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walled carbon nanotube (SWNT) field-

effect transistors (FETs) approximately
a decade ago,"? SWNTs have continuously
attracted much attention in the research
community due to their exceptional electri-
cal properties, such as ballistic transport,> >
high charge carrier mobility,® and high com-
patibility to high-« dielectric materials,”®
rendering them excellent candidates as
building blocks for future nanoelectronic
devices. Despite such an immense poten-
tial, the challenge of separating semicon-
ducting SWNTs (sc-SWNTs) from metallic
SWNTs (m-SWNTs) from an as-synthesized
mixture in high yields has been the main
drawback in the further advancement of
carbon nanotube electronics. The presence
of m-SWNTs, even under a small fraction,
can drastically increase the off current,
which is detrimental with respect to power
consumption and transistor performance.'®
Therefore, finding an effective, low-cost,
and a scalable method to separate out
sc-SWNTSs has been the focus of intense re-
search over the past decade. In this respect,
many research groups have developed
techniques to selectively sort out sc-SWNTs,
such as density gradient ultracentrifugation
(DGU),"" dielectrophoresis,'~'* DNA-assisted
separation,'®~'® selective chemical interac-
tions,'” %' and polymer-assisted separa-
tion.?>?® For these techniques, the degree
of SWNT separation was typically validated
by optical absorption, photoluminescence
excitation/emission (PLE) spectroscopy, and
resonant Raman spectroscopy. However,
such spectroscopic techniques do not pro-
vide the number of sc-SWNTs with respect

Since the first demonstration of single-
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ABSTRACT We have verified a highly ef-
fective separation of semiconducting single-
walled carbon nanotubes (sc-SWNTS) via sta-
tistical analysis of short-channel devices fabri-

cated using multipen dip-pen nanolithography.
Our SWNT separation technique utilizes a polymer (rr-P3DDT) that selectively interacts with
and disperses sc-SWNTs. Our devices had channel lengths on the order of 300—500 nm, with
an average of about 3 SWNTs that directly connected the source—drain electrodes. A total of
140 SWNTs were characterized, through which we have observed that all of the SWNTs
exhibited semiconducting behavior with an average on/off current ratio of ~10°. Additionally,
we have characterized 50 SWNTs after the removal of rr-P3DDT, through which we have again
observed semiconducting behavior for all of the SWNTs with similar electrical characteristics.
The relatively low average on-conductance of 0.0796 1S was attributed to the distribution of
small diameter SWNTs in our system and due to the non-ohmic Au contacts on SWNTs. The
largely positive threshold voltages were shifted toward zero after vacuum annealing,
indicating that the SWNTs were doped in air. To the best of our knowledge, this is the first
time numerous SWNTs were electrically characterized using short-channel devices, through
which all of the measured SWNTs were determined to be semiconducting. Hence, our
semiconducting single-walled carbon nanotube sorting system holds a great deal of promise in
bringing forth a variety of practical applications in SWNT electronics.

KEYWORDS: carbon nanotubes - dip-pen nanolithography - sorting -
nanofabrication - field-effect transistors - semiconducting - polythiophene

to m-SWNTs in absolute quantities. To con-
cretely validate the efficacy of sorting and
to understand how the separation process
affects the charge transport properties of
the SWNTs, it is necessary to fabricate and
characterize devices consisting of one to
several SWNTs that directly bridge the
source/drain (S/D) electrodes. Although
some of the aforementioned separation tech-
niques conducted thin-film SWNT-FET mea-
surements, where channels on the order of

* Address correspondence to
zbao@stanford.edu,
jongkim@samsung.com.

Received for review December 13, 2011
and accepted February 20, 2012.

