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S
ingle-walled carbon nanotubes
(SWNTs) have demonstrated their
unique electrical properties as compo-

nents in single-electron1 and field-effect
transistors,2�4 chemical sensors,5�7 and
transparent electronics.8�10 Engineer-
ingthese carbon nanotube-based de-
vices requires further fundamental stud-
ies on SWNT charge transport
properties11,12 and their dependence on
device configuration.13 The conventional
method of fabricating single nanotube
devices for such studies has been
electron-beam lithography;2,14�16 however,
exposure to electron irradiation can dam-
age SWNTs,17�21 thereby preventing mea-
surement of intrinsic properties. This paper
introduces an alternative method for fabri-
cating SWNT devices via dip-pen nano-
lithography (DPN), a scanning probe-based
technique that combines the nanoscale
resolution of electron-beam lithography
with the direct-write capability of microcon-
tact printing.22,23 The versatility of DPN is
evidenced by its wide range of inks, such
as the seminal and widely used
alkanethiols,24�27 conducting polymers,28�30

biological molecules,31�35 and metal
nanoparticles.36�41 This work applies DPN
toward patterning electrical contacts in
nanoelectronic devices. The advantages of
such an approach include selective place-
ment and design of electrical contacts, tar-
geted device fabrication (versus random se-
lection as in electron-beam lithography of
predefined contacts), minimal damage dur-
ing the fabrication process (no electron irra-
diation), and imaging SWNTs and pattern-
ing contacts in one system under ambient
conditions.

DPN of 16-mercaptohexadecanoic acid
(MHA) has been used to generate an etch-

resist layer on Au films for patterning Au
nanostructures on silicon.42�48 This paper
optimizes the aforementioned MHA-
masking method toward fabricating Au
contacts to arbitrary arc-discharge SWNTs.
Arc-discharge SWNTs were used due to
their bulk production and solution process-
ability being relevant to electronic applica-
tions. Au was used as the electrically con-
tacting material and has been shown to
make ohmic contact to carbon nanotubes
operating as p-type transistors.49 MHA re-
mains on the Au contacts after fabrication
and may affect the electrical characteristics
of SWNT devices;50 however, the MHA may
be removed by annealing the substrate at
sufficiently high temperatures51 or by
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ABSTRACT This paper discusses a method for the direct patterning of Au electrodes at nanoscale resolution

using dip-pen nanolithography, with proof-of-concept demonstrated by creating single-walled carbon nanotube

devices. This technique enables insight into three key concepts at the nanoscale: using dip-pen nanolithography as

an alternative to electron-beam lithography for writing contacts to carbon nanotubes, understanding the integrity

of contacts and devices patterned with this technique, and on a more fundamental level, providing a facile method

to compare and understand electrical and Raman spectroscopy data from the same isolated carbon nanotube.

Electrical contacts to individual and small bundle single-walled carbon nanotubes were masked by an alkylthiol

that was deposited via dip-pen nanolithography on a thin film of Au evaporated onto spin-cast, nonpercolating,

and highly isolated single-walled carbon nanotubes. A wet Au etching step was used to form the individual devices.

The electrical characteristics for three different single-walled carbon nanotube devices are reported: semimetallic,

semiconducting, and metallic. Raman analysis on representative devices corroborates the results from AFM

imaging and electrical testing. This work demonstrates a technique for making electrical contact to nanostructures

of interest and provides a platform for directly corroborating electrical and optical measurements. The merits of

using dip-pen nanolithography include flexible device configuration (such as varying the channel length and the

number, size, and orientation of contacts), targeted patterning of individual devices with imaging and writing

conducted in the same instrument under ambient conditions, and negligible damage to single-walled carbon

nanotubes during the fabrication process.

KEYWORDS: gold electrode · patterning · carbon nanotube · scanning probe
lithography · dip-pen nanolithography · nanofabrication
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exposure to a NaBH4 solution.52 This straightforward de-

vice fabrication technique (Figure 1) allows for electri-

cal measurements on SWNTs with various dimensions

and chiralities.

