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Single walled carbon nanotube (SWCNT) films are candidates for use as transparent electrodes,
especially where low-cost, flexible materials are desired. Chemical doping is a critical step in fabricating
conductive films as doping substantially decreases the sheet resistance within SWCNTs and at tube—tube
junctions. Despite the importance of chemical doping, surprisingly little effort is devoted to developing
doping chemistry. Concentrated acid solutions are typically used to dope SWCNT films. Although they
are effective at reducing the sheet resistance of SWCNT films, this method is plagued by two critical
drawbacks. The first is that concentrated acid baths, such as HNOs, are extremely harsh and will damage
virtually any device technology. Second, the film resistance is unstable and rises dramatically over time.
These drawbacks make implementation of SWCNT transparent, conducting films in technological
applications extremely difficult. Here, we report an alternative doping scheme that utilizes a single-
electron oxidant (triethyloxonium hexachloroantimonate) to effectively dope the SWCNT films. As
evidenced by optical and electrical measurements, the compound effectively p-dopes SWCNT films. In
addition to the effective doping, the resultant film resistance is stable over time. The films doped with
triethyloxonium hexachloroantimonate outperform nitric acid doped films by a factor of 2.5 over time.
This study introduces a new category of chemical dopants that yield stable, transparent, and conductive
SWCNT films suitable for technological applications.

Introduction

Transparent conducting electrodes (TCEs) are key
components of many modern electronic devices including
photovoltaic cells,’ organic light-emitting diodes,> flat
panel displays, and touch screens.® The most widely used
TCE material is indium tin oxide (ITO). Despite the
exceptional optoelectronic properties of ITO (sheet re-
sistance of 5 — 10 Q/O at >85% transmittance), the
material suffers from considerable drawbacks including
increased materials cost due to the scarcity of indium®*
and the costs associated with high-temperature vacuum
deposition.” Additionally, vacuum deposited ITO films
are brittle and therefore nonideal for use in flexible
electronics.®” These significant limitations have moti-
vated the search for alternative materials with single-
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walled carbon nanotube (SWCNT) films among the
leading candidates.® ' The advantages of employing
SWCNT films as TCEs are that (a) they are synthesized
from inexpensive starting materials, (b) produce flexible
films, (c) are preferentially hole conductors,'” and (d) can
be processed in solution at room temperature.

The sheet resistance in a network of SWCNTs is limited
by the resistance within the SWCNTs and by the junction
resistance at tube—tube junctions, the latter being the
major contributor.'”® ' Chemical doping is an essential
step in lowering both contributions to the sheet resistances.
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Chemical doping increases the carrier concentration in
semiconducting SWCNTs, which make up two-thirds of
the SWCNT films. Recent studies show that doping also
decreases the tunneling barrier between SWCNTs and
conclude that this is the major factor in the overall film
resistance.'®1%?! Concentrated acids, most commonly
nitric acid (HNOs), are typically used to chemically dope
the SWCNT films.'®?>~% The volatility of the acids leads
to film resistances that are unstable over time and in-
creases to values approaching those of undoped films. '8
In addition, exposing devices to concentrated acid solu-
tions will likely lead to severe degradation of the devices.
Despite the importance of chemical doping and the
major drawbacks of using concentrated acids, surpris-
ingly little work is published in exploring alternative
doping methods.

Herein, we report the use of a single electron oxidant
(triethyloxonium hexachloroantimonate, OA) to chemi-
cally p-dope single-walled carbon nanotube films. The
compound forms a charge-transfer complex with the
SWCNTs, injecting holes into the SWCNT film. Optical
absorption data reveal that the films are highly p-doped
and that the doping is stable over time. The electrical
measurements support these findings and show that the
OA doped films outperform acid doped films by a factor
of 2.5 over the course of the time study. The charge-
transfer complex is stable and nonvolatile, making this
method more suitable for technological applications.