Published online February 21, 2012
10.1021/nn204875a

©2012 American Chemical Society

ACRT A NS
VOL.6 = NO.3 = 2487-2496 = 2012 ACNANC)

WWwWw.acsnano.org

2487



tens of micrometers were composed of a percolating
network of SWNTSs, the absolute quantities of sc-SWNTs
with respect to m-SWNTs and the electrical properties
of the individual SWNTs still remained elusive. To
address such an issue, Kim et al.?* and Zhang et al 2528
have correlated spectroscopic data to the statistical
counting of SWNTs by fabricating and measuring
devices with channel lengths on the order of several
hundred nanometers, where the S/D electrodes were
bridged directly by individual SWNTs. These studies
revealed that certain separation techniques still con-
tained a significant amount of m-SWNTs, while other
techniques exhibited devices with relatively low on/off
ratios. Such results demonstrated that m-SWNTs had
not yet been fully removed in these systems, while
further validating the insufficiency of spectroscopic ana-
lysis in quantitatively determining sorting efficiency.

Recently, our group developed a method to sepa-
rate out semiconducting HiPCO SWNTs from an as-
synthesized mixture of commercially available HiPCO
SWNTs utilizing regioregular poly(3-dodecylthiophene)
(rr-P3DDT) that selectively interacts with and dis-
perses sc-SWNTs.?” Spectroscopic characterization
techniques such as optical absorption, PLE spectra,
and resonant Raman spectroscopy were conducted,
through which we have speculated an efficient se-
paration of sc-SWNTs.

For the present report, we have generated SWNT
devices with a channel length in the range of 300—
500 nm using dip-pen nanolithography?® 32 (DPN) to
quantify the number of sc-SWNTs to m-SWNTs in our
system and to characterize the electrical properties of
the separated sc-SWNTs. We have characterized a total
of 190 randomly sampled SWNTSs prepared from multi-
ple solutions and substrates and have observed that all
of the SWNTs that we have measured were sc-SWNTs
with an average on/off current ratio of ~10°. As far as
we know, this is the first time numerous SWNTs were
electrically characterized using short-channel devices,
through which all of the measured SWNTs were de-
termined to be semiconducting. We have hence un-
ambiguously validated the high sorting efficiency of
our system that is both scalable and relatively facile to
process. As mentioned previously, our results have
great implications in future nanoelectronics, as even
a small amount of m-SWNTs can dramatically increase
the off current and degrade the transistor perfor-
mance. In this report, we will first introduce our elec-
trode fabrication process using DPN, originally devel-
oped by our group,**** and present some advantages
DPN has over the conventionally used e-beam litho-
graphy process (EBL). Second, we will present various
experimental results validating the highly efficient
sorting of sc-SWNTs. Lastly, we will discuss the elec-
trical characteristics of our devices and present sug-
gestions for future improvements.
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RESULTS AND DISCUSSION

SWNT Device Fabrication Using Dip-Pen Nanolithography.
To characterize the SWNTs in our system, we have
fabricated short-channel SWNT-FETs using multipen
dip-pen nanolithography?® 32 (DPN). Briefly stated,
DPN is a process where an atomic force microscopy
(AFM) tip is used to directly deposit a material of
interest onto a surface with a high registration and
precise feature size controllability.>>3® Despite having
similar resolution limits, we have selected DPN over the
conventionally used e-beam lithography (EBL) process
to generate contacts to the SWNTs due to a number of
advantages DPN has over EBL. First, DPN requires
relatively simple and fewer number of processing steps
compared to EBL. Second, contrary to EBL, the DPN
fabrication process does not expose the substrate to
e-beam irradiation, which has previously been shown
to damage the SWNTs.3”~2° Third, due to the use of a
multipen array system, numerous electrodes can be
fabricated in parallel in a time-efficient manner with
shorter cycle time. Finally, since the throughput of DPN
can easily be increased by increasing the number of
tips on the chip, it can easily translate to large-area
patterning applications.

