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ABSTRACT: Surfactants, molecular surface-active agents, are widely used to
stabilize single-walled carbon nanotubes (SWCNTs) and many other nanoma-
terials in water to facilitate solution processing and device integration. However,
it is notoriously difficult to cleanly remove surfactants when they are no longer
needed. Even high-temperature thermal annealing leaves residues that can
degrade the otherwise remarkable electrical and optical properties of SWCNTs.
Moreover, thermal annealing damages smaller-diameter nanotubes (<1 nm) due
to aggressive oxidation at elevated temperatures. To address this challenge, we
report the synthesis of ammonium deoxycholate (ADC) that can be cleanly
removed at a relatively low temperature that preserves the SWCNT structure.
We find that ADC is as efficient as sodium deoxycholate (a commonly used
surfactant featuring the same anion) at individually dispersing SWCNTs in water. However, replacing the metal cation (Na+) of
sodium deoxycholate with ammonium (NH4

+) to form ADC reduces the peak thermal decomposition temperature by nearly 70 °C.
Furthermore, unlike sodium deoxycholate, thermal annealing of ADC in Ar leaves behind only a small amount of carbonized residue
that can be cleanly decomposed in the presence of 5% O2 at 400 °C, a condition that preserves SWCNTs even with a small diameter
of just 0.76 nm. This work uncovers the chemical origin of residues from the thermal annealing of surfactant-processed carbon
nanomaterials and provides an unexpectedly simple solution to this persistent challenge.

■ INTRODUCTION

Single-walled carbon nanotubes (SWCNTs) are a family of
cylindrical carbon allotropes that exhibit extraordinary
electrical, optical, and mechanical properties.1−3 Because
these carbon nanomaterials are synthesized as a heterogeneous
mixture of different structures that bundle strongly, poly-
mers4−8 and surfactants,9−11 such as sodium dodecyl sulfate
(SDS) and sodium deoxycholate (DOC), are widely used to
disperse SWCNTs in solution for subsequent purification,12

fiber spinning,13 ink formulation,14 and the fabrication of high-
performance nanoelectronic devices.10 However, after solution
processing, surfactants become unwanted contaminants. For
example, surfactants that remain on the surfaces of SWCNTs
can scatter electrons and interfere with electrical transport in
thin-film devices, significantly reducing the signal-to-noise
ratio, conductivity, and sensitivity.15−17 Similarly, residual
surfactant molecules can degrade the optical performance of
SWCNTs, resulting in lower fluorescence quantum yields and
broadened absorption peaks.18−21 Surfactant adsorption also
interferes with the interaction of SWCNTs with other
molecules, including obstructing active sites on the surface of
sensors22 and preventing reactant access for nanotube
functionalization.23 Therefore, while surfactants are often
necessary to utilize SWCNTs, improved surfactant-removing
methods are needed to ensure optimal performance.
Multiple approaches have been investigated for the removal

of polymers and surfactants from SWCNTs, including rinsing
with organic solvents,24−26 acidic oxidation,26−28 and annealing

in inert28−30 or oxygen atmospheres.31,32 For example, acetone
and acetonitrile have been shown to interrupt the SWCNT−
surfactant interaction, thereby releasing surfactants from
nanotube surfaces. However, this technique also causes large
nanotube bundles that negatively impact the SWCNT
functionality as well as weaken the material’s intrinsic
photoluminescence (PL) efficiency.24,33 Moreover, it has
been found that surfactant layers tightly clinging to SWCNT
sidewalls cannot be completely removed by simply rins-
ing.24,26,34 Although harsher methods, such as acidic treatment
(e.g., nitric acid), can efficiently etch obstinate residues,26,27

the strong oxidative nature of such treatments can also induce
covalent defects in nanotube sidewalls.28 Alternatively,
annealing has been routinely used to increase the conductivity
of devices fabricated from SWCNTs that are solution-
processed using surfactants and polymers.28,29,32,35 However,
residues often remain after annealing, which limit the efficacy
of this approach.22,31,36−39

In this work, we address this need for “clean” solution-
processed SWCNTs by designing and synthesizing a new
SWCNT surfactantammonium deoxycholate (ADC)that
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can be thermally removed at significantly lower temperatures.
We find that this surfactant can disperse SWCNTs up to 10
mg/mL (in 1 wt % ADC aqueous solution), comparable to
DOC,11 which is known for its high dispersion efficiency and
features the same amphiphilic anion. More importantly, ADC
can be thermally removed, with the ammonium (NH4

