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ntil recently, most TFT research

has involved organics and amor-

phous silicon as the active chan-
nel material."? Several groups tried to take
advantage of the high-performance nature
of the CNT field-effect transistor and fabri-
cate CNT-TFTs with mobilities higher than
those of organic-based TFTs.>** The CNT-
TFTs demonstrated to date have employed
films of mixed (metallic and semiconduct-
ing) CNTs in random orientation. Low-
coverage CNT-TFT devices function in the
percolation regime and can have I ./l « ra-
tios as high as 10°; however, they provide
low levels of on-state drive current due to
their large sheet resistance, R, ~ 1.4 M/
sq,” where R.=RW/L, and R, W, and L are
the resistance, width, and length of the de-
vice, respectively. Attempts to improve the
on-state current by increasing CNT density
have increased the number of metallic
pathways between source and drain, and
degraded the I, /I ¢ ratio to 1—2 orders of
magnitude.”® Recently, an approach was
published which aimed at suppressing the
contribution from metallic CNTs by func-
tionalizing the SiO, substrate with an
amine-terminated silane.’ This approach
produced low current TFT devices with very
high sheet resistance R, ~ 23 MQ/sq.° In
another, more recent approach, percolation
transport in randomly oriented CNTs in very
long (~100 wm) channels patterned with
narrow trenches was used to reduce the influ-
ence of the metallic nanotubes and produce
nicely performing plastic CNT-FETs.'® How-
ever, as the authors of this study pointed out
for shorter channel TFTs, pre-enriched semi-
conducting CNTs will be needed.’®
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ABSTRACT Thin film transistors (TFTs) are now poised to revolutionize the display, sensor, and flexible

electronics markets. However, there is a limited choice of channel materials compatible with low-temperature

processing. This has inhibited the fabrication of high electrical performance TFTs. Single-walled carbon nanotubes

(CNTs) have very high mobilities and can be solution-processed, making thin film CNT-based TFTs a natural

direction for exploration. The two main challenges facing CNT-TFTs are the difficulty of placing and aligning CNTs

over large areas and low on/off current ratios due to admixture of metallic nanotubes. Here, we report the self-

assembly and self-alignment of CNTs from solution into micron-wide strips that form regular arrays of dense and

highly aligned CNT films covering the entire chip, which is ideally suitable for device fabrication. The films are

formed from pre-separated, 99% purely semiconducting CNTs and, as a result, the CNT-TFTs exhibit simultaneously

high drive currents and large on/off current ratios. Moreover, they deliver strong photocurrents and are also

both photo- and electroluminescent.

KEYWORDS: thin film - self-assembly - carbon nanotube - alignment - field-effect
transistor - opto-electronic

We have resolved this problem by fabri-
cating CNT-TFTs directly from high purity,
semiconducting (~99%) CNTs produced by
density gradient ultracentrifugation."’ We
quantitatively evaluated the degree of
separation in the sample solution on the
single-tube device level (see the Methods
section), while other studies have so far pro-
vided only qualitative estimates.® Our CNT
films exhibit 1—2 orders of magnitude
higher normalized average conductance,
corresponding to a sheet resistance of R,
~ 200 k€/sq, while maintaining high I/
I ratios (10°—10* in the case of our L =
4 m devices). To controllably deposit
aligned nanotube films in a superlattice-
like structure on the insulating substrate,
we combine two different principles. First,
it is known that long nanotubes in solution
tend to adopt a nematic liquid crystal align-
ment."? This is easily explained by their cy-
lindrical structure which favors a lateral
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Figure 1. Cross-sectional schematic illustrating the slip-stick

mechanism responsible for self-assembly of the superlattice
of single-walled carbon nanotubes (CNT).

alignment as explained as early as 1949 by Onsager on
the basis of his excluded volume entropy model.'® This
tendency is favored even further if one includes the an-
isotropy of the attractive intermolecular interactions
among nanotubes, which also favor parallel alignment
as in the Maier—Saupe mean field theories."*~'® To
transfer this nanotube alignment to the solid and,
moreover, to produce the superlattice, we employ a
long-known, empirical observation commonly known
as “the coffee ring phenomenon”. This involves the
ring-like residue observed when a droplet of coffee (or
other insoluble material) is allowed to evaporate on a
surface. A detailed explanation of the physics of the
phenomenon did not appear until relatively
recently,'”” ~2° and since then, the details of the phe-
nomenon have been studied in a number of
solvent—solute systems and substrates. It was found
that not only a single ring but also concentric rings can
be formed under appropriate conditions.??? Here we
only give a simple qualitative picture of the process and
refer the reader to the literature for a detailed analysis.

