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ABSTRACT: Conductivity enhancement of thin transparent films based on poly(3,4-
ethylenedioxythiophene)−poly(styrenesulfonate) (PEDOT−PSS) by a solution-pro-
cessed route involving mixture of an organic acid and organic solvent is reported. The
combined effect of p-toluenesulfonic acid and dimethyl sulfoxide on spin-coated films of
PEDOT−PSS on glass substrates, prepared from its commercially available aqueous
dispersion, was found to increase the conductivity of the PEDOT−PSS film to ∼3500 S·
cm−1 with a high transparency of at least 94%. Apart from conductivity and transparency
measurements, the films were characterized by Raman, infrared, and X-ray photoelectron
spectroscopy along with atomic force microscopy and secondary ion mass spectrometry.
Combined results showed that the conductivity enhancement was due to doping,
rearrangement of PEDOT particles owing to phase separation, and removal of PSS
matrix throughout the depth of the film. The temperature dependence of the resistance
for the treated films was found to be in accordance with one-dimensional variable range
hopping, showing that treatment is effective in reducing energy barrier for interchain and interdomain charge hopping. Moreover,
the treatment was found to be compatible with flexible poly(ethylene terephthalate) (PET) substrates as well. Apart from being
potential candidates to replace inorganic transparent conducting oxide materials, the films exhibited stand-alone catalytic activity
toward I−/I3

− redox couple as well and successfully replaced platinum and fluorinated tin oxide as counter electrode in dye-
sensitized solar cells.

KEYWORDS: PEDOT−PSS, transparent conducting polymer, conductivity enhancement, organic acid treatment,
dye-sensitized solar cell

I. INTRODUCTION

Transparent conductors (TCs) are optically transparent and
electronically conductive materials. The demand for alternate
TC materials, especially to replace the popularly used indium
tin oxide (ITO),1 is attributed to the vast optoelectronic
applications2,3 of TCs in diverse areas on one hand and to the
drawbacks associated with ITO, such as problems of scarce
indium on earth, high mechanical brittleness, expensive
deposition techniques, and poor adhesion to organic and
polymeric materials, on the other. Among the alternatives,
transparent conducting oxides,4,5 numerous solution-process-
able and printable candidates including metal nanowires6,7

carbon nanotubes,8−10 graphene,11,12 and conducting poly-
mers13−17 are being actively investigated; the interest in organic
transparent conductors is due to their ease of processing, ability
to coat on curved surfaces, and resistance to dynamic
stress.14,16−18

In this context, the conducting polymer poly(3,4-ethyl-
enedioxythiophene) (PEDOT) doped with poly-
(styrenesulfonate) (PSS) (Figure 1a) has recently proved to
be one of the most promising candidates for a next-generation

TC material. PEDOT−PSS films have high transparency in the
visible range, high mechanical flexibility, and excellent thermal
stability.19−21 It is commercially available as an aqueous
dispersion from Heraeus22 but has low conductivity (<1 S·
cm−1). Various methods have been designed for the
conductivity enhancement of PEDOT−PSS thin films, of
which, the solution processed route proved remarkable. The
process essentially involves post-treatment of thin films of
PEDOT−PSS by agents that dope or produce conformational
changes in polymer chain and/or remove PSS that result in
highly delocalized charge carriers and hence enhance its
conductivity. Addition of various secondary dopants such as
acids,23−25 other organic compounds,26−32 and ionic liquids33

has been reported to enhance the conductivity of PEDOT−PSS
thin films. Prior to discussing the recent reports in literature in
more detail, a brief discussion on the quantitative parameters
used to define any TC film may be worthwhile.
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In general, the electronic conductivity (σDC) of a transparent
conducting film is defined as

σ = R Z1/( )DC s (1)

where Rs is the sheet resistance and Z is the thickness of the
film. Coupled with this, the value of the percentage
transmittance of the film at 550 nm is quoted. Alternately, a
material independent parameter, the σDC/σOP ratio (σ ratio), is
usually used to quantify the efficiency of any transparent
conducting material. It is defined as the ratio of electronic
conductivity (σDC) to optical conductivity (σOP) and is related
to the transparency (T) and sheet resistance (Rs) of the
material as34

σ σ= + −T Z R[1 ( /2 ) / ]0 s DC OP
2

(2)

where Z0 = 377 Ω is the impedance of free space. In the case of
ITO-based TC, this ratio can be as high as 400,35 whereas it is
around 30 for graphene and carbon nanotube-based thin
films.21,36 As suggested by De and Coleman,35 the σ ratio
should be greater than 35 for most industrial applications,
although some current-driven applications require more
stringent σ values greater than 220. Again, applications such
as liquid crystal displays (LCD) require σ values around 50,
whereas other applications such as touch screens require a less
stringent σ value of about 10.36 However, since the σ ratio has a
dramatic variation with small changes in transparency of the
film24 (Figure S1 in Supporting Information), one should keep
in mind the individual values of sheet resistances and
transparency of the films along with σ ratio. In this respect, it
is generally agreed that TC materials must display a sheet
resistance of Rs < 100 Ω·□−1, coupled with transmittance of T
> 90% in the visible region.24,34−36 A detailed discussion on σ
ratio, especially in relation to chemically and structurally
altering PEDOT for transparent electrode applications, has also
been reported by Hojati-Talemi et al.37

