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Abstract. In this work, semi-transparent inverted polymer solar cells with poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate; PEDOT:PSS) top electrodes were fabricated by spin-
coating process. Poly(3-hexylthiophene; P3HT):[6,6]-phenyl C61-butyric acid methyl ester
(PCBM) was used as a model material combination for a bulk heterojunction solar cell, because
this material combination has been frequently studied, and its properties and performance have
been well established. For enhancing the wetting of P3HT:PCBM blend film, different plasma
etching conditions were tried. In addition, different high boiling point organic additives were
tried to enhance the conductivity of PEDOT:PSS. The performance of solar cells with different
fabrication conditions for the top electrode was compared. The best performance was obtained
for Ar plasma etching to improve wetting of PEDOT:PSS and the addition of ethylene glycol to
improve conductivity. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI:
10.1117/1.JPE.2.021005]
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1 Introduction

Low-cost bulk heterojunction solar cells have attracted much interest recently. In the devel-
opment of high-efficiency bulk heterojunction solar cells, great progress has been made in the
last five years with an achieved efficiency approaching 8%.1–8 Among different device archi-
tectures of bulk heterojunction solar cells, semi-transparent bulk heterojunction solar cells are
of interest due to their potential use in window applications and tandem cells.9–16 For such
applications, it is necessary to achieve a compromise between transmission and the conduc-
tivity of the transparent top electrode. By optimizing the transparent electrode, semi-transpar-
ent bulk heterojunction solar cells with good transparency and promising performance can be
achieved. Although indium tin oxide is commonly used as a transparent bottom electrode for
polymer solar cells, deposition of indium tin oxide (ITO) on top of the polymer layer is dif-
ficult due to the need for higher substrate temperature and damage to the polymer layer
induced by deposition process, usually sputtering. Therefore, other materials such as conduc-
tive polymers are of interest.13–16

The use of PEDOT:PSS as a top electrode is promising due to its solution processing ability,
which is compatible with a large scale roll-to-roll fabrication process, and mechanical flexibility
which is suitable for flexible substrates. An inverted structure is often used for semi-transparent
bulk heterojunction solar cells with a PEDOT:PSS top electrode because of its high work func-
tion. One of the challenges in adopting PEDOT:PSS for top electrodes is the deposition of the
hydrophilic PEDOT:PSS on top of the hydrophobic photoactive layer. Many methods have been
tried to overcome the wetting ability issues between the aqueous PEDOT:PSS solution and the
hydrophobic photoactive layer, including doping surfactants, addition of an interfacial layer,
solvent treatment, or plasma treatment on the photoactive layer, etc.13–17 O2 plasma has been
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tested as an effective way to make the surface of the photoactive layer more hydrophilic, but it
could damage the surface of the photoactive layer as well18. In this work, O2, N2, and Ar plasma
treatment were tested and compared for the fabrication of semi-transparent inverted bulk hetero-
junction solar cells with a PEDOT:PSS top electrode. It was found that solar cells with N2 or Ar
plasma treatment show better performance than those with O2 plasma treatment. Another con-
cern with a PEDOT:PSS top electrode is low conductivity. A PEDOT:PSS film without mod-
ification usually has a conductivity less than 1 S∕cm.19,20 Various methods to enhance the
conductivity of PEDOT:PSS have been investigated.14–16,19–21 Here, a method for doping a
high boiling point polar organic compound in PEDOT:PSS for enhancing the conductivity is
studied and the effect of two organic compounds (EG and DMSO) are compared.

