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Single-walled carbon nanotubes (SWCNTs) were incorporated with poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) (PEDOT/PSS) in dimethyl sulfoxide (DMSO) solvent for preparing flexible transparent
conducting films on polyethylene terephthalate substrate by using the spray coating method. The best
SWCNT-PEDOT/PSS-DMSO film showed high performance with a low sheet resistance of 118 Ω/sq and a
high transmittance of 90.5%. The conducting mechanism of SWCNT-PEDOT/PSS-DMSO films was investigated
by using both atomic force microscopy and Raman spectroscopy, and the improved performance was attrib-
uted to the following: (1) the uniform transparency of SWCNTs across the whole visible light spectrum over-
came the undesirable transmittance of PEDOT/PSS films, (2) the conducting SWCNTs instead of insulating
excess PSS provided the bridges between the conductive PEDOT/PSS grains, (3) the conductive PEDOT/PSS
materials between SWCNT networks reduced the contact resistance between SWCNTs, and (4) the electronic
interaction between SWCNTs and PEDOT increased the electronic mobility of the whole films.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, transparent conducting films (TCFs) have gained
great interest because of their wide applications in electronic devices,
such as touch screens, liquid crystal displays, organic light-emitting di-
odes and photovoltaics [1–6]. The traditionalmaterial for TCFs is indium
tin oxide (ITO) with excellent conductivity and transparency. However,
ITO is easy to crack after repeated use due to its brittle nature [7]. Also it
becomes increasingly expensive owing to the shortage of indium in the
future [8]. To substitute ITO, much effort has been currently devoted to
electrical conductive polymers like poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) (PEDOT/PSS) for flexible TCFs [9–14] because of
their light weight, high flexibility and stable property [15]. However,
some parameters of the conductive polymer based electronic devices
do not reach the required value, for instance, the mobility still does
not exceed 2 cm2 V−1 s−1 [16,17], which limits their application po-
tential. Besides, the transparency of PEDOT/PSS with blue colour is un-
desirable. It decreases sharply at around 600–800 nm wavelength,
which deters its application for TCFs.

Another substituting material for ITO is single-walled carbon
nanotubes (SWCNTs), which has been frequently reported as TCFs
by many researchers [18–25]. SWCNT films offer good durability
and flexibility, ease of processing, low reflectance, natural colour,
and stable transparency along the whole visible light spectrum. In
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addition, the mobility of devices using random SWCNT network
films (ca. ~100 cm2 V−1 s−1) is much higher than polymer based de-
vices, and the mobility of transistors using aligned arrays of SWCNTs
even reaches 2000 cm2 V−1 s−1 [8]. Therefore, incorporating
SWCNTs with PEDOT/PSS could bring higher performance of flexible
TCFs.

To a certain extent, compositing SWCNTs and PEDOT/PSS is able to
complement both of their disadvantages. On one hand, the conductive
nature of PEDOT/PSS can decrease the contact resistance of tube-tube
junctions in SWCNT films [26], and the good chemical and thermal sta-
bility of PEDOT/PSS is able to increase the stability of SWCNT films [27].
On the other hand, the advantages of SWCNTs can overcome the disad-
vantages of PEDOT/PSS films. Firstly, SWCNT films exhibit almost the
same transparency across the whole visible light spectrum, which
could improve the undesirable transparency of PEDOT/PSS films. Sec-
ondly, the high tensile strength [28] and Young's modulus [29] of
SWCNTs are able to enhance the mechanical and flexible property of
PEDOT/PSS films. Thirdly, the higher electronic mobility [30,31] and
lower percolation threshold [32] of SWCNTs can improve the conduc-
tivity of the PEDOT/PSS films.

