)."*®!

Besi ir larger D,, another complication with depositing aligned single-walled
nanotubes g their individualization. Surfactants and polymer wrappers non-covalently
H I

bind to nan@tubes and are commonly used to individually disperse nanotubes into solvents. These

wrappers, @ can inhibit the deposition and “sticking” of nanotubes to target substrates.
re, if the

Furthermo : i ﬁ se species are only weakly bound to the nanotubes, the nanotubes can

problemati lesce into bundles during deposition. Residues of these surfactants and polymer

wrappers can aIsoSontaminate the nanotube/electrode and nanotube/nanotube interfaces of thin

film transisﬁreasing performance.'®’!
2. Results mssion
t )

In conjugated polymer wrapped nanotubes dispersed in chloroform are used as a
nanotu ate the ink, semiconducting nanotubes are extracted from heterogeneous as-
produced powder of nanotubes grown by the arc discharge method using the selective polymer

wrapper, poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6’-{2,2’-bipyridine})] (PFO-BPy).B5**! After

wrapping, 2d and/or undispersed metallic and semiconducting nanotubes are precipitated

from soluti@f Via centrifugation. Excess, unbound polymer is then removed from the ink. This

procedure Iields iWs that are well-suited for shear alignment and for thin film transistors.

One advaiage of using polymer wrapped nanotubes versus small molecule surfactant

encapsulated n ubes is that in the former case it is possible to remove the excess polymer from

free sol ile still maintaining a stable suspension of individualized carbon nanotubes. Excess

This article is protected by copyright. All rights reserved.

5



WILEY-VCH

surfactant or polymer can inhibit the adhesion of carbon nanotubes to the substrate surface, so the
removal of excess dispersant is important. Another advantage of using polymer wrapped nanotubes
is that thrapper prevents the carbon nanotubes from forming tightly bound bundles on
the substr hich are undesirable in FETs. Finally, conjugated polymers such as PFO-BPy
are cape%le!wcing the relative abundance of metallic nanotubes to less than 0.01%, thereby

enabling thefabgication of ultrahigh purity semiconducting nanotube films largely free of

C

problemati allic nanotube species.?”** The extraction process and the preparation of

substrates@refisclissed in more detail in the Experimental section.

S

The experinental apparatus used for the substrate-wide shear alignment is shown in Figure

Ul

1. The setu ists of two stainless steel plates (each 6.35 mm thick), a bottom plate on which the

1

substrate i and a top plate with a tube fitting as an input for the semiconducting nanotube

ink. The ingide top plate is polished to a roughness of 23 + 4 nm (measured via a Zygo

d

interfer, hannel mask is created to confine the flow of ink and direct it uniformly across

the surface of bstrate. The mask is cut from 25.4 to 127 um thick perfluoroalkoxy (PFA) sheet.
Stainless steel spacers are placed outside the channel to act as “hard-stops” that coarsely define the
channel hesht when the PFA is compressed to the spacers. After tightening, bolts along the outside
of the plat the top plate to the bottom plate and create a sealed channel. After assembly of

the apparat channel height is measured.

£jected and forced through the substrate-wide channel using a syringe pump

(Chemyx leus 3000), immediately followed by chloroform to “wash” any remaining nanotubes out

of the channel. T;channel is subsequently rinsed with isopropyl alcohol (IPA) and dried with N,.

<
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Ink flow [ “
Ink/solvent inlet

. I/ __— Stainless steel

top plate

Channel mask —|

Substrate

— Stainless steel bottom plate — C - O

)

ed view schematic and (b) top-view photograph of the experimental wafer-wide
confined s ment setup with the top plate removed. The setup in the photograph
accommodates 2.5 cm wide substrates. The substrate is placed on the stainless steel bottom plate. A