When a planar substrate is immersed vertically in
the nanotube solution, a thin meniscus is formed at
the solid—liquid—vapor interface (contact line). As the
solvent evaporates, convective transport brings the
aligned nanotubes in the liquid to the contact line and
they deposit on the substrate. The surface roughness
thus generated produces a frictional force, f, which to-
gether with the liquid surface tension, vy, pins the posi-
tion of the contact line (Figure 1).3* As evaporation pro-
ceeds, the capillary force, y,, which pulls the liquid
inward, builds up and eventually the contact line be-
comes depinned. The contact line then jumps to a new
position where it is subsequently pinned again by the
deposition of a new row, and so on. The resulting stick-
slip motion of the liquid forms the superlattice of CNT
strips (Figure 2). The spacing between successive rows
of CNTs depends on the pinning probability, which in
turn depends, among other factors, on the concentra-
tion of the solution. High concentration implies easy
pinning, so the slip part of the motion is short, the con-
tact gets easily repinned, leading to closely spaced
nanotube rows.
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Figure 2. (a) Optical micrograph showing the large scale
alignment of the nanotube superlattice. Dashed lines
highlight positions of the stripes. (b) SEM micrograph of
the nanotube superlattice. (c) SEM micrograph of nano-
tubes within a strip.
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Figure 3. (a) CNT-TFT device schematic. (b) SEM micrograph of a typical device. (c,d) Electrical characteristics for a typical
CNT-TFT device. (e) On-state current plotted against on/off ratio for all devices in the study. As the device length increases,
the maximum current slowly drops, while strongly increasing the on/off ratio. (f) / versus V, of a device having nine strips in

parallel.

RESULTS AND DISCUSSION

Experimentally, in order to produce a regular array
of CNTs such as that shown in Figure 2a,b, we partially
submerged a Si/SiO, substrate in a glass vial containing
nanotubes. We used 99% purity semiconducting arc-
discharge CNTs suspended in 1% SDS aqueous solution,
with a diameter range 1.3 < d < 1.7 nm, as confirmed
by micro-Raman spectroscopy studies (see Figure S1 in
Supporting Information). We vibrationally isolated the
setup by placing it on an optical table and protected
the setup further by placing it under a bell jar. After sol-
vent evaporation, we observe large regions (extending
6 mm down the length of an 8 mm wide sample) of
regularly spaced horizontal “strips” of nanotubes (Fig-
ure 2a). Both the width of the strips and the strip spac-
ing in Figure 2b are about 10 pm. This method of self-
assembly yields a much higher degree of nanotube self-
alignment than that generated by nanomaterial spin-
coating: virtually all nanotubes lie within 5° of one
another, as compared with spin-coating methods, yield-
ing 71% of tubes lying within 20° of one another.®
Moreover, the superlattice structure produced by this
evaporation-driven self-assembly technique has not
been achieved by other nanotube alignment methods.
The nanotube film height was measured by AFM, yield-
ing values ranging from 1 to 6 nm and indicating that
the film composition is a mixture of individual and
bundled CNTs. The micron-scale lateral dimensions
and nanometer size film heights that we measure are
consistent with the scale of patterns seen in other slip-
stick-driven deposition phenomena.?®*~ %

The strips of oriented CNTs were subsequently used
to fabricate CNT-TFT devices of varying source-drain
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separation (d,4 = {0.5, 1, 2, 4, 10 wm}). Panels a and b
of Figure 3 show the device schematic and SEM image
of a typical CNT-TFT device, respectively. Details of the
fabrication process can be found in the Methods sec-
tion. We note that the metallic layers of the gate-stack
are purposefully thin (t = 8 nm), with a transmittance of
T > 50% in the infrared, allowing us to probe the CNT-
TFT devices through the top gate by optical means. In
total, we fabricated 10—20 devices at each source-drain
length, in addition to a number of high-current de-
vices where we contacted multiple CNT strips in
parallel.

