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A highly conductive poly(3,4-ethylenedioxythiophene) (PEDOT) film was prepared by in-
situ oxidative polymerization on a glass substrate and adopted as the transparent anode
of polymer solar cells that were based on a blend of poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl Cg; butyric acid methyl ester (PCBM) as the photoactive layer. PEDOT anodes
of various thicknesses were prepared for use in such devices. The resistance of the PEDOT
and the transmitted light intensity of the irradiation varied with the thickness. The best
devices exhibited a power conversion efficiency of 2.6% under simulated AM1.5G solar irra-
diation. Importantly, the conversion efficiency of incident photons to electrons in the
device with the PEDOT anode was comparable to that with an ITO electrode, indicating
the practicability of applying PEDOT as anode to fabricate high-efficiency flexible solar
cells.
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1. Introduction

In recent years, considerable research has focused on
developing polymer solar cells [1-5] because they can be
potentially laminated onto mobile phones, personal digital
assistants (PDA) and laptops, to provide trickle electricity,
reducing the need to plug them in for power. Eventually,
such flexible polymer solar cells will be able to integrate
into clothes, powering electric appliances on a person.
However, indium tin oxide (ITO) is still widely used as
transparent electrodes of polymer-based solar cells and
other optoelectronic devices because of its low resistance
and high optical transparency. Although an ITO electrode
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provides many advantages in the fabrication of polymer
solar cells, its brittleness and thermal expansion coefficient
limit its flexibility and thermal stability on a polymer sub-
strate, and are responsible for poor interfacial compatibil-
ity between the organic materials and ITO surface [6,7].
Moreover, the high material and production costs of ITO
engender a strong desire to develop a solution processable
and low-cost material as the transparent electrode of poly-
mer solar cells.

Recently, transparent films of carbon nanotubes (CNTSs)
have been used as electrodes in organic optoelectronic de-
vices. Rowell et al. demonstrated a poly(3-hexylthiophene)
(P3HT)/|6,6]-phenyl Cg; butyric acid methyl ester (PCBM)
solar cell using a transparent metallic single-wall CNT on
plastic substrate as anode [8]. Such devices showed the
highest power conversion efficiency of 2.5%. This perfor-
mance is comparable to the reference device with ITO an-
ode. Nevertheless, although transparent CNTs electrodes
have high optical transparency and high conductivity, the
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high cost and difficulty of its process limit their practical
use in commercial products. Very recently, a polymer solar
cell with graphene-based film as anode was also reported
but its efficiency is still much less than 1% [9]. Accordingly,
one of the important advantages of using semiconductive
conjugated polymer as a transparent electrode is that
conducting polymers can be easily fabricated by inkjet
printing, screen printing, roll-to-roll coating or other eco-
nomical solution processes [10-12].

Among the numerous conducting polymers, the poly-
thiophene derivative, poly(3,4-ethylenedioxythiophene)
(PEDOT) has high conductivity and excellent environmen-
tal stability, but it is insoluble in many solvents. Water-dis-
persible PEDOT:poly(styrenesulfonate) (PSS) complex has
been extensively used as a hole-transport layer in organic
optoelectronic devices because of its ease of process and
suitable work function [13]. PEDOT:PSS exhibits significant
optical transparency to visible light of 80% [14], and its
conductivity can be improved by the addition of polyalco-
hols or high dielectric solvents [15-21]. Several polymer
solar cells using PEDOT:PSS as a transparent electrode have
recently been demonstrated [16,20-22]. However, its high-
est conductivity is still about 20 times of magnitude lower
than that of ITO (~3800 S/cm) [20].