Experimental Section

Nanotube Purification through Step-Gradient Centrifugation.
SWCNTs are purified via a simple step-gradient centrifugation
step (adapted from a previous report)?’ that yields a highly
purified, concentrated solution of SWCNTs. Arc-discharge
produced SWCNTSs are purchased from Iijin Nanotech (www.
iljinnanotech.co.kr). The SWCNT powder is mixed with a stock
solution of 1% w/v of sodium dodecylsulfate (SDS). The
mixture is first sonicated for 5 min with a high power horn
sonicator (power, 600W; amplitude, 20%; frequency, 20 kHz),
followed by sonication for 30 min in a bath sonicator (1510
Branson). The solution is then centrifuged at 10,000 rpm for 1 h
(Beckman Coulter, Optima L-100 XP ultra centrifuge). After
centrifugation, the supernatant is collected and then used to fill a
centrifuge tube halfway. A 30% lodixinol (Sigma Aldrich) solu-
tion is then layered below the SWCNT/SDS solution to be used
asastop layer. A second centrifugation step is then performed at
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Figure 1. (a) Optical microscope image of a SWCNT film on a quartz
substrate. (b) Atomic force microscope (AFM) image of single-walled
carbon nanotube film revealing an interlocking network of SWCNT
bundles. (c) Transmission electron microscope (TEM) image of an as-
prepared, purified SWCNT film. (d) TEM image of a film doped with OA.
The compound accumulates on the side walls and at tube—tube junctions..

41,000 rpm for 18 h. The stop layer produces a narrow band of
purified SWCNTSs near the middle of the tube, which is collected
with a glass pipet. The highly concentrated, purified SWCNT
solution is then diluted (1:100 by volume) with the 1% w/v SDS
solution. The diluted solution is then briefly sonicated for 10 min
in the bath sonicator.

SWNT Film Formation. SWCNT films are fabricated via the
vacuum filtration technique.'® The purified, diluted SWCNT
solution is filtered through a mixed cellulose ester membrane
(MF-Millipore Membrane, mixed cellulose esters, Hydrophilic,
0.1 um, 25 mm) to form a uniform SWCNT film. The volume of
the SWCNT solution determines the thickness of the SWCNT
film. The filtration speed is kept as low as possible to achieve
films with a high degree of uniformity. The SWCNT films are
then allowed to set for 15—20 min, followed by passing 50 mL of
water through the membrane to wash off the residual surfactant.
The film is then left to dry in air for 15 min.

The glass substrate is wetted with water to aid in transfer. The
membrane, SWCNT-side down, is then pressed onto the wet
glass slide. The membrane is then slowly dissolved in acetone,
leaving the nanotube film on the glass slide. The SWCNT
film is soaked in acetone for 30 min to completely remove the
membrane residue.

Chemical Treatments. In order to achieve a high doping
efficiency and stability, complete removal of the surfactant is
necessary. This is accomplished by exposing the films to 12 M
nitric acid for 1 h, followed by rinsing with copious amounts of
water. Transmission electron microscopy (TEM) images of the
SWCNT films before and after acid cleaning are included in
Supporting Information.

The chemical dopant, triethyloxonium hexachloroantimo-
nate (OA), was purchased from Sigma Aldrich. The dopant
solution is produced by dissolving 100 mg of OA in 10 mL of
dichloroethane. The SWCNT films are then soaked in the
dopant solution for 1 h at 70 °C. The film is then rinsed with
acetone to remove excess dopant molecules.

Measurements and Imaging. The sheet resistance of SWCNT
films is measured with a standard four-point probe system
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Scheme 1. Reaction of OA with a SWCNT

OA

(Signaton). UV—vis-NIR spectra (1 = 400 nm to 2000 nm) of
SWCNT films deposited over glass substrates are obtained with
a spectrometer (Perkin-Elmer Lambda 950) using a blank glass
substrate as a reference. Scanning electron microscope (SEM)
images are taken at 1 kV beam voltage. Atomic force micro-
scopy (AFM) is performed through noncontact mode in a Vicco
AFM. Transmission electron microscope (TEM) images are
taken at 120 kV (Philips TEM).

Results and Discussion

Figure la is an optical microscope image of a semi-
transparent film on a quartz disk. The atomic force
microscope (AFM) image, shown in Figure 1b, reveals a
penetrating, interlocking network of SWCNT bundles
with diameters ranging from 10—20 nm. The AFM and
TEM (Figure 1c) images reveal a film that is free of
impurities and surfactant, a result of both the step-
gradient purification step and an extensive cleaning pro-
cedure. The cleanliness of the SWCNTSs films is a critical
parameter affecting both the effectiveness of the doping
and the stability of the resultant doped films. Figure 1d is
a TEM image of a SWCNT film after doping with OA.
The films are doped by dipping the film in a dilute solu-
tion of OA. The image reveals that the dopant accumu-
lates on the side walls of the SWCNTs and at tube—tube
junctions.

