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ABSTRACT: We proposed a facile film treatment with formic
ac id to enhance the conduct i v i t y o f po ly(3 ,4 -
ethylenedioxythiophene):poly(styrene sulfonate) (PE-
DOT:PSS) by 4 orders of magnitude. The effect of formic
acid concentration on conductivity was investigated; con-
ductivity increased fast with increasing concentration up to 10
M and then increased slightly, the highest conductivity being
2050 S cm−1 using 26 M concentration. Formic acid treated
PEDOT:PSS films also exhibited very high transmittances. The
mechanism of conductivity enhancement was explored through
SEM, AFM, and XPS. Formic acid with its high dielectric constant screens the charge between PEDOT and PSS bringing about
phase separation between them. Increased carrier concentration, removal of PSS from the film, morphology, and conformation
change with elongated and better connected PEDOT chains are the main mechanisms of conductivity enhancement. ITO-free
polymer solar cells were also fabricated using PEDOT:PSS electrodes treated with different concentrations of formic acid and
showed equal performance to that of ITO electrodes. The concentrated acid treatment did not impair the desirable film
properties as well as stability and performance of the solar cells.
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1. INTRODUCTION

Flexible organic-based optoelectronic devices such as liquid
crystal displays (LCDs), light-emitting diodes (LEDs), solar
cells, touch panel displays, and many others have important
applications in many areas and have attracted significant
interest due to their low-cost, roll-to-roll, and large area
processing, mechanical flexibility, and lightweight properties.1,2

The roll-to-roll processability, which also is a determining factor
for the cost of devices, is highly dependent on electrodes of the
devices as the interlayer and active layer materials can easily be
processed through conventional solution processing. Optoelec-
tronic devices need at least one transparent electrode in order
to allow light to be harvested by the active layer or to emit light.
Tin doped indium oxide (ITO), which currently is used as the
standard transparent electrode, has many drawbacks: ITO’s
price is skyrocketing due to Indium’s limited availability, is
mechanically brittle, and has poor adhesion on organic and
polymeric materials.3,4 For example, 37−50% of materials cost
in polymer solar cells is from ITO.5 ITO has also additional
inherent problems such as release of oxygen and indium into
the organic layer, poor transparency in the blue region, and
complete crystallization of ITO films, which requires high
temperature processing.6 To respond to these drawbacks,

numerous solution processable and printable candidates
including metal nanowires,7,8 carbon nanotubes,9−11 gra-
phene,12,13 and conducting polymers14−18 are being actively
investigated as a replacement for ITO.
Among the alternatives, conductive polymer poly(3,4-

ethylene dioxythiophene) (PEDOT) doped with poly(styrene
sulfonate) (PSS) (chemical structure shown in Figure 1) is
quite promising as a next-generation transparent electrode
material. PEDOT:PSS films have high transparency in the
visible range, high mechanical flexibility, and excellent thermal
stability and can be fabricated through conventional solution
processing. Furthermore, PEDOT:PSS films can be easily
nanostructured to enhance the localized light intensity to the
active layer and generate more power.19 However, pristine
PEDOT:PSS films suffer from very low conductivity of less
than 1 S cm−1, which is too low to be used as standalone
electrodes. PEDOT is insoluble in most solvents but can be
dispersed in water by using PSS as a counterion. PSS also serves
as an excellent oxidizing agent, charge compensator, and as a
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template for polymerization.20,21 However, in an aqueous
dispersion of PEDOT:PSS, short PEDOT chains are
surrounded by a thin PSS-rich surface layer, which is one of
the main reasons for its low conductivity.
Many techniques have been proposed and are being actively

investigated to enhance the conductivity of PEDOT:PSS by
more than 3 orders of magnitude to replace ITO.22 The
approaches include addition of organic compounds such as
ethylene glycol, polyethylene glycol, dimethyl sulfoxide,
dimethyl sulfate, sorbitol, mannitol, ionic liquid, anionic
surfactant, etc. into the PEDOT:PSS aqueous dispersion,23−30