Although PEDOT:PSS has shown favorable optical trans-
parency, its conductivity is still too low to support high de-
vice performance because of the existence of insulating PSS
component. Winther-Jensen and West recently synthe-
sized a PEDOT thin film without insulating PSS by vapor-
phase polymerization [23]. This process utilizes iron(III)
toluenesulfonate (Fe(OTs)s) as an oxidant and pyridine as
a basic inhibitor. The polymer solar cells based on such
PEDOT electrodes exhibit usable device performance [24].
In addition, Ha et al. demonstrated a simple process for
preparing highly conductive PEDOT thin films on a glass
substrate [25]. This method utilizes iron(IIl) toluenesulfo-

Substrate

Fig. 1. Schematic representation of the P3HT:PCBM-based solar cell with
PEDOT anode.

nate (Fe(OTs)s) as an oxidant and imidazole as a base to re-
duce the reactivity of Fe(OTs)s, reducing the rate of
polymerization and the doping level. At optimal conduc-
tion, the conductivity of this PEDOT thin film is approxi-
mately 750S/cm. This easily prepared and highly
conductive PEDOT electrode can be further applied in the
soft electronics industry, in which inorganic materials are
unsuitable. This work demonstrates a series of
P3HT:PCBM-based solar cells with PEDOT anode of various
thicknesses (Fig. 1) and measures their current-voltage
characteristics, including their solar power conversion effi-
ciency, resistance and incident photon to electron conver-
sion efficiency (IPCE), to investigate the effect of light
intensity, PEDOT transparency and sheet resistance.

2. Experimental

The PEDOT films were polymerized in a manner similar
to that employed by Ha et al. [25]. 3,4-Ethylenedioxythio-
phene (EDOT) (Baytron M, Bayer) was first purified by dis-
tillation, yielding a clear colorless liquid, and the glass
substrate was cleaned with detergent, acetone and isopro-
pyl alcohol in an ultrasonic bath, before being dried in an
oven. Fe(OTs); (4 g, 40 wt.% in n-butanol, Baytron C, Bayer)
and imidazole (0.36 g, 5.25 mmol) were dissolved in n-
butanol (7.4 mL) with stirring at 50 °C for 30 min. The dis-
tilled EDOT (0.43 g, 3.00 mmol) was then added to the
solution. The mixture was rapidly spin-coated onto the
pre-cleaned glass substrate at various spin rates, and then
moved onto a digitally controlled hotplate for EDOT poly-
merization at 110 °C for 1 h. Finally, the PEDOT/glass sub-
strates were cooled to room temperature. They were
washed twice with methanol to remove the residual imid-
azole and oxidant and then dried on a hot plate at 110 °C
for 5 min. Regioregular P3HT was prepared using the Grig-
nard metathesis approach, providing regiocontrol in each
coupling step in the polymeric reaction [26]. The regioreg-
ularity was determined by 'H NMR to be greater than 96%.
The number-average molecular weight was 43000 g/mol
and the polydispersity index was 1.5, based on GPC analy-
sis (THF eluent, polystyrene standard). PCBM was prepared
in our laboratory using a method described elsewhere [27].

Polymer solar cells with an ITO (15 Q/sq, Merck Display)
or PEDOT anode were prepared as follows. PEDOT transpar-
ent films of various thicknesses were prepared as in the
above experiment without further cleaning. The ITO glass
was cleaned as the glass substrate described above.
PEDOT:PSS (Baytron P, Bayer) was spin-coated on thus-
prepared anode substrates to modify the anode surface,
affording a hole-collection layer of 60 nm, after drying at
140°C for 10 min. Then, the P3HT:PCBM blend (10 mg
P3HT and 8 mg PCBM in 1 mL chlorobenzene) was spin-
coated on top of the hole-collection layer at 700 rpm for
60 s, forming an active layer with a thickness of 90 nm. A
100 nm aluminum electrode was then deposited on top of
the active layer using a thermal evaporator. The active area
of the device, defined using a shadow mask was 0.09 cm?.
After the cathode was deposited, the devices were annealed
using a digitally controlled hotplate at 150 °C for 30 min,
and then slowly cooled to room temperature.
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The optical transparent spectra of the PEDOT films on
glass substrate were measured using a Hitachi U-3410
spectrophotometer. The surface morphology of the elec-
trode films was observed by atomic force microscopy
(AFM) using a Digital Instruments NanoScope Illa. All
images were captured in height-contrast mode, revealing
the surface roughness of the films. The sheet resistances
of PEDOT films were measured using a four-point probe
meter, Quatek QT50, and the thickness of each sample
was measured using a Dektak 6 M profilometer after a
cut had been made on the film surface by a razor blade
to expose the glass surface. Averages of at least four mea-
surements made at different locations on the sample were
taken to determine film thickness and calculate sheet
resistance. The work functions of materials were measured
using an AC2 photoelectron spectrometer (Riken Keiki Co.).
The ITO sample was cleaned before any measurement was
made. The PEDOT sample was prepared as in the above
experiment and without further cleaning.