Electrical characteristics of a typical device (L. = 2
pm) are shown in Figure 3c,d. We observe ambipolar
I—V behavior* with the current minimum located at a
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Figure 4. (a) Visible/near-infrared absorption data from purified semi-
conducting nanotube solutions. The unsorted starting material (black
curve) exhibits a distinct M, ; metallic peak, as compared with the 99%
purely semiconducting CNT solution (red) used in this study. (b) On-
substrate absorption data (black curve) after CNT strip formation with-
out the absorption background from the solution. The on-substrate
film data show a pronounced semiconducting S;; peak and no measur-
able contribution from M, ;.
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gate bias of V, ~ —1 V. In the particular case of the L.
= 2 um, W = 10 wm device, whose characteristics are
shown in Figure 3c,d, we find an I, ./l ratio of 10% and
an on-state conductance of ~25 pS. The correspond-
ing drift mobility of this device is u =~ 10 cm?/V -s.

To disentangle the effects of metallic nanotubes
from those of nanotube—nanotube interactions and
percolation processes, we fabricated CNT-TFTs with
channel lengths ranging from L_ = 0.5L_ to 10L,, where
the average length of the CNTs is L, ~ 1 um. We first
discuss the short channel devices where L. = 1.5 pm.
Figure 3e plots I, versus ./l ¢ for all devices measured
in our study. The shortest channel L. = 500 nm de-
vices display high on-state conductances of G, ~ 50
WS, but suffer from weak switching, reflected in the /,./
I ¢ ratio which is less than 10. To estimate the metallic
content of the purified material, we measured the ab-
sorption spectrum of the solution and of the deposited
film. Figure 4a shows absorption spectra of different
fractions of the density gradient centrifuged material.
Our samples are made from material where essentially
no metallic M,, absorption band is visible (99% pure).
Following assembly of the films on the substrate, we
measured the absorption spectrum in Figure 4b (black
curve). It also shows the S,, and S;; semiconducting
transitions without any contribution from the M, band.
In order to detect the possible presence of a small frac-
tion of metallic tubes not detected in the optical mea-
surements, we measured the electrical characteristics of
a large number of individual, single CNT devices fabri-
cated from semiconducting nanotube enriched mate-
rial. Of the 83 single-tube devices we fabricated, 82
were found to be semiconducting with only 1 metallic
CNT (Figure S2 in Supporting Information). However, a
simple model of 99% semiconducting and 1% metallic
CNTs bridging the source and drain contacts in parallel
would naively predict an I,./I.¢ ~ 102, which is inconsis-
tent with our findings.

While the starting material is heavily enriched with
semiconducting CNTs, the existence of different CNT
species along with variations of the local environment
within the film leads to variation of the threshold volt-
age, V, among the individual CNTs composing the
CNT-TFT. From our electrical characterization of short
channel CNT-TFTs, we observe a spread in values of V;
which roughly matches the width of the off-state in
these ambipolar film devices. Because the measured
output characteristics of the CNT-TFTs are ensemble-
averaged over numerous individual tubes, the mini-
mum off-state current is raised from that of a single
tube device leading to the low I/l « ratio.

While the average length of our tubes is L, ~ 1 um,
there is a distribution about this length, so that slightly
longer tubes have a nonzero probability of bridging the
contacts of the L. = 1.5 pm devices. Around this criti-
cal length scale, L. ~ L, where the transport mecha-
nism changes from direct transport to percolation, de-
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vice characteristics are expected to vary widely. Indeed,
in the case of L. = 1.5 wm devices, we find the largest
distribution of I/l « ratios, ranging from 10" to 10