treatment of PEDOT:PSS films with polar organic compound,
alcohol, salt, acid, zwitter ion, or cosolvents,31−35 or a
combination of both mixing the additive in the PEDOT:PSS
dispersion and film treatment.36 Recently, the conductivity of
Clevios PH1000 PEDOT:PSS has been enhanced to 3065 S
cm−1 by treating the film three times with 1 M sulfuric acid at
160 °C and to 3400 S cm−1 using vacuum vapor phase
polymerization technique.37,38 However, the polymer solar cell
device performances fabricated with these high conductivity
PEDOT:PSS anodes were lower than the ITO counterparts. In
addition to high conductivity, high transmittance and other film
properties should not be impaired during film treatment.
Hence, further investigations on the mechanism of conductivity
and other film properties are vital. Takano et al. used small and
wide-angle X-ray scatterings and found that nanocrystals of
PEDOT are formed after film treatment.39 Wei et al. also
showed that there is improved crystallinity of the PEDOT and
the ordering of the PEDOT nanocrystals in solid films after film
treatment with EG which led to both carrier concentration and
carrier-mobility enhancement.40

In our earlier report, we showed conductivity enhancement
of PEDOT:PSS to 1362 S cm−1 by simple film treatment with
methanol and investigated in detail the mechanisms of
conductivity enhancement.31 In this work, we report con-
ductivity enhancement of Clevios PH1000 PEDOT:PSS by
treating with formic acid and its application as transparent
anode for ITO-free polymer solar cells (PSCs). Treatment with
different concentrations of formic acid was carried out by
dropping formic acid at 140 °C on annealed PEDOT:PSS film
with or without subsequent rinsing with water. The highest

conductivity was 625, 1900, and 2050 after treatment with 2,
10, and 26 M formic acid, respectively. High dielectric constant
formic acid easily screens the Coulombic interaction between
PEDOT and PSS and brings about phase separation between
them leading to more aggregated and interconnected PEDOT
chains which facilitate easy charge transfer. ITO-free PSCs with
formic acid treated anodes also showed almost equal power
conversion efficiency to that of the ITO counterparts.

2. EXPERIMENTAL SECTION
2.1. Preparation and Characterization of PEDOT:PSS Films.

Clevios PH1000 PEDOT:PSS aqueous dispersion (Heraeus Ltd.) has
PEDOT:PSS concentration 1.0−1.3% by weight, and the weight ratio
of PSS to PEDOT is 2.5. Glass substrates with area 1.5 × 1.5 cm2 were
cleaned with sonicator successively in detergent water and twice in
deionized water for 15 min each time and then dried in an oven after
purging with N2 air. PEDOT:PSS filtered through 0.45 μm PTFE
syringe filter was spin coated at 3000 rpm for 60 s on glass substrates
which were treated with UV/ozone for 15 min prior to spin coating.
The films were annealed on a hot plate in ambient atmosphere at 130
°C for 20 min, and film treatment was performed inside a hood by
dropping 150 μL of different concentrations of formic acid (Sigma
Aldrich) on the film at 140 °C and then dried for 5 min. For some of
the films rinsing was done, after cooling the annealed films, by briefly
dipping in DI water three times and then were dried at 140 °C for 5
min. For some films formic acid treatment was repeated three times by
rinsing after each treatment. Thicker PEDOT:PSS films were prepared
by spin coating multiple times, and annealing and film treatment were
done after each layer.

Film thickness was measured using alpha step surface profiler
(Veeco Dektak 150). Conductivities were measured using van der
Pauw four-point probe technique with Hall Effect measurement
system (Ecopia, HMS-5000). Absorption and transmission spectra of
the films were measured using a Jacobs V-670 UV-vis-NIR
spectrophotometer. The values of transmittances reported in this
paper are at the wavelength of 550 nm and include the absorption of
the glass substrate. For absorption measurement quartz substrates
were used to prepare the films. X-ray photoelectron spectroscopy
(XPS) was done using PHI 5000 VersaProbe (ULVAC-PHI,
Chigasaki, Japan) equipped with Al Kα X-ray source (1486.6 eV).
Surface morphologies of the films were imaged using a scanning
electron microscope (SEM) (FEI Nova 200) and an atomic force
microscope (AFM) (Veeco di Innova) in the taping mode. Work
function measurements were performed using a low-energy photo-
electron spectrometer (AC-2, Riken-Keiki). AC-2 works at atmos-
pheric pressure in ambient atmosphere having an open counter
equipped with a UV source.

