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Using nanoscale thermocapillary flows to create
arrays of purely semiconducting single-walled
carbon nanotubes

Sung Hun Jin™, Simon N. Dunham™, Jizhou Song?, Xu Xie', Ji-hun Kim', Chaofeng Lu34, Ahmad Islam’,
Frank Du', Jaeseong KimS, Johnny Felts5, Yuhang Li*, Feng Xiong®, Muhammad A. Wahab’,

Monisha Menon', Eugene Cho’, Kyle L. Grosse®, Dong Joon Lee®, Ha Uk Chungs, Eric Pop?,
Muhammad A. Alam’, William P. King®, Yonggang Huang* and John A. Rogers'>¢*

Among the remarkable variety of semiconducting nanomaterials that have been discovered over the past two decades,
single-walled carbon nanotubes remain uniquely well suited for applications in high-performance electronics, sensors and
other technologies. The most advanced opportunities demand the ability to form perfectly aligned, horizontal arrays of
purely semiconducting, chemically pristine carbon nanotubes. Here, we present strategies that offer this capability.
Nanoscale thermocapillary flows in thin-film organic coatings followed by reactive ion etching serve as highly efficient
means for selectively removing metallic carbon nanotubes from electronically heterogeneous aligned arrays grown on quartz
substrates. The low temperatures and unusual physics associated with this process enable robust, scalable operation, with
clear potential for practical use. We carry out detailed experimental and theoretical studies to reveal all of the essential
attributes of the underlying thermophysical phenomena. We demonstrate use of the purified arrays in transistors that
achieve mobilities exceeding 1,000 cm®> Vs~ and on / off switching ratios of ~10,000 with current outputs in the milliamp
range. Simple logic gates built using such devices represent the first steps toward integration into more complex circuits.

single-walled carbon nanotubes (SWNTs) in advanced appli-

cations® demands an ability to meet challenging requirements
on degrees of alignment and purity in semiconducting behaviour.
Direct, selective growth of purely semiconducting SWNTs
(s-SWNT's) remains a topic of continuing study. Synthetic strategies
that offer the greatest near-term potential fall into two categories: (i)
purifying the SWNTs and then assembling them into arrays and (ii)
assembling the SWNT's into arrays and then purifying them. The
first has the advantage that it can build on recently developed wet
chemical methods (ultracentrifugation!®!!, chromatography!'?-
and others'>!) for purification. The disadvantages are that the
resulting SWNTs are typically short (~1 pm), chemically modified
and/or coated, and difficult to assemble into arrays with high
degrees of alignment!>!7-1, The second approach overcomes these
limitations through the use of chemical vapour deposition tech-
niques that, when used with quartz substrates, can yield nearly per-
fectly linear (>99.9% of SWNT's within 0.01° of perfect alignment),
aligned arrays of long (100 pm and up to a few millimetres) and
chemically pristine SWNTs*2°-23, The main difficulty is in removing
the metallic SWNTs (m-SWNTs) from such arrays. Techniques
based on optical®, electrical®® or chemical®®?® effects involve
some combination of drawbacks, including incomplete removal of
the m-SWNTs, partial removal and/or degradation of the s-SWNTs,

Exploiting the exceptional electrical properties’? of arrays of

inability to operate on aligned arrays, and/or reliance on uncertain
underlying mechanisms. Among these methods, electrical break-
down is noteworthy because it operates directly on the basis of rel-
evant distinguishing characteristics in charge transport®. This
scheme, however, has two critical disadvantages. First, the required
high-power operation (~90 uW pwm ™" for channel lengths >1 pm,
increasing as channel length decreases to values >1 mW pwm~')?-3!
leads to shifts in threshold voltage, avalanche effects®?, band-to-
band tunnelling, failure in gate dielectrics, and significant heatsink-
ing at the contacts®, all of which can prevent proper operation of the
process. More significantly, breakdown only removes the m-SWNT's
in isolated, narrow regions (~100 nm lengths) at locations that are
not well controlled®®. As a result, the vast majority of the m-SWNTs
remain in the arrays*, thereby preventing generalized use in sub-
sequently fabricated devices.