The challenges in developing this method included

optimization of the Au film, making it thick enough to

be conductive yet thin enough so that AFM scanning

could detect the SWNTs underneath. Furthermore, the

diffusivity of MHA was optimized to obtain reliable pat-

terns for electrical contacts (e.g., no shorts, clean etch),

and two types of Au etchant were evaluated for com-

parison of etch quality. Challenges in forming reliable

electrical contact between the MHA-masked Au and the

larger Au electrodes used for electrical probe measure-

ments led to development of two device fabrication

routes. Finally, electrical characterization and Raman

analysis of different types of SWNT devices were con-

ducted to validate this fabrication method.

RESULTS AND DISCUSSION
MHA Diffusivity. A typical substrate for DPN is shown

in Figure 2: the channel lengths to be bridged by MHA-

masked contacts are 5 to 10 �m. The lateral force mi-

croscopy (LFM) image shows rectangular MHA patterns

overlapping the ends of the SWNT and the larger Au

electrodes across a 5 �m channel. These boundary pat-

terns were created using InkCAD software, which al-

lowed for the specification of feature sizes based on

MHA diffusivity calculated at the beginning of each pat-

terning session via a calibration tool built into InkCAD.

The optimal range of MHA diffusivity was found to be

0.02�0.05 �m2/s. For diffusivity lower than 0.02 �m2/s,

the long patterning time resulted in vapor diffusion of

MHA indiscriminately onto the substrate surface. For

diffusivity higher than 0.05 �m2/s, the patterns were

not well-defined and often resulted in shorted devices,

possibly due to formation of multilayers of MHA during

patterning and/or deposition during scanning. The

time required for DPN of a single device was 5�20 min,

depending on channel length and contact configura-

tion. In cases where carbon nanotubes operate as

Schottky barrier transistors, the conductance can be

modulated by the electric field at the contacts; there-

fore, the contact geometry can be optimized, for ex-

ample, designed to be sharper and thinner, to improve

device performance.53

Au Etchant Selectivity. After patterning the MHA-

masking layer, the substrates were exposed to a gold

etchant (details in Methods section). Two types of wet

etchants that have been used for Au patterned with

self-assembled monolayers (SAMs)44,54 were evaluated

for their selectivity in preserving the MHA-masked Au.

As shown in Figure 3, the ferric nitrate/thiourea etchant

yielded a cleaner etch (fewer residual Au particles) and

better pattern fidelity than the ferri/ferrocyanide

etchant. The Au contacts in Figure 3a are less uniform

and have a higher pinhole density compared to those

in Figure 3b (see height profile insets). The SAM mask

may have been undermined by the slower etch rate of

ferri/ferrocyanide (�0.7 nm/min) compared to ferric ni-

trate/thiourea (�2.5 nm/min). Moreover, the charged

thiosulfate species in the ferri/ferrocyanide etchant is

Figure 1. Schematic of SWNT device fabrication. The sub-
strate is prepared by spin-casting a dilute solution of SWNTs
onto SiO2/Si functionalized with an aminosilane to promote
absorption. (1) A thin film of Au (�15 nm) is thermally
evaporated onto the substrate, either on top of photolitho-
graphically patterned Au electrodes (as shown) or under Au
electrodes to be patterned via a parylene-C shadow mask.
(2) An AFM tip inked with MHA is used for rapid imaging of
the SWNTs under the thin film of Au and eventually masking
contacts to the ends of an arbitrary SWNT. (3) The substrate
is immersed in a wet Au etchant to form the SWNT device.

Figure 2. (left) Optical image of a substrate with electrically
isolated SWNTs and predefined Au electrodes beneath a thin
film of Au. The area to be patterned by DPN is denoted with
a blue circle. Scale bar is 40 �m. (right) LFM image of a SWNT
after MHA masking of contacts to the predefined Au
electrodes.
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more likely to penetrate the hydrated surface of the

MHA SAM than the neutral thiourea species.55 The

higher selectivity of the ferric nitrate/thiourea etch led

to its use in producing subsequent SWNT devices. Fig-

ure 4 shows different contact configurations to SWNTs

after etching with ferric nitrate/thiourea. These pat-

terns demonstrate the versatility of DPN in designing

contact configurations for specific types of SWNTs (e.g.,

depending on their orientation, size, single SWNT or

junctions).