2.2. Fabrication and Characterization of PSCs. PSCs were
fabricated using both ITO-free highly conductive formic acid treated
PEDOT:PSS films and ITO (<7 Ω □−1, RiT display) anodes on glass.
A relatively well studied and stabilized donor:acceptor blend of poly(3-
hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl
ester (PC61BM) was used as the active layer. A blend solution of
P3HT:PCBM was prepared by dissolving 20 mg mL−1 of each
component in 1,2-dichlorobenzene at 70 °C for 3 h and spin coated at
600 rpm for 60 s in a N2 filled glovebox on the PEDOT:PSS film
treated with formic acid and ITO. Less conductive PEDOT:PSS
(Clevios P VP 4083) was spin coated at 4000 rpm for 60 s on ITO
surface as a buffer layer and annealed in the same way prior to the
active layer deposition. The active layer was then solvent annealed by
covering with glass Petri dishes for 30 min, and, subsequently, the films
were annealed on a hot plate at 130 °C for 30 min. The devices were
completed by thermal deposition of 30 and 60 nm thick calcium and
aluminum, respectively, at a pressure below 10−6 Torr through a
shadow mask.

The photovoltaic performance of the devices was measured inside a
glovebox filled with N2 under simulated AM 1.5G illumination (100 W
cm−2) using a xenon lamp based solar simulator (Thermal Oriel 1000
W). The light intensity was calibrated by a monosilicon photodiode

Figure 1. Average conductivities of PEDOT:PSS films treated with
different concentrations of formic acid with error bars. Inset: chemical
structure of PEDOT:PSS and formic acid.
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with a KG-5 color filter (Hamamatsu, Inc.). Devices were illuminated
under mask, and the active area of the devices was controlled to be 0.1
cm2.

3. RESULTS AND DISCUSSION
3.1. Conductivity, Optoelectronics Properties, and

Other Characterizations of the PEDOT:PSS Films. The

conductivities of PEDOT:PSS films treated with different
concentrations of formic acid are shown in Figure 1 along with
the error bars. The conductivity increased very fast up to 10 M
formic acid concentration and increased only slightly afterward.
The average conductivity was 0.3, 580, 1780, and 1950 S cm−1

for pristine, 2, 10, and 26 M (98% v/v concentration) formic
acid concentration, respectively. The average conductivity was
calculated by measuring at least different 10 samples. The
highest conductivity observed was 625, 1900, and 2050 S cm−1

for 2, 10, and 26 M formic acid concentration, respectively.
This conductivity is comparable to the value reported by Xia et
al. using 1.5 M sulfuric acid by a single treatment.37 The same
authors also used organic acids (acetic acid and higher
molecular weight acids) to treat Clevios P and showed “n”
shaped conductivity enhancement with acid concentration
where the maximum conductivity was 210 S cm−1.33 They did
not find appreciable conductivity enhancement with pure acids.

However, our observation is in contrary to this, and even the
highest conductivity was shown using almost pure formic acid.
Yoo et al. also improved the conductivity of PEDOT:PSS to
250 S cm−1 using preheated dichloroacetic acid.41

Conductivity enhancement is strongly dependent on
dielectric constants of the chemicals used for treatment;
solvents with higher dielectric constants induce a stronger
screening effect between counterions and charge carriers, which
in turn reduces the Coulomb interaction between positively
charged PEDOT and negatively charged PSS dopants.42 The
dielectric constant of sulfuric acid, formic acid, and acetic acid is
101, 58.5 and 6.2, respectively, and is in agreement with the
conductivity enhancement imparted by the acids.43,44 The high
dielectric constant formic acid facilitates the segregation of PSS
from the film. As shown in the SEM images in Figures S1b and
S1c (Supporting Information), darker segregated lines are
formed after formic acid treatment which are similar to the
methanol treatment.31 These lines are insulator PSS and were
easily removed by rinsing with DI water (Figure S1d,
Supporting Information). The film thickness decreased by 20
to 25 nm after treatment. We also noted that there was almost
no change in conductivity after rinsing with DI water; rather we
sometimes experienced some film damages by the highly
hydrophilic water. The PSS was only physically present on the
film surface but functionally separated. In an effort to further
enhance the conductivity, we tried three times treatment by
rinsing after each step as reported by Xia et al.,37 but there was
no appreciable change in conductivity. The film was seen more
compact and chains shorter as will be discussed later using
AFM images.
Conductivity is related to mobility and bulk concentration