In this light, we proceed to discuss the recent results on
conductivity enhancement as well as the values of σ ratio from
literature. Among all secondary dopants used so far, addition of

ionic liquid to PEDOT−PSS dispersion has been reported to
yield the highest value of σ ratio of 185.33 However, the
conductivity of the thin film was ∼2100 S·cm−1, a value less
than that of ITO (∼3000 S·cm−1). Furthermore, the stability of
the PEDOT−PSS dispersion decreases significantly (phase
separation happens in a few minutes) upon addition of ionic
liquid and hence is of no practical use in large-area printing
applications. This, along with the high cost of ionic liquid,
makes this process less attractive. Treatment of PEDOT−PSS
with acids, on the other hand, has been reported to enhance the
conductivity to more than 3000 S·cm−1, comparable to that of
ITO, primarily by the removal of PSS from the film. Treatment
with sulfuric acid at elevated23 and room38 temperatures
yielded very high conductivity values of ∼3100 and ∼4400 S·
cm−1, respectively. However, the reported Rs values are typically
>100 Ω·□−1 for a high transparency of 96%23 and ∼46 Ω·□−1

for a transparency of 90%,38 due to which the best value of σ
ratio achieved is ∼72,38 much less compared to that of ionic
liquid treatment. Furthermore, treatment with sulfuric acid at
elevated temperature, as well as use of the strong mineral acid
in high concentrations, probably limits its application on
organic substrates. The use of mild organic acids as secondary
dopants has been recently reported. Methanesulfonic acid25 at
room temperature has shown very promising values of
conductivity of ∼3300 S·cm−1 but with no mention of σ
ratio. On the other hand, formic acid treatment yielded the
second best reported σ ratio of 135 and was successfully carried
out on large area flexible substrates. However, it was reported
to have a much lower conductivity of ∼2000 S·cm−1.
Treatment of PEDOT−PSS with organic solvents, typically
gives conductivity-enhanced values in the range 1000−1500 S·
cm−1,39−42 which is mainly caused by charge screening between
PEDOT+ and PSS− by high dielectric solvents.
Recently, a high conductivity value of 3400 S·cm−1 was

measured in vapor-phase polymerization (VPP) PEDOT−Tos,
where Tos represents the counterion tosylate (Figure 1), using
a blend of an oxidant and an amphiphilic copolymer.43 Even
though the route is not solution-processed, the effect of the
tosylate counterion in conductivity enhancement was signifi-

Figure 1. Schematic of (a) poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT−PSS), (b) p-toluenesulfonic acid
(PTSA), and (c) dimethyl sulfoxide (DMSO).
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cant. In general, VPP technique has also gained attention in
producing the insoluble polymeric material PEDOT into
conductive, uniform thin films.43,44 Even though a host of
complementary techniques,44,45 including inkjet printing and
dip pen nanolithography (DPN), have shown the potential to
pattern the oxidants used in the VPP process at or below the
micrometer scale,44 drawbacks remain as the conductivity
values obtained in these processes are orders of magnitude
lower compared to those of VPP with spin-coated oxidant
layers, the latter exhibiting conductivities ∼1000 S·cm−1.44

Moreover, DPN is not appropriate for large area coatings.
We report the conductivity enhancement of thin films of

PEDOT−PSS by a solution-processed route involving solution
of p-toluenesulfonic acid (an organic acid containing the
tosylate group; Figure 1b) in dimethyl sulfoxide (Figure 1c).
The focus was to investigate the joint effect of the acid and
solvent on spin-coated films of PEDOT−PSS as well as to note
the role of the tosylate ion via solution-processed route.
PEDOT−PSS films treated with this acid−solvent combination
showed very high conductivity of ∼3500 S·cm−1 with a high
transparency of at least 94%. The σ ratio varied from 70 to 140,
depending upon transparency of the films. Apart from the high
conductivity and σ ratio, the present method is scalable to
produce large-area thin films and is compatible with inorganic
as well as organic substrates. Furthermore, successful
fabrication of dye-sensitized solar cells (DSSCs) with these
films replacing both platinum and fluorine-doped tin oxide
(FTO) as the counter electrode, showed that along with being
an alternative to inorganic oxide coatings, these exhibit
significant catalytic activity as well. It must be mentioned that
this combination treatment was used by Lee et al.,46 who
investigated thermoelectric properties of PEDOT−PSS. The
conductivity value reported by them was, however, much lower
at ∼1300 S·cm−1.
In this paper, we report the combined effect of p-

toluenesulfonic acid and dimethyl sulfoxide on spin-coated
films of PEDOT−PSS on glass substrates, prepared from its
commercially available aqueous dispersion. Apart from
conductivity and transparency measurements, the films were
characterized by a multitechnique approach involving Raman,
infrared, and X-ray photoelectron spectroscopy along with
atomic force microscopy and secondary ion mass spectrometry.