As a matter of fact, the composite of SWCNTs and PEDOT/PSS for
TCFs has been investigated by some researchers [33–36]. However,
the conductivity of those films still had some distance with that of
ITO. Besides, few researchers incorporated SWCNTs with PEDOT/PSS
in organic solvents. In our work, SWCNTs were incorporated with
PEDOT/PSS in dimethyl sulfoxide (DMSO) for preparing flexible TCFs
on polyethylene terephthalate (PET) substrate by the spray coating
method. Here, DMSOwas used as a dispersant for SWCNTs. Meanwhile,
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Fig. 1. (a) TEM images of the supernatant of SWCNTs dispersed in DMSO. (b) SEM images of SWCNT-PEDOT/PSS-DMSO films.
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DMSO was also able to enhance the conductivity of PEDOT/PSS films
2–3 orders as the secondary dopant [9–11]. Although the origin of the
conductivity increase of PEDOT/PSS by secondary dopants was investi-
gated by some researchers, there were still some debates [9–11]. Addi-
tionally, conducting mechanism of SWCNT, PEDOT/PSS and DMSO
system was seldom investigated systematically before. In this paper,
we anatomized the conducting mechanism and the interactions
among the three component SWCNTs, PEDOT/PSS and DMSO for
the first time by using both atomic force microscopy (AFM) and
Raman spectroscopy as analyzing tools, and the improved perfor-
mance of the SWCNT-PEDOT/PSS-DMSO films was attributed to the
following: (1) the conducting SWCNTs instead of insulating excess
PSS provided the bridges between the conductive PEDOT/PSS grains,
(2) the conductive PEDOT/PSS materials between SWCNT networks
reduced the contact resistance between SWCNTs, (3) the interaction
between SWCNTs and PEDOT increased the electronic mobility of the
whole films.

The best SWCNT-PEDOT/PSS-DMSO film obtained in this work
showed sheet resistance of 118 Ω/sq at a transmittance of 90.5%
(λ=550 nm), indicating that the films almost have met the mini-
mum industry standards of applications (100 Ω/sq, 90% T) for
substituting ITO [34]. In comparison to the films prepared from
SWCNTs and other polymers like Nafion [37] (400 Ω/sq with trans-
mittance of 85% at 550 nm), the properties of our SWCNT-PEDOT/
PSS-DMSO films were much more approximate to that of ITO, but
more flexible than ITO. Therefore, those SWCNT-PEDOT/PSS-DMSO
films are potentially useful as TCFs in flexible transparent electronic
devices, such as touch screens, e-papers, displays, transparent transis-
tors, etc.

2. Experimental

The SWCNTs synthesized by chemical vapor deposition (CVD) were
obtained from Chengdu Organic Institute. The length of SWCNTs was
about 50 μm and the purity of SWCNTs was more than 90 wt.%. To re-
move metal catalysts, 1.7 g SWCNTs were refluxed in 2.6 M HNO3 at
140 °C for 48 h. PEDOT/PSS (CLEVIOS PH 500, 1.0–1.3 wt.% solid content)
was purchased from H. C. Starck. SWCNT-PEDOT/PSS-DMSO films were
prepared by spray coating method on 50 mm×50mm PET substrate.
1 mg SWCNTs were firstly dispersed in 10 ml DMSO by bath sonication
for 2 h, and then the SWCNT-DMSO solution was centrifuged at
13000 rpm for 30 min. The supernatant was collected and subjected to
another round of 30 min centrifugation at 13000 rpm. The final superna-
tant of SWCNT-DMSO solution was mixed with PEDOT/PSS in volume
ratio of 9:1, and bath sonicated for 30 min. Finally, the mixture was
sprayed on the PET substrate. A SWCNT-DMSO film and PEDOT/PSS-
DMSO (PEDOT/PSS : DMSO=1:9 in volume) films were also made by
the spray coating method to compare with SWCNT-PEDOT/PSS-DMSO
films. The obtained films were finally dried at 150 °C for 1 h. Other films
were also made with the same procedure as that for SWCNT-PEDOT/
PSS-DMSO films, by changing the ratio of SWCNT-DMSO : PEDOT/PSS
from 5:1, 15:1 to 19:1.