+) cation
decomposing to gaseous ammonia under heating. Thermog-
ravimetric (TGA) analysis reveals that the ADC surfactant can
be thermally decomposed at a significantly lower temperature,
by 70 °C, than DOC. By first annealing in Ar at low
temperature (400 °C) and then removing the small amount of
remaining residue with 5% O2 at the same heating condition,
98.5 ± 0.6% of the ADC can be removed from SWCNTs. In
contrast, only 77.0 ± 0.4% of DOC (containing Na+) can be
removed under these conditions, with an obstinate black char
remaining. Transmission electron microscopy (TEM) directly
confirms the cleanness of the processed SWCNTs. Further-
more, the SWCNT crystalline structure remains intact,
ensuring that the material’s intrinsic properties are retained.

■ RESULTS AND DISCUSSION

We synthesized ADC by reacting deoxycholic acid with an
excess amount of liquid ammonia, yielding ADC as a solid
white powder (Figure 1a). The solubility of deoxycholic acid in
water is merely ∼43.6 mg/L (Figure 1b),40 while the
synthesized solid ADC shows an excellent solubility of
∼21 000 mg/L at pH = 7 (Figure 1c). The successful synthesis
of ADC is supported by both direct analysis in real-time
(DART) mass spectrometry and Fourier transform infrared
(FTIR) spectroscopy. DART mass spectrum of the synthesized
ADC displays a peak at m/z 410.3, corresponding to the
protonated ADC molecule (Figure S6a). In FTIR, the
synthesized ADC features a strong N−H bending peak at
1543 cm−1 and the N−H stretching at 3390 cm−1, which are
spectral signatures of ammonium moieties, while the broad O−
H stretching peak of −COOH group of the deoxycholic acid
precursor at 3334 cm−1 disappears (Figure S1).
To investigate ADC’s dispersion ability for SWCNTs, we

first mixed CoMoCAT SG65 SWCNTs with 1 wt % ADC

Figure 1. One-pot synthesis of ammonium deoxycholate (ADC) and its nanotube dispersion capability. (a) One-pot reaction scheme for
synthesizing ADC by mixing deoxycholic acid and liquid ammonia. Photographs of the (b) 1 wt% deoxycholic acid suspension, (c) 1 wt% ADC
solution, and (d) aqueous solution of SG65 SWCNTs stabilized by 1 wt % ADC. (e) Ultraviolet−visible−near infrared (UV−vis−NIR) absorption
spectrum of individual SWCNTs dispersed in 1 wt % ADC (red) and DOC (blue) aqueous solutions. (f) Excitation-emission PL map of SWCNTs
dispersed in 1 wt % ADC aqueous solution, showing PL signatures characteristic of individually dispersed SWCNTs.

Figure 2. Heating removes ADC at low temperature. TGA and derivative TGA (dTGA) plots of ADC (red) and DOC (blue) in (a) Ar and (b) air,
in which the final residual mass of ADC was nearly zero (∼2%) and the Tmax of ADC was significantly lower than DOCs in both atmospheres. (c)
TGA and dTGA plots of ADC in Ar (black), 5% O2 (red), 10% O2 (blue), and 20% O2 (air, green). The yellow-shaded peaks in the dTGA curves
indicate that the Tmax of ADC in both Ar and air is 375 °C. The gray-shaded peaks may correspond to thermally stable intermediates that are
produced from annealing ADC in the presence of oxygen.
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aqueous solution followed by tip sonication and ultra-
centrifugation (see the Experimental Section for details).
Nanotubes readily dispersed to form a stable, homogenous
SWCNT suspension (Figure 1d). We then used ultraviolet−
visible−near infrared (UV−vis−NIR) absorption spectroscopy
(Figure 1e) and PL excitation-emission mapping (Figure 1f) to
characterize the dispersion quality of the ADC-wrapped
SWCNTs. The sharp absorption peaks originating from the
SWCNT van Hove singularities and strong PL intensity of the
dispersion indicated the SWCNTs were well-individualized in
the aqueous solution rather than bundled.9 The SWCNT
suspension was stable for more than 1 year (Figure S2a,b). We
note that ADC can disperse SWCNTs at a concentration of at
least 10 mg/mL (Figure S3), which is similar to that of
DOC,11 one of the most efficient and commonly used
surfactants for SWCNT dispersion. We note that excess
ammonium hydroxide can be introduced into the ADC
aqueous solution without affecting its dispersion ability and
the properties of dispersed SWCNTs (Figure S2c,d), since
ammonia is a weak base.
We then compared the thermal stability of the solid ADC