Figure 1. (

n

channel m out of perfluoroalkoxy (PFA) is situated on the substrate to define the area for
the ink to f top plate has a tubing inlet to allow ink and solvent to flow across the substrate.
Four bolts 5) with 1.7 N-m of torque are used directly around the substrate to attach the

top plate to the bottom plate and seal the channel. The remaining three bolts are hand-tightened.
After ti the PFA mask compresses until the top plate hits the stainless steel spacers outside
the channel

M

2.1. Effect Rate on Nanotube Alignment

Fir

Of

dy the effect of the shear rate on the alignment of the nanotubes. The shear rate

during dep@sition is controlled using two methods: 1) the volumetric flow rate of the ink is varied

I

while all sical dimensions of the channel are constant and 2) the channel height is varied while

t

the volum rate of ink is constant. The shear rates are calculated assuming a planar

U

Poiseuille a symmetric parabolic velocity profile (see Supporting Information for discussion

of the c 4@ n) using the derived formula for shear rate evaluated at the wall of the channel,
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av 6Q

= (1)

dy d2w

where

1

etric flow rate, w is the width of the channel, and d is the characteristic length

of the rectnel cross-section. Equation 1 shows that the shear rate increases with Q and
. m o—

Aftegdepgsition of nanotubes via confined shear alignment with varying shear rates, the
degree of a t is quantified via polarized Raman spectroscopy. The ratio of the nanotube G-

band intenSityAWitlllaser and analyzer polarizations parallel to the direction of alignment (/) and

10

perpendic direction of alignment (/) is measured at five different locations across the 1 x

U

1 cm” sam as and then averaged. We approximate that the orientation of the nanotubes

F)

within the s follows a wrapped normal distribution. In this case, the half-width at half-maximum

(HWHM) o ribution can be related to the /,,/I4y ratio. A larger I,,/14y ratio corresponds to a

d

smaller HWHM, ¥fdicating less angular spread and a greater degree of alignment within the

nanotube fi WHM of 0 and 90° corresponds to absolute unidirectional and random

\

alignm ely. The entire process for measuring and calculating the HWHM is outlined in

the Supporting Information.

[

Autho
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Figure 2. shear rate on nanotube alignment. (a) Half-width at half-maximum (HWHM) of
alignment wi confined shear aligned nanotube film measured via polarized Raman
spectro nction of shear rate plotted on a linear-log scale. Alignment increases with

increasing shear rate, following a power-law with an exponent of -0.10, regardless of the method
used to adjist shear (blue squares—volumetric flow rate is varied, orange circles—channel height is
varied). Thkthe same data plotted on a linear-linear scale. (b) The percent mass abundance
of nanotubg§ 2 given rotational diffusion coefficient as calculated from the nanotube length
distributio Brady et al.’” The red dashed line at 386 s™ in both graphs in (a) and in (b) is the
rotational diffusion coefficient with the greatest percent abundance in our nanotube inks. (c-d) SEM
micrographl§ of nanotubes deposited on 90 nm of SiO, on Si using a shear rate of 19 and 9600 s™,
respecti e volumetric flow rate series. The fluid flow direction is top to bottom of the

page. SMO nm.

-

Figu ots the HWHM of the alignment for films fabricated via confined shear alignment

at differen ates (the inset shows the same data plotted on a linear-linear scale). Regardless
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of whether the volumetric flow rate or channel height is varied, the alignment of the nanotubes

increases with increasing shear rate. For example, the HWHM decreases from 68 to 37° when the

t

P

shear rate I8 increased from 19 to 9,600 s by increasing the volumetric flow rate from 100 pL min™
to 50 mL d channel height of 120 um and channel width of 9.4 mm. The HWHM also

decreases flom 0 43° when the shear rate is increased from 96 to 1330 s™ by decreasing the

channel height figm 235 um to 31 um at a fixed flow rate of 500 pL min™ and channel width of 9.4

Cl]

mm. The c tion of nanotubes in the ink is 60 pg mL™ for both series, and the ink volume that

is flowed tArough the channel is 285 pL and 170 uL for the volumetric flow and channel height

S

series, res

U

pad

H

expected when the shear rate is much greater than the rotational diffusion

coefficient DX e therefore calculate the distribution of D, in our nanotube inks (d = 1.5 nm)

using the léhgt ribution of our nanotubes and Equation 5 from Tirado et al.,®*

d

D, = + (L) 2)

NolLy?