Figure 1 depicts our experimental procedure of
generating the SWNT-FETs using DPN. First, a solution
of SWNT/rr-P3DDT in toluene was dispersed onto an
APTMS-coated SiO, surface via spin-casting (APTMS:
3-aminopropyltrimethoxysilane). A heavily doped sili-
con substrate with a 300 nm thermally grown silicon
oxide layer was used as the back gate and dielectric
layer, respectively. The density of the SWNTs on the
surface was controlled by the number of drops of
solution cast on the substrate during spin-casting
(refer to Supporting Information Figure S1 for results
on SWNT density control test). Next, a thin film of Au
(~15 nm) was evaporated onto the substrate, followed
by an evaporation of additional Au (~50 nm) on top of
the thin layer of Au using parylene shadow masks*° to
generate microscale pads for electrical probing.

Figure 2A is an optical image of the substrate after
the two successive Au evaporations. The light red areas
are the thin layered Au regions, whereas the bright
yellow areas are the thicker Au regions that were
generated using parylene shadow masks. Next, finer
electrode features were generated by depositing an
etch-resist known as 16-mercaptohexadecanoic acid
(MHA) in a parallel manner between the microscale
pads using DPN's multipen array system.?*' Finally,
15 nm of gold was etched away using wet-chemical
etching,*? leaving behind the microscale Au pads along
with the Au underneath the etch-resist. Figure 2C is
an optical image of an array of SWNT devices, and
Figure 2B is an AFM phase image of one of the SWNT
devices, while the inset is the corresponding topogra-
phy image of the SWNT device. The DPN-generated
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Figure 1. Schematic outline of SWNT device fabrication using dip-pen nanolithography. First, a SWNT/rr-P3DDT solution is
spin-cast onto an APTMS-coated SiO,/silicon substrate. Second, a thin layer of Au (15 nm) is evaporated, followed by an
evaporation of additional Au (50 nm) using shadow masking. Next, an etch-resist (MHA) is deposited in a parallel manner
using DPN's multipen array system. Finally, wet-chemical Au etching is conducted to etch away 15 nm of Au, leaving behind
the Au underneath the etch-resist and the thicker Au regions.
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Figure 2. (A) Opticalimage of Au evaporated surface. The light red areas are the thin Au layer regions (thickness = 15 nm), and
the bright yellow areas are the thicker Au layer regions that were generated using parylene shadow masking (thickness =15 +
50 nm). (B) AFM phase image of a SWNT device; the inset is the corresponding topography image near the SWNT that is
bridging the two electrode ends. (C) Optical image of an array of electrodes after parallel DPN etch-resist patterning and wet-

chemical Au etching.

electrodes were generally etched cleanly with a low
number of defects. Details regarding defect minimiza-
tion and feature size controllability of our process are
reported elsewhere3* The removal of Au on the SWNTs
after Au etching was verified using X-ray photoemis-
sion spectroscopy (refer to Supporting Information
Figure S2). The DPN-fabricated electrodes were con-
trolled to have channel lengths in the range of 300—
500 nm, enabling a few to several SWNTSs to be bridged
directly between the S/D electrodes. Further details of
our fabrication process are reported in the Methods
section.

Statistical Analysis of Sorting Efficiency. The SWNTs were
prepared from two different solutions, and the devices
were fabricated and measured on multiple substrates.

PARK ET AL.

The devices had an average of 3.3 SWNTs that directly
connected the S/D electrodes, which summed to a
total of 140 SWNTs. The SWNT/electrode contacts were
verified by examining various AFM imaging modes (i.e.,
topography, phase, error). Figure 3A,B shows the AFM
phase and error images of two different SWNT devices
that had two and one SWNTs that contacted the S/D
electrodes, respectively. The insets within the images
are the corresponding topography images, through
which we have determined the heights of the SWNTs
to be between 1 and 1.3 nm. We have estimated
the on and off currents of individual SWNTs in our
system by setting them equal to the on and off
currents of the device divided by the total number
of SWNTs on the device (i.e., Ion.swnT = lon-pEvice/N
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Figure 3. (A) AFM phase and (B) error images of two different SWNT devices. The scales bars are 500 nm. The insets within the
images are the corresponding topography images. (C,D) Transfer curves of the devices shown in (A) and (B), respectively. The
curves were swept from Vg =30 V to —20 V at Vps = —0.1 V. Both devices exhibited semiconducting behavior, with on/off
current ratios between 10° and 10° and off currents in the range of 10" to 10 "3 A.

