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T
ransparent conducting materials are
critical for use in touch screens, so-
lar cells, and flat panel displays.1 The

most common material at present for fabri-

cating such electrodes is indium tin oxide

(ITO), but for low-cost or flexible electron-

ics, such as those using organic semicon-

ductors, ITO has well-known disadvantages

including high-temperature processing

steps that are incompatible with plastic sub-

strates,2 brittleness,3 and rapidly increasing

costs of scarce materials.4 An ideal replace-

ment should be inexpensive, flexible, thin,

and uniform over all size scales, with a sheet

resistance of 50 �/sq or less at 85% trans-

parency.5 It should also ideally be amenable

to deposition directly and uniformly from

solution onto the surface of interest in a

scalable fashion, for example via inkjet

printing, airbrushing, dip-coating, or spin-

coating.

No currently known transparent con-

ducting material completely satisfies this

set of specifications. Metal grating6 and

nanowire mesh7 electrodes satisfy the sheet

resistance and flexibility requirements, but

both have nonuniform surface coverage on

the nanometer scale; the former requires

lithography for fabrication, while the latter

suffers from high roughness, as the nano-

wires can stack hundreds of nanometers

high. Additionally, surface environmental

stability is a concern with some metals and

for use with an organic active layer. Con-

ducting polymer electrodes can have a re-

duced or absent surface dipole barrier to

charge injection compared with inorganic

electrodes.8 However, electrodes based on

these conducting polymers, such as poly-

aniline9 or PEDOT,10 do not transmit much

visible light when layered thickly enough
to be sufficiently conducting. Reduced
graphene oxide electrodes, while less stud-
ied, require high-temperature annealing
and are currently about an order of magni-
tude too resistive.11

One of the more promising candidates
for transparent electrodes is the carbon
nanotube (CNT) network. While the de-
tailed charge transport properties of such
electrodes are not well-understood, there
are at least two problems that require ad-
dressing. The first difficulty is large inter-
tube junction resistances, especially be-
tween metallic and semiconducting tubes.12

This can be potentially mitigated by using
chirally sorted nanotubes,13�15 by introduc-
ing alignment into tube networks,16�18 or
by treating unsorted tubes following net-
work formation, typically with HNO3 and/or
SOCl2.19�21 The second is that direct deposi-
tion of CNT networks from solution has
proven challenging due to poor dispersion,
leading to inhomogeneous, inefficiently
networked films. Fabricating the films on a
vacuum filter and transferring them to the
required substrate with the assistance of
surfactants22�25 and/or conjugated poly-
mer26 is the most reliable technique at
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ABSTRACT Flexible transparent electrodes are crucial for touch screen, flat panel display, and solar cell

technologies. While carbon nanotube network electrodes show promise, characteristically poor dispersion

properties have limited their practicality. We report that addition of small amounts of conjugated polymer to

nanotube dispersions enables straightforward fabrication of uniform network electrodes by spin-coating and

simultaneous tuning of parameters such as bundle size and density. After treatment in thionyl chloride, electrodes

have sheet resistances competitive with other reported carbon nanotube based transparent electrodes to date.

KEYWORDS: transparent conductors · nanotubes · composites · solution
processed · solar cells

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 6 ▪ 1423–1430 ▪ 2009 1423



present, giving best performances of 120 �/sq at 80%
transparency undoped,23 160 �/sq at 87% doped,25 or
80 �/sq at 75% in polymer composites;26 however, this
method typically requires use of large amounts of sur-
factant that needs to be removed, and it makes films
limited to the size of the membrane filter and involves
a transfer printing step.

By comparison, spray-coating5,27 and rod-coating28

a carbon nanotube/surfactant solution are direct depo-
sition approaches to nanotube network formation, but
the former is highly susceptible to inhomogeneity and
both require centrifugation or use of a large weight per-
cent of surfactant to achieve good dispersion. After
acid treatment, shown to remove much of the surfac-
tant, film performance in the case of spray-coating is
similar to the vacuum-filtered samples. Recently, a re-
port of spin-coated CNT transparent conducting elec-
trodes, deposited without surfactant, achieved the req-
uisite dispersion by sonicating tubes in dichloroethane
for 12 h followed by centrifugation; even then, the dis-
persion was unreliable.29 Despite containing no surfac-
tant, their films exhibited a similar reduction in sheet re-
sistance upon treatment with nitric acid, and they
obtained similar end results of about 85 �/sq at 80%
transparency doped (222 �/sq undoped).