I
3 W,
M

where kg is the Boltzmann constant, T is the temperature, 1, is the viscosity, and L, and d,- are the

F

rod length eter, respectively. . is related to the rod length/diameter ratio (L,./d,-) and

encompass dlled end-effect corrections, discussed in more detail by Tirado et al. This equation

0

assumes that nanotubes are in an infinitely diluted state (i.e., no interactions with other

N

nanotu sin solution).[s‘” From this equation, the percent mass abundance of nanotubes

{

with a gi . otted in Figure 2b, where the red dashed vertical line in Figures 2a and b

corresponds to th@¥rotational diffusion coefficient with the greatest abundance, ~386 s*. However,

U

this D, is likel erestimate, as the presence and interaction of nanotubes with other nanotubes

A
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or free PFO-BPy in solution will, to some extent, reduce the D, (see Supporting Information for

discussion of the calculation).

{

In tion, the degree of alignment attainable via shear is expected to follow a power-
law depen n exponent of -0.33.5%°% |n contrast, we observe an exponent of -0.10. This
I I

discrepancyis likely in part due to the D, polydispersity within our nanotube inks (Figure 2b) and also

that the pofarizedBaman measurement itself is nonlinear. This difference in exponent may also

G

indicate that some of the alignment obtained in the bulk of the solution is lost as the nanotubes

S

interact wi e strate as they are deposited. For example, if the front end of a nanotube that is

well-aligned in bulfsolution adheres to the substrate before the rest of the nanotube can adhere,

Ul

then this n will rotate about its front end, pushed by the flow, until the trailing end adheres

N

to the sub is scenario may give rise to the misaligned ‘U’ shaped nanotubes that we

commonly@b see, for example, the bottom of Figure 2d to the left and above the scale bar or

d

Figure

M

2.2. Effect of Nanotube Ink Concentration and Volume on Confined Shear Alignment

[i

Co r nanotube packing density within aligned nanotube films is vital to optimize the

O

performance anotubes for specific applications. We expect that by increasing the number of

4

nanotubes%hat flow over the substrate, more nanotubes will deposit on the substrate, and it may be

L

possible he packing density. We therefore study the effect of ink concentration and ink

volume on the packing density. After deposition of nanotube films via confined shear alignment, the

Ul

packing densit termined from maps of the G-band Raman intensity, as discussed in the

Experim ction.

A

This article is protected by copyright. All rights reserved.

11



WILEY-VCH

40
3 .
2 30f i
3 -
= 25}
s20L X
ol
o 15F &%
% 10t x
& s5f
0; L 1 L 1 L
0 100 200 300
Ink Concentration (ug mL")
f
rg .I,
= 10}
z
2
] B
5 5 x
o -
£ #
§ L
OF L 1 L 1 " 1
0 500 1000 1500
Ink Volume (pL)
o
Figure 3. Effec anotube ink concentration and ink volume on packing density. (a) Plot of packing
density verslis oncentration (at constant ink volume of 250 puL). (b-e) SEM images of four films
from p ed at ink concentrations of 2.8, 42, 140, and 280 ug mL?, respectively, with
resulting pa nsities of 0.7, 14, 31, and 36 pum’, respectively. Scale bar is 500 nm. The fluid
flow directi rom top to bottom of the page. In part (a), the packing density increases steeply
with in oncentration until a density of ~30 um™ is reached, and then increases more

slowly. Our hypothesis is that the packing density begins to saturate at 30 pm™ because at this
density, n
deposited

ly deposited nanotubes must adhere to the substrate by sticking to previously

I

s as opposed to sticking to the bare substrate. (f) Plot of packing density as a
function ofgfanotlibe ink volume (at constant ink concentration of 14 ug mL™). For these data, the
channel he w 0 um, the volumetric flow rate is 100 mL min™, and the channel width is 9.4 mm.