and lorr-swnt = lorr-pevice/N, where N is the total
number of SWNTs connecting the source—drain
electrodes).

The on and off currents of the devices were ob-
tained using transfer curves, which were measured in
the linear region from Vg =30to —20 Vat Vps = —0.1 V.
Figure 3C,D shows the corresponding transfer curves
of the devices shown in Figure 3A,B, respectively. The
devices were measured under ambient conditions.
Both devices evidently exhibited semiconducting be-
haviors with on/off current ratios between 10° and 10°
and off currents in the range of 10~ to 1073 A. After
measuring the rest of the devices, we have observed
that all of the devices exhibited semiconducting be-
havior. Supporting Information Figure S3A—0 shows
AFM images and corresponding transfer curves of
some of the other SWNT devices that were character-
ized. Figure 4A—C displays the histograms of the on
current, off current, and the on/off current ratio of
the 140 SWNTSs with average values of 7.96 x 107 A,
1.77 x 107" A, and 2.65 x 10°, respectively. Field-
effect mobility of the SWNTs was not calculated due to
the dominant contact resistance of the devices, ren-
dering it difficult to extract the intrinsic mobility of
SWNTs (this topic will be discussed in the next section).
As Figure 4B,C indicates, the range of on/off current
ratio and off current of the SWNTs were 10°~107 and
107'—107"2 A, respectively. The low off currents
of the SWNTs and the on/off current ratios being
no less than 10° indicated that all 140 SWNTs were
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semiconducting, as any m-SWNTs that directly bridged
the S/D electrodes would have exhibited a large off
current and short the device.

To confirm that the observed high on/off ratio is not
due to any potential interaction between the rr-P3DDT
residue and the SWNTs, we investigated the electrical
properties of the SWNTs after the removal of rr-P3DDT.
After spin-casting a solution of SWNT/rr-P3DDT onto a
substrate, we heated the substrate at 500 °C under
argon for 1 h to burn away rr-P3DDT while preserving
the SWNTSs (HiPCO SWNTs have been determined to be
stable up to ~800 °C).*3

Figure 5A,B shows resonant Raman spectra before
and after heating, respectively. Evidently, the rr-P3DDT
peaks at ~1379 and ~1445 cm ™' are no longer present
after heating, indicating that rr-P3DDT has been re-
moved from the substrates. Considering also the AFM
topography images before and after heating in
Figure 5C,D, respectively, the average diameters of
SWNTs have been reduced from ~1.2 to ~0.9 nm,
further supporting the conclusion of removal of rr-
P3DDT after heating. Electrodes were fabricated onto
the polymer-burned SWNT substrates, and a total of 50
SWNTs were characterized using the aforementioned
analytical approach. Again, all 50 SWNTs showed semi-
conducting behavior, with an average on current,
off current, and on/off current ratio of 446 x 10 ° A,
2.1 x 107" A, and 1.55 x 105, respectively (refer to
Supporting Information Figure S4 for corresponding
histograms).
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Figure 4. Histogram of (A) on current, (B) off current, and (C)
on/off current ratios of individual SWNTs based on 140
SWNTs, measured at Vps = —0.1 V.