II. EXPERIMENTAL SECTION
PEDOT−PSS aqueous solution (Clevios PH1000) was purchased
from Heraeus. The concentration of PEDOT−PSS was 1.3% by

weight, and the weight ratio of PSS to PEDOT is 2.5 in solution. p-
Toluenesulfonic acid (PTSA; Fisher Scientific, 99%), dimethyl
sulfoxide (DMSO; Merck, 99.9%), sulfuric acid (Merck, 98%), and
isopropyl alcohol (IPA; Merck, 99%) were used without further
purification.

PEDOT−PSS films were prepared by spin-coating its aqueous
dispersion on 1.0 × 1.0 cm2 glass, poly(ethylene terephthalate) (PET),
and ITO substrates. Glass substrates were precleaned successively with
detergent, piranha solution [3:1 H2SO4 (98%)−H2O2 (30%) solution
at 90 °C], deionized (DI) water, acetone, and IPA. ITO and PET
substrates were precleaned in acetone and IPA. Thin films (<100 nm)
of PEDOT−PSS were prepared following the thickness calibration
curve of the spin-coater (Laurell) (Figure S2 in Supporting
Information). Thick films (>100 nm) were prepared by multiple
coatings of PEDOT−PSS solution. The organic acid−solvent
treatment was performed by spin-coating 50 μL of a mixture of
PTSA and DMSO solution on a PEDOT−PSS film. The films were
baked at 140 °C for 5 min. These were thoroughly rinsed in IPA and
finally dried at 140 °C for 15 min. For a set of films, this treatment was
repeated multiple times on a single layer of PEDOT−PSS. An
additional sulfuric acid treatment was carried out (both single and
multiple times) on another set of films, after a one-time treatment with
PTSA and DMSO solution. For each sulfuric aicd treatment, 1.5 M
sulfuric acid was drop-cast at 140 °C for 2 min, thoroughly rinsed in
DI water, and finally dried at 140 °C for 15 min.

The sheet resistance of the films was measured by a four-point
probe (Lucas-Signatone) with a Keithley 2400 source meter. The film
thickness was measured with an Ambios XP2 profilometer. For this,
the film surface was scratched and measurements were done with a low
stylus force of 0.05 mg. Transmittance was measured on a PerkinElmer
UV−vis spectrometer (Lambda_750), with the bare substrate used as
reference. Fourier transform infrared (FTIR) spectroscopy was done
on a PerkinElmer Spectrum 100 at 4 cm−1 resolution in reflectance
mode, with a mercury−cadmium−telluride (MCT) detector. Raman
spectra were recorded on a Ramnor HG-2S spectrometer (Jobin-
Yvon) with Ar laser (514.5 nm) at a resolution of 0.5 cm−1. Atomic
force microscopy (AFM) was done on a Nanoscope IV (Veeco
Instruments) in tapping mode; cross-sectional scanning electron
microscopy (SEM) was performed on a JEOL JSM-7600F field
emission gun SEM. X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out by use of the PHI 5000 Versa Probe system
(Ulvac-Phi Inc.). Time-of-flight secondary ion mass spectrometry
(TOF-SIMS) measurement was carried out by use of a PHI TRIF V
nanoTOF system (Ulvac-Phi Inc.) in negative polarity mode with an
Au+ ion analysis beam and a Cs+ ion sputtering beam source. Depth
profiling was carried out with an analysis ion beam current of 5 nA and
a sampling area of 40 × 40 μm2. Crater depth was measured at the end
of the experiment with a profilometer. The low-temperature resistivity
(LTR) measurement was carried out in a Quantum Design physical
property measurement system, model 6000PPMS. Cyclic voltam-
metric studies were carried out with a CHI760D potentiostat in a

Figure 2. Variation of conductivity σDC with (a) concentration of PTSA and (b) temperature.
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three-electrode configuration. Pt foil and Ag/Ag+ were used as
auxiliary and reference electrodes. LiI (10 mM), 1 mM I2, and 0.1 M
LiClO4 in acetonitrile were used as electrolyte.
A. Fabrication of Dye-Sensitized Solar Cell. TiO2 (Degussa