Figure 3, both the nanotube ink concentration and ink volume can be used to

th

control nanotubeRacking density in films fabricated via confined shear alignment. The data in Figure

U

3a and SEM micrographs in Figure 3c-e illustrate the effect of ink concentration on nanotube packing

density volume of 250 pL. At low concentrations, the packing density increases steeply

A

This article is protected by copyright. All rights reserved.

12



WILEY-VCH

with ink concentration until a packing density of ~30 um™ is reached. At this point, the rate at which
nanotubes deposit decreases, and the packing density increases more slowly with ink concentration.
An SEMM of a film deposited at the condition at which the slope transitions from steep to
shallow is igure 3d. At this density of 30 nanotubes pm™, nanotubes flowing across the

substraE cﬁinno adsorb to the bare substrate without overlapping previously deposited nanotubes,

slowing the@which nanotubes adsorb.
The of ink volume on nanotube packing density at constant ink concentration of 14 ug

mL™ is also Figure 3f. The packing density increases as the volume of ink that is flowed over
the substrate incrsses. An initial steep increase in packing density is observed when the ink volume

is increaseﬁ/to 250 pL. It is unclear what causes the sharp increase in packing density from

~50 to 250 e hypothesize that it could be due to a secondary effect from the leading ink/air

interface mntration gradient within the ink that becomes more prevalent at lower ink

VOIumEE

2.3. FETs Fabricated from Confined Shear Aligned Carbon Nanotube Arrays

Ch@sport measurements are conducted using a field-effect transistor (FET)
architecture cidate the effect of alignment and packing density on the mobility of highly pure
semiconduG@ting nanotube films deposited via confined shear alignment. These measurements are

conductHd films of nanotubes with an HWHM of 40°. After deposition of the nanotubes

on 15 nm SiO, on 55ubstrates, isolated regions of nanotubes with width W, = 10 um are defined

using electron- lithography and reactive ion etching. The films are then immersed in boiling

toluene ve excess PFO-BPy and vacuum annealed to partially decompose the PFO-BPy and
This article is protected by copyright. All rights reserved.
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remove chlorine impurities introduced on the nanotubes from dispersing in chloroform.”® This
rinsing and vacuum anneal treatment removes the sidechains but not the backbone of the PFO-BPy
wrappemnHremoval of the polymer backbone is possible but has not yet been shown to
further im nanotube FET performance.””® Next, source and drain electrodes with a
channeHe mf 0.5-5 um are patterned within the isolated regions of nanotubes via electron-

beam lithography, development, and thermal deposition of 17.5 nm of Pd and 17.5 nm of Au.

The of nanotube alignment on charge transport is studied by aligning the mobility
direction o nnels of the FETs to be parallel to the direction of alignment in the nanotube

films (termed ”pailel FETs”, Figure 4a) and perpendicular to the direction of alignment in the

nanotube fi ed “perpendicular FETs”, Figure 4b). Roughly four parallel and perpendicular
FETs, with packing density of 59 um™, are measured at L., of 0.5, 1, 2, 3, and 5 um using a
source-drajin b sof-1V.

sentative source-drain current /s versus gate-source bias Vs curves of parallel and
perpendi Ts with L., of 1 um are shown in Figure 4c for the forward Vs sweep (negative to

positive voltage). Hysteresis is observed in the full sweeps, as shown in Figure S6, which is expected

for nanotuhn SiO; substrates and measured in ambient conditions. The mobility of the

parallel FEgher than that of the perpendicular FETs. For the 59 um™ packing density
devices, th atio of the parallel FETs is always greater than 2 x 10’ and is, on average, 6 x 10°,
while tﬁo of the perpendicular FETs is always higher than 6 x 10° and is, on average, 2.5
x 10°. MMt of the intrinsic off-current of both parallel and perpendicular FETs is prevented

by capacitive currSt from the SiO, (/55 versus Vs curves are shown in Figure S6), and therefore the

intrinsic&s are expected to be higher than what is measured here. Regardless, these data