These values were quite similar to the previously
attained values for SWNT devices with rr-P3DDT.
Supporting Information Figure S3P—T is the AFM
images and corresponding transfer curves of some
of the polymer-burned SWNT devices that were
characterized. Again, the on/off current ratios of
the SWNTs were no less than 10, with off currents
in the range of 107> to 10 '? A. Two main con-
clusions can be drawn from our results. The fact that
no metallic behavior was observed even after burn-
ing off rr-P3DDT and that the electronic properties
of the polymer-burned SWNTs were similar to the
polymer-present SWNTSs (1) removes the possibility
of m-SWNTs exhibiting semiconducting behavior
due to the presence of rr-P3DDT and (2) that the
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SWNTs are the dominant charge carriers in our
devices.

In order to verify the presence of m-SWNTs origin-
ally in the as-synthesized HiPCO SWNTs that we have
used in our study, using the same fabrication process,
we have generated electrodes on as-synthesized HiP-
CO SWNTs (refer to the Methods section for experi-
mental procedure). Out of 10 devices that we have
measured, four devices exhibited semiconducting be-
havior with on/off current ratios between 10* and 10”.
Three of the devices exhibited semimetallic behavior
with on/off current ratios of ~10 and off currents
ranging from 10 to 108 A; the other three devices
showed metallic behavior with no current modulation
at 10 8 to 1077 A. Supporting Information Figure S5
shows AFM images and corresponding transfer curves
of two of the as-synthesized SWNT devices that were
characterized. These results verified the presence of
m-SWNTs originally in the as-synthesized HiPCO
SWNTSs that we have used in our study, and that our
sorting technique did indeed effectively separate out
sc-SWNTs from m-SWNTs.

Analysis of Contact Resistance and the Observed On-
Conductance. Previous reports have proposed that short-
channel SWNT devices operate as Schottky barrier (SB)
transistors.>**~4° In SB transistors, current through the
channel is limited by the barrier at the SWNT/metal
interface, and the applied gate and drain—source bias
modulates the barrier width, hence the tunneling
current through the barrier***° Since the tunneling
current can be modulated by source—drain voltage, the
output curve of SB transistors is diotic in nature, where
the current continuously increases beyond a certain
source—drain voltage even when the device is in the
off-state.! The output curves of our devices exhibited
diotic behavior, indicating that our devices operate as
SB transistors.

Figure 6A,B displays the output curve and the AFM
image of a SWNT device, respectively. The device had
two SWNTs that directly contacted the S/D electrodes.
Theinset within Figure 6A is the corresponding transfer
curve that clearly exhibits semiconducting character-
istics at Vps = —0.1 V, with an off current of ~107 '3 A.
However, referring to the output curve where Vps was
swept from 0to —5 V with gate bias modulated from 30
to —5 Vin steps of 5V, the current undergoes a large
increase at Vps < —1 even when the device is in the off-
state at Vs = 30V, a clear indication of a typical diotic
behavior of a SB transistor.

One of the consequences of SB transistors is the
limited on-conductance due to the Schottky barrier at
the SWNT/metal interface. As mentioned previously,
the average on current of our SWNTs was 7.96 x 10~ ° A
at Vps=—0.1V, which gives an average on-conductance
of 0.0796 uS. One of the reasons for the relatively low
on-conductance of our SWNT devices can be attri-
buted to the distribution of small diameter SWNTs in
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Figure 5. Representative resonant Raman spectroscopy of SWNT substrates (A) before and (B) after burning off rr-P3DDT.
AFM topography images of SWNT substrates (C) before and (D) after burning of rr-P3DDT. The scale bars are 500 nm.