P25, Germany) paste was prepared as per reported procedure47 and
deposited on FTO glass by the doctor blading method. TiO2 film was
sintered at 500 °C for 30 min to give a nanocrystalline film. The
electrodes were immersed in dye solution [0.3 mM N719 (Solaronix)]
for 24 h to achieve maximum dye loading. The counter electrodes used
were sputtered platinum on FTO (in reference device) and PEDOT−
PSS film treated with PTSA in DMSO (having Rs ∼ 20 Ω·□−1) on
glass, with two predrilled holes on it. TiO2 photoanode and counter
electrode were assembled into a sandwich structure with Surlyn
(Solaronix) as spacer. Electrolyte (0.1 M LiI, 0.05 M iodine, 0.6 M 1-
methyl-3-propylimidazolium iodide, and 0.5 M 4-t-butylpyridine in
acetonitrile) was filled into the gap through the hole drilled on the
counter electrode, followed by sealing the hole with another piece of
Surlyn and coverslip. The cell was characterized with a Keithley 2420
source meter under illumination (100 mW/cm2) by a class A solar
simulator (Newport Corp.).

III. RESULTS AND DISCUSSION
A. Conductivity Enhancement of PEDOT−PSS Film.

PEDOT−PSS films on glass prepared from aqueous dispersion
of Clevios PH1000 had a conductivity of 4 × 10−1 S·cm−1. The
films were posttreated with a solution of PTSA in DMSO as
described in the Experimental Section. The concentration of
PTSA in DMSO, as well as the posttreatment baking
temperature, was varied to get the optimum value of
conductivity (Figure 2). The conductivity was found to be
maximum for 0.9 M solution of PTSA in DMSO at a baking
temperature of 140 °C. For single treatment with PTSA/
DMSO solution, the conductivity of the film increased to∼2300
S·cm−1 with a transparency of about 96%, giving a σ ratio of

127. With three treatments, there was further enhancement of
the conductivity, increasing to ∼3500 S·cm−1 with a trans-
parency of about 94%, having a σ value of 77. Further treatment
did not increase the conductivity but rather decreased it slightly
to ∼3200 S·cm−1 (Table S1, Supporting Information). The
variation in conductivity enhancement with multiple treatments
is discussed in detail later.
In order to systematically study the joint effect of acid and

solvent, the results were compared with those for films
individually posttreated with DMSO or an aqueous solution
of PTSA. The sheet resistances of 100 nm PEDOT−PSS films,
separately treated with DMSO or 0.9 M aqueous PTSA
solution, were both ∼200 Ω·□−1, as compared to that of 67
Ω·□−1 for the joint treatment. Moreover, aqueous PTSA-
treated films developed white patches upon subsequent rinsing
and drying, making the treatment ineffective. Films treated with
other acids such as camphorsulfonic acid and sulfuric acid gave
sheet resistances of 100 and 141 Ω·□−1, respectively, the latter
value being consistent with that reported by Xia et al.23

Interestingly, when the sulfuric acid (SA) treatment was carried
out following PTSA in DMSO (PD) treatment for one time,
the sheet resistance remained ∼67 Ω·□−1 These films had high
conductivity of ∼3200 S·cm−1, coupled with high transparency
of 96%, giving a high σ ratio of ∼140.
Three SA treatments, following a single PD treatment,

further increased conductivity to more than 3300 S·cm−1 with
transparency of 91%. It must be mentioned that the baking
temperature for SA treatment was kept the same as that of PD
treatment, so that the effect of PD treatment remained
unaltered with respect to temperature.
This shows that, out of all treatments, the joint effect of

PTSA and DMSO worked best in decreasing the value of sheet

Figure 3. (a) UV−vis spectra of untreated PEDOT−PSS, PD, and PDSA films on glass; (b) AFM topographic image of PDSA5 film showing defect
formation in films; (c) cross-sectional SEM image of PD3 film.
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resistance. Furthermore, additional treatments with either PD
or SA yield conductivity values well above 3000 S·cm−1, with σ
ratios in the range 70−140. Although the range of σ ratio
appears broad, one must remember that a large change in σ
ratio corresponds to small changes in transparency. The effect
of this change in transparency on device efficiency is probably
debatable. For clarity, films treated with PTSA in DMSO are
called PDx (x = 1, 2, 3, ..., denoting number of PD treatments).
Films treated with additional SA are called PDSAy (y = 1, 2, 3,
..., denoting number of SA treatments). Both types of films
were characterized as regards their conductivity, transparency,
structure, and morphology, as discussed in the next subsection.
Although most of the results for the PEDOT−PSS films are