Purification based on thermocapillary flow and etching

We introduce an approach for eliminating m-SWNT's in which ther-
mocapillary effects in thin organic coatings allow their use as selec-
tive, self-aligned etch resists. Here, physical mass transport occurs
via surface tension gradients generated through spatial variations
in temperature®® associated with selective heating in the m-SWNTs.
We illustrate these concepts through the complete physical
removal of all m-SWNTs from linear, horizontally aligned arrays
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Figure 1| Process for exploiting thermocapillary effects in the purification of arrays of SWNTs. ab, Schematic illustration (a) and corresponding AFM
images (b) of various stages of the process applied to an array of five m-SWNTs and three s-SWNTs. Uniform thermal evaporation forms a thin, amorphous
organic coating that functions as a thermocapillary resist. A series of processing steps defines a collection of electrodes and dielectric layers for selective
injection of current into the m-SWNTs. The Joule heating that results from this process induces thermal gradients that drive flow of thermocapillary resist
away from the m-SWNT, to form open trenches with widths, measured near the substrate, of ~100 nm. Reactive ion etching physically eliminates the
m-SWNT exposed in this fashion, while leaving the coated s-SWNTs unaltered. Removing the thermocapillary resist and electrode structures completes the
process, to yield arrays comprising only s-SWNTs. ¢, Typical transfer characteristics for a transistor built with an array of SWNTs in a partial gate geometry,
evaluated before and after purification. Quantities /., and I, , correspond to currents measured in the on states before and after purification, respectively.
Here, the on/off ratio improves by a factor of 2 x 107, while I,,, /I, remains relatively large (~0.25). d, Ratios between currents in the on and off states
before and after purification (I, and I, respectively) as a function of the ratio of the number of SWNTs after purification (N,) to the number of SWNTs
before purification (N,). All devices show on /off ratios >2 x 10%, with most >1x 10, This result is consistent with complete removal of all m-SWNTs.

e, Ratio of I, to I, as a function of N,/N,, for the entire set of devices with N,,> 7. The results are consistent with modelling (lines) that assumes
complete retention of s-SWNTs through the purification process, expected relative populations of s-SWNTs and m-SWNTs in the arrays, and ratios of
conductivities of m-SWNTs and s-SWNTs (in their on state) that lie in an experimentally expected range.

that contain both m-SWNTs and s-SWNTs, without any measur-  key element in the purification process is an ultrathin (~25 nm)

able adverse effects on the latter. Figure la,b presents schematic
illustrations and corresponding atomic force microscope (AFM)
images of the process applied to a heterogeneous collection of
SWNTSs grown on quartz. Arrays formed in this fashion consist of
individual, isolated SWNTs, with very few multiwalled nanotubes
or bundles of SWNTs, but with a distribution of diameters
between ~0.6 nm and ~2.0 nm and a range of chiralities?*?!. The
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amorphous layer of a small-molecule organic species, in this
example  a,0,0 -tris(4-hydroxyphenyl)-1-ethyl-4-isopropylben-
zene*, deposited uniformly over the arrays of SWNTs by thermal
evaporation. We refer to this film (Supplementary Fig. S2) as a
thermocapillary resist. As well as having favourable thermophysical
properties, this particular material is well suited for the present
purposes because it combines hydroxyl and phenyl moieties to
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Figure 2 | Thermal origins and power scaling in behaviour of the thermocapillary resists. a, Scanning Joule expansion microscope image of an array of
SWNTs in an operating, two-terminal device on quartz. The electrodes (separation of ~30 wm) are above and below the image, out of the field of view.
Coordinates x and y lie perpendicular and parallel to the direction of alignment of the SWNTs, respectively. b, Topographical images of the device in a, coated

with a thin (~25 nm) layer of thermocapillary resist, collected after operation at bias conditions of 0.27 V ;.me1 (top), 0.5V p«mf1 (middle) and 1.0 V pm™

1

(bottom). Comparison of these images with those collected by scanning Joule expansion microscopy reveals a clear correlation between a.c. expansion

(Eg, and therefore temperature) and the formation of trenches in the thermocapillary resist (d.c. heating). €, Thermal expansion E, (a.c.) induced by Joule
heating in an individual SWNT with input power density Q=13 WW pwm ™' (peak to peak), measured by scanning Joule expansion microscopy (symbols) as
a function of position x, where x =0 is the location of the SWNT on a SiO,/Si substrate. Results of thermomechanical modelling are shown as a line.

d, Computed a.c. temperature rise 6, and thermal gradients df,/dx at the surface of the thermocapillary resist using experimentally validated models, for the
case of the SWNT in ¢. The results indicate small increases in temperature for levels of Joule heating that induce trenches in the thermocapillary resist
(~3-10 pW pqu). e, Top graph: a.c. thermal expansion (arbitrary units) measured by scanning Joule expansion microscope along the length y of the fourth
SWNT from the left in the array that appears in a and b. Bottom graph: width of the corresponding trench that appears in the thermocapillary resist

(W, measured at the top of the film) for an applied bias of ~1V um™". The results show variations in Wi that are nearly ten times smaller than those in
expansion (and therefore temperature). f, Measurements of the average W+, as a function of Q. The results reveal no systematic dependence on Q, over
this range. The highlighted region corresponds to the values of Q, associated with optimized conditions for the purification process. Error bars indicate the

standard deviation of the range of measured widths.

facilitate the formation of uniform, continuous coatings on the
surfaces of both the quartz and the SWNTs. This behaviour is
critical for its role as an effective etch resist with extremely
small thicknesses.