The current-voltage characteristics were measured
using a Keithley 236 source measurement unit. The solar
simulator comprised an Oriel xenon arc lamp with an
AM1.5G solar filter, and the intensity was calibrated using
a mono-Si reference cell with a KG5 color filter. A set of
neutral density filters with a constant optical density over
the spectral range of the light source was used to vary the
light intensity from 50 mW/cm? to 6 mW/cm?. The IPCE
spectra were recorded under illumination by a xenon lamp
with a monochromator (TRIAX 180, JOBIN YVON), and the
light intensity was calibrated using an OPHIR 2A-SH power
meter.

3. Results and discussion

In-situ oxidative polymerization was adopted to prepare
PEDOT films on glass substrate using Fe(OTs)s and imidaz-
ole as oxidant and base, respectively. The function of imid-
azole is to reduce the reduction potential of the Fe3*/Fe**
couple and then the polymerization rate by reducing the
pH of a reaction medium and forming a coordination com-
plex with Fe(OTs);. Additionally, the presence of imidazole
promotes formation of polymer chains with high molecu-
lar weights through a faster quench on monomer radicals
than on oligomeric radicals during polymerization, thus
increasing the conductivity of the PEDOT film [25]. The
as-synthesized polymer film did not dissolve in water
and common organic solvents, preventing the dissolution
of PEDOT in the subsequent device fabrication process.
The surface roughness of the PEDOT film was determined
from its AFM images, shown in Fig. 2. It was found to be
around 1.5 nm which was ~3.1 nm less than that of the
ITO surface (The AFM image of the ITO surface is not
shown.).

PEDOT films of four thicknesses were obtained by vary-
ing the spin rates - 256 nm, 169 nm, 81 nm and 28 nm. Fig.
3 plots the sheet resistances and transparency of the PED-
OT films on a glass substrate. The sheet resistances were
measured by the four-point probe method. The results
show that the sheet resistances increased as the PEDOT
film thickness decreased. The values ranged from 76 to
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Fig. 2. AFM images of the PEDOT film.

761 Q/sq, and corresponding to thicknesses of 256-
28 nm, with an average conductivity of about 500 S/cm.
In these cases, the conductivity of PEDOT was closer to,
but lower than, that of ITO (15 Q/sq, 3800 S/cm), but it still
exceeded those of the other doped PEDOT:PSS conductive
materials, presented in the literature [15-21]. The absorp-
tion spectrum of photoactive P3HT has a main absorption
wavelength in the range of 400-650 nm with a maximum
absorption wavelength at 510 nm. Therefore, Fig. 3 also
plots the transmittance of PEDOT film on glass at the wave-
length of 510 nm to examine the effect of PEDOT on the
absorbance of P3HT in a polymer solar cell. As expected,
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Fig. 3. The influences of the thickness of PEDOT film on its transmittance
at 510 nm (OJ) and sheet resistance (®).

the transmittance increased as PEDOT film thickness de-
clined, allowing more sunlight to penetrate to the active
layer of the solar cells. Thinner PEDOT electrodes can act
positively as transparent electrodes with good transmit-
tance; however, the larger resistance increases the total
series resistance of the diodes. Obviously, the primary task
in improving device efficiency is to identify the optimal
balance condition between thickness and resistance.