reported for glass, it must be mentioned that, for some
characterizations, films coated on ITO were used. Cross-
sectional SEM measurements required the samples to be cut.
SEM images for the untreated and treated PEDOT films on
glass showed a signs of peeling of the polymer film, probably
due to breakage of the films, which led to its surface
roughening. This problem was overcome when ITO-coated
glass was used as substrate. Hence, SEM measurements were
carried out on ITO, for correct estimation of thickness. SEM
measurements on ITO showed uniform film coverage,

especially for the thin films, as shown in Figure 3c. Also,
FTIR and Raman measurements (carried out in reflection
modes) of the treated films were conducted on ITO, as the
signal obtained was found to improve with ITO than glass, due
to better reflectance of the ITO-coated substrate. SIMS was
also performed on ITO-coated substrate, to better monitor the
interface of the film by use of the indium signal. However, prior
to using films on ITO for the different characterizations, the
sheet resistance of the PD films on ITO were compared with
those on glass (Table S2, Supporting Information). They were
found to match fairly well.
As mentioned earlier, all treated films on glass showed good

transparency well above 90% at 550 nm (Table S1, Supporting
Information), with that of the single layer pristine film being
97%, PD1 and PDSA1 both being 96%, and PD3 having slightly
less transparency of 94% (Figure 3a). However, since the Rs
value was lowest (∼67 Ω·□−1) for PD treatment, the value of
σDC/σOP increased drastically for this film (∼127). Additional
SA treatment only slightly increased the σDC/σOP value to 139,
due to slight difference in their %T values (Table S1,
Supporting Information). For the other multiple-treated films,
it was found that with increase in number of treatments, the Rs
value increases, Z decreases, and %T gradually decreases. Thus,

Figure 4. (a−c) Raman and (d−f) FTIR spectra of (a, d) untreated, (b, e) PD, and (c, f) PDSA films.
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the limit to multiple treatment was set such that Rs < 100
Ω·□−1 and transmittance T > 90%. However, for the PDSAy
films, even though all values seemed promising, the film became
perforated due to the harsh treatment (Figure 3b) for y > 3.
Posttreatment of the PEDOT−PSS films resulted in change

of film thickness as well. A 100 nm PEDOT−PSS film, when
treated, gives different thicknesses, depending on the treatment
type (Table S1, Supporting Information). PD1, PD3, PD4, and
PD5 films had thicknesses of 65, 38, 36, and 30 nm,
respectively. PDSA1 and PDSA3 had thicknesses of 48 and
42 nm, respectively. This shows that single PD treatment leads
to about ∼35% reduction in film thickness, whereas the
additional PD and SA treatments leads to about ∼50% or more
reduction in film thickness. As the enhancement of σDC value
depends on reduction of Rs as well as Z, additional PD and SA
treatments both give a higher conductivity value well above
∼3000 S·cm−1. It must be mentioned here that although
profilometers are routinely used for thickness measurements of
this type of films,23,39 this is a mechanical mean to determine
thickness and may induce artifacts in the measurement that
underestimate the film thickness. In order to ensure that this
was not the case, cross-sectional scanning electron microscopy
(SEM) measurements were carried out (Figure 3c) for the
films, especially for the lower thickness samples to
independently get an estimate of the thickness regime. Results
of SEM were found to match well with profilometer
measurements.
PD and SA treatments were also carried out on thicker

PEDOT−PSS films (Figure S3a, Supporting Information). The
Rs values were as low as 20 Ω·□−1 for the five-layer film with
transparency of 60%. The stability of the PD and PDSA films
was investigated by exposing them to air under ambient

conditions and monitoring the sheet resistance with time, up to
500 h. For this, the films were kept on the bench in covered
Petri dishes, without direct exposure to sunlight, and sheet
resistance was measured from time to time. The sheet
resistance was found to increase by 20% in the first 200 h
and remain almost unchanged until 500 h. The rate of increase
was found to be comparable to other acid treatments24 and
much less compared to untreated PEDOT−PSS film, which
shows an increase of about 45% (Figure S3b, Supporting
Information).24

Although for this work, PEDOT−PSS films on glass and/or
ITO were used, we report our observation that PD films
formed uniform coatings on PET sheets as well (Figure S4a,
Supporting Information). Unlike films directly treated with
sulfuric acid, which were found to completely destroy the PET
sheets (Figure S4b, Supporting Information), the PD treatment
was found to be very much compatible with flexible organic
substrate and moreover, when coated prior to SA treatment, it
was effective in shielding the material from the strong effect of
sulfuric acid. Since fabrication of TC electrodes on flexible
substrates such as PET is an important aspect, we have included
our above observation in this regard, in the present paper.
Although the films have been tested for sheet resistance (which
is found to be consistent with those reported on glass), issues of
reproducibility of uniform films with PDSA treatment (as seen
in Figure S4b, Supporting Information) and difficulty in
carrying out proper thickness measurements for both PD and
PDSA films need to be overcome by us, before we provide
further quantitative results in this regard.