Metal and dielectric layers patterned at the edges of an area of
interest enable current injection primarily into only the m-
SWNTs, due to controlled electrostatically induced increases in
the heights and widths of the Schottky barriers at the source ends
of the s-SWNTs (Fig. 1a; Supplementary Figs S4, S25-527). These
layers represent removable, transistor structures in which the gates
extend beyond the source electrodes by a distance that is small
(~5 mum) compared to the separation between the source and
drain (~30 wm). Applying a positive voltage to the gate (~20 V)
and a negative voltage to the drain (—40V to —50 V), while
holding the source at electrical ground, leads to selective Joule
heating only in the m-SWNTs as a result of approximately unipolar
p-type behaviour in the s-SWNTs. (Supplementary Figs S21 and
S22 illustrate the good stability in the current outputs.) This set of
bias conditions produces small increases in temperature only in
the vicinity of the m-SWNTs. The large thermal gradients associ-
ated with nanoscale localization of these heat sources in turn
drive mass transport in the thermocapillary resist. In typical exper-
iments (fields of Vpyg/Ly, A~ 1.33-1.66 V um " along the SWNTSs
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for 5 min, with substrate heating to 60 °C in vacuum, where Vi,q
is the drain-source bias and L, is the distance between the electro-
des), the resulting flows yield trenches centred at the m-SWNTs and
extending throughout the thickness of the thermocapillary resist
(Fig. 1b). Although most experiments were performed in vacuum
(1 x 10~ torr), inert environments can also be used (for example,
dry nitrogen or argon). Excluding oxygen can help to prevent elec-
trical breakdown in extreme cases of hot spots along the lengths
of the SWNTs with localized defects. Reactive ion etching
(RIE, O,/CF,) after thermocapillary flow eliminates only the
m-SWNTs. Removing the residual thermocapillary resist and the
metal/dielectric structures leaves a purified array of s-SWNTs, in
a configuration well suited for planar integration into diverse
classes of devices and sensors.

Efficiency of the purification process

A key feature of this process is its exceptional efficiency in removing
the m-SWNT's completely and exclusively. Such operation is impor-
tant because most envisioned applications of s-SWNTs in elec-
tronics require purity at the level of 99.99% or better. For present
purposes, we define a SWNT as metallic if the ratio between the
on (I,) and off (Ig) currents (that is, the on/off ratio) in a well-
designed transistor structure that incorporates this SWNT is less
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Figure 3 | Nanoscale thermocapillary flows in thermocapillary resists induced by Joule heating in SWNTs. a, Schematic illustration of the geometry of the
system, with key parameters defined. The SWNT, thermocapillary resist and substrate are grey, green and blue, respectively. b, Theoretically calculated
normalized surface profiles of the thermocapillary resist, h, as a function of normalized distance X and time t, showing the evolution of the trench geometry
with thermocapillary flow. The simulations used polystyrene because relevant materials parameters were available in the literature. ¢, AFM images of a
SWNT coated with thermocapillary resist (~25 nm) after Joule heating (0.66 V }.Lmq) for 1,10, 30, 60, 120 and 300 s, induced by current injection at
electrodes that lie outside of the field of view. Thermocapillary flow creates a trench that aligns to the SWNT and grows in width over time. d, Averaged
cross-sectional profiles extracted from measurements like those shown in €. The results compare favourably to the modelling in b. e, AFM image, rendered in
a three-dimensional perspective view collected at a duration of 1,800 s. The width in this case is sufficiently large that AFM measurements clearly reveal that
thermocapillary flow completely and cleanly exposes the SWNT. f, Widths of trenches measured by AFM from the ridges that form at the top surface (W5,
shown as a function of time of Joule heating for two different SWNTs, with a field of 0.66 V um ™. Both model and experiment show a power-law time

dependence with an exponent of 0.25.