This article is protected by copyright. All rights reserved.
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indicate that the high degree of alignment of the nanotube films deposited by confined shear

alignment directly results in improvements in both the on-current and on/off ratio of the FETs.
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Figure &ated from confined shear aligned nanotube films. (a-b) SEM micrographs of FETs

in which the direction of nanotube alignment is oriented parallel (a) and perpendicular (b) to the
channel thg is defined by the source and drain electrodes. Scale bar is 500 nm. (c) Representative /ps

versus Vs easured at Vps of -1 V of the parallel (green) and perpendicular (purple) nanotube

FETs with M and packing density of 59 um™. (d) Extracted hole mobility of parallel (green)
and perpe * purple) nanotube FETs as a function of L., using a packing density of 59 um™. (e)
Extracted hag ility of parallel FETs as a function of L., using a packing density of 15 (orange
stars), 29 (Blue hexagons), and 59 (green triangles) um™. (f) Average hole mobility of parallel FETs
with L s a function of nanotube packing density. For this data, the PFA mask and

channelwﬂ pum and 120 pm, respectively. The ink volume is 250 pL. The volumetric flow
rate is 100 5 The width of nanotube deposition for each film is 10.5 mm. The mobility

plotted in parts d-fiis calculated using the array capacitance (see main text).

<
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The hole mobility of the nanotube FETs with packing density of 59 pm™ is plotted against L., for

parallel an! endicular FETs in Figure 4d, where the mobility is calculated as

Lch C.
= Len¥ch 3
K o, WempEe (3)

where g, iwimum magnitude of the slope of the /s versus Vs curve (i.e., the
transconduc , and G,y is the capacitance of the nanotube array and is a function of nanotube
packing deweach L., a greater than 7x increase in mobility is observed for parallel FETs

compared to pe dicular FETs, indicating that the mobility of these FETs is improved due to the

alignment of the confined shear aligned nanotube films. The average mobility of the parallel and

perpendicquith L, of 2 =5 um (where the mobility is fairly constant, seen in Figure 4d) is

101 and lml, respectively, assuming an array capacitance, and 49 and 7 cm?Vis

respectively, assuming a parallel plate capacitance. The array capacitance is calculated from Eq. 3 of

Brady et al. ore accurately quantifies the channel-gate capacitance since the separation
exceeds the gate dielectric thickness. There is a slight increase in mobility for
parallel FE!at L., less than 1 um, which is likely due to a larger proportion of the nanotubes directly
spanning th e and drain electrodes. In the case where the L, is greater than 1 um, nanotubes
infrequent span the source and drain electrodes and therefore charge must be transferred
from tuﬂia a percolating network. It has previously been shown that these tube/tube
junctions imcreasefthe resistance of the FETs. Consequently, in long channel devices in which L, is
much grea he average nanotube length, it is important to increase alignment so as to

reduce the r of nanotube/nanotube junctions that charges need to traverse in order to cross

the cha@y reducing the channel resistance and increasing the on-current. If the degree of

This article is protected by copyright. All rights reserved.
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alignment is too high, however, the nanotubes will cease to overlap, reducing the number of

percolation pathways over which charge can be transported, decreasing the on-current.

{

In to alighment, the packing density of the nanotubes can also affect the
performan be FETs by varying the density of charge percolation pathways. We therefore
H I

study the effect of packing density on the mobility of parallel FETs (which show better charge

transport than peMpendicular FETs) as a function of L, from 0.5 to 5 um. Figure 4e shows that the

G

mobility increasges for all L, with increasing packing density from 15 to 29 to 59 pm™. Similar to the

S

parallel FETSyit¥Figlire 4d, the mobility slightly increases as the L, decreases below 1 um.