It is known that CNTs are more easily dispersed in
chlorinated solvents in the presence of poly-3-
alkylthiophenes (P3AT) such as regioregular poly-3-
hexylthiophene (rr-P3HT) or poly-3-dodecylthiophene
(P3DT).30,31 While much study has been made of
rr-P3HT:CNT composites, the focus is usually on the ef-
fect of a smaller weight percent of nanotubes added to
a majority rr-P3HT active layer.32�35 Due to the more
conducting nature of these polymers compared with
typical surfactants like SDS, and due to their ability to
disperse carbon nanotubes at lower relative concentra-
tions, it may be anticipated that such films have great
promise as uniform transparent electrodes. However,
no work known to the authors to date has actually in-
vestigated the properties of composite films of greater
than 50 wt % carbon nanotubes.

RESULTS AND DISCUSSION
Nanotube Composite Network Electrode Fabrication: We

demonstrate here a simple, reliable method for form-
ing uniform carbon nanotube network electrodes de-
posited directly onto the surface of interest via spin-
coating or drop-casting. When spin-cast onto
substrates, well-dispersed nanotubes in low concentra-
tions are difficult to build up to sufficient density for
electrode applications, while higher concentrations
form nonuniform clumps of bundles. By introducing
conjugated polymers such as rr-P3HT or rr-P3DT to car-
bon nanotube suspensions in chloroform, we signifi-
cantly improve both the dispersion in solution and the
quality of spin-coated CNT films on glass and polyethyl-
ene terephthalate (PET).

We use arc-discharge nanotubes in this study, as

they are known to have superior conductivity in net-

works compared with tubes synthesized by other meth-

ods.25 These nanotubes are purified to remove amor-

phous carbon and other contaminants according to

literature procedures.36 After purification, sonication

power and time are limited in this work to 60 min or

less and 180 W or less to minimize tube damage and

cutting. Above an initial weight ratio of about 1:15

rr-P3HT:CNT in chloroform, it is straightforward within

these sonication limits to disperse 80�100 �g CNT/mL

so that it will appear uniform by eye. Much below this

ratio, aggregates of nanotubes in the solvent will still be

observable (Figure 1b). The stabilities of these disper-

sions have not been comprehensively investigated but

are sufficient for spin-coating shortly after sonication.

No appreciable difference in behavior is observed us-

ing rr-P3DT, except that the minimal ratio required for

dispersion increases to about 2:25.

Controlling polymer concentration and solvent en-

ables variation of tube bundle size and film roughness

as qualitatively observable by atomic force microscopy,

adding an additional degree of freedom to tune film

morphology toward specific applications. Such tuning

may be done independently of bundle density since the

latter is controllable separately by changing the vol-

ume of dispersion deposited during spin-coating, allow-

ing a variety of film thicknesses (Figure 1a). Spin-coating

is straightforward, but film thickness is often difficult

to quantify in many cases due to sparse bundle cover-

age, so optical density of the film at 550 nm is typically

used as a substitute metric. After deposition and an-

nealing as described in the Methods section, all samples

are washed in chloroform for 10 min to remove as much

excess polymer as possible.

Nanotube Composite Network Morphology: The morpholo-

gies of rr-P3HT:CNT films vary considerably as a func-

Figure 1. Photographs of (a) rr-P3HT:CNT composite solu-
tions with various weight ratios in chloroform following son-
ication and (b) composite films of different thicknesses fol-
lowing spin-coating. The left image shows a network of 89%
transmittance at 550 nm on PET. The right image shows the
same film flat (bottom) as well as two networks on glass, of
92 and 87% transmittance at 550 nm.
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tion of relative weight ratio. A control solution contain-

ing no polymer and 80�100 �g CNT/mL, spin-coated

onto glass, has as mentioned earlier a very uneven mor-

phology, with dense aggregates of large tube bundles

(up to 70 nm in diameter) in some places and sparse re-

gions in between. This is clearly visible under 50�

microscope objective (Figure 2a) and is consistent with

atomic force microscopy images of the same films (Fig-

ure 3a).