than ~100, and define it as semiconducting if this ratio is greater
than ~100. This definition places SWNTs that are sometimes
referred to as quasi-metallic into the m-SWNT classification. (In
all cases, for populations of SWNTs grown on quartz, we observe
a clear distinction between the behaviour of m-SWNTs and
s-SWNTs defined in this way; in particular, of the hundreds of
SWNTs studied here and elsewhere, none exhibit on/off ratios
between ~50 and ~1,000.%7) Detailed electrical characterization
(that is, I, and I 4 before and after purification) and assessment
of statistics (that is, total numbers of SWNTs before and after) per-
formed on significant numbers of devices (35 devices, each with an
active area of ~30 x 30 um® to enable full visualization by AFM;
377 SWNTs in total) provide quantitative insights into the effective-
ness of the process. Figure 1c¢ shows a representative transfer charac-
teristic for a device before and after purification, measured in air
using the same metal/dielectric structures that enable selective
Joule heating. The results illustrate a dramatic reduction in I g
(from 0.7 WA to 2 x 10> wA), thereby improving the on/off ratio
from 2.7 to a value of 3 x 10*. All devices demonstrated on/off
ratios of less than 10 (median=3.7) before and greater than
2 x 10° (median = 6.6 x 10*) after purification, independent of
the number of SWNTs removed (Fig. 1d). The relatively small
numbers (<30) of SWNTs in each device used to examine the
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statistics led to the conclusion that the observed on/off ratios corre-
spond to complete removal (that is, 100%) of the m-SWNTs.
Other results suggest that the process also preserves most or all of
the s-SWNTs. First, of the 377 SWNTs present initially, 63% (that is,
238 SWNTs) remain after purification. This outcome is consistent
with the expected percentage (~66%) of s-SWNTs in collections of
SWNTs grown by chemical vapour deposition®*. Second, among
the 28 devices where SWNT type could be determined from electrical
behaviours measured before and after purification (that is, those
that incorporate <2 SWNTs), all the m-SWNTs and none of
the s-SWNTs show trenches (for optimized conditions; see
Supplementary Fig. S1). Third, reductions in I, induced by purifi-
cation are modest; for the device shown in Fig. 1c the ratio of I
after the process to its value before is I, /I, 1, ~ 25%. The weighted
average from all of the devices is I /I,  30%. These results can
be interpreted by examining the dependence of I, ,/I,,, on the per-
centage of SWNTs removed (Fig. 1e). The trends are consistent with
models that assume 100% preservation of s-SWNTs, expected popu-
lations of s-SWNT's and m-SWNTs, and ratios of conductances of m-
SWNTs to s-SWNTs (in their on state) that are within an experimen-
tally observed range of 6:1 and 2:1 (Supplementary Fig. S3).
Collectively, then, all observations suggest highly selective and effi-
cient purification, in which all m-SWNT's are eliminated, and most
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Figure 4 | Description of two alternative approaches to scale thermocapillary separation for large-area applications. a, Optical microscope image of a set
of electrodes for thermocapillary purification of an array of many hundreds of SWNTs. b, Scanning electron microscope image of a small region of the
structure shown in a. ¢, Transfer characteristics before and after removal of m-SWNTs from the region between the electrodes shown in a. The results
indicate outcomes consistent with observations from small-scale demonstrations, that is, high on/off ratios of ~1 x 10° and modest reductions in on current
Uona/lonp 2 20%). d, Optical micrograph and schematic illustration of an alternative mode for scaled implementation. An interconnected array of 25 sets of
electrodes allows purification over a collection of small regions, in a parallel fashion. Associated transfer curves are similar to those shown in c.

or all s-SWNTs are preserved without degradation. Rigorous electro-
static analysis indicates mobilities of ~1,000 cm® V™ 's™"' for the
s-SWNTs (see Supplementary Fig. S18 for details), similar to values
previously reported from unpurified arrays>*.

Studies of nanoscale thermocapillary flow

Detailed experimental and theoretical studies reveal quantitative
aspects of heat transport and thermocapillary flow. We start by
examining the distributions of temperature generated during Joule
heating and their role in the behaviour of the thermocapillary
resist. Figure 2a presents a scanning Joule expansion microscope®*0
image of the thermal expansion that results from Joule heating
in an array of SWNTs, at a drain-source bias condition of
V(t) = Vpgcos(2mft), with Vg =5V and f= 386 kHz. Here, Joule
heating with a power density of Q(¢) = Q,[1 + cos(4mft)]/2 yields
a.c. thermal expansion at a frequency of 2f, according to
E(t) = [E, + E, cos(4mft)] /2. Components E, and E, correspond