B. Structural and Morphological Characterization of
Films. The PEDOT−PSS films before and after treatments
were characterized by Raman and Fourier transform infrared

Figure 5. (a) XPS of untreated, PD, and PDSA films, showing the change in S 2p intensity of PEDOT and PSS. Individual fits to data are shown
separately for (b) untreated, (c) PD, and (d) PDSA films. Red dots denote experimental data, pink dashed lines denote individual peak fits, and blue
bold line denotes composite fit.
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(FTIR) spectroscopy, along with X-ray photoelectron spec-
troscopy (XPS), secondary ion mass spectrometry (SIMS), and
atomic force microscopy (AFM). Raman spectra of the
untreated and treated PEDOT−PSS films, along with their
Lorentzian fits, are shown in Figure 4a−c. Although the profiles
of the Raman spectra appear to be similar for the treated and
untreated films, some interesting information on the change in
the doping level is revealed after fitting of the spectra. The
central band at 1440 cm−1, corresponding to the symmetric
stretch of CαCβ mode, is a combination of two bands arising
due to the neutral and oxidized structures in PEDOT.39,40 A
change in these bands is related to a change in the degree of
doping of PEDOT films.39−42,48 For the untreated film, the
peak corresponding to neutral (oxidized) structure is observed
at 1435 (1453) cm−1. Both PD and PDSA films show a
considerable blue shift of both these peaks (Table S3,
Supporting Information), with the neutral (oxidized) peak at
1440 (1456) cm−1. Moreover, the intensity of the oxidized peak
is found to increase compared to the neutral peak for both
treated films, with the increase being greater for PD treatment
(Table S3, Supporting Information). This increase in intensity
of the oxidized peak along with the blue shift of these bands,
indicate doping of the films posttreatment.41,42

FTIR spectroscopy (Figure 4d−f) was carried out for
untreated, PD, and PDSA films. The bands from 800 to 1100
cm−1 are mainly associated with PEDOT structure, and the
bands above 1100 cm−1 are attributed to PSS structure.49−51

The peaks at 1266 and 1161 cm−1 for untreated PEDOT−PSS
film are attributed to asymmetric and symmetric vibrations of
SO3 groups in PSS chains, respectively.51 For the PD film
(Figure 4e), both these peaks are present with the asymmetric
(symmetric) stretch observed at 1271 (1162) cm−1. The 5
cm−1 peak shift of the asymmetric SO3 stretch mode probably
indicates different interaction of PEDOT with the SO3 groups
in the PD film compared to the untreated film, which may be
due to phase separation of PSS and/or incorporation of SO3
from PTSA. However, for the PDSA film (Figure 4f), the
asymmetric (symmetric) SO3 stretches, observed at 1286
(1162) cm−1, show drastic reduction indicating decrease in SO3
group intensity, a signature of PSS as well as PTSA removal
from the system due to the additional SA treatment. This is
consistent with sulfuric acid treatment reported by Xia et al.23

Moreover, when the FTIR spectra of untreated and PD/PDSA
films are compared, it is observed that the PEDOT structure
remains more or less unaffected by PD treatment, whereas it
changes drastically due to additional SA treatment. This
indicates that the two dopant acids, PTSA and SA, have very
different effect on PEDOT−PSS structure and thus on its
conductivity enhancement mechanism. The Raman and FTIR
results do not point to any conformational change in PEDOT,
as observed in some posttreatments.52

In order to ascertain whether PD treatment causes removal
of PSS from the PEDOT−PSS film, XPS was carried out on
untreated and treated films (Figure 5). XPS bands between 166
and 172 eV are the S 2p band of sulfur atoms in PSS, whereas
those between 162 and 166 eV are the S 2p band of sulfur
atoms in PEDOT.23,25 As shown in Figure 5a, the intensity
ratio of PEDOT to PSS saliently increased for both PD and
PDSA films compared to the untreated film, being greater for
PDSA. Individual XPS spectra for the films were fit by Gaussian
function (Figure 5b−d). The parameters of fit versus peak
position (x), peak width (w), and area under the individual
peaks (A′) are shown in Table S4 in Supporting Information.