In contrast, as observed by atomic force and optical

microscopy, the composite films cover the substrate

surface uniformly with a distribution of both bundles

and single tubes. As the rr-P3HT concentration in-

creases from none to 1:15 to 1:5, the proportion of

single tubes and small bundles (diameter less than

about 5 nm) relative to all the observable bundles in
the image also increases (Figure 3b,c), and the presence
of visible bundle aggregates both in solution and on
substrate diminishes (Figures 1a and 2b�d). While not
shown, similar behavior is found to be true on flexible
plastic substrates. Although the largest bundle sizes in
the composites, about 20�25 nm diameter, are smaller
than in the control, they are still larger than those in
many reported high-performance nanotube network
electrodes.23,29,37

Previous reports of spin-coated carbon nanotube
networks have reported that the spin-coating process
results in an imperfect but marked radial alignment of
the carbon nanotubes on the substrate surface.36 We
find that this is also often true in the spin-coating of the
composite bundles, but only at bundle densities suffi-
ciently low that the tubes are touching the surface di-
rectly. As the film thickness increases, the consistency of
observed alignment decreases. Nevertheless, this align-
ment might be anticipated to improve the perfor-
mance of spin-coated films relative to those made with
other techniques, particularly for more highly transpar-
ent electrodes.

Optical and Raman Spectroscopy of Nanotube Composite
Networks: Studying the transmittance spectra of washed
rr-P3HT:CNT composite films reveals that the dominant
absorption for all composite ratios is from the nano-
tubes and, in particular, from the tail of the �-plasmon
resonance (Figure 4a);38 however, small increases in ab-
sorbance reveal the presence of the conjugated poly-
mer in the 350�650 nm range, along with broad nano-
tube M1 and S2 transitions. For initial polymer weight
ratios of 1:5 or smaller, the decrease in transmittance
due to the explicit presence of the polymer is 2% or less;
the presence of the polymer in the 1:1 case has a more
substantial impact (Figure 4b).

Treating the nanotube films by immersion in SOCl2

for 12 h causes substantial changes in nanotube ab-
sorption spectra, particularly via the bleaching of the
CNT optical transitions due to doping. This is already
well-documented.39,40 However, in this work, there is ad-
ditionally the complicating factor of the presence of
the conjugated polymer. We find that P3HT absorption
diminishes with SOCl2 treatment, indicating that the
polymer remaining in the composite films is further re-
moved or damaged by the SOCl2 (Figure 4c).

To confirm both the scaling of residual presence of
rr-P3HT in the composites as a function of polymer:
CNT ratio, and to better understand the role of the thio-
nyl chloride treatment on the composite network, we
use Raman spectroscopy to characterize composite net-
works of varying P3HT content. Raman spectra of both
carbon nanotubes41 and P3HT42 are well-characterized.
In the control with no polymer, the radial breathing
mode (172 nm), D-band (1328 nm), and G-band (1592
nm) are clearly evident. In the untreated composite
films (Figure 5a,b), the more intense P3HT Raman peaks

Figure 2. (a) Optical micrograph of a nanotube network on
glass, of approximately 76% transmittance at 550 nm, spin-
cast from an 85 �g/mL CNT solution in chloroform contain-
ing no polymer. (b�d) Identical micrographs, spin-cast from
rr-P3HT:CNT composite solutions in chloroform containing
the indicated relative weight ratios. Transmittances at 550
nm are 79, 80, and 83%, respectively.