Quality of Au Contacts. The MHA-defined Au served as

electrical contacts between the ends of SWNTs and

the larger Au electrodes, which were either photolitho-

graphically patterned under SWNTs and a thin film of

Au (as shown in Figure 2) or deposited via a parylene-C

shadow mask56 on top of the thin film of Au. The pho-

tolithographically patterned Au electrodes were fabri-

cated on a wafer scale and could be stored for future

use when a fresh film of Au would be deposited on top

for DPN. However, there were disadvantages to using

the photolithographically patterned Au electrodes.

First, depositing a thin film of Au (10�15 nm) on top

of thicker, predefined electrodes (35�40 nm) resulted

in a discontinuity at the electrode edges due to the

height barrier. Therefore, if the predefined electrodes

were to be under the Au thin film, both depositions

needed to be of similar thickness (15�17 nm, thin

enough to image SWNTs underneath) and thermal an-

nealing was required to obtain consistent conductivity.

Furthermore, careful probing during electrical measure-

ment was necessary so as not to pierce through the

thin Au electrodes. Depositing the Au electrodes

Figure 4. (a) Optical image of a SWNT device. The distance between the larger Au pads is 5 �m. (b,c) AFM topography images of
MHA-masked Au contacts to a single SWNT and a junction of two single SWNTs, respectively. Scale bars are 500 nm.

Figure 3. AFM topography images of MHA-masked Au contacts to SWNTs after etching in ferri/ferrocyanide (a) and ferric
nitrate/thiourea (b). The blue lines denote line profiles of the height variation, shown in the insets.
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through a parylene-C shadow mask on top of the Au

thin film circumvented these limitations. Moreover, if

one end of a SWNT was already under an electrode,

then only one top contact needed to be patterned with

DPN, thereby halving the patterning time per device.

The conductivity of the MHA-masked Au contacts

ranged from �4 to 5 � 106 S/m (refer to Supporting In-

formation, Figure S1), which is the same as that mea-

sured for Au nanostructures fabricated via electron-

beam lithography.57 Therefore, DPN is a comparable

substitute for electron-beam lithography in creating

conductive Au contacts for nanostructured devices.

SWNT Devices. Besides ensuring that the DPN-

generated contacts were conductive, it was necessary

to show that this fabrication process did not damage

the SWNTs. Therefore, a more concentrated (10�)

SWNT solution was used to prepare a percolating net-

work of SWNTs as thin-film field-effect transistors, which

were then subjected to the same processing condi-

tions of Au deposition and subsequent etching. Electri-

cal characterization of these devices before and after

processing yielded similar I�V characteristics (refer to

Supporting Information, Figure S2), thereby demon-

strating that this fabrication method does not alter the

electronic properties of SWNTs and suggesting that the

SWNTs have not been damaged.

The functionality of DPN-patterned devices was veri-

fied through electrical measurements on three differ-

ent types of SWNTs: semimetallic, semiconducting, and

metallic. To compare the performance of these devices

with those reported in the literature, key figures of merit

were calculated, such as the transconductance (gm �

dIDS/dVG) at a given source-drain voltage (VDS) and the

field-effect mobility for operation in the linear regime:

� � (L/VDSCt)(dIDS/dVG), where L is the device channel

length between the MHA-masked Au contacts and Ct

is the gate capacitance per unit length of the SWNT, es-

timated from 2��ox/ln(4tox/W), where �ox is the effec-

tive dielectric constant of SiO2 (3.9�0), tox is the oxide

thickness (300 nm), and W is the diameter of the SWNT.2

A semimetallic SWNT device is shown in Figure 5;

the device did not turn off, even at VG � 10 V, yet the

measured current was modulated by VG. The AFM im-

age reveals that this device consists of two nanotubes

in a y-shaped junction. The calculated transconduc-

tance was 1.9 � 10�8 S, which is an order of magni-

tude greater than that reported in literature for a single

solution-processed SWNT with a similar device struc-

ture (SiO2/Si substrate with Au electrodes) fabricated via

electron-beam lithography.2 The higher transconduc-

tance may be due to this device being a two-tube

bundle.

Figure 6 shows the measured I�V curves for the

p-type semiconducting SWNT in Figure 2. The on/

off ratio was �4000, and leakage current was in the

picoamp range with no dependence on VG. The field-

effect mobility was �23 cm2/V · s (W � 2 nm, L � 2

�m), which is within the same order of magnitude as

reported for solution-processed, single SWNTs in

the literature,2,58 as is the transconductance at

3.6 � 10�9 S.