to d.c. and a.c. thermal expansion, respectively. The image signal
corresponds to the peak-to-peak value of the a.c. expansion, E,,.
Figure 2b shows topographical images of the same array coated
with thermocapillary resist after application of several increasing
values of Vg (direct current for 5 min; substrate temperature
60 °C). A key observation is that the distributions in expansion,
and therefore temperature (Fig. 2a), correspond directly to the geo-
metries of trenches that appear in the thermocapillary resist
(Fig. 2b). For instance, trenches progressively form with increasing
Vps in an order consistent with the temperatures revealed by the
scanning Joule expansion microscopy; trenches at the second and
fifth SWNT from the right appear first and last, respectively.
Related effects can be observed along an individual SWNT, where
trenches nucleate in areas of enhanced temperature (‘hot spots’;
arrows in Fig. 2a and the top frame of Fig. 2b). These indications
establish a clear, although qualitative, connection between tempera-
ture and operation of the thermocapillary resist.
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The first step towards quantitative understanding is an exper-
imentally validated model for nanoscale heat flow in this system.
Raw data from measurements by scanning Joule expansion
microscopy indicate relative temperature increases but not their
absolute values. Figure 2c shows a representative cross-sectional
profile of E, for the case of a SWNT of length ~3.5 um (the corre-
sponding scanning Joule expansion microscopy image is shown in
Supplementary Fig. S5). The power density per unit length is
Q(t), with Q, estimated to be ~13 uW wm ' based on the total
input power into the device, which includes three SWNTSs on an
Si0,/Si substrate. Analytical models of temperature distributions
that treat the SWNT as a line heat source with length L and input
power density Q(f) can be developed (Supplementary Fig. S6).
Boundary conditions involve continuous temperature and heat
flow at all material interfaces except those with the SWNTT, negligible
heat flow at the top surface, and a constant temperature at the base
of the substrate. At the SWNT interface, discontinuous heat flow
Q(t) is assumed as a means to introduce the source of Joule
heating. The results, together with materials constants taken from
the literature (Supplementary Table S1) and analytical treatments
of the resulting thermal expansion, yield expansion profiles that
have both peak magnitudes (E,~ 50 pm) and spatial distributions
(characteristic widths ~340 nm) consistent with the scanning
Joule expansion microscopy results (~40 pm and ~320 nm,
respectively) when Q,~ 13 uW pm ™', the estimated experimental
value. Figure 2d shows the associated a.c. temperature increases 6,
and thermal gradients d6,/dx, where 6(t) = [6, + 6, cos(4mft)]/2.
When applied to the case of d.c. heating ( f= 0 Hz), and quartz sub-
strates, the same analytical model yields an expression for the rise in
temperature of the surface of the thermocapillary resist, 6 = T—T,,,
where T,, defines the temperature of the background,

L/2 ooQo]()(g (7]—)/)2—}—3(2)
'nj ¢ (1

1
O
2k ] o cosh(fhf>+%sinh<€hf>

Here, k, and k; are the thermal conductivities of the thermocapillary
resist and quartz substrate, respectively, and h; is the thickness of the
resist. This solution, which is also consistent with three-dimensional
finite-element analysis (ABAQUS), suggests small increases in
temperature at the SWNTs (~2-5°C) for the power densities
needed to achieve trenches. The flows arise from large associated
gradients in temperature (~20°Cum~ ') (Supplementary
Fig. S6). Studies of flow induced with heated tips in an AFM
verify the low-temperature operation (Supplementary Fig. S10).
The characteristics of this flow provide several attractive features
for present purposes, one of which is immediately evident from
inspection of Fig. 2ab. At large Vg (Vps/Ly, > 1V um™), the
trenches associated with SWNT's that have pronounced hot spots
exhibit uniform widths. Likewise, SWNT's that show vastly different
temperatures at a given V¢ display similar trench widths at suffi-
ciently large Vpg (Vpg/Lg,>1V wm™'). Figure 2e presents
results for the second SWNT from the right, extracted from
Fig. 2a and the bottom frame of Fig. 2b. Clearly, the variations
(between the mean value and maximum value) in expansion
measured along the length of the SWNT are much larger than
those in the trench widths (Wy.), as quantified by separations
between the raised regions of thermocapillary resist at the edges
of the trench. This physics provides an ability to realize trenches
with small, uniform widths, even across large-scale arrays that incor-
porate m-SWNTs with wide ranges of conductances and diameters,
and consequently, peak temperatures and thermal gradients.
Figure 2f shows the average W for a number of different, individ-
ual SWNTs as a function of Q,,. Similar values occur over ranges of
power (~10-40 wW um ') that exceed those associated with
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Figure 5 | Thermocapillary purification process performed with a reusable
bottom split gate structure. a, Schematic illustration of two purification
processes implemented on different arrays of SWNTs using a single bottom
split gate electrode structure. (i) As-grown array of aligned SWNTs.

(i) Bottom electrode after transfer of these SWNTs (gate dielectric, red; source
and drain electrodes, gold; gate electrode, gold). (iii) s-SWNTs remaining after
purification. (iv) Transfer of s-SWNTs to a device substrate. b, Transfer
characteristics before and after a first purification process with a bottom
electrode structure: I, ./l,,, = 23% and the on/off ratio after purification is
~1x 10% ¢, Transfer characteristics before and after a second purification
process with the same bottom electrode structure: I, .//,,, = 30% and the
on/off ratio is ~2 x 10% This reusable structure has W =L =30 um.

optimized conditions for purification. This behaviour is much
different from that expected from other thermally driven processes,
such as sublimation or ablation, which typically involve abrupt
temperature thresholds (Supplementary Fig. S13).