with DOC by heating the materials in Ar (99.999%) and air
(20% O2) atmospheres using TGA (Figure 2a,b). A higher
content of ADC was removed at a lower temperature than
DOC in both atmospheres, with a maximum decomposition
rate at ∼375 °C (Tmax, yellow-shaded peaks), leaving nearly
zero residual mass at 700 °C (2.1 ± 1.7% in Ar and 1.6 ± 2.0%

in air). In contrast, the Tmax of DOC was as high as ∼445 °C in
the two atmospheres. More significantly, 93.6 ± 0.3 and 60.7 ±
3.5% of ADC was removed in Ar and air, respectively, at
temperatures lower than 400 °C, while only 9.1± 0.6 and 24.0
± 1.0% of DOC was decomposed at the same annealing
conditions. These results suggest that the thermal stability of
deoxycholate salt derivatives can be tailored by replacing the
metal cation (Na+) with ammonium (NH4

+). The difference in
the decomposition temperature of ADC and DOC can be
attributed to the fact that ADC can decompose into
deoxycholic acid and a gaseous ammonia leaving group,
while sodium ions cannot leave in the gas phase as Na due to
its highly reactive nature, as contrasted by the equations below.

C H O COO NH C H O COOH NH23 39 2 4 23 39 2 3→ + ↑− +
(1)

The lower decomposition temperature of ADC may also allow
us to selectively remove the surfactant while minimizing
damage to the SWCNT structure.
Additionally, we note that a second peak appears in the

derivative TGA (dTGA) curve of the air-annealed ADC
thermogram at ∼509 °C (Figure 2a, gray-shaded peak),
suggesting the production of thermally stable intermediates
when O2 is involved in the annealing process. To investigate
how O2 affects the removal of ADC, we annealed the surfactant
in atmospheres of different O2 concentrations (0−20%). With

Figure 3. Origin of the surfactant residue after annealing. Photographs of the (a) initial 30 mg of ADC solid and (b) the char obtained after
annealing the ADC in air at 400 °C for 1 h. (c) Residue after annealing ADC in Ar at 400 °C for 1 h, (d) which can be removed by subsequent
annealing at 5% O2 at 400 °C for 1 h. (e) TGA and dTGA plots of the char annealed in either Ar (black) or 5% O2 (brown). The yellow-shaded
peak in the dTGA plot corresponds to the removal of ADC, while the gray-shaded peak indicates that the Tmax of the char in O2 is 509 °C. (f) FTIR
spectra of the ADC (red) and char (black), showing that ADC is oxidized below 400 °C, forming CO and C−O−C bonds. (g) TGA and dTGA
plots of SG65 SWCNTs (black), ADC (red), and DOC (blue) in 5% O2, showing that the Tmax of ADC (yellow shaded, 375 °C) and Tmax of SG65
SWCNTs (purple shaded, 523 °C) are separated. Therefore, the removal of ADC at 400 °C should not damage SG65 SWCNTs. In contrast, the
combustion peaks of DOC and SG65 SWCNTs significantly overlap, suggesting that the DOC cannot be fully removed without also oxidizing
nanotubes.
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increasing oxygen, the intensity of the TGA shoulder between
390 and 550 °C increases (Figure 2c), which indicates that
ADC is reacting with O2 and generating more intermediate
products. These intermediates are then decomposed at higher
temperatures (Tmax > 500 °C).
To better understand this annealing process, we visually

observed these intermediates by heating the white ADC
powder (Figure 3a) to 400 °C for 1 h in 20% O2 (air), which
produced a large amount of brownish char (that appeared
black in large quantities; Figure 3b). In contrast, only a small
amount of brownish residue remained after annealing the ADC
in Ar under the same condition (Figure 3c). Notably, this fairly
clean removal of ADC in Ar is quite different from its sodium
variant (DOC), which produced a significant amount of black
char under the same annealing conditions (Figure S4). This
difference can be explained based on that while heating ADC
in Ar a white solid condenses on the furnace wall of the cooling
region downstream of the heater (Figure S5). Characterization
using DART mass spectrometry reveals that this solid features
a peak at m/z 392.4, which corresponds to the mass of ADC
minus one ammonia molecule (Figure S6). These results
suggest the ionic structure of ADC thermally decomposes
under heat treatment, with the ammonium ion leaving in the
form of gaseous ammonia, while the carbon skeleton of the
deoxycholic anion remains intact. However, ADC cannot be
completely removed through sublimation, as a small amount of
brownish residue remains after Ar annealing (Figure 3c). This
residue is the same brownish color as that of the char produced
from the air-annealed ADC sample (Figure 3b). The similarity
between these materials suggests that the residue after Ar
annealing may be the same compound as the char, generated
by O2 impurities in the Ar gas flow.
To investigate how to remove this residue, we used TGA to