Another p-type semiconducting SWNT device is

shown in Figure 7. The residual Au seen in the AFM im-

age is from an incomplete etch; the exposure time was

not long enough to etch all of the unmasked Au film,

possibly due to a measurement error in the thickness of

the Au for that particular deposition. Nevertheless, the

calculated figures of merit for this device are within the

same order of magnitude as previous ones (gm � 5.9

� 10�9 S and � � 67 cm2/V · s for W � 1.6 nm, L � 1.86

�m). The IDS,max for this single SWNT device is much

lower than for the bundle in Figure 5. Furthermore, re-

peated electrical measurements resulted in loss of con-

ductivity probably due to breakdown of the tube.59 In-

deed, AFM imaging after additional Au etching revealed

that a gap formed along the SWNT (inset in Figure 9c).

Figure 5. (a) AFM topography image of a semimetallic SWNT device with the two-tube bundle magnified in the inset (Z-
scale is 3 nm), which also shows the optical image of the entire device. The length of the SWNT section between the MHA-
masked Au contacts is 600 nm. (b) Output curves indicating semimetallic behavior. (c) Transfer curve at VDS � �0.05 V and
sweeping from �10 to 10 V. The dashed red line denotes a linear fit for calculating the transconductance.

A
RT

IC
LE

VOL. 3 ▪ NO. 11 ▪ WANG ET AL. www.acsnano.org3546



A metallic SWNT device is shown in Figure 8. The
current was not modulated by VG, and the measured re-
sistance was 130 k	, which is comparable to that mea-
sured in devices with low-resistance contacts fabricated
via electron-beam lithography.60 Further evidence for
the MHA-masked Au as low-resistance contacts is pre-
sented in Supporting Information, Figure S3, which
shows a short-channel metallic SWNT device (L � 135
nm) with a resistance of �18 k	 at room temperature,
indicating that the MHA-masked Au is likely making

ohmic contact to the SWNT.11,49 Therefore, this tech-

nique can potentially be used to probe the intrinsic

electrical properties of SWNTs. The majority of the

SWNT devices patterned via DPN in this study were

composed of bundles or metallic tubes because these

were easier to locate under the Au thin film due to their

mostly larger diameters when compared to individual

semiconducting SWNTs. The yield of devices under op-

timized conditions was 60%, with the nonfunctional de-

vices due to alignment error or overetching of Au con-

tacts at the edges of the substrate.

Raman Analysis. To complement the electrical charac-

terization, Raman data obtained from high-resolution

spectral mapping of the SWNT devices were analyzed.

The DPN-patterned devices were easily identified

through optics in the Raman system, resulting in a

very high probability of analyzing the specific SWNTs

in the device channels. This attribute of the DPN-

patterned electrodes is advantageous for the difficult

experiment of obtaining electrical, topographical, and

optical (structural) data from the same isolated nano-

tube. The conventional method of conducting such

studies has involved using a more complicated experi-

mental setup such as low-temperature scanning tunnel-

ing microscopy and scanning tunneling

spectroscopy.61,62 Moreover, DPN offers the flexibility

of writing to only the species of interest, in this case an

individual tube and a bundle that exhibited different

electronic properties, thereby providing a versatile

method for comparing and understanding fundamen-

tal properties of nanotubes. Although directly corre-

lated electrical and Raman measurements have been

conducted previously on the same nanotube species,

these studies lacked AFM topographical data63 or were

conducted on a single double-walled nanotube64 or

nanotube films.65,66 Recently, a method for directly cor-

relating electrical and Raman data was reported for iso-

lated nanotubes,67 but it involved transfer printing CVD-

grown tubes onto a substrate with predefined

electrodes, thereby lacking the flexibility of direct imag-

Figure 6. Output (a) and transfer (b) curves for the SWNT
device shown in Figure 2, indicating p-type semiconducting
behavior. The dashed red line denotes a linear fit for calcu-
lating the transconductance at VDS � �0.1 V as VG sweeps
from 20 to �20 V.

Figure 7. (a) AFM phase image of a semiconducting SWNT
device. Scale bar is 1 �m. (b) Transfer curve at VDS � �0.05
V and sweeping from �5 to 1 V. The dashed red line denotes
a linear fit for calculating the transconductance.