The governing equation of motion for thermocapillarity in
systems where the dimension along the SWNTs can be considered
infinite corresponds to unidirectional flow in which the thickness
profile in the thermocapillary resist can be written as h(x,t) with

oh [T Ko (FR] -
ot ox| 2w 3pox\Tow) | T
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Figure 6 | Short channel transistors and logic gates that use s-SWNT arrays created by thermocapillary purification. a, Schematic illustration of
the geometry of a short channel (L~ 800 nm) transistor that incorporates an array of s-SWNTs formed by the thermocapillary purification process
(~10 s-SWNTs). b, Optical micrograph and scanning electron microscope image of the device (taken before deposition of the gate dielectric). ¢, Output

characteristics for gate bias of V=

—3,-2,—-1,0,1Vand Vps= —2 to O V. Inset: transfer characteristics for Vo= —0.1V (black) and —1V (red).

d,e, Circuit diagram (d) and optical micrograph (e) of an inverter formed with two transistors that use arrays of s-SWNTs formed by thermocapillary

purification. f, Voltage transfer characteristics of the inverter.

where  h=h/he, X=x/h, t=yQut/(okehp), = p/pp
¥ =kiy/(Qyy,), 0=k6/Q, T=060/3x is the thermocapillary
stress, u is viscosity at temperature T, w, is the viscosity at the
background temperature T=T,, vy is the surface tension,
which often exhibits a linear dependence on temperature (that is,
Y= 7Y,—v,0) and the bars over symbols indicate the normalized
nondimensional variables. Figure 3a shows the geometry. The
appropriate initial condition is h(¥,f = 0) = 1. The boundary
conditions are h(x = +o00,f)=1 and zero pressure,
(R / 0%°)(X = +0,7) = 0. With equation (1) for the temperature,
numerical solutions to this system yield h = h/h;, based on assump-
tions that (i) at each point along x, the temperature throughout the
thickness of the thermocapillary resist is equal to the temperature at
its interface with the substrate and (ii) flow in the thermocapillary
resist does not change the temperature distributions. Figure 3b
shows results for the case of polystyrene*!, which exhibits beha-
viours like the thermocapillary resist (Supplementary Fig. S12)
but has a known temperature-dependent surface tension:
v=50.40-0.07380 m] m >, For this example, = 1, consistent
with the small rise in temperature, and Q,=16.7 pW pm™"
(from experiment). The trenches gradually widen and deepen
with time, as the displaced material forms ridges at the edges.
Topographical measurements of a representative SWNT coated
with thermocapillary resist after Joule heating for various time
intervals (Vpg/Ly, 0.7V um™", 30 °C background heating,
Supplementary Movie S1) show similar behaviours and profiles
(Fig. 3c,d). At longer times, wider trenches result, to the point
where SWNTs can be clearly observed at the base (Fig. 3e).
Although the specific time durations needed to form complete
trenches (f ~ 1) yield computed values of Wy  that are larger
than those observed experimentally, the theory captures the

NATURE NANOTECHNOLOGY | VOL 8 | MAY 2013 | www.nature.com/naturenanotechnology

essential time dependence. For example, Fig. 3f shows the measured
time dependence of Wi for two SWNTs; both roughly follow the
expected theoretical behaviour, namely Wy~ t°*° (Supplementary
Figs S7-S9 and Supplementary Movie S1). Another prediction of
the theory is that, for a given time f=300s, the value of Wi,
depends only weakly on Q, over a remarkably large range, that is,
from ~10 pW pm "' to ~35 uW pm ™' (Supplementary Fig. S9).
This finding is consistent with observations discussed in the
context of Fig. 2. Finally, besides capturing the underlying
physics, these models also suggest that optimal materials properties
for thermocapillary resists include large temperature coefficients of
surface tension and low viscosities. Furthermore, decreasing the
thickness reduces the trench widths. Empirical studies of various
materials for thermocapillary resists (Supplementary Fig. S12) led
to the selection of the molecular glass reported here.