characterize the char produced from the air-annealed ADC
(Figure 3e). After heating in Ar, 20% of the char remained
even at 700 °C, indicating that it cannot completely
decompose into gaseous species under these conditions. The
loss of mass that was observed is potentially due to the removal
of unreacted ADC trapped in the char as the TGA curve shows
the typical Tmax of ADC in Ar (yellow-shaded peak, ∼375 °C).

The chemical origin of the high thermal stability of the char is
hinted by its FTIR spectrum, which shows strong CO (1726
cm−1) and C−O−C (1170 cm−1) stretching peaks that are
absent in the ADC spectrum (Figure 3f). These results suggest
a large amount of CO (possibly from the oxidation of −OH
groups on the six-carbon rings of deoxycholate anions) and C−
O−C bonds (possibly from the loss of one water molecule
between −OH groups on separate ADC molecules, which
could cross-link the ADC molecules) are formed when ADC
reacts with air below 400 °C, resulting in a high thermal
stability that prevents the char from being removed by Ar
annealing alone. However, when we anneal the char in 5% O2
(Figure 3e), only 2.4% mass remains, indicating that the char
can be etched by O2 though it requires a high temperature of
509 °C (Tmax, gray-shaded peak).
While the ADC char can be removed by heating in oxygen, it

is important to investigate whether SWCNTs could survive in
similar conditions without degradation. SWCNTs feature a
broad range of diameters and chiralities, and nanotubes with
smaller diameters are generally more susceptible to degrada-
tion at high temperatures due to strain-induced reactivity.41

SG65 SWCNTs (synthesized by the CoMoCAT process)
mainly consist of small-diameter nanotubes (∼0.78 nm), which
are less thermally stable than the larger diameter nanotubes
found in EC1.5 (∼1 to 3 nm) and EC2.0 (∼2 to 3 nm)
SWCNT sources (Figure S7), and therefore represent the
lower limit for the heat treatment condition. We conducted
TGA on SG65 SWCNTs in 5% O2 and compared the
degradation temperature to that of DOC and ADC (Figure
3g). The wide dTGA peak of the SWCNTs indicates that
nanotubes begin to thermally decompose at 400 °C, with the
highest decomposition rate occurring at 523 °C. The
significant overlap of the decomposition temperature between
SWCNTs and DOC (Tmax = 445 °C) makes selective removal
of the surfactant by thermal annealing impossible without also
damaging SWCNTs. In contrast, the narrow dTGA peak of
ADC (Tmax = 375 °C) under the same conditions is well
separated from the SWCNT decomposition peak, which allows
us to remove the small amount of ADC char by heating in
oxygen at 400 °C.

Figure 4. Cleanness of ADC-dispersed SWCNTs after the two-step annealing process. (a) TGA plots of SG65 SWCNTs (black), DOC (blue), and
ADC (red) at 400 °C in Ar (yellow region) and then 5% O2 (purple region) at 400 °C. The temperature profile is shown below. (b, c) TEM
images of EC2.0 SWCNTs (∼2 to 3 nm) dispersed by 1 wt % ADC (b) before and (c) after the two-step annealing process. (d) Annealed SG65
SWCNTs (∼0.78 nm) dispersed by 1 wt % ADC, demonstrating the clean nanotube surfaces and intact SWCNT structures. (e) Annealed EC2.0
SWCNTs dispersed by 1 wt % DOC solution as a control, showing unremoved DOC residue clinging to the surface of the SWCNTs. The black
arrows show surfactants and their residues. The white arrows indicate clean straight SWCNT walls after annealing.
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These findings suggest a two-step process to successfully
remove ADC. First, we must avoid the formation of a large
amount of char by annealing in Ar. We find that after annealing
ADC in Ar at 400 °C for 1 h, the majority of ADC (98.1%) is
sublimated and the small amount of residue that remains as
char, which is induced possibly due to oxygen impurities in the
Ar gas flow, can subsequently be removed by heating the
material in 5% O2 at a relatively low temperature of 400 °C for
1 h (Figure 3d), under which conditions the nanotube
structure is preserved.
TGA confirms that ADC can be cleanly removed from

