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a b s t r a c t

In recent years, alternatives to PEDOT:PSS, which is used in organic light-emitting diodes and polymer
solar cells (PSCs), have been actively researched due to its disadvantages in terms of device stability.
Nevertheless, PEDOT:PSS is still one of most powerful materials due to its good conductivity, low-
temperature processability, and suitable work function that is well-matched with the HOMO energy
levels of most donor polymers. In this study, an ultra-thin tungsten oxide/PEDOT:PSS hybrid hole
extraction layer (H-HEL) is designed to take advantage of the benefits of PEDOT:PSS and address the
device stability problems of PEDOT:PSS. Device stability is dramatically improved and power conversion
efficiency is slightly improved in P3HT:PC60BM model system according to the ISOS-D-1 protocol. In
order to understand this phenomenon, time-dependent photocurrent–voltage (J–V) measurements are
conducted for device stability combined with atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), and ultraviolet photoelectron spectroscopy (UPS) studies.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Many researchers have attempted to improve the poor power
conversion efficiency of polymer solar cells (PSCs). In particular,
PSC devices with π-conjugated polymer-fullerene-based bulk
heterojunction (BHJ) systems have been widely studied, and the
power conversion efficiency of PSCs has been increased due to the
application of new active materials and interlayers [1]. The power
conversion efficiency of PSCs has reached approximately 9.2% in a
single cell [2].

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is widely used as a hole extraction layer (HEL) in PSCs
because of its many advantages. First, PEDOT:PSS has a work function
that is between the highest occupied molecular orbitals (HOMO) of
the donor polymers in BHJ and ITO anode and thus can achieve
efficient hole extraction from the BHJ layer. In addition, variation in
the PEDOT:PSS work function can occur by controlling the PSS
quantity in PEDOT:PSS [3]. Furthermore, PEDOT:PSS layers can
reduce the roughness of ITO surfaces [4] without interfering with

the light absorption of the active layer due to high optical transpar-
ency in the visible wavelengths. PEDOT:PSS has many additional
benefits, such as good conductivity and low-temperature solution
processability.

Despite the benefits of PEDOT:PSS, many researchers have
investigated materials to replace PEDOT:PSS as a HEL due to its
drawbacks, which include its inherent hygroscopic and acidic
characteristics. The acidic nature of PEDOT:PSS causes dissolution
of indium species from indium tin oxide (ITO) anodes during
spin coating and indium diffusion into the PEDOT:PSS layer and
possibly even into the active polymeric layer. The hygroscopic
nature of PEDOT:PSS also accelerates the diffusion of indium,
which is strongly detrimental to device stability. In order to
address this problem, many studies on solution-processable
metal-oxide HELs (WOx [5,6], NiOx [7], MoOx [8,9]) as an alter-
native to PEDOT:PSS have been conducted. In these studies, PSC
devices have shown improved device stability. However, there are
still some problems to be addressed before metal oxides can
replace PEDOT:PSS layers. Unlike PEDOT:PSS, it is difficult to
control the work function of metal oxide films, even though
p- or n-doping of metal oxide layers is possible [10,11]. Thus,
metal oxides cannot be universally applied to all donor polymers
with different HOMO levels due to the mismatch of energy level
between the work function of metal oxides and the HOMO of the
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donor polymer. In addition, devices with solution metal oxide HELs,
such as WOx, show a slight decrease in the initial power conversion
efficiency compared to devices with PEDOT:PSS due to the poor
crystallinity of oxide layers annealed at low temperatures [5].
Although other research [6] included the device with solution-
processable WOx presented somewhat similar initial power conver-
sion efficiency compared to devices with PEDOT:PSS, it could not
show better performance than the devices with PEDOT:PSS.

In this study, PSC devices were fabricated with a hybrid hole
extraction layer (H-HEL) composed of WOx and PEDOT:PSS layers
in order to determine the synergistic effects of hybridization, as
shown in Fig. 1(a). Device stability should be improved by insert-
ing a WOx inorganic layer between the ITO and PEDOT:PSS layers
due to the prevention of direct contact between the acidic PEDOT:
PSS layer and the ITO anode. In terms of charge carrier transport, a
device with a H-HEL structure is expected to show better perfor-
mance than a device with only PEDOT:PSS or WOx layers due to
cascade-type hole extraction, as shown in Fig. 1(b) [12–15].

2. Materials and methods

2.1. Chemical preparation

Peroxopolytungstic acid solution (W-PTA) was obtained by
dissolving tungsten powder (Acros, 99.9%) in hydrogen peroxide
(H2O2, Samchun. 30.0–35.5%). Tungsten powder (0.9 g) was slowly

dissolved in 10 mL H2O2 with stirring at room temperature. The
W-PTA solution was stirred for approximately 3 h at room tem-
perature in air. To dilute and stabilize the solution, 2-propanol
(Junsei, 99.5%) was added to the solution. The solution was then
stirred for 24 h in air. Before use, the W-PTA solution was diluted
with 2-propanol to control the WOx concentration. In order to
prepare the active layer solution, P3HT (poly(3-hexylthiophene),
Rieke metals) and PC60BM ([6,6]-phenyl C61 butyric acid methyl
ester, Nano-C) were dissolved in chlorobenzene at a weight ratio of
P3HT:PC60BM¼1:0.6 at 25 1C for 24 hours in an argon-filled glove
box. Before making the device, PEDOT:PSS (poly(3,4-ethylenediox-
ythiophene):poly(styrenesulfonate), Clevios P VP AI4083) was
diluted with 2-propanol at a volume ratio of three to one.

2.2. Fabrication of organic photovoltaic devices

Indium tin oxide (ITO) glasses were cleaned sequentially in
acetone, 2-propanol, acetone and 2-propanol in a sonic bath for
10 min at each step. The ITO glasses were UV–O treated (Altech
LTS) for 10 min. After cleaning, PEDOT:PSS solution was spin-
coated on the ITO glass at 4000 rpm for 30 s, and the sample
was heated at 115 1C for 15 min (for the reference device) on a hot
plate, or various concentrations of W-PTA were spin-coated at
3000 rpm for 30 s on ITO glass and heated at 115 1C for 15 min.
In the case of the H-HEL device, the PEDOT:PSS solution was spin-
coated on the WOx layer under the same conditions, and the
sample was heated at 115 1C for 15 min. The P3HT:PC60BM layer

Fig. 1. Comparison of PSC devices based on conventional and H-HEL structures. (a) Schematic of the PSC devices: (left) conventional device (ITO glass/PEDOT:PSS P VP
AI4083/P3HT:PC60BM/Al), (right) H-HEL structure device (ITO glass/WOx/PEDOT:PSS P VP AI4083/P3HT:PC60BM/Al). (b) Energy level diagrams of the PSCs: (left) conventional
device (ITO glass/PEDOT:PSS P VP AI4083/P3HT:PC60BM/Al), (right) H-HEL structure device (ITO glass/WOx/PEDOT:PSS P VP AI4083/P3HT:PC60BM/Al)
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