Application of the purification process

The envisioned use of thermocapillary-enabled purification is in a
preparatory mode, where it serves as one of several steps including
substrate cleaning, SWNT growth, transfer, and others that occur
before device processing. Such a scheme decouples purification
from any detailed consideration of component or circuit layout,
and is made possible by the ability to entirely eliminate all m-
SWNTs. Two approaches can be considered. In the first, one or a
small number of electrode structures, each with large lateral extent
as illustrated in Fig. 4a.b, enable elimination of m-SWNTs over sig-
nificant areas. Here, processing occurs on hundreds or thousands of
SWNTs at once, using pulsed currents to avoid cumulative heating
(Supplementary Fig. S11). Figure 4c shows the electrical character-
istics of the structure in Fig. 4a before and after purification, where
Ina/Ionp is ~20% and the on/off ratio after the process is ~1 x 107,
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similar to the results achieved on small arrays discussed previously.
Current outputs can reach the milliamp range, as shown in Fig. 4c
and Supplementary Fig. S23. Additional details and examples of
outputs up to ~3mA appear in Supplementary Fig. S24.
Figure 4d illustrates an alternative approach, in which smaller
pairs of interconnected electrodes provide for purification in distrib-
uted regions, capable of lithographic alignment at a coarse level to
areas of interest in a final application. Effects on I, and I in
this case are in the range of those achieved in other geometries
(Supplementary Fig. S15, Table S2). The process can be applied to
arrays of SWNTs that have both local (Supplementary Fig. S14)
and area-averaged (Supplementary Fig. S11) densities of a few per
micrometer. Improved densities can be realized using transfer tech-
niques*~*. Although high densities can be important in electronics,
modest or low densities can be useful in sensors and other devices.

To simplify implementation, a reusable bottom electrode struc-
ture can be constructed to eliminate cycles of processing that
would otherwise be necessary for the repetitive fabrication of top
electrode structures described previously. As shown in Fig. 5a, a
single, reusable substrate provides a fully formed, bottom split
gate structure for use in the purification process. Aligned arrays of
SWNTs transferred to this substrate using techniques described pre-
viously*>~* can be processed to remove m-SWNTs. The remaining
s-SWNTs can then be transferred to a final device substrate.
Figure 5a schematically illustrates two cycles of this process.
Figure 5b,c presents transfer characteristics of arrays of SWNTs
before and after purification, performed with a single back-gate
structure in two separate cycles of use. Additional details appear
in Supplementary Figs S19 and S20.

Because the purification occurs on entire arrays SWNTs, the
resulting s-SWNT's can be easily integrated into nearly any type of
component or circuit layout. Devices with short channel lengths
(~800 nm) defined using a near-field phase-shift lithography tech-
nique*® were used to provide a demonstration, as shown in Fig. 6a,b.
Figure 6¢ presents electrical properties that are consistent with those
of long-channel devices when effects of contact resistance are
included. The observed hysteresis has known origins that can be
minimized using strategies described elsewhere®%. A simple
logic gate, consisting of two transistors using arrays of s-SWNTs,
provides an additional example of the utility of this process, as illus-
trated in Fig. 6d,e. Figure 6f shows the voltage transfer characterist-
ics and gain associated with this p-type inverter. The peak gain is
~4, consistent with expectation for this design (Supplementary
Figs S16 and S17).

Conclusions

In summary, the purification method introduced here provides scal-
able and efficient means for converting heterogeneous arrays of
SWNTs into those with purely semiconducting character. An
important advantage is that the processing steps are fully compatible
with fabrication tools used for the commercial manufacture of
digital electronics and display backplanes. Enhanced control
might also allow refined forms of purification, based not just on
differences between m-SWNT's and s-SWNTs, but also on values
of threshold voltage or other more subtle characteristics among
the s-SWNTs themselves. Other promising opportunities for
future work include the development of schemes for purifying
high-density arrays, and for eliminating the need for electrode struc-
tures by electromagnetically induced heating in spectral ranges
where m-SWNTs exhibit stronger absorption than s-SWNTs.

Methods

Fabricating top-electrode structures. Photolithography, electron-beam evaporation
(2 nm Ti, 48 nm Pd; AJA) and liftoff were used to define source and drain
electrodes. RIE (100 mtorr, 20 s.c.c.m. O,, 100 W, 30 s; Plasma-Therm) removed
SWNTs everywhere except for regions between these electrodes. Prebaking (250 °C,
2 h, in a glovebox) a spin-cast (4,000 r.p.m., 60 s) solution to a spin-on glass
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(SOG; Filmtronics, methylsiloxanes 215F, 15:1 diluted in isopropyl alcohol)*® and
then curing the material formed films of SOG (35 nm) uniformly across the
substrate. Atomic layer deposition (80 °C; Cambridge NanoTech) created films of
AlLO; (30 nm) on top of the SOG. Photolithography (AZ 5214) and etching (6:1
buffered oxide etchant for 50 s) removed the SOG/Al,Oj bilayer from the region
between the source and drain electrodes. Prebaking (110 °C, 10 min) a spin-cast
(4,000 r.p.m., 60 s) solution of polyvinyl alcohol (PVA; M,, between 89,000 and
98,000, 99%, hydrolysed, Sigma-Aldrich; solvent, deionized water) mixed with
photosensitizer (ammonium dichromate, >99.5% at 40:1 by weight*®) followed by
photolithographic patterning and postbaking (110 °C, 30 min) defined a layer of
PVA (~400 nm) on top of and aligned to the SOG/Al,O5. Photolithography (AZ
5214), electron-beam evaporation (50 nm Ti or Cr) and liftoff were then used to
define a gate electrode on top of this dielectric stack.