SWCNTs using this two-step annealing process, in which 98.5
± 0.6% of ADC is eliminated, while only 77.0 ± 0.4% of DOC
is removed under the same conditions (Figure 4a). These
findings are further supported by TEM. Figure 4b shows ADC-
dispersed EC2.0 SWCNTs (the large diameter of which helps
in observing the nanotube morphology). After the two-step
annealing treatment, ADC is completely removed and
SWCNTs feature clean and smooth walls, as shown in Figure
4c. The annealing method is also applicable to other species of
SWCNTs (Figure S8). In particular, even small-diameter
SWCNTs (0.9 nm) survive and exhibit a clean surface (Figure
4d). The cleanliness of the annealed SWCNTs is comparable
to those dispersed in chloroform by tip sonication without the
use of any surfactant (Figure S9). In contrast, DOC leaves
behind a large amount of residue clustered on sidewalls after
annealing (Figure 4e). Raman spectroscopy further confirms
that the ADC surfactant is selectively removed with minimal
damage to even small-diameter nanotubes (Figure S10), as
evidenced by the low D/G ratio. We note that the electrical
conductance of metallic nanotubes (EC1.5) increases by up to
100-folds after the annealing (Figure S11). The PL of
nanotubes remains observable from a thin film of mixed
small-diameter SG65 nanotubes but becomes dimmed by ∼10-
fold (Figure S12), which can be attributed to the removal of
surfactant molecules that separate semiconducting nanotubes
from the metallic ones. These findings unambiguously reveal
that ADC can be cleanly and selectively removed from
SWCNTs of various diameters without damaging the graphitic
structure.

■ CONCLUSIONS
In conclusion, we report the synthesis of ADC, a new SWCNT
surfactant that can be cleanly removed by thermal annealing
without damaging even small-diameter SWCNTs. ADC
disperses SWCNTs as efficiently as DOC, which features the
same anion. However, by replacing the Na+ cation with NH4

+,
we find ADC thermally decomposes at a significantly lower
temperature (by 70 °C) and can be almost completely
removed through a sublimation mechanism in Ar without the
formation of an obstinate char. We further find that the
formation of char occurs due to incomplete oxidation of the
surfactant, which explains the chemical origin of similar residue
leftover from the thermal annealing of surfactant-processed
carbon nanotubes. To completely avoid O2-induced char, we
developed a two-step protocol that involves first annealing in
Ar at 400 °C to vaporize the majority of the surfactant, and
then in 5% O2 at 400 °C to clean the remaining residue from
SWCNTs. This strategy works even for nanotubes of small
diameters (∼0.78 nm), which are susceptible to thermal
oxidation at elevated temperatures. This work provides new
insights for the choice or design of surfactants in applications
such as electrical sensors,42,43 printable electronics,14,44 and

optoelectronics45 where the clean removal of the surfactant
after solution processing is key to enhanced device perform-
ance.

■ EXPERIMENTAL SECTION
Synthesis of the ADC Surfactant. Typically, 0.5 g of

deoxycholic acid (≥98%, Sigma-Aldrich) and 30 mL of liquid
ammonia (mole ratio of 1:9400) were mixed and stirred overnight in
a 100 mL round-bottom flask equipped with a condenser filled with
dry ice and immersed in a −40 °C ethanol bath. The temperature was
then increased to −30 °C to evaporate the excess liquid ammonia
(boiling point: −33.34 °C). The resulting ADC product was directly
collected as a white powder. A 1 wt % aqueous solution of this
surfactant was prepared by simply dissolving the powder in water.

Alternatively, we can prepare ADC solution by reacting deoxycholic
acid with ammonium hydroxide. For preparing 200 mL of 1 wt %
ADC aqueous solution, 2 g of deoxycholic acid was mixed with 98 g of
water to form a suspension. We then added 1 mL of ammonium
hydroxide (J.T. Baker, ∼10 to 35% ammonia), which caused
deoxycholic acid to completely dissolve (pH = ∼8 to 9). Then, the
concentration of ADC was tuned to 1 wt % by adding 99 g of water.