The work function of the electrode material is also a key
parameter in determining device performance. In this work,
a UV source was employed to measure the ionization poten-
tial of materials in air using an AC2 photoelectron spec-
trometer. Fig. 4 plots the square root of the counting rate
(CR) as a function of the photon energy and the photoemis-
sion threshold energy, which is also called the work func-
tion, was determined from the crossing point of the
background and the yield line. The work functions of PEDOT
and ITO were found out to be 4.97 eV and 4.94 eV, respec-
tively. Because measurements of the samples were made
in air, the value of ITO measured herein was slightly higher
than that reported in the literature, ~4.7 eV, as determined
by ultraviolet photoelectron spectroscopy in an ultra-high
vacuum [7,28]. Since the work function of the as-prepared
PEDOT is very close to that of ITO, the additional adjustment
on energy levels of photoactive ingredients can be mini-
mized as using PEDOT replaces ITO as the anode of photo-
voltaic cells. Herein, a series of devices with a PEDOT/
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Fig. 4. Photoelectron yield spectroscopy for PEDOT (O) and ITO (M) films.

PEDOT:PSS/P3HT:PCBM/AI structure (as shown in Fig. 1)
were fabricated to investigate the effect of the thickness of
the PEDOT anode on device performance.

An ideal high-efficiency solar cell would have a series
resistance (Rs) of close to zero [29]. For a real solar cell, a
smaller Rs is associated with a better fill factor (FF) and
short circuit current density (Jsc), and therefore higher
power conversion efficiency (PCE) of devices [29,30]. The
calculation of Rs from the dark current-voltage curves of
the devices with various PEDOT thicknesses (Fig. 5) reveals
that the Rs of the PEDOT anode-based devices increased as
the PEDOT thickness declined. The values ranged from 40
to 10> Qcm? and corresponded to electrode thicknesses
of 256-28 nm; they remained higher than that of the ITO
anode-based device (<10 Q cm?). Rs varies in a manner
similar to the sheet resistance of PEDOT films (Fig. 3) be-
cause Rs is the sum of the contact resistance and the bulk
resistance of the materials, (Rs = Ranode *+ RpepoT:pss + Rp3ut +
Rpcgm + Rap) [31]. All devices were fabricated with the same
photoactive components under identical process, so it is
reasonable to assume that the resistances of PEDOT:PSS,
P3HT:PCBM and Al stayed constant in devices. Therefore,
the Rs of the device changes only with the sheet resistance
of the PEDOT anode.

Fig. 6a-d display the effect of PEDOT film thickness on
the open-circuit voltage (Voc), FF, Jsc and PCE of the devices
under AM 1.5G illumination at various light intensities. Fig.
6a demonstrates that the anode thickness does not affect
Voc when the light intensity is fixed. However, when the
light intensity increases from 6, 18, 29, 38 to 50 mW/
cm?; Voc monotonically increases from 0.41, 0.47, 0.50,
0.52 to 0.54V, respectively, as for general polymer solar
cells [32,33]. Fig. 6b plots the dependence of FF on the PED-
OT thickness under various light intensities. For fixed an-
ode thickness, the FF of the PEDOT anode-based devices
increased slightly as the light intensity decreased, which
characteristic is similar to that of typical solar cells [33].
The data also indicate that the FF fell from ~36% to ~25%
as the PEDOT thickness decreased from 256 to 28 nm, be-
cause a thinner anode thickness leads to a higher sheet
resistance and a higher Rs. Fig. 6¢ plots the dependence
of Jsc on the PEDOT anode thickness under different light
intensities. As expected, Jsc increased as the light intensity
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Fig. 5. Dark current characteristics of anode/PEDOT:PSS/P3HT:PCBM/Al
devices with different anodes: ITO (M); PEDOT with thicknesses of
256 nm (A); 169 nm (<); 81 nm (OJ); and 28 nm (O).
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Fig. 6. Dependence of (a) open-circuit voltage (Voc), (b) fill factor (FF), (c)
short-circuit current density (Jsc) and (d) power conversion efficiency
(PCE) on the thickness of PEDOT anode in the anode/PEDOT:PSS/
P3HT:PCBM/Al devices under AM1.5G solar simulated irradiation at
power intensities of 50 mW/cm? (O); 38 mW/cm? (a); 29 mW/cm? (<);
18 mW/cm? (M); and 6 mW/cm? (O).