Thermocapillary flow and etching to remove m-SWNTs. Thermal evaporation
(0.5As™") was used to form thin layers (25 nm) of thermocapillary resist (oo’
tris(4-hydroxyphenyl)-1-ethyl-4-isopropylbenzene; TCI International). Applying a
voltage between the source and drain electrodes (Vg = —40 to =50V,
corresponding to fields of Vppg/Ly, ~ 1.33-1.66 V um ') while biasing the
source/gate to +20 V under vacuum (~1 x 10 * torr, Lakeshore) and holding the
substrate temperature at 60 °C, all for ~5 min, yielded trenches in the
thermocapillary resist at the locations of the m-SWNTs. RIE (10 mtorr, 1 s.c.c.m.
0,, 1 s.c.cm. CF,, 75 W, 20 s; Plasma-Therm RIE) eliminated the m-SWNTs
exposed in this manner, without affecting the s-SWNTs. Immersion in acetone
for 30 min removed the thermocapillary resist, to complete the process.

Scanning Joule expansion microscopy. Devices were wire-bonded to a sample
holder (Spectrum Semiconductor Materials) to allow contact-mode AFM (Asylum
MFP 3D and Cantilever Asylum # Olympus AC240TS) while applying suitable
biases to the electrode structures. A function generator (Agilent 33250A) provided
the a.c. bias and the reference signal for lock-in (Stanford SR844) detection of

the amplitude and phase of the signal associated with thermal expansion.
Measurements on quartz were performed with thick layers (~100 nm) of
thermocapillary resist deposited on arrays of SWNT's between two electrodes (that is,
two-terminal devices with L =30 pm and W = 30 wm). The bias consisted of a
sinusoidal voltage with amplitude of 5 V and frequency of 386 kHz. Measurements
on $i0,(200 nm)/Si were carried out with similar two-terminal devices, but with
spin-cast overcoats of poly(methylmethacrylate) (Microchem 950 A2) with
thicknesses of ~120 nm. The bias in such cases consisted of a sinusoidal voltage
with amplitude of 3 V and frequency of 30 kHz, with the substrate

electrically grounded.

Studying the kinetics of thermocapillary flow. Thermal evaporation formed thin
layers of thermocapillary resist (~25 nm) on two-terminal devices (L = 30 pum,

W =100 pm) configured for electrical connection while in the AFM (Asylum
Research ORCA sample mount). Images collected by fast scanning (~30 s
acquisition times) defined the topography of a small region of interest. Between
scans, application of electrical biases for durations short compared to the normalized
flow rates (0.1 s at short times and increasing to 30 min at long times) caused the
trenches to increase in width by controlled amounts. A total of ~400 scans,
corresponding to the device being under bias for a total accumulated time of

~8 h, revealed the kinetics of trench formation throughout and well beyond the
time of interest.

Fabricating reusable bottom electrode structures. Photolithography and etching
defined gate electrodes (2 nm Cr and 13 nm Pd). A bilayer of silicon nitride (STS
200 nm by plasma-enhanced chemical vapour deposition) and SOG (35 nm)* served
as a gate dielectric. Source and drain electrodes (2 nm Cr and 13 nm Pd) were formed
using the same procedures as those for the gate, thereby completing the fabrication.

Finite-element modelling of heat flow. The three-dimensional finite-element
model for the temperature distributions used eight-node, hexahedral brick elements
in a finite-element software package (ABAQUS) to discretize the geometry. The
SWNT was treated as a volume heat source, with a zero heat flux boundary at the top
surface of Tc-resist, and a constant temperature T, at the bottom of the

quartz substrate.

Numerical modelling of thermocapillary flows. The equations of motion represent
a pair of coupled partial differential equations

ohy _ 0 (_7hy oy Hyoh
I3 it X 3 0%

9F  ox\ 2, 3mox
and
&h, -
w0

where h; = h. The boundary conditions are h, (%, = 0) = 1 h,(%, = 0) =0,
hy(x = +00,7) =1 and h,(X = 0, ) = 0. A Fortran routine (PDE_1D_MG)
was used to solve these two partial differential equations directly.
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