Figure 8. (a) AFM phase image of a metallic SWNT device.
Scale bar is 1 �m. (b) Corresponding I�V curve. The dashed
red line denotes a linear fit for calculating the resistance.
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ing and selecting SWNTs of interest displayed in this

work.

Complete structural information on SWNTs can be

obtained from Raman analysis. Raman imaging in the

form of 100-point mapping was conducted on two of

the DPN-patterned device channels. The resulting spec-

tra were compiled and averaged (dead scans on Si

with no nanotube signature were discarded) and are

shown in Figure 9. Figure 9c shows the Raman spectra

for a semiconducting SWNT that was electrically charac-

terized (shown in Figure 7). The single peak in the RBM

region (170 cm�1) indicates that this device is com-

posed of a single semiconducting SWNT, which agrees

with the AFM and electrical data. The diameter of this

nanotube observed with AFM is around 1.6 
 0.1 nm,

indicating that this SWNT could have a chiral vector of

either (18,2) or (14,10), which also corroborates with the

RBM-determined diameter through a previously devel-

oped equation relating wavenumber to diameter for

isolated SWNTs.68 All scans from mapping on this de-

vice revealed only the 170 cm�1 peak (refer to Support-

ing Information, Figure S4). On the other hand, for the

device characterized in Figure 8 showing metallic elec-

trical behavior, the RBM region (Figure 9d) indicates av-

erage spectra with both metallic and semiconducting

signatures from a SWNT bundle. In Figure 9d (and

clearly seen in Supporting Information, Figure S4), a me-

tallic RBM peak is observed centered at 200 cm�1, most

likely from a (12,6) metallic tube with diameter around

1.3 
 0.1 nm. The AFM-measured height of the SWNT

bundle is �2.5 to 3 nm (approximately what is expected

for a two-tube bundle). Thus, both the AFM and Ra-

man analysis for the reported metallic SWNT device in-

dicate that it is composed of a bundle. The peaks at

�135 cm�1 and �149 cm�1 are noise from air.

In addition to the RBM region, the G-band region is

also quite different for the two devices. Most notably,

the G�-band for the bundled sample is much more in-

tense (inset, Figure 9f) because the two tubes are reso-

nant rather than a single SWNT. Also, this band is

broader than the corresponding G�-band for the single

SWNT, which has a Lorentzian shape, confirming that

the single SWNT is semiconducting (clearly seen in Sup-

porting Information, Figure S4). The peaks around 1325

cm�1 result from defects in nanotubes (D-band), and

this peak is relatively larger for the single SWNT. Since

the SWNTs were solution processed, this larger peak

could be a result of the single tube becoming more

damaged during sonication than the more rigid

bundles. Another peak around 1440 cm�1 could be at-

tributed to substrate effects69 or possible organic (MHA)

residue.70 However, this peak has also been observed

for �1.5 nm-diameter, isolated semiconducting SWNTs

in slightly bad resonance at 633 nm excitation,71 which

Figure 9. Raman spectral mapping of the DPN-patterned devices at 633 nm compiled from 10 � 10 (100 point) mapping. (a) Optical im-
age (100�), with mapping points overlaid, of a typical DPN-patterned device for Raman characterization, with the scale in units of mi-
crometers. The isolated nanotube bridges the gap between the MHA-masked Au at the closest point. (b) Resulting map image of the nano-
tube on the Si substrate, with contrast resulting from the intensity difference at �1600 cm�1 (G-band) between a spot with a nanotube
or only Si (no peak at 1600 cm�1). Scale bar is 100 nm. (c) Compiled average spectra in the RBM region of an individual semiconducting
SWNT (pink and purple shading represent semiconducting and metallic transitions, respectively), along with AFM image (inset, scale bar
is 500 nm, Z-scale is 5 nm). (d) Compiled average spectra in the RBM region of an isolated nanotube bundle displaying both semiconduct-
ing and metallic peaks, along with AFM image (inset, scale bar is 100 nm, Z-scale is 4 nm). (e,f) G-band region of the individual and bundled
SWNT devices, respectively. The inset in panel f is a comparison of the two devices (normalized to the 303 cm�1 Si line), showing the en-
hanced intensity and broadening of the G� band in the bundled sample.
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could explain why it is stronger in the case of the de-
vice with the single SWNT.