We now turn to a discussion of transport in the L.
> L, regime, which has attracted a great deal of inter-
est lately, both theoretically*®*3° and
experimentally.® 87933 |n this regime, the source and
drain are not directly connected by individual CNTs, and
so the charge transport is governed by percolation.
There have been a number of numerical studies of
percolation-driven transport in randomly oriented 2D
networks of CNTs, exploring the variation of conductiv-
ity as a function of the length, CNT density, intertube
coupling, and degree of film alignment.?®3° The first
requirement for percolation controlled transport is that
the device tube density, p, must exceed some critical
tube density, p, so that the randomly positioned tubes
can form an uninterrupted electrical path between the
source and drain. In random 2D rigid rod films, this criti-
cal density has been found to be p ~ 1/<L.>. The con-
ductance obeys a power law, G ~ L. ", and for tube
densities just above the critical density, the scaling ex-
ponent falls in the range 1 < n < 2. As the CNT density
in the film increases past the critical density for onset
of percolation conduction, n approaches 1. Log—log
plots of G, versus L_for our devices reveal a critical scal-
ing exponent of n = 0.7. The deviation fromn = 1 is
caused by the non-ohmic contact resistance, R, be-
tween the tubes and the metal electrodes arising from
the existence of Schottky barriers. Studies in partially
aligned films determined that near the percolation
threshold the conductance exhibits a power law depen-
dence on the alignment angle, G ~ 6~ *.2°3° Despite
the strong degree of CNT alignment, our film densities
(p ~ 10—20/um?) are high enough that we are always
far beyond the critical density needed for percolation
transport.

Aside from studies employing electrical break-
down?®' to remove metallic from semiconducting
tubes,®>>3 until now, percolation-driven CNT-TFTs have
always utilized as-prepared CNTs containing typically a
2:1 ratio of semiconducting to metallic CNTs.>~8'° By
adjusting the density of the CNT films as a means to
control percolation, a necessary tradeoff is made be-
tween the I,/ ¢ ratio and the on-state conductance,
G, Electrical studies of high density films report low
values of the sheet resistance (R, ~ 400 )/sq — 20 kQ)/
sq) but make no mention of I, ./I.¢.® Other CNT-TFT
studies also measure fairly low values of R, ~ 35 k —
580 k€)/sq;> however, the I, /I« ratio was less than 10.
Lowering the nanotube density succeeded in raising
Ion/loe to 10°, but the sheet resistance increased to R,
~ 1.5 MQ/sq.”> Medium density CNT-TFTs have also
been reported, lying in the middle of the two extremes,
with R, ~ 265 kQ/sq and I/l ¢ ~ 70.°

In order to escape the above-discussed tradeoff be-
tween high on-state conductance and switching abil-
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ity, it is therefore necessary to make CNT-TFTs from pu-
rified semiconducting CNTs. Indeed, Figure 3e shows
that by using 99% semiconducting CNT-TFTs we are
able to substantially increase /,./I¢ without negatively
affecting our on-state conductance. Specifically, the L.
= 4 pm devices exhibit an average sheet resistance of
R, = 200 k = 50 k€/sq, with I/l falling in the range
of 400—9000. Increasing the channel length to L. =10
pm, we find the average sheet resistance to be R, ~
168 k = 62 k()/sq, and I/l ~ 2500—40 000. These
values are well suited for TFT operation.

The carrier drift mobility was calculated using the
standard formula p = (Lt,./€.VsgW)(dI/dV,), where
t,, is the oxide thickness and e is the effective dielec-
tric constant of the oxide material. We make the ap-
proximation €.¢ = (€si0, T €a1,0,)/2 to account for the
inhomogeneous dielectric environment, where €, =
3.9¢5 and €40, = 6.7¢, (for T = 90 °C deposited Al,0,)
yielding e ¢ = 5.3€,. Calculations of mobility in our CNT-
TFT devices give values in the range of . ~ 5—20 cm?/
V-s, much higher than the typical mobilities of organic
TFTs, but significantly lower than those of single CNT-
FETs (w ~ 1—2 X 10 cm?/V - s). One obvious reason for
this disparity is the high tube—tube coupling resis-
tance in the films.?® This coupling resistance between
nanotubes is quoted to be as high as 100 M(,® which
clearly dominates the nanotube resistance (~10 k{})
and reduces the overall device mobility.