with the following formula45

σ μ= e N (1)

where σ, e, μ, and N are conductivity, elementary charge, carrier
mobility, and bulk concentration, respectively. As measured by
the Hall effect measurement system, the bulk concentration of
PEDOT:PSS films increased from 1017 cm−3 to 1021 cm−3 after
film treatment. This carrier concentration is equal or even a
little higher than that of ITO. The bulk concentration for
semimetals is in the order of 18 to 21 cm−3 and that of metals
more than the order of 22 cm−3. However, the mobility was

Figure 2. (a) Transmittance of l, 2, and 3 layers of PEDOT:PSS films
treated with 26 M formic acid and ITO. (b) Variation of transmittance
and sheet resistance with film thickness for PEDOT:PSS treated with
26 M formic acid.

Figure 3. UV absorption spectra of PEDOT:PSS films before and after
formic acid treatment.
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seen not to be enhanced much, fluctuating between 0.1 to 5
cm2 V−1 s−1 both before and after treatment. The conductivity

value, however, is the same even with these fluctuations.
Recently, Wei et al. measured the mobility of PEDOT:PSS
films using ion-gel transistors combined with in situ UV−vis−
NIR spectroscopy and showed that mobility increased after EG
treatment although they also pointed out that the exact value
will have errors.40 Mobility measurement of PEDOT:PSS using
the Hall effect is challenging since the high carrier
concentration produces small Hall voltage and mobile ions,
and the values obtained were seen to fluctuate.
Formic acid treatment did not impair the transmittance of

the PEDOT:PSS films. Figure 2a shows the transmittance
spectra of one, two, and three layers of PEDOT:PSS films on
glass treated with formic acid and ITO on glass. Even three
layers of PEDOT:PSS film (∼100 nm thick) has higher
transmittance than ITO in the violet, blue, and green regions.
The transmittance values of one, two, and three layers of
PEDOT:PSS and ITO are 92.1, 89.9, 88.2, and 88%,
respectively, at 550 nm including the glass substrate. Figure
2b shows the variation of sheet resistance and transmittance
with film thickness. The transmittance decreases almost linearly
with increasing film thickness. The sheet resistance was 145, 68,
and 23 Ω □−1 for film thickness 35, 75, and 225 nm,
respectively, while the transmittance was 92.1, 89.9, and 80.1%,

Figure 4. XPS spectra of pristine PEDOT:PSS and PEDOT:PSS films treated with 26 M formic acid (26 M − before rinsing and 26 M rinsed − after
rinsing). (a) S(2p), (b) C(1s), and (c) O(1s) core-level spectra.

Figure 5. AFM images of PEDOT:PSS films: pristine (a) and (b), treated with 26 M formic acid and rinsed with DI water once (c) and (d) and
treated with 26 M formic acid and rinsed with DI water three times (e) and (f). The upper images are phase images, and the bottom ones are
topographic images. All the images are 1 μm × 1 μm.