The morphology of dispersed SWCNTs was observed by
transmission electron microscopy (TEM, JEM-2100 F, JEOL, Tokyo,
Japan). Images of the films were taken on a field emission scanning
electron microscope (FESEM, JEOL, JSM-6700 F). The transmittance
of films in visible region was measured by UV–vis spectrometer
(Lambda 950, Perkin Elmer, Shelton, U.S.A.). Measurements of the
sheet resistances were carried out with a four-point probe resistivi-
ty meter (Loresta EP MCP-T360, Mitsubishi Chemical, Japan). The
morphology of films was characterized by tapping mode AFM to-
pography and phase images (SPA 400, SPI3800N, Seiko Inc. Japan).
Raman spectra of the films were recorded using a MicroRaman spec-
trometer (LabRam-1B, JY, France) with an excitation length of
633 nm.

3. Results and discussion

Fig. 1a showed the TEM image of SWCNTs dispersed in DMSO for
preparing SWCNT-PEDOT/PSS-DMSO films. The bundle sizes were
small (10 nm or so), which had positive effect on the conductivity
of SWCNT films according to many researches [23,25]. From the
SEM image of the SWCNT-PEDOT/PSS-DMSO film shown in Fig. 1b,
we found thin bundles of SWCNT networks distributed in the
PEDOT/PSS polymer.

Fig. 2 showed the sheet resistance of different films with transmit-
tance at 550 nm. The transmittance was the transparency of the as-
prepared conductive films after arithmetically subtracting the transpar-
ency of PET substrate. The best SWCNT-PEDOT/PSS-DMSO film in our
work had sheet resistance of 118Ω/sq with a transmittance of 90.5%.
Compared with previous reported values for SWCNTs and PEDOT com-
posite films, our films showed better performance. Mustonen et al. [36]
prepared films by compositing SWCNTs with PEDOT/PSS in deionized
water, and the films had sheet resistance of ~2000Ω/sq at a transmit-
tance of 80%. Moon et al. [35] incorporated SWCNTswith PEDOT in deio-
nizedwater for preparing TCFswith the sheet resistance of 247Ω/sq and
transmittance of 84.7%. De et al. [34] dispersed SWCNTs in sodiumdode-
cyl sulfate and thenmixedwith PEDOT/PSS for preparingfilms using vac-
uum filtration method. The films had sheet resistance of ~250Ω/sq and
transmittance of 90%. Wang et al. [33] prepared SWCNT-PEDOT/PSS
films by spin coating method, and got films with sheet resistance of
~152Ω/sq at a transmittance of 83%. Other conductive polymers like
Nafion, poly-3-hexylthiophene (P3HT), and poly-3-dodecylthiophene
(P3DT) were also used to form composite films with SWCNTs as
shown in Fig. 2. For instance, in our previous work [24], SWCNTs were
dispersed in Nafion-water/ethanol (water : ethanol=1:1), and films
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Fig. 2. Sheet resistance versus transmittance at 550 nm for SWCNT-PEDOT/PSS-DMSO
films, compared with previously reported literature of SWCNT-PEDOT/PSS films,
SWCNT-Nafion films, SWCNT-P3HT films, and SWCNT-P3DT films.

84 J. Zhang et al. / Diamond & Related Materials 22 (2012) 82–87
were prepared using the vacuum filtration method. The films with the
sheet resistance of 500–600Ω/sq at transmittance of 85%were obtained.
Hellstrom et al. [38] reported that P3HT and P3DT were effectively used
to composite with SWCNTs for transparent conducting films. SOCl2 were
used to post-treat those films, and sheet resistance of 170Ω/sq at 81%
transmittance for SWCNT-P3HT films and sheet resistance of 80Ω/sq
at 72% transmittance for SWCNT-P3DT films were obtained. In compari-
son to those previous literatures, our resultswere better than others. One
reason was that SWCNT-DMSO : PEDOT/PSS with appropriate ratio was
used, where DMSO not only acted as a dispersant for SWCNTs but also as
a secondary dopant to increase the conductivity of PEDOT/PSS films. The
performances of films with different proportions of SWCNT-DMSO :
PEDOT/PSS were shown in Fig. S1 in supplementary material, and the
best performance was obtained when the ratio of SWCNT-DMSO and
PEDOT is 9:1.