In addition to the coupling resistance, we propose
here an additional, more fundamental reason for the
difference in the on-state performance between indi-
vidual CNT devices and a CNT-TFT which involves the
mutual screening interactions between CNTs. Theoreti-
cal studies of CNT-TFT performance as a function of CNT
spacing have demonstrated that the on-state character-
istics of CNT-TFTs degrade rapidly with decreasing CNT
separation, leading to a lowering of the on-state current
and device mobility.>> While the density of CNTs along
the width of our device is 10—20/pm, the CNT distribu-
tion is not completely uniform. Due to limits in AFM
and SEM lateral resolution, it is difficult to distinguish
individual and bundled nanotubes in images; how-
ever, AFM measurements of film height indicate that
some degree of bundling is very likely. Bundling of
nanotubes would imply that the
nanotube—nanotube spacing is much less than the
thickness of the 15 nm gate oxide, which controls
screening by the metal gate, allowing the CNTs to
screen one another and thus reduce the effective-
ness of the gate in switching the device.

One obvious strategy for reducing the effects due
to tube—tube and tube—contact interactions is to re-
duce the amount of bundling among CNTs. This may be
possible by adjusting the nature and amount of surfac-
tant present in the CNT solution, and studies are per-
formed along those lines. An alternative method for
minimizing intertube interaction is to decrease the

www.acsnano.org

CNT Raman
(G-band int.)

Photocurrent Ve=+3V @l Photocurrent Vg=-3V

: VDS=0V : ! VDS =-0.5V
- E

Figure 5. (a) Raman (G-phonon) image of a CNT strip. The
inner edges of source and drain electrodes are indicated by
vertical white dashed lines. (b,c) Short-circuit photocurrent
images showing local, opposite polarity maxima at the
Schottky barriers formed at the CNT—electrode interfaces
(highlighted by dashed ellipses), as well as local potential
drops in the active channel. (d) AC photocurrent image indi-
cating a smooth potential drop (on the scale of the optical
resolution, 0.5 um) and exhibiting a current maximum
which spatially coincides with the topography maximum as
measured by the AFM.

length scale over which the CNT—CNT screening inter-
action becomes important. In fact, this length scale
should depend exponentially on the gate insulator di-
electric constant.®® In our case, changing the top gate
oxide from Al,O; to a high-k dielectric material such as
HfO, should have a strong impact on the performance
of such CNT-TFT devices.

Further insight into the origin of the CNT film re-
sistance is provided by optical measurements. Fig-
ure 5a shows a Raman G-phonon band intensity map
of a L. = 10 wm CNT-TFT, imaged through its top
gate. The Raman intensity correlates well with the lo-
cal nanotube density as measured by AFM (data
not shown) and gives an image of the spatial distri-
bution of CNTs. In Figure 5b—d, we use photocurrent
microscopy to image built-in electric fields and po-
tential drops in the TFT.3® The technique uses a fo-
cused laser to locally produce electron—hole pairs in
the CNTs. The generated photocurrent is propor-
tional to the local electric field that separates the
electron and hole. This field can be due to Schottky
barriers, defects, other internal fields, or an external
bias. At zero bias, the main features in the photocur-
rent images are the Schottky barriers, which are dis-
tributed along the entire width of the nanotube
film and switch sign by going from p-type to n-type
conduction (see areas surrounded by dotted lines in
Figure 5b,c). We also observe an occasional film de-
fect (dark spot) such as the one in Figure 5c on the
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Figure 6. Infrared emission from CNT-TFTs. (a) Comparison of photoluminescence (PL) and electroluminescence (EL) spectra
acquired from an L. = 1 wm CNT-TFT. PL was laser-excited at A = 514.5 nm, in resonance with CNTs that emit around 1800
nm (indicated by arrow). EL was excited at V, = —4 V. The shaded area indicates the range of emission wavelengths (\,, val-
ues) of nanotubes that are present in the TFT. (b) Electroluminescence spectra at different drain voltages. Inset: semilog

plot of the integrated EL intensity.

right. On the other hand, by applying a small bias
of —0.5 V in the p-type on-state, the entire interior
of the TFT shows some contrast due to the poten-
tial steps at the numerous tube—tube contacts (Fig-
ure 5d). This behavior is not observed in single CNT
devices,®” but it is consistent with a percolating cur-
rent through TFTs.