Figure 6. Conductivity stabilities of pristine and 10 and 26 M formic
acid (both before and after rinsing) treated PEDOT:PSS films in the
ambient atmosphere.
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respectively. Three layers of PEDOT:PSS film treated with
formic acid fulfill the minimum optical and electrical require-
ments for transparent electrodes which are transmittance higher
than 90% and sheet resistance less than 100 Ω □−1 ensuring
that PEDOT:PSS films are promising replacements for ITO
electrodes. For transparent electrodes, transmittance and sheet
resistance are related by the following formula46

σ
σ

= +
−⎛

⎝⎜
⎞
⎠⎟T

Z

R
1

2
0 op

S dc

2

(2)

where T is the transmittance, RS is the sheet resistance, Z0 =
377 Ω is the impedance of free space, and σop and σdc are the
optical and dc conductivities, respectively. The minimum
industry standard is σdcσop

−1 > 35. The σdcσop
−1 is calculated for

different thicknesses and given in Table S1 (Supporting
Information). Formic acid treated PEDOT:PSS films have

σdcσop
−1 > 104 and even higher for lower film thicknesses

rivaling any other reported values.36

To further explore the effect of formic acid and the
mechanism of conductivity enhancement, we utilized various
characterizations. The UV absorption spectra of PEDOT:PSS
film decreased after formic acid treatment (Figure 3). The two
absorption bands originate from the aromatic rings of PSS.16,36

The decrease in the UV absorption spectra and 20−25 nm film
thickness reduction after formic acid treatment is attributed to
the removal of PSS from the film.
The removal of PSS from the PEDOT:PSS film was further

confirmed and quantified using XPS. Figure 4 shows the XPS
spectra of pristine PEDOT:PSS and those treated with 26 M
formic acid both before and after rinsing with DI water. The
S(2p) peak at the binding energy of 167.6 eV corresponds to
the sulfur signal of PSS, and the doublet peaks at 164.4 and
163.4 eV correspond to the sulfur signal of PEDOT (Figure
4a).47 The peaks were shifted a little bit to the lower energy
level after formic acid treatment. The PEDOT:PSS ratio was
calculated by calculating the area under each peak using full
width at half-maximum (FWHM) curve fitting. The ratio of
PEDOT to PSS increased from 1:2.83 before film treatment to
1:1.23 after film treatment by dropping formic acid only and
even increased further to 1:1.07 after rinsing with DI water;
which is 56.5% and 62%, respectively, PSS removal from the
film surface. This is the highest PSS removal to the best of our
knowledge. This high percentage removal of PSS, however, may
not be from the entire volume of the film as formic acid will not
penetrate entirely, and even if it did it will be difficult for long
chain PSS to come up to the film surface. The PEDOT to PSS
ratio of 1:2.83 for the pristine film agrees well with the already
accepted idea that the film surface contains more PSS than the
bulk.48 Almost the same amount of PSS loss was also observed
using 10 M formic acid treatment as shown in Figure S2 and
Table S2 (Supporting Information). The removal of PSS from
the film surface did not affect much the work function of the
films (Figure S3, Supporting Information). Formic acid with its
high dielectric constant induces a screening effect between the
positively charged PEDOT chains and negatively charged PSS
chains, thus reducing the Coulombic interaction between
them.42 The reduction of the Coulombic interaction between
PEDOT and PSS chains facilitates phase separation on the
nanometer scale. Moreover, the polar hydrophilic formic acid
will also easily dissolve the phase separated hydrophilic PSS and
facilitate its removal from the film.
The C(1s) and O(1s) core level spectra of pristine and

formic acid treated PEDOT:PSS films are shown in Figures 4b
and 4c. A new small and broad shoulder peak appeared around
285.6 eV after formic acid treatment in the C(1s) spectra. This
new peak at higher energy could be the CO peak which has
come from formic acid. The two peaks in Figure 4c at 532.6

Figure 7. (a) Chemical structures of active layer chemicals. (b) Device
architecture of the ITO-free PSC. (c). J-V curves of PSCs with ITO
and PEDOT:PSS treated with 10 and 26 M formic acid before and
after rinsing. (26 M rinsed 3× − treatment done three time with 26 M
formic acid).