Without considering the factor of transmittance, the sheet resis-
tance of all the SWCNT-PEDOT/PSS-DMSO (SWCNT-DMSO : PEDOT/
PSS=9:1) films was found to be lower than that of PEDOT/PSS-DMSO
(DMSO : PEDOT/PSS=9:1) films at the same volume of the mixtures
which were used for preparing films, as shown in Fig. 3, indicating
that SWCNTs had positive effect on decreasing the sheet resistance of
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Fig. 3. The sheet resistance of (a) PEDOT/PSS-DMSO (DMSO:PEDOT/PSS=9:1) films
and (b) SWCNT-PEDOT/PSS-DMSO (SWCNT-DMSO:PEDOT/PSS=9:1) films versus
the volume of the mixtures for preparing films.
PEDOT/PSS-DMSO films. For the same level of conductivity, SWCNT-
PEDOT/PSS-DMSO films showed a small variation in transmittance of
3% in the whole visible region, while the variation of the PEDOT/PSS-
DMSO films is 7%, as shown in Fig. 4, which meant that SWCNTs had
positive effect on the transmittance of PEDOT/PSS films in the visible
spectrum. The conducting mechanism and the interactions among
SWCNTs, PEDOT/PSS and DMSO will be discussed in the following
part according to the AFM and Raman spectra.

The morphology of different films was characterized by tapping-
mode AFM. For the SWCNT-DMSO film, the small nanotube bundles
can be visualized as shown in Fig. 5a and c, corresponding to the
dark areas in the phase images as shown in Fig. 5b and d. The topog-
raphy of PEDOT/PSS-DMSO film was shown in Fig. 5e and g, and par-
ticles with some elongated features were observed. Fig. 5f and h
showed the corresponding phase images of PEDOT/PSS-DMSO film,
for which the bright areas were identified as conducting PEDOT/PSS
domains, while the darker areas were the insulating excess PSS mate-
rial [9,39]. For PEDOT/PSS films without secondary dopants, the con-
ducting PEDOT/PSS particles were covered with the insulating PSS
thin layer and blended in a PSS matrix, according to Crispin et al.
[9]. Thus, the conductive PEDOT/PSS particles do not connect well
with each other, making the whole film have lower conductivity. In
our case, after addition of the secondary dopant DMSO, the excess
PSS was phase-segregated into insulating domains, as shown in
Fig. 5 e,f,g,h, which was very similar to the effect of diethylene glycol
(DEG) [9]. Thus the highly conductive PEDOT/PSS particles merged
together to form a three-dimensional conducting network, and signif-
icantly improved the conductivity of the whole film.

For the AFM images of SWCNT-PEDOT/PSS-DMSO films (as shown
in Fig. 5 i,j,k,l), small bundles of SWCNTs were observed in the PEDOT/
PSS polymer matrix. The conducting SWCNTs instead of insulating ex-
cess PSS provided the bridges between the conductive PEDOT/PSS
grains, resulting in higher conductivity of the whole films. From the
other point of view, there were conductive PEDOT/PSS materials be-
tween SWCNTnetworks, which reduced the contact resistance between
SWCNTs. That explained why after SWCNTs were incorporated with
PEDOT/PSS in DMSO, the sheet resistance of films became smaller
than that of PEDOT/PSS-DMSO films from the macroscopic level.