Due to the efficiency of semiconducting-to-metallic
nanotube excited state energy transfer, dense, unsepa-
rated CNT films do not luminesce. This quenching inhib-
its the use of CNT films in opto-electronic applications.
To investigate the behavior of our films, we have mea-
sured the emission from a CNT-TFT, excited with a laser
(photoluminescence) and electrically (electrolumines-
cence) (Figure 6a).>® The photoluminescence (PL) was
excited at A = 514.5 nm, in resonance with the E;; tran-
sitions of nanotubes whose emission peak is expected
to be around \,; = 1800 nm (indicated by an arrow). In-
stead of observing an emission peak in this spectral re-
gion, however, we measure a red-shifted spectrum with
a broad peak around 1940 nm. The electrolumines-
cence (EL) spectrum, excited at a drain voltage of —4
V, has a slightly narrower spectrum, which also peaks
at 1940 nm. The low-energy onsets of both PL and EL
overlap and coincide with the E;, transitions of the larg-
est diameter nanotubes present in the film (diameter d
~ 1.7 nm). For comparison, we have shaded the region
of \,, values that corresponds to the entire diameter
distribution present in the CNT film.

Increasing the drain voltage leads to an exponen-
tial increase in electroluminescence intensity (Fig-
ure 6b).3%38 The low-energy EL onset, however, is
not affected by the drain voltage, and the fwhm in-
creases only slightly from 240 to 280 nm when going
from V4, = —4 to —7 V. Even at highest voltages,
the spectral width stays well below the width that
would correspond to the entire diameter distribu-
tion of the CNTs in the film (from 1500 to 2050 nm).
Two effects play a role in reducing the observed
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spectral width and moving the emission maximum
toward longer wavelengths: (1) The current is carried
predominantly by the larger diameter tubes be-
cause they exhibit smaller Schottky barriers (i.e., con-
tact resistance);* and (2) excitons created on the
smaller diameter (higher band gap) tubes can de-
cay into excitons on larger diameter tubes
nearby.*®*' The fwhm of the FL spectrum (350 *
50 nm) is slightly broader than the EL spectra, which
we attribute to the more efficient optical excitation
of smaller diameter tubes as compared to electrical
excitation. There are only few metallic tubes present
in our films, so in spite of bundling, excitons on
large tubes have long lifetimes, can decay radia-
tively, and allow opto-electronic applications.

In addition to the single-stripe devices fabricated
for length-dependent electrical studies, we also fabri-
cated devices contacting many CNT stripes in parallel.
Figure 3f shows the electrical characteristics fora W =
200 pm, L. = 4 pm device which contacts 10 CNT
stripes in parallel. The on-state performance is very
good, delivering high drive currents, I, > 1 mA at V4
= 2V, while maintaining /,,/l,¢ ~ 10> Such CNT-TFT
devices would be very competitive with organic TFTs
for electronic applications on flexible and transparent
substrates.

In conclusion, by using an evaporation self-
assembly method, we show that it is possible to
drive alignment of CNTs on both the macro- and mi-
croscale. This unique alignment method facilitates
the fabrication of highly dense and aligned CNT-
TFTs, ideal for electronic applications. The large,
aligned active device area will be useful for applica-
tions such as sensors or opto-electronics. Further-
more, by using 99% enriched semiconducing CNTs
as a basis for our CNT-TFTs, we overcome a funda-
mental problem of tradeoff between G,,, and I ./l ¢
associated with CNT-TFTs which employ as-grown
metallic/semiconducting CNT mixtures.