Table 1. Photovoltaic Performances of PSCs with ITO and PEDOT:PSS Treated with 10 M and 26 M Formic Acid (before and
after Rinsing) Anodes Extracted from the J-V Curves

anode JSC (mA cm−2) VOC (V) FF (%) PCE (%) RS (Ω cm2) RSH (KΩ cm2)

ITO 11.12 0.57 64.84 4.11 1.1 2.96
PEDOT:PSS − 10 M FA 11.48 0.56 63.31 4.07 2.85 2.56
PEDOT:PSS − 26 M FA 11.70 0.57 61.48 4.10 2.71 2.68
PEDOT:PSS − 10 M FA rinsed 11.10 0.56 62.90 3.91 2.96 1.82
PEDOT:PSS − 26 M FA rinsed 10.84 0.57 63.6 3.93 2.82 2.51
PEDOT:PSS − 26 M FA rinsed 3× 10.55 0.56 61.1 3.61 4.12 1.93
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and 531.4 eV are the O peaks from PEDOT and PSS,
respectively. The PSS peak became smaller and broadened to
the lower energy level after formic acid treatment which could
be due to H+ reacting with PSS− forming PSSH. These suggest
that there is deprotonation of formic acid at high treatment
temperature even at higher formic acid concentration. The
anion and cation of formic acid will interact with the positively
charged PEDOT and negatively charged PSS, respectively and
facilitate the phase separation between PEDOT and PSS.
The AFM images show that there is clear change in the film

morphology after treatment with formic acid (Figure 5). In the
phase image, the brighter (positive) and dark (negative) phase
shifts correspond to PEDOT-rich grains and PSS-rich grains,
respectively.49 The phase image is homogeneous with
disconnected PEDOT-rich chains and weak phase separation
between PEDOT and PSS for the pristine films, whereas there
is a good phase separation between PEDOT and PSS chains
with more fiber-like interconnected conductive PEDOT-rich
chains after film treatment with formic acid. The pristine film is
covered with more PSS-rich and the formic acid treated film
with PEDOT-rich domains. The depletion of insulating PSS
leads to a 3D conducting network of highly conductive
PEDOT, resulting in an increase in the conductivity. The
topographic AFM images show that the films were quite
smooth with rms roughness of 1.31, 1.66, and 1.89 nm before
and after treatment with formic acid once and three times,
respectively. Even though PEDOT chains were seen to be more
aggregated after formic acid treatment, they were not as big as it
happened to EG treatment.30 When formic acid treatment was
done three times the grain sizes became even smaller, probably
that is one of the reasons why conductivity did not increase
with three times treatment. The films were also seen to be more
compacted after treatment. The compact and fiber-like
PEDOT-rich grains facilitate charge conductivity.
Earlier reports showed that there is improved crystallinity

and ordering of the PEDOT nanocrystals40 and conformation
change of PEDOT chains from a coiled to a linear/extended-
coil structure50 after EG treatment of PEDOT:PSS. The phase
separated, fiber-like, and interconnected PEDOT-rich chains in
the AFM phase images suggest that the conformation of
PEDOT will be changed. In the untreated solid film, PEDOT
and PSS are held by Coulombic attractions and have coiled or
core−shell structure with a hydrophobic conductive PEDOT-
rich core and a hydrophilic insulating PSS-rich shell which is
formed due to repulsion between long PSS chains in the outer
shell.49 Formic acid treatment with high dielectric constant
screens the Coulombic attraction between PEDOT and PSS
chains leading to phase separation between them, and PEDOT
chains will be linearly oriented and interconnected to each
other. The phase separated, crystalline, and oriented PEDOT
polymer chains allow more interchain interaction between the
conducting polymers. Hence, the energy barrier for interchain
and interdomain charge hopping will be lowered leading to
better charge transfer among the PEDOT chains. Charge
hopping among the polymer chains is believed to be the
dominant conduction mechanism in conducting polymers.51

PEDOT-rich chains with improved crystallinity, preferred
orientation, linear structure, larger grain size, and lower
intergrain hopping promote the charge hopping, and eventually
the conductivity is tremendously enhanced.
A question may be raised whether acid treatment will affect

the stability of the film or not. In principle, the removal of the
insulator hygroscopic PSS from film surface should not only

increase the conductivity of the film but also improve its long-
term stability as PSS is the prime reason for the degradation of
organic solar cells.31,36 Moreover, formic acid with a low boiling
point (∼101 °C) will evaporate after treatment. As a proof of
concept, we assessed the conductivity stability of the
PEDOT:PSS films by keeping them in ambient atmosphere
at room temperature and humidity higher than 75%. As
expected, formic acid treated films maintained 70% of the
original conductivity, while the pristine films maintained only
28% in 25 days (Figure 6). The detail mechanism of
degradation needs some further investigation.