As seen from this table, for the untreated film (Figure 5b), the
two peaks at 162.4 and 163.6 eV correspond to S 2p3/2 and S
2p1/2 sulfur signals from PEDOT, whereas the two peaks at
166.8 and 168.2 eV correspond to S 2p3/2 and S 2p1/2 sulfur
signal from PSS. The sum (A) of the individual area under the
peaks (A′) corresponding to S 2p3/2 and S 2p1/2 sulfur signals of
PEDOT (PSS) gives the intensity of the S 2p band of PEDOT
(PSS), denoted by AS2p

PEDOT (A
S2p

PSS). The S 2p intensity ratio
of PEDOT to PSS (AS2p

PEDOT:A
S2p

PSS) was calculated, and the
values are given in Table S4 in Supporting Information. The
ratio was found to decrease from 1:2.39 for the untreated film
to 1:1.31 (1:0.56) for the PD (PDSA) treated films. A decrease
in the AS2p

PEDOT:A
S2p

PSS ratio upon treatment typically indicated
the removal of some PSSH chains from the PEDOT−PSS
film.23,25 However, for multiple PD treatment (Figure S5 in
Supporting Information), we found that the S 2p ratio slightly
decreased for PD3 and PD5 compared to PD1, in the order
PD3 < PD5 < PD1. We believe that, due to PD treatment,
there is incorporation of SO3 groups from PTSA, along with
removal of the same from PSS in the film. The SO3 groups
from PTSA have the same chemical environment as those of
PSS and thus contributed to the same S 2p peak intensity.
Thus, in the case of PD films, the S 2p intensity ratio is affected
by the competing process of addition and removal of SO3
groups, which varies for each treatment. However, all values for
the treated films were greater compared to the untreated film.
This, along with the observed shift of SO3 groups in the PD
film from its FTIR spectra and the decrease in film thickness
with successive PD treatment, suggest that PD treatment not
only phase-separates PSS from PEDOT and removes the
former as PSSH but also incorporates SO3 groups from PTSA.
This removal of PSSH is in accordance with the decrease in
thickness of the film, along with negligible change in sheet
resistance or transparency of the films.
An additional SIMS depth profiling of PD films was carried

out to investigate whether PSS removal was occurring
throughout the depth of the PD films. It must be mentioned
that due to PSS removal and/or SO3 addition from PTSA, the
sulfur/carbon (S/C) elemental ratio of the treated films may
change. For PSS removal to have occurred throughout the film,
this changed ratio should, however, remain fairly unaltered over
the entire film depth. This was checked by monitoring the
variation of S/C intensity ratio as a function of sample depth by
SIMS. For this, sulfur (Figure 6) and carbon (Figure 6, inset I)
secondary ion signals were individually monitored as a function
of sputter time for PD3 and PD5 films, at a constant sputter
rate of 0.5 Å·s−1. Both intensities were observed to be >105

counts per second (cps) for the first part of the profile (i.e., for
the signal from the films), during which both were found to
remain almost unaltered, indicating fair in-depth elemental
homogeneity of the films. After this, a sharp fall in both signals
was observed, demarking the film/substrate interface. From the
individual sulfur and carbon intensities, the S/C secondary ion
intensity ratio was calculated for the PD3 and PD5 films
(Figure 6, inset II). These were found to remain fairly constant
throughout the film depth for both films.
Atomic force microscopy (Figure 7) was carried out in

tapping mode to elucidate the morphology of the posttreated
films. AFM topographic images of untreated, PD, and PDSA
films showed signature changes in morphology of the films
upon posttreatment. Unlike the untreated film, which does not
show prominent grains, both PD and PDSA films show
spherical-shaped particles, with the size of grains being larger
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for PD film and much smaller for PDSA film. This
morphological change is similar to the treatment of
PEDOT−PSS films by oxalic, malonic, and methanesulfonic
acid25 but different from that of direct treatment with sulfuric
acid.23

C. Low-Temperature Resistivity Measurements. The
temperature dependence of resistance, measured in a four-
probe configuration, of the PD-treated PEDOT−PSS film was
investigated from 300 down to 100 K (Figure 8). Below 250 K,
the resistance of the PD film was found to decrease with
increasing temperature. It became almost constant at temper-
atures above 255 K, suggesting semimetallic behavior.23,25,53

Temperature (T) dependence of the resistance (R) (Figure 8
inset) was found to obey the one-dimensional variable range
hopping (VRH) model, given by54,55

∝R T T T( ) exp( / )0
1/2

(3)

where T0 is the energy barrier between localized states, related
to the density of states at the Fermi level.23 The plot of ln R
versus T −1/2 showed a linear relationship in the low-
temperature range below 220 K. The plot deviated from the
linear relationship at T > 220 K. T0 value estimated from the
linear relationship was 7.2 K. This behavior of the PD-treated
PEDOT−PSS film was found to be saliently different from that
of the untreated PEDOT−PSS film.23 The latter is reported to
have a linear ln R versus T −1/2 relationship in the whole
temperature range from 110 to 300 K, with T0 values that are
orders of magnitude higher. The difference in behavior of the
PD-treated film with respect to the untreated film is at par with