2 Experimental Details

2.1 Semi-transparent Bulk Heterojunction Solar Cell Fabrication

A titanium dioxide (TiO2) precursor was prepared by mixing 0.229 ml of titanium (IV) isoprop-
oxide (TIP; 99.999%; Sigma-Aldrich, St. Louis, MO) and 0.5 g of poly(ethylene glycol) (PEG;
Sigma-Aldrich) in 10 ml of isopropanol under nitrogen atmosphere. Regioregular P3HT and
PCBM was purchased from American Dye Source (Baie D'Urfe, Quebec, Canada) and used
as received. Fluorine doped tin oxide (FTO) coated glass was cleaned sequentially in toluene,
acetone, ethanol, and deionized water, and then blown dry with nitrogen. All substrates were
treated with UVozone for 5 min prior to spin coating. A TiO2 precursor was spun at 1000 rpm
for 2 min on top of the FTO as an electron-transporting layer (ETL). A stream of N2 was blown
around the substrate to prevent hydrolysis of TIP when dropping the precursor. The substrate was
then annealed in air at 400 °C for 1 h. P3HT and PCBM (1∶1 weight ratio) were dissolved in
chlorobenzene at a concentration of 40 mg∕ml and spun on top at 600 rpm for 1 min. Plasma
treatment is performed by placing the dry samples inside a SPI Plasma Prep III Plasma Etcher
(Structure Probe, Inc., West Chester, PA) with oxygen (O2), nitrogen (N2), or argon (Ar) intro-
duced at 10 W for 10 sec. After plasma treatment, a PEDOT:PSS aqueous solution (Clevios PH
1000) doped with 5 wt% dimethyl sulfoxide (DMSO) or ethylene glycol (EG) was spun at
1000 rpm for 2 min as the top electrode.

2.2 Nontransparent Inverted Solar Cell Fabrication

Two types of nontransparent inverted solar cells were fabricated and characterized for compar-
ison with semi-transparent bulk-heterojunction solar cells. One type deposited gold (Au) on top
of a PEDOT:PSS film to form a nontransparent electrode. After the modified PEDOT:PSS aqu-
eous solution was spin-cast on the plasma-treated photoactive layer, samples were transferred to
an AST Peva-500EL (Hukou Shiang, Hsinchu County, Taiwan) thermal evaporation system and
60 nm of Au was thermally evaporated on top. The other type was made by replacing the
PEDOT:PSS top electrode with a vanadium oxide ðV2O5Þ∕Au electrode. After spin-coating
a P3HT:PCBM blended solution, the dried sample was transferred to the AST Peva-500EL ther-
mal evaporation system, and a very thin (5 nm) layer of V2O5 was deposited on top as a hole-
transporting layer (HTL), followed by 60 nm of Au as the top electrode. All devices were further
annealed in a N2 atmosphere at 130 °C for 5 min before current-voltage (I-V) measurement.

The I-V characterization under illumination was measured with a Keithley 2400 SourceMeter
(Keithley Instruments, Inc., Cleveland, OH). A solar simulator (Oriel 66002, Newport Corpora-
tion, Irvine, CA) with an air mass 1.5 global (AM 1.5G) filter was used as the light source. The
light intensity was calibrated at 100 mW∕cm2 by a Molectron Power Max 500D (Coherent, Inc.,
Santa Clara, CA) power meter. The active area for all devices was 0.0314 cm2 defined by a
shadow mask.

Samples for sheet resistance measurement were fabricated by spin coating PEDOT:PSS (PH
1000) with and without additives (EG or DMSO) on glass at 1000 rpm for 2 min, followed
by annealing in N2 at 130 °C for 5 min. Sheet resistance was measured with a Keithley
2400 SourceMeter using a 4-point probe technique.
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3 Results and Discussion

Without plasma treatment, a PEDOT:PSS aqueous solution does not adhere well onto the active
layer, which makes the resulting PEDOT:PSS top electrode layer poorly connected. This is
because the surface of the P3HT:PCBM blend is highly hydrophobic.13,18 However, the adhesion
of PEDOT:PSS aqueous solution is greatly improved after plasma treatment due to improved
hydrophilicity of the surface of the P3HT:PCBM blend. Measurement of the contact angle before
and after Ar plasma treatment indicates that a 10 WAr plasma treatment for 10 sec effectively
lowered the contact angle from 92.8 deg to 35.3 deg (Fig. 1). The I-V characteristic of devices
treated with O2, N2, and Ar plasma is shown in Fig. 2. It can be seen that an O2 plasma-treated
device shows a similar open circuit voltage (Voc) to the others, but has the lowest short-circuit
current density (Jsc), as well as fill factor (FF). The Voc of bulk heterojunction solar cells usually
depends on the highest occupied molecular orbital (HOMO) of donor material (P3HT in this

Fig. 2 I-V curves of semi-transparent bulk heterojunction solar cells using different gas (O2, N2,
and Ar) for plasma treatment before spin-coating PEDOT:PSS doped with 5 wt% EG.