3.2. ITO-Free PSCs Using PEDOT:PSS Treated with
Formic Acid. To evaluate device performances, PSCs using
PEDOT:PSS treated with 10 and 26 M formic acid both before
and after rinsing as standalone anodes were fabricated. The
chemical structures of the active layer chemicals (P3HT and
PC61BM), device architecture, and the current density (J)-
voltage (V) curves of the PSCs with single layer (∼35−45 nm)
PEDOT:PSS anodes are shown in Figure 7. PSCs using the
ITO anode with a less conductive PEDOT:PSS (Clevios P VP
Al 4083) buffer layer were also fabricated as control devices.
The power conversion efficiency (PCE), short-circuit current
density (JSC), open-circuit voltage (VOC), fill factor (FF), and
series resistance (RS) and shunt resistance (RSH) of the PSCs
are given in Table 1. Generally, PEDOT:PSS anodes show
almost equal performance to that of the ITO anode owing to
their high conductivity and high transmittances. The
PEDOT:PSS anode treated with 26 M formic acid showed a
JSC of 11.70 mA cm−1, VOC of 0.57 V, and PCE of 4.10% with a
FF of 61.48%. The PSC with reference ITO electrode has a
PCE of 4.11% with little higher FF and lower JSC. Both 10 and
26 M treated PEDOT:PSS anodes showed better JSC than their
ITO counterparts due to their higher transmittance values.
When rinsing was done for both 10 and 26 M formic acid, the
device performance was a little lower. For the film treated with
only a drop method (without further rinsing with DI water), a
very thin PSS layer segregated by formic acid is still on the film
surface, and it will act as a functional buffer layer giving an
electron blocking function for the device. Additionally, the
rough surface after drop treatment may serve as a center for the
initial crystallization of the P3HT polymer which further leads
to better alignment of P3HT and PCBM domains.52 When
treatment was done three times, the performance was lower
probably due to the unfavorable film condition during repeated
water rinsing. PEDOT:PSS electrodes showed low RS and high
RSH values comparable to the ITO electrode. The preliminary
stability of the devices was assessed by keeping them in the N2
filled glovebox. Devices with formic acid treated PEDOT:PSS
anodes maintained up to 93% of the original efficiency in
fourteen days, while those with the ITO anode maintained only
86% (Figure S4, Supporting Information). The same trend was
also observed in our earlier studies for PEDOT:PSS treated
with methanol anodes.31 The highly acidic PSS buffer layer
corrodes ITO and is the main reason for fast degradation of the
ITO deices.53

4. CONCLUSIONS
We have shown, for the first time, almost 100% concentrated
acid can tremendously enhance conductivity of PEDOT:PSS by
simple film treatment without affecting its other desirable
properties. The conductivity was enhanced from 0.3 S cm−1 to
1900 and 2050 S cm−1 after film treatment with 10 and 26 M
formic acid, respectively. Formic acid treated PEDOT:PSS films

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am405024d | ACS Appl. Mater. Interfaces 2014, 6, 2292−22992297



also have very high transmittances: 92.1% with 145 Ω □−1

sheet resistance and 80.1% with 23 Ω □−1 sheet resistance.
Four orders of magnitude carrier concentration enhancement,
phase separation between PEDOT and PSS, removal of PSS
from the film, and conformation change are the mechanisms for
the tremendous conductivity enhancement. This work will add
up to the existing knowledge on conductivity enhancement of
PEDOT:PSS and opens up new insights to further boost its
conductivity. Up to 62% of PSS was removed after rinsing.
ITO-free PSCs with standalone PEDOT:PSS anodes treated
with formic acid using P3HT:PCBM as the active layer showed
PCE of 4.10%, while the ITO counterpart showed 4.11%.
These results demonstrate that formic acid treatment of
PEDOT:PSS is highly promising for transparent flexible
electrodes to replace ITO for low cost and flexible printable
electronics.
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