www.acsnano.org



METHODS

Sample Fabrication. After the CNT self-assembly process, we
rinsed the sample in ethanol, followed by rapid thermal anneal-
ing fort = 60 s at T = 600 °C in Ar. We patterned sparse arrays of
alignment marks onto the striped CNT region using e-beam li-
thography (EBL) followed by metal deposition (Ti/Au) and liftoff.
A second EBL step defined source and drain electrodes on the
CNT stripes. Next we evaporated Ti = 1 nm/Pd = 40 nm/Au =
20 nm as contact metals and performed another liftoff process.
We then opened windows in the PMMA resist around each de-
vice by EBL, followed by atomic layer deposition (ALD) of a 15 nm
ALO; film at 90 °C, and then 15 nm of evaporated Al film. The
ALD deposition was performed at 90 °C to prevent degradation
of the PMMA. This Al/Al,O5; mask protected the devices during a
subsequent oxygen plasma etching step to remove extraneous
CNTs and electrically isolate the devices from one another. The
etch mask was removed by wet-etching in H;PO,. Finally, a
fourth EBL step defined the region for a top gate, where the
gate stack is composed of 15 nm of ALD deposited Al,O5 and
Al = 2 nm/Au = 6 nm.

Single Nanotube Device Study. A low density nanotube solution
(from the same purified source used to make the CNT-TFTs)
was spun coat onto a Si/SiO, substrate. Source and drain elec-
trodes (with 400 nm spacing) were patterned onto the nano-
tubes at random using EBL followed by metal deposition (Ti/
Pd/Au). SEM imaging revealed 83 devices with exactly one
CNT bridging the source and drain electrodes. Subsequent /
versus V, measurements of these 83 single-tube devices (Fig-
ure S2 in Supporting Information) show that 82 CNTs are
semiconducting and only 1 is metallic, providing solid evi-
dence of semiconducting CNT enrichment. In conjunction
with the visible/near-infrared absorption data, we are confi-
dent in stating 99% semiconducting enrichment of our
nanotube starting material.

Optical Absorption Measurements. Optical absorption measure-
ments of the as-deposited CNT films were done in reflection us-
ing a microscope objective (100X, NA = 0.8, Nikon). White light
from a Xe lamp was focused onto individual CNT stripes, and the
reflected light was sent into a spectrometer (Triax 322, Jobin
Yvon/Horiba) equipped with a grating having a groove density
of 150 mm ™" and a LN,-cooled charge coupled device (Spec-
trum One, Jobin Yvon/Horiba) as detector. Reference spectra
were taken at bare substrate positions between the CNT stripes
and used to normalize the measured intensities. The reflection
spectra are dominated by the effect of the CNT film thickness on
the reflection properties of the silicon/silicon oxide substrate.
To obtain a measure of the absorption of individual CNT stripes,
we make use of the highly aligned nature of the CNTs in the
stripe and their strong polarization anisotropy, by dividing two
of these spectra taken with 90° rotated polarization.

Photo- and Electroluminescence Measurements. Photo- (PL) and
electroluminescence (EL) spectra were detected with a liquid-
nitrogen-cooled HgCdTe detector. A transmission grating fabri-
cated on top of a prism was used as a wavelength dispersive el-
ement. The spectra are corrected for both the low-pass (cold)
filter transmission and the spectrally varying efficiency of the
grating.

Micro-Raman Measurements. Raman images and spectra were ac-
quired using a scanning optical microscope equipped with a
standard microscope objective (100X, NA = 0.8, Nikon) provid-
ing a focal spot diameter of about 0.5 um. A feedback-controlled
piezoelectric scanning stage (P-527.2CL, Pl) accomplished raster
scanning of the CNT device with respect to the microscope ob-
jective with nanometer precision. As excitation light source, we
used an Ar™ laser (Innova 300, Coherent) operated 514.5 nm. The
laser light was tightly focused onto individual CNT stripes (i.e.,
through the optically transparent top gate in the device config-
uration), and the Raman-scattered light was separated from the
laser excitation light using a suitable holographic notch filter
(Kaiser) and spectrally analyzed using a spectrograph (Triax 322,
Jobin Yvon/Horiba) equipped with a grating having a groove
density of 1200 mm ™~ and a LN,-cooled charge coupled device
(Spectrum One, Jobin Yvon/Horiba) as detector. The resulting
spectral resolution was 8 cm ™" (fwhm).

www.acsnano.org
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