Fig. 6 showed the Raman spectra of different films. For PET sub-
strate (Fig. 6o), there were two main peaks at around 1290 cm−1

and 1615 cm−1. Therefore, those two main peaks were also observed
for SWCNT-DMSO film (Fig. 6b) and SWCNT- PEDOT/PSS-DMSO film
(Fig. 6e). For SWCNT powders, the G band located at 1581.5 cm−1,
as shown in Fig. 6a. After SWCNTs were dispersed in DMSO and
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Fig. 4. The transmittance in the visible spectrum of (a) SWCNT-PEDOT/PSS-DMSO film,
sheet resistance: 637 Ω/sq, (b) PEDOT/PSS-DMSO film, sheet resistance: 623 Ω/sq, (c)
SWCNT-DMSO film.
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Fig. 5. Topography (a,c,e,g,i,k) and phase images (b,d,f,h,j,l) of a SWCNT-DMSO film(a,b,c,d), a PEDOT/PSS-DMSO film (e,f,g,h), and a SWCNT-PEDOT/PSS-DMSO film (i,j,k,l) with
tapping-mode AFM at a scale of 1×1 and 0.25×0.25 μm2.
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sprayed on the PET substrate, the G band of the SWCNT-DMSO film
(Fig. 6b) up-shifted by 6.1 cm−1. According to previous reports, the
G band of Raman spectra was shifted to the higher frequency (blue
shift) by p-doping (like bromine [40] as electron-acceptor) or
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Fig. 6. Raman spectra taken at 633 nm: (o) PET substrate, (a) SWCNT powders, (b)
SWCNT-DMSO film, (c) PEDOT/PSS liquid, (d) PEDOT/PSS-DMSO liquid, and (e) SWCNT-
PEDOT/PSS-DMSO film.
oxidizing (like by HNO3 [41] or H2SO4 [42]). In our case, the blue
shift of the SWCNT-DMSO film might be due to the electronegativity
of S atom on the DMSO, resulting in the p-doped SWCNTs.

For the PEDOT/PSS liquid (Fig. 6c), there was a peak at 1436 cm−1,
which was assigned to the Cα=Cβ symmetric vibration for the five-
member thiophene ring on the PEDOT chains [43,44]. This Cα=Cβ
peak was reported to red-shift when the thiophene ring presented
in PEDOT/PSS changed from benzoid structure to more conductive
quinoid structure [44], and meanwhile the conformation of PEDOT
chains changed from coil to expanded-coil or linear conformations
[11,12]. In our case, after DMSO was added to PEDOT/PSS, the sym-
metric Cα=Cβ peak was red-shifted 8.1 cm−1, as shown in Fig. 6d,
which was similar to ethylene glycol (EG) [11] and meso-erythritol
(E) [12] doped PEDOT/PSS. Thus, after the structure changed from
benzoid to quinoid, the neighboring thiophene rings in the PEDOT
chains were almost in the same plane, and the conjugated π-
electrons could be delocalized over the whole chain according to
Ouyang et al. [12], resulting in more conductive PEDOT.

Compared with the PEDOT/PSS liquid, the Cα=Cβ symmetric peak
of SWCNT-PEDOT/PSS-DMSO film was downshifted 9 cm−1, indicat-
ing that SWCNT-DMSO also made the structure of PEDOT change
from benzoid to the quinoid. However, compared with the PEDOT/
PSS-DMSO liquid, there was a broad shoulder at higher frequency
for the Cα=Cβ symmetric band of SWCNT-PEDOT/PSS-DMSO film,
indicating that only small part of benzoid structure wasn't trans-
formed into the quinoid structure. Besides, the G-band of SWCNT-
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PEDOT/PSS-DMSO films was upshifted 5.2 cm−1 in comparison to
SWCNT powders, and downshifted 0.9 cm−1 compared with that of
SWCNT-DMSO film, indicating that SWCNT-DMSO were n-doped by
PEDOT. The conducting mechanism was interpreted in the following
part. For SWCNT-PEDOT/PSS-DMSO films, the SWCNTs were firstly
dispersed in DMSO, and the supernatant SWCNTs were easily p-
doped by DMSO according to the Raman spectrum of the SWCNT-
DMSO film. After the supernatant was mixed with PEDOT/PSS, the
two polar dipoles (SO and SCH3) [12] of DMSO interacted with
PEDOT, and made the conformation of PEDOT change from the ben-
zoid to the quinoid structure. Then the delocalized π-electrons over
PEDOT chains interacted with SWCNTs. Since SWCNTs were firstly
p-doped by DMSO, the conjugated π-electrons over PEDOT chains
were easily shifted to SWCNTs. The charge transfer between SWCNTs
and PEDOT could increase the conductivity of the whole films, which
explained why the sheet resistance of SWCNT-PEDOT/PSS-DMSO
films was smaller than that of PEDOT/PSS-DMSO films.