Figure 3. Atomic force microscopy images (2.5 �m) of nano-
tube networks on glass, spin-cast from (a) 0:1, (b) 1:15, and
(c) 1:5 rr-P3HT:CNT composite solutions in chloroform. The
rms roughness values and the % transmittances at 550 nm
are 28 nm and �75%; 17 nm and 80%; 12 nm and 88%, re-
spectively. (d) A 1:15 ratio composite film on a larger scale
(10 �m) for comparison, with a rms roughness of 12 nm and
a % transmittance of 91% at 550 nm.
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(723, 1000, 1090, 1207, 1378, and 1440 nm, in particu-

lar) become detectable at a 1:5 rr-P3HT:CNT ratio; more

detailed spectral structure is clearly visible in a 1:1 com-

posite. Most peak positions are invariant as the P3HT

concentration changes; however, in particular, the

C��C�= ring stretching P3HT mode at approximately

1378 cm�1 shifts over 10 cm�1 between the 1:15 and

1:1 composites.

After treating the composites with SOCl2, the

Breit�Wigner�Fano resonance characteristic of metal-

lic tubes around the low-frequency portion of the

G-band is suppressed, and the G-band itself is blue-

shifted (Figure 5c,d). This is consistent with previous

findings for SOCl2-treated pristine tubes.21 However, we

also find that the rr-P3HT peaks are suppressed, an ef-

fect which is particularly visible at the most intense

P3HT peaks at 1378 and 1440 cm�1. This cannot be

due to a removal of material from the film overall, as

the nanotube D- and G-band intensities do not com-

mensurately decrease. The relative decrease in inten-

sity of these P3HT ring-stretching modes indicates that

one additional effect of the SOCl2 is a denaturing or fur-

ther removal of P3HT from the composite, and this it-

self may contribute to improvement in electrical perfor-

mance of the films irrespective of nanotube doping.

Nanotube Composite Network Electrical Measurements: Ulti-

mately, the utility of a nanotube network electrode is

judged by its conductance for a particular transparency.

These data are shown in Figure 6 for various ratio com-

posites, both untreated and post-treated, and com-

pared with current best reported values for nanotube

network electrodes found by the authors in the

literature.

The untreated 1:5 films had moderately poorer per-

formance, and the 1:1 films had significantly poorer per-

formance, compared with the 1:15 ratio composites.

Samples with greater than 50% weight carbon nano-

tubes consistently outperformed nanotube-only con-

trols. The SOCl2 treatment had a greater impact on the

films with higher polymer content, improving sheet re-

sistance by an average factor of about 4 compared with

2.6, such that the treated 1:5 and 1:15 ratio composite

films ultimately had similar performance when tested

shortly after treatment.

After SOCl2 treatment, the networks are competi-

tive with those produced using other more involved

methods involving vacuum filtration (which achieve at

best 160 �/sq at 87% transmittance)25 or lengthy soni-

cation and centrifugation (at best 85 �/sq at 80% trans-

mittance).29 A 1:15 ratio rr-P3HT:CNT composite has a

Figure 4. (a) UV�vis spectra of 1:15 and 1:1 rr-P3HT:CNT composite films of three different thicknesses (light, medium, dark).
(b) Detail of spectra of 0:1, 1:15, 1:5, and 1:1 rr-P3HT:CNT composite films, normalized to the �690 nm M1 nanotube peak
to highlight differences in polymer absorption. The slope of the 1:15 composite line is steepest because it is the darkest ac-
tual film. (c) UV�vis spectra of composite films of two different thicknesses (medium, dark) following SOCl2 treatment.

A
RT

IC
LE

VOL. 3 ▪ NO. 6 ▪ HELLSTROM ET AL. www.acsnano.org1426



sheet resistance of 170 �/sq at 81% transmittance,
and a 1:5 ratio rr-P3DT:CNT composite has a sheet resis-
tance of about 80 �/sq at 72% transmittance. It should
be noted, however, that the measured sheet resistance
for a nanotube network varies sensitively depending
on the history of the sample and its constituent ma-
terial and also on the details of how the measurement
is madeOthe type, position, and geometry of the
electrodes.39,43 This makes comparison with literature
values difficult, especially when measurement details
therein are not reported.