Figure 6. (A) Output curve of the SWNT device swept from
Vps of 0 to —5 V with Vg modulated from 30 to —5 V in steps
of 5V.Theinset is the corresponding transfer curve with Vps
=—0.1V. (B) AFM image of the device showing two SWNTs
directly contacting the S/D electrodes. The scale bar is
500 nm.

our system. On the basis of PLE data in our previous
work,>” a SWNT of (12,1) chirality is the most dominant
SWNT type in our system, which has a diameter of
0.995 nm.?” Previous works have demonstrated that
SWNTs with smaller diameters exhibited lower on cur-
rents due to a larger Schottky barrier,*”*° where the loy
of 1 nm diameter SWNTSs was approximately an order of
magnitude lower than loy of 1.5 nm diameter SWNTs.*
The on-conductance obtained by other groups>***° on
SWNTs with diameters of ~1.4 to 1.6 nm is indeed
approximately an order of magnitude higher than the
average on-conductance of our devices. Hence, consid-
ering that the dominant SWNTs in our system were
0.995 nm in diameter, our on-conductance values are
within a reasonable range.

Apart from contact resistance arising from Schottky
barrier, a pure tunneling barrier may also exist due
to poor interaction between the SWNT and the metal
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contacts, which can consequently lower the on-
conductance. Both ab initio®" and experimental®? studies
have confirmed that Au interacts poorly with SWNTSs in
comparison to other metals. Such a weak interaction
may result in a large vacuum formation at the interface,
preventing efficient injection of carriers*” For this
reason, other contact metals such as Pd have been
used by other groups, which demonstrated high device
performance.>® Efforts are currently underway to im-
prove the on-conductance of our devices by investigat-
ing other contact metals.

Analysis of Threshold Voltage. The threshold voltages of
our devices were between ~25 and 30 V when swept
from Vg = 30 to —20 V in air. Such a positively shifted
threshold voltage can be attributed to the p-type
doping of SWNTs. Since the SWNTSs are solution pro-
cessed under ultrasonication, defects are likely to form
along the SWNT surface, which can act as oxidation
sites for O, and H,O in air.>> According to works by
Derycke et al.,** the degree of doping of SWNTs was
related to the degree of change in the threshold
voltage. Figure 7 is the transfer characteristics of a
SWNT device measured in air and under N, after
vacuum annealing at 80 °C for 10 min, where Vg was
swept from 50 to —50 V at Vps = —0.1 V.

The shift in the threshold voltage to the left from
~40 to ~5V after vacuum annealing indicates that the
SWNT was indeed doped in air, and that vacuum
annealing had desorbed the O, and/or H,O on the
SWNTs. In addition, the decrease in the on current
after vacuum annealing is consistent with previous
results*>*® and can be explained by the increase in
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Figure 7. Transfer characteristics of a SWNT device measured in air and in a nitrogen glovebox after vacuum annealing at
80 °C for 10 min. Vg was swept from 50 to —50 V at Vps = —0.1 V.

the Schottky barrier due to the rise in the Fermi level of
the metal and due to the shifting of the SWNT Fermi
level toward the middle of the band gap. Interestingly,
Derycke et al.*® observed no shift in the threshold
voltage upon vacuum annealing and exposing the
SWNT device to O,, through which they have con-
cluded that their SWNTs were not doped by O,. On the
contrary, we speculate that our SWNTs were doped
from defects formed during solution processing fol-
lowed by the exposure to excessive O, and H,O during
the fabrication process (ie., wet-chemical etching).
Investigation is currently being conducted to further
understand the origin and the nature of threshold
voltage and doping in our devices.

CONCLUSIONS

Herein, we have verified a highly effective separation
of sc-SWNTs using statistical analysis of short-channel
devices that were fabricated via multipen dip-pen

METHODS

Substrate Cleaning and Preparation. A heavily doped silicon
substrate with 300 nm thermally grown oxide layer was diced
into 1 x 2 cm pieces, immersed in piranha solution (1:3 ratio of
hydrogen peroxide/sulfuric acid) for 30 min, rinsed in running DI
water for 10 min, and dried in a vacuum oven for 15 min at 80 °C.
The substrates were then taken into a nitrogen glovebox and
immersed into a 0.4 vol % solution of APTMS (3-aminopropyl-
trimethoxysilane) in anhydrous toluene for 1 h. This step gen-
erated a monolayer of APTMS on the SiO, surface and was
conducted inside a nitrogen glovebox to prevent the active
polymerization of APTMS in the presence of water in the
atmosphere. APTMS surfaces were generated to enhance the
adhesion of SWNTs>* and the evaporated Au.>* The substrates
were then taken out of the glovebox, rinsed several times
with toluene, and ultrasonicated in toluene for 10 min to
remove excess APTMS on the surface. Finally, the substrates