Based on the analysis of Raman spectra, we charted the conforma-
tion of PEDOT/PSS, PEDOT/PSS-DMSO and SWCNT-PEDOT/PSS-DMSO
films, as shown in Fig. 7. For PEDOT/PSS films, most of the conforma-
tion of PEDOT was coil, and the favored structure was the benzoid
structure, resulting in worse conductivity of films. After addition of
DMSO to PEDOT/PSS, the conformation of PEDOT changed from coil
to the expanded coil or linear, and the favored structure became
more conductive quinoid structure, resulting in the improvement of
conductivity for PEDOT/PSS-DMSO films. For SWCNT-PEDOT/PSS-
DMSO films, most of the benzoid structure transformed into quinoid
structure, and the favored conformation became expanded coil or lin-
ear for PEDOT. In this case, most part of π-electrons delocalized over
PEDOT chains, and the electronic interaction between PEDOT and
SWCNTs became strong.

From the schematic conformation of different films (Fig. 7), it
seemed that the PEDOT/PSS-DMSO system had more contribution to
the conformation of PEDOT transformation from benzoid structure
to the more conductive quinoid structures than SWCNT-PEDOT/PSS-
DMSO system did. However, the conductivity of PEDOT/PSS-DMSO
films was still worse than that of SWCNT-PEDOT/PSS-DMSO films.
There were three reasons to explain this. Firstly, the SWCNTs instead
of insulating excess PSS provided the bridges between the conductive
PEDOT/PSS grains, resulting in higher conductivity of the whole films.
Secondly, there were conductive PEDOT/PSS materials between
SWCNT networks, which reduced the contact resistance between
SWCNTs. Thirdly, the interaction between SWCNTs and PEDOT in-
creased the electronic mobility of the whole films, resulting in the im-
proved conductivity of SWCNT-PEDOT/PSS-DMSO films.
Fig. 7. Schematic conformation of (a) PEDOT/PSS film, (b) PEDOT/PSS-DMSO film, and
(c) SWCNT-PEDOT/PSS-DMSO film.
4. Conclusions

Our research indicated that the composite of SWCNTs and PEDOT/
PSS in DMSO solvent provided a useful and effective avenue for pre-
paring flexible TCFs with high performance. The uniform transparen-
cy of SWCNTs across the whole visible light spectrum overcame the
undesirable transmittance of PEDOT/PSS films, resulting in the less
transmittance variation of the SWCNT-PEDOT/PSS-DMSO films. The
enhanced conductivity of SWCNT-PEDOT/PSS-DMSO films was attrib-
uted to the synergistic interaction between the two components:
SWCNTs and PEDOT/PSS. From the macroscopic level, the existence
of SWCNTs (instead of insulting excess PSS) made the conductive
PEDOT/PSS domains connected better. At the same time, the exis-
tence of conductive polymer PEDOT effectively decreased the contact
resistance between bundles of the SWCNT network, according to the
AFM. From microscopic level, the electronic interaction between
SWCNTs and PEDOT made SWCNTs doped, and improved the elec-
tronic mobility of SWCNT-PEDOT/PSS-DMSO films, according to the
Raman spectra. The SWCNT-PEDOT/PSS-DMSO films showed the
best performance with sheet resistance of 118 Ω/sq at a transmit-
tance (at λ=550 nm) of 90.5%, suggesting that they are promising
candidates for replacing ITO in flexible electronic devices, such as
touch screens, e-papers, flexible displays, etc.
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