If the thickness of a metallic film is small compared
with the wavelength of light, the relationship between
its transmittance and sheet resistance in air may be
modeled by

T(λ) ) (1 + 188.5
RS

σop(λ)

σdc
)-2

where � is the wavelength of light at which the proper-

ties are measured (typically 550 nm) and 	op and 	dc

are the optical and DC conductivities of the material.26,44

In the framework of this model, 	op/	dc may be used

as a figure of merit for the performance of a nanotube

network. On the basis of measured transmittance and

sheet resistance, the best treated composite films have

	op/	dc � 13. Calculations of 	op/	dc for various films in

Figure 6 may be found in the Supporting Information.

Excess polymer may hinder the network electrodes

in several ways. First, it is strongly absorbing at 550

nm, without conducting commensurately with the car-

bon nanotubes. Second, beyond acting as simply an ab-

sorbing agent, the polymer may actively interfere with

conduction between nanotubes, adding a series resis-

tance component. The role of the SOCl2 in this context

is likely both to dope the nanotubes and to dope, de-

stroy, or remove excess polymer. While the relative im-

portance of these contributions is yet to be determined,

the varied responses of films of varied polymer con-

Figure 5. Raman spectra of various rr-P3HT:CNT composite films as a function of relative weight ratio, (a) 100�1300 cm�1 and
(b) 1000�2000 cm�1, and similar Raman spectra of rr-P3HT:CNT 1:5 composite films, before and after SOCl2 treatment, (c)
100�1300 cm�1 and (d) 1000�2000 cm�1, compared with a CNT-only control. Intensities of all spectra are normalized to the
graphite out-of-plane transverse optical phonon peak, constant at 860 cm�1 for arc-discharge tubes irrespective of excitation en-
ergy or tube chirality. This was selected because of its constancy and because many of the composite films are thick enough
to prevent observation of any substrate peaks.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 6 ▪ 1423–1430 ▪ 2009 1427



tent to the SOCl2 treatment support the presence or
even prominence of the latter effect.

The polymer may further impact the performance
of the nanotube networks through its influence on net-

work morphology. While improved overall uniformity

clearly improves device performance, effects of the ob-

served changes in bundle size on performance are less

clear. Certainly, while it has been thought that smaller

nanotube bundles or single tubes are preferable,23,29,37

this work clearly demonstrates that competitive elec-

trodes to date can be fabricated despite the presence

of bundles of 40 nm in diameter or more.

CONCLUSIONS
In conclusion, adding P3AT to carbon nanotube dis-

persions in quantities minimally sufficient to disperse

the nanotubes enabled straightforward fabrication of

uniform CNT network transparent conducting elec-

trodes via spin-coating onto glass. After subsequent

treatment of these networks in SOCl2, sheet resistances

of about 80 �/sq at 72% transmittance at 550 nm were

obtained. Preliminary results indicate that this method

is extensible to using other soluble conjugated poly-

mers such as poly[2-methoxy-5-(2=-ethylhexyloxy)-1,4-

phenylene vinylene] (MEH-PPV). Other substrates in-

cluding PET may also be used. Without optimization,

using 1:15 ratio P3HT composites spin-coated onto

plastic substrates and the same procedures described

earlier, films performed similar to but slightly (a factor

of �1.2) worse than those deposited on glass under

similar conditions. The technique ultimately provides

an easy, reliable, scalable, plastics-compatible method

for fabricating flexible transparent electrodes directly

from solution onto the substrate of interest.

METHODS
Nanotube Purification: Arc-discharge carbon nanotubes are pur-

chased from ILJIN Nanotech, grade ASP-100F; 80 mg of these
tubes is mixed with 2 g of J.T. Baker sodium dodecyl sulfate (SDS)
and 200 mL of Invitrogen 0.1 �m filtered ultrapure water. This
mixture is placed in an ice water bath and sonicated in a Cole-
Parmer ultrasonic cup-horn sonicator for 30 min at 750 W. After
sonication, the dispersion is centrifuged at 15 000 rpm for 4 h at
4 °C in a Sorvall RC5C Plus centrifuge, and the supernatant de-
canted. The supernatant is diluted with anhydrous acetone,
which dissociates the SDS from the nanotubes, and centrifuged
to collect the precipitated tubes. This process of acetone rinsing
followed by precipitate collection is repeated four times. Finally,
the mixture is filtered through a Millipore 0.45 �m pore size PTFE
membrane to collect the nanotubes. The tubes form a sheet on
top of the filter, which is then peeled off and dried at 50 °C un-
der vacuum overnight.