CONCLUSIONS
Several parameters were studied to enable DPN pat-

terning of functional SWNT devices. The optimal range
of MHA diffusivity was found to be 0.02�0.05 �m2/s for
reliable patterning. The ferric nitrate/thiourea etchant
yielded a cleaner etch and better pattern fidelity than
the ferri/ferrocyanide etchant. Two different device fab-
rication methods were used for patterning the larger
Au electrodes that contacted the MHA-masked Au. The
resultant SWNT devices were comparable to those de-
fined by electron-beam lithography; the conductivity of
the MHA-masked contacts was �4�5 � 106 S/m and
the I�V characteristics of SWNT thin-films before and
after Au deposition and etching were shown to be simi-
lar. Furthermore, the measured SWNT transconduc-
tance values were on the order of 10�8�10�9 S, and
the field-effect mobilities were consistent with litera-

ture reports for isolated, solution-processed SWNTs. Fi-

nally, Raman spectra corroborated the SWNT character-

istics obtained from AFM and electrical data and

provided insight into the structure of the nanotubes

comprising these devices.

DPN-patterned devices can be used to further eluci-

date the intrinsic electrical and structural properties of

SWNTs under ambient conditions, e.g., enabling inves-

tigation of the effects of strain and surface chemistry on

electrical properties of SWNTs,72 charge transport

through junctions, and the effect of selective band

gap engineering for nanoelectronics. Furthermore,

other inks besides MHA can be used as the masking

layer to tune the electrical characteristics of carbon

nanotube devices.50 The advantages of this technique

for patterning such devices include selective placement

and design of electrical contacts, targeted and rapid de-

vice fabrication, and mild and facile processing

conditions.

METHODS
Surface Preparation. Substrates consisted of heavily doped sili-

con wafers with 300-nm thermally grown oxide layers (Silicon
Quest International) diced into centimeter-sized pieces. All sub-
strates were cleaned for at least 20 min in a UV-ozone cleaner
(model 42, Jelight Company, Inc.) before further surface modifi-
cation. Amine functionalization of SiO2 occurred through solu-
tion deposition of 1 vol. % aminopropyltrimethoxy silane (Gelest,
Inc.) in toluene for 1 h, followed by sonication and rinsing in tolu-
ene and drying under N2. The contact angle of the resultant
amine surfaces was 68° 
 2°.

Spin Casting of Carbon Nanotubes. Solutions of arc-discharge
single-walled nanotubes (average length of 1 �m) were ob-
tained following a method described previously.73 These carbon
nanotube solutions were diluted to 1 �g/mL in NMP (n-methyl-
2-pyrrolidone, EMD) for spin-casting, producing electrically iso-
lated SWNTs on the substrate surface. Approximately 15 �L of
the CNT solution was pipetted onto each substrate during spin-
ning at 3000�4000 rpm (Headway Research). The substrates
were then dried in a vacuum oven at 80 °C for approximately
1 h to remove residual solvent.

DPN of MHA. A thin Au film (15�17 nm) was thermally evapo-
rated on the substrates containing SWNTs for DPN of MHA (16-
mercaptohexadecanoic acid, Sigma-Aldrich) masks. Patterning
(contact mode, set point 1.5�2 V) and imaging (contact and AC
mode) were performed on an NSCRIPTOR DPN system (Nanoink,
Inc.) at ambient temperature (26 °C 
 4 °C) and relative humid-
ity (30�50%).

MHA was inked onto the diving-board cantilevers of type A
Si3N4 probes (nominal spring constant 0.041 N/m) obtained from
Nanoink, Inc. The AFM tips were dipped twice into 5 mM MHA
in acetonitrile, once in deionized water, again into the MHA so-
lution and finally into ethanol, with N2 drying in between the dip-
ping steps. MHA-inked tips were used for rapid imaging (speeds
greater than 50 �m/s) of SWNTs for contact registration and pat-
terning verification. A challenge in the DPN process was the off-
set of patterns by as much as 500 nm from the original InkCAD
design, presumably due to a software issue. However, this prob-
lem usually was remedied by accounting for the offset in the de-
sign, for example, making the width of the patterns at least 1
�m.