PARK ET AL.

nanolithography. We have measured a total of 140
SWNTs and have verified that all of the SWNTs were
semiconducting with an average on/off current ratio
of ~10°. Furthermore, upon measuring 50 additional
SWNTs after burning off rr-P3DDT, we have confirmed
once again that all 50 SWNTs were semiconducting
with similar electrical properties. The relatively low on-
conductance of our devices was attributed to the
distribution of small diameter SWNTs in our system
and the non-ohmic contacts of Au on SWNTs. By
annealing and measuring the devices under N,, the
threshold voltages shifted toward zero, indicating that
our SWNTs were doped by O, and/or H,O during our
fabrication process. We expect that, with further re-
search, such as improving and understanding device
performance and developing a reliable method to
generate a densely aligned array of SWNTs in a con-
trollable manner, a number of practical applications
will soon be realized.

were dried with a N, air gun and placed in a vacuum oven for
15 min at 80 °C. These APTMS-coated substrates were used for
all of the experiments in this study.

SWNT Solution Preparation. To prepare the selectively dis-
persed solution of sc-SWNTs wrapped with rr-P3DDT, 5 mg of
HiPCO SWNTs purchased from Unidym Inc. and 5 mg of regio-
regular poly(3-dodecylthiophene) (rr-P3DDT) purchased from
Sigma Aldrich Inc. were mixed into 25 mL of toluene. Toluene,
which has low solubility to SWNTSs, was used to ensure that only
polymer-wrapped SWNTs were dispersed in the solution, while
the unwrapped SWNTs can eventually be separated out. The
solution was sonicated using an ultrasonicator (Cole Parmer
Ultrasonic Processor 750 W) at an amplitude level of 70% for
30 min at 50 °C using a temperature-controlled cooling bath
system. The temperature control system was implemented
because the efficiency of polymer wrapping around SWNTs is
dependent on the temperature during sonication.”” Next, the
solution was centrifuged for 150 min at 42 000g to collapse the
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nondispersed SWNTs and other insoluble materials to the
bottom of the centrifuge tube. Finally, the supernatant was
carefully extracted and placed into a separate vial.

We have also made a solution of as-synthesized HiPCO
SWNTs by adding 5 mg of HiPCO SWNTs in 25 mL of NMP
(N-methyl-2-pyrrolidone, EMD) and sonicating the solution for
10 min at an amplitude level of 30%. The solution vial was kept
in ice water during sonication to prevent the over heating of the
solution due to sonication. NMP was used instead of toluene
due to the low solubility of SWNTSs in toluene in the absence of a
dispersant. The purpose of making this solution was to test the
presence of m-SWNTs in the as-synthesized sample of HiPCO
SWNTSs that were used in our study.

Spin-Casting and Au Evaporation. The APTMS-coated substrates
were spun at 4000 rpm, and two 10 uL drops of the SWNT/
rr-P3DDT solution were cast on each of the substrates with an
interval of 10 s between the two drops. This step generated a
dense yet nonpercolating network of SWNTs on the substrate.
In addition, also at 4000 rpm, five 10 uL drops of the as-
synthesized HiPCO solution were cast on another set of sub-
strates, also at an interval of 10 s between the drops. Lastly, all of
the substrates were heated in a vacuum oven at 80 °C for 10 min
to remove any remaining solvent on the substrates. To remove
rr-P3DDT on some of the substrates, we heated the substrate to
500 °C for 1 h under argon flow at 790 Torr.