PEDOT−PSS films treated with other acids, which are reported
to obey same one-dimensional hopping model.23,25 Thus, like
other reported acids, PD treatment of PEDOT−PSS is
observed to cause significant reduction in the energy barrier
for interchain and interdomain charge hopping. The difference
between PEDOT−PSS and a highly conducting PEDOT−Tos
have also been discussed by Bubnova et al.53 in the context of
semimetallic polymers. They have shown that PEDOT−PSS is
a Fermi glass but PEDOT−Tos (from spin-coating and VPP) is
a semimetal.53

D. Application of PD Films in Transparent Conductive
Oxide- and Platinum-Free Counter Electrode for Dye-
Sensitized Solar Cells. To demonstrate the application of the
highly conducting PD films as suitable replacements to
inorganic TCs, the material was used as a counter electrode,
free of platinum and FTO, in a dye-sensitized solar cell
(DSSC). In a standard DSSC, the counter electrode is an
inorganic transparent conductive oxide (TCO), platinized to
render it highly catalytic toward I−/I3

−redox couple, as
inorganic TCs alone have no appreciable catalytic activity
toward I−/I3

−redox couple. PEDOT has been reported to show
good electrocatalytic activity for various electrochemical
conversions, such as oxygen reduction56,57 and proton
reduction,58 and thus is a potential electrode in fuel cell
technology. PEDOT is a potential candidate for the
replacement of platinum and TCO on counter electrode in
DSSC due to its high conductivity and good catalytic activity
toward I−/I3

− redox couple.59,60 It has already been reported

Figure 6. SIMS depth profiling of PD films showing variation of sulfur,
carbon, and sulfur/carbon intensity with sputter time.

Figure 7. AFM topographic images (1 × 1 μm2) of (a) untreated, (b) PD, and (c) PDSA films.

Figure 8. Normalized resistance vs temperature with a plot of ln R vs
T −1/2 (inset) for the PD film.
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that electropolymerized PEDOT61−63 has similar catalytic
activity to platinum, but since it has lower conductivity a
conductive layer is required below it, which might be either
TCO or any other conducting PEDOT layer. Previously
reported PEDOT-based counter electrodes were made up of
either in situ polymerized PEDOT films,60,64 electropolymer-
ized PEDOT,61−63 or PEDOT−PSS blended with some
conducting materials such as graphene and carbon nanotubes
(CNT)65,66 on top of either TCO or conducting PEDOT−
PSS. As per our information, there is no report to date which
shows that PEDOT−PSS, after appropriate secondary treat-
ment, alone can act as both conducting and catalytic for I−/
I3
−redox couple in DSSC. Interestingly, we found these PD

films have promising catalytic behavior for reducing I3
− to I−.

The cyclic voltammogram (Figure 9a) shows that the PD film
has catalytic activity comparable to that of Pt/FTO. The DSSC
with PD film was fabricated (schematic shown in Figure 9c)
and compared with a standard Pt/FTO-based cell. A picture of
the fabricated DSSC based on PD film is given in Figure S6 of
Supporting Information. J−V characteristics (Figure 9b) of the
same showed power conversion efficiency (PCE) of 5.00%,
accompanied by short-circuit current density (Jsc) of 11.62 mA·
cm−2, open-circuit voltage (Voc) of 714 mV, and fill factor (FF)
of 0.60. All values are comparable to those obtained for the
standard Pt/FTO counter electrode (Table S5 of Supporting
Information). Thus, on the basis of cyclic voltammetry and
DSSC device results, we believe that the PD films do have
potential to replace Pt, as we obtained almost equal efficiency
of the DSSC with PD films replacing the highly reflecting Pt
electrode.

IV. CONCLUSION
In this work, the posttreatment of PEDOT−PSS thin films by a
combination of p-toluenesulfonic acid, dimethyl sulfoxide, and
sulfuric acid was investigated. Results showed a significant
increase in both electrical conductivity (σDC) and the figure of
merit (σDC/σOP) of PEDOT−PSS films. A multitechnique
approach was taken to elucidate information regarding film
structure. Combined results of Raman, FTIR, XPS, and SIMS
indicated that conductivity enhancement was due to doping,
rearrangement of PEDOT particles owing to phase separation,
and removal of PSS matrix throughout the depth of the film,
along with incorporation of SO3 groups from PTSA. The
temperature dependence of resistance for the treated films was
found to be in accordance with one-dimensional variable range
hopping, showing that treatment is effective in reducing energy
barriers for interchain and interdomain charge hopping. The
increase in conductivity of films was found to be associated with
a change in film morphology, which indicated phase separation
of PSS from PEDOT nanoparticles. The treatment was found
to be compatible with both glass and PET substrates. Apart
from being a promising material for photovoltaic applications,
the films exhibited potential catalytic activity as well and
successfully replaced platinum and fluorinated tin oxide as
counter electrode in dye-sensitized solar cells.
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