SWCNT Dispersion. Three sources of SWCNTs, including
CoMoCAT SG65 SWCNTs (Southwest Nanotechonologies),
EC1.5 (Meijo Nano Carbon Co., Ltd), and EC2.0 (Meijo Nano
Carbon Co. Ltd), were used to demonstrate the ability of ADC to
disperse SWCNTs. The SWCNT powders were added to 1 wt %
ADC aqueous solution at a concentration of 0.7 mg/mL. The
mixtures were probe-sonicated for 30 min at 30 W (MiSonix4000
ultrasonicator). The resulting dark solutions were then centrifuged for
1 h at 25 000g (Eppendorf 5417R refrigerated centrifuge) to remove
any large undissolved nanotube bundles (Figure 1d). For control
groups, SWCNTs were dispersed in 1 wt % DOC (≥98%, Sigma-
Aldrich) aqueous solution and in chloroform without surfactants
using the same process of tip sonication and centrifugation. Note, in
Figure S2, initial solutions were prepared by dissolving 0.5−10 mg of
CoMoCAT SG65 SWCNT powder in 1 mL of 1 wt % ADC aqueous
solution through tip sonication without centrifugation.

Spectroscopic Characterization. The optical absorption spectra
of SWCNT supernatants were measured using a UV−Vis−NIR
spectrophotometer (PerkinElmer Lambda 1050) equipped with a
broadband InGaAs detector. The PL maps were generated with a
NanoLog spectrofluorometer (Horiba Jobin Yvon) using a liquid-N2
cooled InGaAs array. Since the concentrations of initial SWCNT
solutions were above the detection limit of the UV−vis−NIR
spectrophotometer, the SWCNT solutions were diluted 40- to 400-
fold to obtain the absorption spectra and PL maps. In Figures 1 and
S1, the centrifuged solutions were diluted 40 times for the
measurement of absorption and PL maps. FTIR spectra were
measured using a Thermo Nicolet NEXUS 670 FTIR with a KBr
beam splitter. The scanning range was ∼4000 to 650 cm−1. Mass
spectra were collected using a JEOL ACCUTOF-CS mass
spectrometer with DART ionization sources in positive-ion mode.
Raman spectra were measured using a Yvon Jobin LabRam ARAMIS
Raman microscope with a 532 nm laser.

Thermogravimetric Analysis and Annealing. To optimize the
heat treatment for removing the ADC surfactant and keeping
SWCNTs intact, TGA was performed on the ADC powder
(synthesized by mixing liquid ammonia and deoxycholic acid) and
SWCNTs in Ar (99.999% purity, including 1 ppm of O2 and 1 ppm of
H2O, Airgas) atmosphere and various oxidizing conditions (oxygen
concentration: 1−20%) from 30 to 700 °C at a rate of 5 °C/min. The
initial mass of all samples was ∼4 to 6 mg, measured in a 70 μL
alumina crucible. TGA was performed on a TGA module (TGA/DSC
2, Mettler Toledo) equipped with a gas controller (GC200).

TEM Observation. A perfect loop was inserted into the SWCNT
solution dispersed by ADC, DOC, or chloroform to pick up an
ultrathin solution layer that was then transferred on a holy silicon
nitride membrane (Ted Pella, Inc., hole size = 200 nm). The silicon
nitride membranes with suspended SWCNTs were then annealed in a
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tube furnace following the optimized formula (annealing in Ar at 400
°C for 1 h and then in 5% O2 for another 1 h), followed by
characterization using a JEOL JEM 2100 LaB6 TEM with 200 kV
accelerating voltage.
CNT Electrical Device. Electrodes (10 nm Cr, 60 nm Pt, W = 48

μm) were fabricated on a Si/SiO2 wafer by photolithography and e-
beam deposition, followed by lift-off processes. The final nanotube
channel lengths were ∼3 to 10 μm. We deposited EC1.5 SWCNTs
across electrode gaps using electrophoresis at a frequency of 10 MHz
and an alternating voltage from −5 to +5 V. The resistance of
SWCNT channels were measured using a Keithley 4200 parameter
analyzer with a sweep voltage of −1 to +1 V. The morphology of
SWCNT channels was characterized by a Hitachi SU-70 FEG SEM
with 1.0 kV accelerating voltage.
Hyperspectral Photoluminescence Imaging. A SWCNT film

was prepared by filtrating SG65 SWCNT solution dispersed by 1 wt
% ADC through an alumina anodisc membrane (Whatman, U.K.).
The SWCNT film was then transferred on a sapphire substrate. The
hyperspectral imaging was performed on a custom-build micro-
scope.46 We used an infrared optimized ×50 objective, along with a
continuous wave laser at 561 nm (JiveTM Cobolt AB, Sweden) as the
excitation light source. PL emission from the sample was filtered
through an 870 nm long-pass emission filter.
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