Fig. 1 Photo of water droplet on P3HT:PCBM blend surface, (a) before and (b) after Ar plasma
treatment (10 W for 10 sec).
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case) and the lowest unoccupied molecular orbital (LUMO) of acceptor material (PCBM in this
case), thus no effect on the Voc was observed after plasma treatment.22 The reduction in Jsc and
FF could be due to the surface oxidation of the P3HT:PCBM blend under O2 plasma. It is known
that O2 plasma will react with carbon atoms in the polymer surface to form C O and C OH

bonding and even affect the surface structure.13,23,24 In this study, because only a very limited
power (10 W) in a very short time (10 sec) was provided for the plasma treatment, no severe
effect on the functionality of the P3HT:PCBM blend was observed, but it may still affect the
charge transport between the P3HT:PCBM blend and the PEDOT:PSS top electrode.

Different additives have also been tried to enhance the conductivity of the PEDOT:PSS top
electrode. By measuring the sheet resistance of PEDOT:PSS film on glass, it was observed that
the conductivity was greatly enhanced after modification, as shown in Table 1. From Table 2,
semi-transparent solar cells using PEDOT:PSS doped with 5 wt% EG show a higher Jsc and FF
than those doped with DMSO. This could be due to conductivity differences between PEDOT:
PSS doped with different additives and was confirmed by sheet-resistance measurement
(Table 1). When comparing semi-transparent solar cells with nontransparent inverted solar
cells using a V2O5∕Au top electrode, the latter exhibits a much higher Jsc and FF (about double

Table 1 Sheet resistance of PEDOT:PSS (PH 1000) films on glass doped with different additives.

PEDOT:PSS doped with None 5 wt% DMSO 5 wt% EG

Sheet resistance (Ω∕sq:) 1.45 × 105 1.36 × 102 1.13 × 102

Fig. 3 I-V curves of Ar plasma-treated bulk heterojunction solar cells using PEDOT:PSS doped
with different additives (5 wt% EG and 5 wt% DMSO) with (triangle) and without (square) an Au
electrode, and nontransparent inverted solar cells with a V2O5∕Au top electrode (circle).

Table 2 Summary of inverted bulk heterojunction solar cell performance with different fabrication
conditions.

Top electrode
Plasma
treatment

Doped with
5 wt% V oc (V) Jsc (mA∕cm2) FF

Efficiency
(%)

PEDOT:PSS (PH 1000) O2 EG 0.59 5.52 0.30 0.97

N2 EG 0.59 5.84 0.32 1.11

Ar EG 0.59 6.19 0.33 1.20

Ar DMSO 0.59 5.55 0.32 1.06

PEDOT:PSS
ðPH 1000Þ∕Au

Ar EG 0.60 8.44 0.41 2.06

Ar DMSO 0.60 8.49 0.37 1.88

V2O5∕Au 0.61 11.07 0.46 3.12
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in Jsc and 50% in FF). The origin could be incomplete light absorption in a semi-transparent
solar cell, and inefficient charge transport between the photoactive layer and the top electrode.
To better understand this phenomenon, Au was deposited on semi-transparent solar cells as a
nontransparent electrode. The resulting device I-V curves are presented in Fig. 3. In this case, Jsc
and FF were greatly enhanced compared with semi-transparent solar cells. In nontransparent
solar cells, light can be reflected at the metal electrode, thus making the absorption in the photo-
active layer better than that in the semi-transparent solar cell. The much higher conductivity of
the Au electrode may also contribute to the higher FF, as well as the Jsc in the solar cells.25

4 Conclusion

Semi-transparent inverted polymer solar cells were fabricated using PEDOT:PSS as the top elec-
trode. To spin coat the hydrophilic PEDOT:PSS aqueous solution on top of the hydrophobic
P3HT:PCBM surface, a mild plasma treatment using different gases was tried. Different addi-
tives for PEDOT:PSS have also been tried to increase the conductivity of the top electrode. It was
found that PEDOT:PSS (PH 1000) doped with 5 wt% EG using a 10-WAr plasma treatment for
10 sec showed the best performance with an efficiency of 1.20%.
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