Chemical doping is achieved via the formation of a
charge-transfer complex between the SWCNT and tri-
ethyloxonium hexachloroantimonate (OA) as illustrated
in Scheme 1. The reaction involves transferring an elec-
tron from the SWCNT to produce the charge-transfer
complex. Compound OA is a single-electron oxidant
known to form a charge-transfer complex with aromatic
compounds, including SWCNTs.?*2° The SWCNT " and
SbCle ion form a stable charge-transfer complex, while
C,H;Cl and (C,H5)»0 are volatile byproducts. The reac-
tion increases the hole density in the films, resulting in
p-type doping. Since the metal salt is nonvolatile, the
complex and thus the film resistance should be stable over
time.

Figure 2a shows UV—vis-NIR absorption spectra for
both undoped (black) and OA doped (red) SWCNT films.
The undoped films were vacuum annealed prior to the
measurement to ensure the removal of unintentional
ambient dopants. The spectra reveal three main sets of
absorptions bands that are attributed to the 1-D band
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structure of SWCNTs. The S11 absorption peak corres-
ponds to the first set of Van Hove singularities above and
below the band gap in semiconducting SWCNTs. Simi-
larly, S22 and M 11 peaks correspond to the second set of
Van Hove singularities in semiconducting SWCNTs and
the first set in metallic SWCNTs, respectively. When OA
reacts with the SWCNT, an electron is transferred from
the SWCNTs. The depletion of electrons from the valence
band leads to an attenuation of the absorption peaks and
is strong evidence of charge-transfer doping.>® This is
observed in the red trace of Figure 2a. The spectra show
complete and near-complete attenuation of the S11 and
S22 peaks of the semiconducting SWCNTs, respectively.
As the electrons are depleted from the film, the hole
carrier density increases, leading to effective p-type doping.

A plot of transmittance (%T at 550 nm) versus sheet
resistance for undoped (purple), as-prepared (black), and
OA doped (red) films is shown in Figure 2b. As expected,
the resistance decreases with decreasing transparency and
increasing film thickness. The sheet resistance was mea-
sured via standard four-point probe measurements. An
important figure of merit for any transparent conductor is
given by the following equation.?

o/a = —{RIn(T+R)} " (1)

where o and o are the dc conductivity and optical
absorption coefficient, respectively. Rg is the nanotube
film sheet resistance, 7'is the film transparency, and R is
the film reflectance. The as-prepared films have a o/a of
0.055 as shown in the black curve of Figure 2b. It is
important to note that the as-prepared films are unin-
tentionally doped via exposure to ambient dopants in the
air. A series of films were fabricated, vacuum annealed,
and then immediately measured. These films are labeled
undoped (purple trace) and have a g/oc of 0.032. After OA
doping, the ratio increases to a value of 0.13. This
represents a factor of ~2.4 and ~4 increase relative to
the as-prepared and vacuum annealed films, respectively.
This increase in o/a is comparable to increases observed
with concentrated acid baths that are typically employed
(i.e., HNO5 and SOCI,)."®?° These ratios correspond to
films (with a % T of 75% at 550 nm) with an R of 246 Q/O0
for the undoped film, 152 Q/O for the as-prepared film,
and 63 Q/O for the OA doped film. Another common
figure of merit is the ratio 04¢/0,p, Where og. is the dc
conductivity, and o, is the optical conductivity. A full
description of both fitting methods and our rationale for
choosing to display the data using eq 1 is included in
Supporting Information.
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Figure 2. (a) UV—vis-NIR spectra of undoped (black) and doped (red)
carbon nanotube films illustrating the attenuation of the optical transi-
tions due to chemical doping with OA. (b) Plot of transmittance versus
sheet resistance of undoped (purple), as-prepared (black), and OA doped
(red) SWCNT films. The solid lines are a fit toeq 1.

As OA is a nonvolatile metal salt, the stability of OA-
doped films was studied and compared to films doped
with HNOj;. Figure 3a is a UV—vis-NIR spectrum of a
film doped with nitric acid taken at various times from
immediately after doping to 98 h after doping. The initial
spectra shows very effective doping, with both the S22
and S11 absorption region completely attenuated. As the
HNOj; desorbs, the S22 transitions begin to regain their
oscillator strength. The S22 peaks rapidly increase in
intensity and after 23 h, and the S11 transitions start to
gain strength and continually increase through 98 h after
doping. The spectrum taken at 98 h reveals an S22 region
that has regained virtually all of the original strength and
a small peak at the S11 region. These changes indicate a
drastic reduction in the hole carrier density and a dedop-
ing of the film. In contrast, the OA doped film is remark-
ably stable. The S22 region displays very little change over
the course of the study. There is an initial, small increase
in the S22 peaks that saturates over time. The S11 region
shows virtually no change after 98 h of air exposure. The
data implies that the increased hole-carrier density in the
OA doped film is stable over time, in stark contrast to the
unstable HNOs films.