Au Etching. A modified version of an acidic Fe(NO3)3/thiourea
solution74 was used for Au etching: 1:1 mixture of 26.6 mM
Fe(NO3)3 · 9(H2O) (J. T. Baker) and 40.0 mM thiourea (Alfa Aesar)
in deionized water, adjusted to �pH 2 using HCl (EMD). Au was

etched under constant stirring at 120 rpm for 6�7 min at ambi-
ent temperature. The ferri/ferrocyanide etchant used for com-
parison studies was composed of 0.1 M Na2S2O3, 1 M KOH, 0.01
M K3Fe(CN)6, and 0.001 M K4Fe(CN)6.75 Au was etched under con-
stant stirring at 120 rpm for �14 min at ambient temperature.
Substrates were then rinsed thoroughly in deionized water and
dried with air.

Device Characterization. SWNT devices were imaged using Si
probes obtained from Nanosensors, with nominal force con-
stants of 42 N/m and nominal resonance frequencies of
320�330 kHz. AFM images were flattened using the Scanning
Probe Image Processor (SPIP, Image Metrology A/S). Electrical
measurements were conducted using a Keithley 4200 SC semi-
conductor analyzer. Prior to measurement, substrates containing
photolithographically patterned Au electrodes were annealed
on a hot plate at 290 °C for 20 min to ensure conductive Au con-
tacts. Micro-Raman (LabRam Aramis, Horiba Jobin Yvon) spec-
troscopy of SWNTs was conducted at 633 nm (1.96 eV) excita-
tion with 1800 grating at 100� magnification, resulting in a
�700 nm spot size. Excitation power through the filter was 1
mW for the 633 nm line. It was determined that an intensity
higher than 5 mW could burn the nanotubes over the acquisi-
tion period. The spectra were acquired via 10 � 10 (100 point)
mapping in the vicinity of the DPN-patterned device channel
(easily visible at 100� magnification), with two spectra acquired
and averaged at each point. Since most of these mapping points
resulted in “dead scans” with no SWNT present, these “flat” spec-
tra were discarded for the statistical analysis. All summarized
data were normalized to the 303 cm�1 mode in silicon.
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Goldberg, B. B.; Saito, R.; Hafner, J. H.; Lieber, C. M.;
Pimenta, M. A.; Dresselhaus, G.; Dresselhaus, M. S.
Anomalous Two-Peak G=-Band Raman Effect in One
Isolated Single-Wall Carbon Nanotube. Phys. Rev. B 2002,
65, 085417�1�085417�8.

70. Knief, P.; Clarke, C.; Herzog, E.; Davoren, M.; Lyng, F. M.;
Meade, A. D.; Byrne, H. J. Raman SpectroscopyOA
Potential Platform for the Rapid Measurement of Carbon
Nanotube-Induced Cytotoxicity. Analyst 2009, 134,
1182–1191.

71. Jorio, A.; Pimenta, M. A.; Souza Filho, A. G.; Saito, R.;
Dresselhaus, G.; Dresselhaus, M. S. Characterizing Carbon
Nanotube Samples with Resonance Raman Scattering.
New J. Phys. 2003, 5, 139.

72. Minot, E. D.; Yaish, Y.; Sazonova, V.; Park, J. Y.; Brink, M.;
McEuen, P. L. Tuning Carbon Nanotube Band Gaps with
Strain. Phys. Rev. Lett. 2003, 90, 156401-1–156401-4.

73. LeMieux, M. C.; Roberts, M.; Barman, S.; Jin, Y. W.; Kim,
J. M.; Bao, Z. Self-Sorted, Aligned Nanotube Networks for
Thin-Film Transistors. Science 2008, 321, 101–104.

74. Geissler, M.; Wolf, H.; Stutz, R.; Delamarche, E.; Grummt,
U. W.; Michel, B.; Bietsch, A. Fabrication of Metal
Nanowires Using Microcontact Printing. Langmuir 2003,
19, 6301–6311.

75. Weinberger, D. A.; Hong, S. G.; Mirkin, C. A.; Wessels, B. W.;
Higgins, T. B. Combinatorial Generation and Analysis of
Nanometer- and Micrometer-Scale Silicon Features via
“Dip-Pen” Nanolithography and Wet Chemical Etching.
Adv. Mater. 2000, 12, 1600–1603.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 11 ▪ 3543–3551 ▪ 2009 3551