Next, 15 nm of Au was thermally evaporated uniformly onto
all of the substrates at an evaporation rate of 0.5 A/s. Subse-
quently, parylene shadow masks*® were placed on top of the
substrates, and 50 nm of additional Au was thermally evapo-
rated also at an evaporation rate of 0.5 A/s. This step generated
thicker regions of microscale Au pads that would eventually be
used as pads for electrical probing. As depicted in Figure 2, the
parylene mask had 2 x 26 (row by column) arrays of rectangles
with dimensions of 100 um x 20 um (length x width); the lateral
and vertical edge-to-edge spacing between the rectangles were
15 and 20 um, respectively. The rectangles on the right most
and the left most ends of the array had dimensions of 100 um x
30 um in length and width, respectively. These rectangular
arrays were designed to match the tip-to-tip spacing of the
multipen array used in our experiments.

DPN and Au Wet-Chemical Etching. A 26 pen cantilever array
(Type F-Side F1), obtained from Nanolnk Inc., was placed in an
UV ozone cleaner for 10 min. Next, the cantilever array was
immersed in a 5 mM solution of 16-mercaptohexadecanoic acid
(MHA) in acetonitrile for 10 s, dried gently with N, air gun, and
reimmersed in the MHA solution for another 10 s. Subsequently,
the MHA-coated cantilever array was mounted on the NSCRIP-
TOR DPN system (purchased from Nanolnk Inc.), and MHA was
deposited onto a Au-coated substrate in a parallel manner to
form a stable self-assembled monolayer that would later func-
tion as an etch mask. The MHA was patterned in the shape of
electrodes between the microscale Au pads with electrode gaps
ranging from 300 to 500 nm. The deposition rate and hence the
feature sizes of the patterned MHA were controlled by using the
ink calibration feature in the InkCAD software. Further details
regarding the DPN electrode fabrication process can be found
in a previously reported work.>*

Fe(NOs)s/thiourea solution*? was used for Au wet-chemical
etching prepared via a 1:1 mixture of 26.6 mM Fe(NO3)s - 9(H,0)
(J.T.Baker) and 40 mM thiourea (Alfa Aesar) in octanol-saturated
H,0. This solution was adjusted to pH 2 by the addition of HCI
(10 uL of HCl for a 5 mL Fe(NOs)s/thiourea solution). The MHA-
patterned substrate was immersed in the Au etchant for 6 min
under constant stirring at 100 rpm to etch away 15 nm of Au
(etching rate is approximately 2.5 nm/min), leaving behind the
protected Au underneath the MHA along with the thicker Au
pad regions that were previously generated using parylene
shadow masking. Next, the substrate was rinsed in DI water,
gently dried with N, gas, and examined under a microscope for
visual inspection. If the Au etch was observed to be incomplete,
the substrate was immersed back into the etchant for 30 s and
re-examined under the microscope; this step was repeated until
the Au appeared to be sufficiently etched. Such a meticulous
procedure was taken due to the possibility of overetching the
Au that degrades the quality of the DPN-patterned electrodes.

PARK ET AL.

Characterization of the SWNTs and SWNT Devices. The resonant
Raman scattering (RRS, model LabRam Aramis from Horiba
Jobin Yvon) was carried out at 1.96 eV (633 nm) excitation at
100x magnification and 1 um spot size, and 1200 grating.
Excitation power was 5 mW. The peak positions were calibrated
with the Si line at 521 cm™".

Electrical measurements on the SWNT transistors were
conducted using a Keithley 4200 SC semiconductor analyzer
both in air and inside a nitrogen glovebox. The heavily doped
silicon substrate was used as the back gate. The SWNTSs between
the S/D electrodes were imaged using ACT-50 tapping mode
probes purchased from AppNano Inc. and the InkCAD software
on the NSCRIPTOR DPN system. The AFM images were pro-
cessed using NanoRule (Pacific Nanotechnology).
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