U

Th mobility of parallel FETs with L., of 2 -5 um (the range of L., over which the

mobility is f€latively constant in Figure 4d,e) is plotted as a function of packing density in Figure 4f.

N

We observe a steep increase in mobility at approximately 30 um™. We attribute this increase in

mobility to se in the number of charge percolation pathways as the packing density is

ad

increas mobility saturates at a packing density of 45 pm™, indicating that this is the optimal

packin or confined shear aligned films with an HWHM of 40°. Our FET performance is

M

consistent with other mobility values in literature (0.4 — 287 cm?V''s™) reported for aligned carbon

nanotube 500 nm) fabricated via post-synthetic assembly with on/off ratios greater than

10312837594 pect that FETs with even higher mobility can be achieved with nanotube films

or

deposited vj ed shear alignment by further increasing both the degree of alignment, so as to

N

reduce of nanotube crossings that charges must traverse from the source to the drain,

{

and the pa€king density, so as to increase the number of percolation pathways in the channel.

AU
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2.4. Aligned nanotube Arrays over 8 x 8 cm? via Confined Shear Alignment

It iIcIear f’)m these data that films of nanotubes with high degree of alignment, controlled
packing de%omising charge transport properties for TFTs can be deposited onto
substrates n using confined shear alignment. We next explore the ability of confined

I I
shear alignfaent to scale to large areas to deposit uniform films of aligned nanotubes over the wafer

scale. O
In m

alignment apparatus to accommodate a larger 10 x 10 cm” wafer. We also utilize 19.0 mm thick steel

ncrease the deposition area, we simply increase the size of the confined shear

sheets for d bottom plates to reduce the bowing across the channel. A small trough

spanning aEte top of the channel is milled around the tube fitting adapter on the inside of the

top plate as shownn Figure S7. This inset allows the ink to collect first before flowing across the

substrate t uniform flow across the relatively large substrate. The inside of the top plate is
ughness of 92 + 22 nm (measured via Zygo interferometry) to minimize the deviation
t, and therefore the shear rate, over the substrate and increase deposition

uniformity. In order to deposit nanotubes over a 8 x 8 cm” area of the substrate, 2 mL of ink at a

polishe

in chan

concentrati pg mL ! is flowed at a shear rate of 10,700 s™, which is achieved using a

vqumetri of 100 mL min™ and channel height of 30.4 um. After deposition, the sample is

dried ur point dryer (Tousimis Automegasamdri 915b) to prevent surface tension during
drying aminate the nanotube film.

An;‘"age, obtained using a conventional digital camera (Nikon D3100), of the
resulting s posited over 8 x 8 cm” onto 90 nm of SiO, on Si is shown in Figure 5a.

This article is protected by copyright. All rights reserved.
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48.8

36.6

24.4

12.2

F s
b 4

10 cm

C

Figure 5. Confi hear aligned nanotube film deposited across an 8 x 8 cm? area on 90 nm of SiO,
onSi.(a)R ctroscopy map of the nanotube packing density overlaid on an optical image of
the sampleih ite dashed line indicates the approximate edges of the mask used to define the
deposit (b) SEM micrograph of the aligned nanotubes (light contrast) within the

confined she ed film shown in (a). Scale bar is 1 um.

To evaIuatSiIm uniformity, smaller Raman spectroscopy maps (each with area of 0.5 x 0.5 cm?) of
the nanotu ing density are measured in a grid across an 8 x 8 cm” area. This grid of maps is
measured i of the full area of the sample due to instrument limitations. These smaller Raman
maps are sgwn in Figure 5a overlaid on the photograph. The average packing density across the
channel“red by comparing the average packing density in each map is 48.8 + 4.8 um™. A

second gri@naller Raman maps (250 x 250 pm” area) over a similar area (6.8 x 6.0 cm®) are

measured and t acking density is 47.2 + 5.0 um™, indicating high uniformity within the film across

multipl cales. An example Raman map from this grid of 250 x 250 um?” maps is shown in
This article is protected by copyright. All rights reserved.
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Figure $S8. The HWHM alignment within the film measured using polarized Raman spectroscopy

across a ~6 x 6 cm? area of the nanotube film is 32.3 + 1.9°. These results demonstrate that the area

cript

of deposition in the confined shear alignment method can be easily and simply scaled to achieve

aligned na of nanotubes with relatively uniform packing density over large areas.