Figure 4a is a plot of the transmittance at the S22 peak
versus time for both OA and HNOj; doped films. The data
was extracted from the absorption spectra in Figure 3a
and b. A decrease in the transmittance represents an
increase in the S22 peak height and, therefore, dedoping
of the film. Although only relative differences are con-
sidered here, the two films have comparable transparen-
cies (% T of 56.3 and 60.7 at 550 nm for HNO; and OA
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TTT
—_
[)
-

= |nitial
— 3.5 hours
= 6.0 hours
= 23 hours
= 30 hours
$22 98 hours

TSI T T T [TIT [ TT T [TITT]

1
I's11
1
1

Transmittance [Arb. Units]

— |nitial
— 3.5 hours
= 6.0 hours
= 23 hours
= 30 hours
98 hours

400 800 1200 1600 2000
Wavelength [nm]

Figure 3. UV—vis-NIR spectra as a function of time of SWCNT films
after doping with (a) nitric acid and (b) OA. The OA doped films are
significantly more stable compared to the nitric acid doped films.

doped films, respectively). The OA doped film shows a
slight drop during the first few hours, followed by satura-
tion in the peak height over time. In contrast, the HNO;
doped film shows a large drop in the transmittance, fol-
lowed by saturation after 24 h of exposure. This follows
what was observed in Figure 3a and b. The correlation
between this optical data and the electrical data in Figure 4b
is striking. Figure 4b is a plot of o/a versus time for both
OA and HNOs doped films. Since the transparency at
550 nm does not change with time, the change in o/ is
exclusively due to changes in the electrical conductivity.
The change in o/a over time for the OA doped film is
virtually identical to the red curve in Figure 4a, showing a
slight, initial drop followed by saturation. The optical
data proves to be an excellent predictor of the electrical
performance of the film. The change in o/a for the HNO;
doped film also closely follows the blue curve in Figure 4a,
but diverges at 24 h postdoping. While the change in the
S22 peak saturates, the conductivity continues to decrease
in the HNOj; doped films. The S22 peak regains nearly all
of the original oscillator strength, and therefore, the blue
curve in Figure 4a saturates. Although the S22 peak has
saturated, after 24 h the S11 peak begins to increase over
time as the film continues to dedope (illustrated in
Figure 3a). This continual dedoping of the film results
in o/a decreasing for the duration of the study. The dotted
green lines indicate when the QA doped films begin to out
perform the HNOj films. After 98 h postdoping, o/a of
the HNOj5 doped film decreases to a value of 0.05 from
0.14, decreasing by a factor of 3. As shown in Figure 2b,
this final value is comparable to those of as-prepared
films. In the case of HNOj; doping, the doping and associ-
ated decrease in sheet resistance is gone after a few days.
In stark contrast, o/a of the OA doped films decreases
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Figure 4. (a) Plot of %T at the S22 peak versus time for SWCNT films
doped with OA (red) and nitric acid (blue). (b) Plot of o/a versus time for
SWCNT films doped with OA (red) and nitric acid (blue). The dotted
green lines indicate at what point the OA doped films begin to outperform
the nitric acid doped films.

slightly, by ~15%, reaching a value of ~0.11. This value is
still a factor of ~2 larger than that of as-prepared films
and a factor of 3 larger than that of the undoped films.

Chem. Mater., Vol. 22, No. 18, 2010 5183

Conclusions

In conclusion, we have demonstrated that SWCNT
films can be effectively doped with a metal salt via
electron transfer from the carbon nanotube. This was
confirmed via UV—vis-NIR spectra and electrical mea-
surements of films doped with OA. The OA doped films
are stable over time, as compared to films doped with
nitric acid. The films doped with nitric acid reach their
initial, predoping values after several days, while the OA
doped films maintain their increased conductivity. The
optical data of the film correlated strongly to the electrical
data and proved to be a good predictor of how the films
behave over time. This work presents a new category of
chemical dopants for the fabrication of stable, transparent,
and conductive SWCNT films.
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