Composite Solution Preparation: One to 1.5 mg of the SWNTs pre-
pared during nanotube purification is dispersed in chloroform
at a concentration of 100 �g/mL, by sonicating at 180 W for 30
min in an ice bath, using the same Cole-Parmer ultrasonic cup-
horn sonicator as during the purification step. Separately, a few
mg of rr-P3HT from Sigma Aldrich is dissolved in 4 mL of chloro-
form under gentle heating and shaking. The relevant quantity
of rr-P3HT is then added to 2 mL of the nanotube dispersion
using a glass microliter syringe, and the mixture is again soni-
cated at 180 W for 30�60 min, until the suspension is uniform
to the eye. The total volume of solution is then refreshed to 2 mL
by adding additional chloroform.

Substrate Preparation and Spin-Coating: A 1.5 cm � 1.5 cm cut
display-grade TFT glass (Eagle glass by Corning) is cleaned by
placing in chloroform and then in a Branson 3510 100 W/42 kHz
ultrasonic cleaner for 10 min, then switching the solvent to
ethanol and repeating. This is followed by drying the substrates
under a nitrogen stream and placing them in a Jelight Model 42
UV�Ozone cleaner for 20 min. A substrate is set spinning at
7000 rpm, and the predetermined amount of solution is
dropped, one drop at a time, onto the substrate using a glass pi-
pet. After spin-coating, the back of the substrate is cleaned with
methanol, and the sample is annealed at about 120 °C on a hot
plate, soaked in chloroform for an additional 10 min, and dried to
remove any accessible excess polymer.

Thionyl Chloride Treatment: After initial electrical measurements,
samples are placed individually in glass vials face-up and thio-
nyl chloride (Alfa Aesar, 99
%) is carefully introduced to the vial
via glass pipet until the sample is fully immersed. Samples are
left loosely covered for 12 h and then removed and carefully
dried under gentle nitrogen stream. Post-treatment electrical
data are taken within 1 h of treatment to avoid concerns of insta-
bility of the doped films.20

Instrumentation: Optical microscopy was taken under a 50�
objective with the substrate suspended to prevent the support
from being visible through the glass. Atomic force microscopy
was taken using a Veeco Multimode SPM in tapping mode.
Transmittances and optical spectra were measured by a Cary
6000i UV�vis�NIR spectrophotometer (Varian, Inc.). Micro-
Raman measurements (LabRam Aramis, Horiba Jobin Yvon)
were obtained at 633 nm excitation at 100� magnification and
1 �m spot size, and at least four spectra were obtained per

Figure 6. Sheet resistance (Rsq) versus transmittance at 550 nm for spin-
coated composite electrodes with various weight ratios of P3AT, com-
pared with the best reported literature nanotube networks, both un-
treated,23 untreated in composites,26 and treated with HNO3

5 or SOCl2.25

Error bars indicate standard error computed from repeated measure-
ments at different locations on a single substrate. The dashed lines con-
nect measurements on identical substrates, before and after SOCl2

treatment.
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sample. Gold electrodes of nominally 50 nm thickness as moni-
tored by QCM were deposited via thermal evaporation (Ang-
strom Engineering, Inc.) through a cut transparency film shadow
mask, at a rate of 0.3�0.6 Å/s. The electrodes were in the form
of line arrays with a 2 mm � 2 mm central channel. Electrical
measurements were taken using a Keithley 4200SCS semicon-
ductor parameter analyzer and a standard probe station setup.
After measuring, all sheet resistance values were multiplied by a
factor of 2.5, which represents the average empirically deter-
mined effect of fringe electric field on this electrode geometry.
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