3. Conclus

Thelalignment of individualized, electronics-grade semiconducting carbon nanotubes in

S

uniform, c films at packing densities relevant for electronics has been a challenge for many

U

years. While significant progress has been made toward this goal, no single technique has

E)

accomplis all of these objectives. Here, we demonstrate that confined shear alignment is an

attractive for achieving these aims.

d

at the nanotube ink concentration and volume can both be used to control the

nanotube ensity, and we vary the shear rate by changing both the channel height and the

W

ink flow rate. We fabricate FETs (channel length 1 — 5 pum) with alignment of +40°, both parallel and

perpendicllar to the direction of alignment. The parallel transistors perform with 7x faster mobility

E

(101and 4 ! assuming array and parallel plate capacitances, respectively) with high on/off

&

ratio of 10°. obilities of our FETs exceeds or compares favorably to that of other aligned

h

carbon nan@tube FETs fabricated via post-synthetic assembly with on/off ratios greater than 10°. In

i

additio e also demonstrate uniform deposition of aligned carbon nanotubes across an

8 x 8 cm” region. The degree of misalignment present in these films makes this confined shear

Ul

alignment idea ong-channel thin film transistors where some misalighment is needed to ensure

percola hermore, the reduction of resistive nanotube/nanotube junctions in these films

A
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indicates confined shear aligned carbon nanotube films will be electrically superior to random

nanotube networks currently produced via spin-, dip-, or blade-coating. Finally, optimized conditions

t

enable alighment within a +32° window, at an intermediate packing density of 50 nanotubes pm™,

onalOx1 ate.

|
BeSides further increasing shear rate, one way to additionally improve alignment within the

carbon nan@tube s should be to increase the length of the nanotubes in the ink. Increasing

length will decrease rotational diffusion coefficient, shifting the curve shown in Figure 2b to the left,

S

thereby yieldi ter alignment at any given shear rate.

Thesimplifity of the confined shear alignment apparatus and technique demonstrates that

U

further scafihg to even larger areas should be possible and easily implemented. As the technique is

£

further scaled, maintaining uniformity over increasingly larger areas will be aided by the relative

c

insensitivityef the packing density and the degree of alighment to the deposition conditions
(i.e., th ng density is only weakly affected by the number of nanotubes that flow over the

substra a density of 30 nanotubes um™ is reached and the degree of alignment is relatively

M

invariant once the shear rate exceeds 1000 s™). This work is important because, compared to

[

random ne ilms of alighed nanotubes promise to be a superior platform for applications

including e ental and biological sensors, flexible/stretchable electronics for hybrid, soft, and

integrated ics, and novel light emitting and harvesting devices.

Auth
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4. Experimental

Preparati (9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6°-{2,2’-bipyridine})]-Wrapped Nanotubes.

Semicond asbon nanotubes are extracted from arc-discharge nanotube soot (Sigma-Aldrich,

#698695) using a ratio by mass of the raw soot and a polyfluorene derivative polymer wrapper,
I I
poIy[(9,9-om)renyl—2,7-diyl)-a/t-co—(6,6’-{2,2’—bipyridine})] (PFO-BPy) (American Dye Source,
Inc., Queb@a; #ADS153-UV). This soot/PFO-BPy mixture is dispersed at 2 mg mL™" in 60 mL of
toluene anmed at 40% amplitude with a horn tip sonicator (Fisher Scientific, Waltham, MA;
Sonic Dism rafér 500) for 10 min. This solution is centrifuged in a swing bucket rotor (Sorvall WX,
TH-641, Thermo-Sientific) at 3 x 10° g for 10 min to remove soot and undispersed nanotubes. The
upper 90%§pernatant is collected and concentrated to a volume of 60 mL. This concentrated