raised from 6 to 50 mW/cm? (Fig. 6¢). Jsc also increased
with PEDOT anode thickness from 28 to 169 nm because
a thicker PEDOT has a lower resistance and yields a higher
Jsc. However, as the PEDOT anode thickness continues to
increase to 256 nm, the resistance may become favorable,
but a thicker film corresponds to an inferior transmittance,
and therefore poor light absorption and photocurrent gen-
eration, causing the photocurrent of a 256 nm-thick PEDOT
anode-based device to be lower than that of a 169 nm-
thick device. Accordingly, Jsc is largest for a PEDOT an-
ode-based device with a thickness of 169 nm, suggesting
that the PEDOT anode has the optimal balance between
the transmittance and the resistance at this thickness. In
brief, as the cell is operated under a high-intensity illumi-
nation, a thicker PEDOT associated with a lower sheet
resistance will conduct more photocurrent out of the cell.
Conversely, as the cell is illuminated with a low-intensity
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Fig. 7. (a) Incident photon-to-current conversion efficiency (IPCE) spectra
of anode/PEDOT:PSS/P3HT:PCBM/AI devices with different anodes: ITO
(black line), 256 nm-thick PEDOT (<), 169 nm-thick PEDOT (A), 81 nm-
thick PEDOT ([J) and 28 nm-thick PEDOT (O).

light, a thinner PEDOT will allow more light to reach the
photoactive layer and produce more excitons and, thus, in-
crease photocurrent. Therefore, at a fixed light intensity,
PEDOT thickness must be carefully adjusted to balance
the series resistance of the cell and the exciton generation
rate inside the photoactive layer to optimize cell efficiency.
Fig. 6d plots the calculated PCE of devices with various
PEDOT thicknesses under different light intensities. Basi-
cally, the trend is similar to those of Vo, FF and Jsc. Since
the resistance limited the photocurrent output under high
light intensity, PEDOT anode-based devices herein perform
best when the anode thickness is 169 nm under 6 mW/cm?
of AM 1.5G irradiation; the highest PCE is 2.6% with an FF
of 35.5%.

Fig. 7 presents the IPCE spectra of the devices with an
anode/PEDOT:PSS/P3HT:PCBM/AI structure using ITO or
PEDOT of various thicknesses as the anode. The efficiency
under monochromatic illumination with a power density
of 63-480 uW/cm?, depending on the irradiation wave-
length, was calculated. All IPCE curves closely follow
the absorption spectrum of the P3HT:PCBM blend and
maximum efficiency wavelength of the IPCE located at
around 500 nm. The IPCE spectra of the devices were
sensitive to the change in PEDOT anode thickness. When
the PEDOT anode thickness was 81 nm, the IPCE reached
maxima over the full range of wavelengths due to the
optimal equilibrium between the sheet resistance and
the light transmittance. Very interestingly, these IPCEs
were comparable to those of the ITO anode-based device,
directly establishing the feasibility of using this organic-
based PEDOT as the anode in fabricating high-efficiency
flexible devices.

4. Conclusions

This work demonstrated a polymer solar cell with a con-
ductive PEDOT anode synthesized by in-situ polymerization
of EDOT on a glass substrate using Fe(OTs); and imidazole
as oxidant and base, respectively. The results reveal that
the thickness of PEDOT is a key factor in determining the
device performance. Thinner PEDOT electrodes are more
effective transparent electrodes with better transmittance,
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allowing more sunlight to be incident on the active layer of
the solar cells, but increasing the series resistance, thus
reducing the photocurrent of the devices. Thicker PEDOT
electrodes have a lower resistance, but transmittance limits
the sunlight absorption of the devices. When the thickness
of the PEDOT anode is optimized, a PCE of 2.6%, under
AM1.5G irradiation is obtained. Furthermore, the IPCE re-
sults demonstrate that these PEDOT anode-based devices
have a similar efficiency to that of an ITO anode-based de-
vice, suggesting the feasibility of replacing ITO with PEDOT
as the anode of a polymer solar cell. This transparent and
flexible polymer electrode can be further used to develop
completely organic solar cells or other electronic devices
using an easy and economic solution process on flexible
plastic substrates.
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