supernata ifuged for 18 — 24 h and dispersed in toluene via sonication utilizing the horn tip

sonicator. ss of centrifugation and sonication in toluene is repeated three times to remove
most OEFO-BPy. The final solution is prepared by horn tip sonication of the rinsed
carbon nano llet in chloroform (stabilized with ethanol from Fisher Scientific, #C606SK-1). The
concentration of the nanotubes in solution is determined using known optical cross sections from

the S,, travstion.[sa]

Preparatio @ rates. Si/SiO, substrates with 90 nm or 15 nm of dry, thermal oxide are used in
this work. rates are cleaned with a piranha solution 2:1 ratio by volume of H,SO, (91 -
92.5%): n a crystallizing dish on a 110 °C hot plate for 60 min (for 90 nm oxide) or 15 min

(for 15 nm Oxide), rinsed with deionized water, and dried with N,.

Fabricatio iconducting Carbon Nanotube FETs. Isolated regions of nanotubes are first defined

using el 4@ eam lithography with polymethylmethacrylate (PMMA) as the resist followed by

This article is protected by copyright. All rights reserved.
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development in 2:1 methyl isobutyl ketone (MIBK):IPA for 1 min. Next, an oxygen reactive ion etch is
used to remove the exposed nanotubes, and the remaining PMMA is removed with acetone. These
patternm films are boiled in toluene at 120 °C for 1 h and vacuum annealed at 400 °C for
lhat~10 e and drain contacts are then patterned to define the nanotube FET channels
via elecgoiwmlthography using PMMA and the same development described above. Thermal
evaporations used to deposit the contacts, 17.5 nm Pd/17.5 nm Au, the Si substrate is used as a

back gate, m of SiO, is used as the gate dielectric. All devices are measured at room

temperatu%ient conditions using a Keithley 2636A SourceMeter.

Spectroscomterization. Raman Spectroscopy (Thermo-Fisher Scientific DXRxi Raman Imaging
Microscop i ser excitation wavelength of 532 nm is used to measure the ratio of the area of
the nanot d (~1590 cm™) to the area of the Si peak (~520 cm™) to quantify the amount of
nanotubesmd.w” This G/Si ratio is converted to a linear packing density using a relationship
empiric d from SEM at lower packing densities (shown in Figure S3). Prior to Raman
measurement nanotube film is boiled in toluene at 120 °C for 1 h to remove excess PFO-BPy
and then vacuum annealed at 400°C for 1 h at ~ 10~ torr. To ensure there is no effect from any
remaining Snjugated polymer wrapper on the G-band and G/Si measurement, a control sample is
fabricated ming the confined shear alignment process with a solution of PFO-BPy in
chloroform mL™). This control substrate undergoes the post-treatment toluene boil and
vacuum a!eal as previously stated for the nanotube films. The Raman spectrum from this PFO-BPy

control Migure $4 and shows no G-band signal. This Raman spectrometer is also

employed 1:or tEejrge-area mapping of a confined shear aligned film (Figure 5). Because of the size

of the substrate: f sample in Figure 5 cannot be vacuum annealed. Polarized Raman spectroscopy
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(Aramis Horiba Jobin Yvon Confocal Raman Microscope) is performed with a laser excitation

wavelength of 532 nm by placing linear polarizing filters on both the analyzer and laser.

Q.
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Solution-bied sh'ar is utilized to align individualized carbon nanotubes at an optimal packing
density in continuous films across target substrates. Tailoring the deposition conditions enables

alignment @ ualized, semiconducting nanotubes within a £32° window, at 50 nanotubes um'l,
in a conting Aeaeross a 10 x 10 cm? substrate. Parallel transistors perform with 7x faster charge

carrier okl
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