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Inverted polymer solar cells were fabricated by adding the amphiphilic surfactant ‘Surfynol
104 series’ to Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as a
anode buffer layer by solution process. With the introduction of Surfynol 104 series-added
PEDOT:PSS, it was able to form a homogeneous film by adjusting the wettability of a hydro-
phobic poly(3-hexylthiophene) (P3HT):[6,6]-phenyl C61-butyric acid methyl ester (PCBM)
film. With decrease in series resistance (RS) and increase in shunt resistance (RSH), as a
result, the short circuit current density (JSC), open circuit voltage (VOC) and fill factor (FF)
of the optimized device were 10.2 mA/cm2, 0.63 V and 61.3%, respectively, calculated the
power conversion efficiency (PCE) was 4.0%. In addition, the air stability of the fabricated
device was improved.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction (HOMOs) level of donor materials and lowest unoccupied
Polymer–fullerene bulk heterojunction solar cells (BHJ
PSCs) have been praised as renewable, lightweight and
low-cost energy sources [1–5]. They are now over 8% in
terms of power conversion efficiency (PCE) [6,7]. To en-
hance the PCE of PSCs, there have been studies on the syn-
thesis of new narrow band gap materials for better photon
harvesting, optimization of phase segregation in the bulk
heterojunction (BHJ) layers, interfacial modification for
better charge carrier collection and design of novel config-
uration cells [8–13].

For commercialization of BHJ PSCs, stability as well as
PCE should be enhanced. The conventional BHJ PSCs have
sandwich structure with a photo-active layer between
two electrodes, having a high-work function transparent
metal oxide as bottom anode and a low-work function me-
tal as top cathode. For efficient charge collection, therefore,
the work function of anode and cathode should be well
matched with the highest occupied molecular orbits
molecular orbits (LUMOs) level of acceptor materials. Top
cathode usually uses a low-work function metal for match-
ing with the LUMO level of acceptors. However, they have
low long-term stability because they are very sensitive to
oxygen and moisture in the air [14,15]. To avoid this kind
of problem, bi-layer (Ca/Al, Ba/Al, etc.)-structured cathodes
were introduced. However, this method requires a com-
plete encapsulation process to block oxygen and moisture.

Recently, therefore, there have been extensive investi-
gations of PSCs with an inverted device structure for en-
hance both stability and PCE. The indium tin oxide (ITO)
which has been used as anode can be applied as transpar-
ent cathode modified by n-type metal oxides, metal car-
bonates [16–22], cesium carbonate, conjugated
polyelectrolyte [23–25], self-assembled cross-linked ful-
lerene [26,27] and self-assembled polar molecules [28].
In addition, inverted PSCs which can fabricated with the
high-work function and air-stable metals (ex: Ag, Au,
etc.) as anode for enhancing a stability.

Otherwise, poly(3,4-ethylene dioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS) can be applied as an
anode buffer layer in inverted PSCs. PEDOT:PSS has the
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Fig. 1. (a) J–V characteristics and (b) external quantum efficiency (EQE)
characteristics of the inverted PSCs based on P3HT:PCBM = 1:0.6 blend
films with different anode buffer layers.
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following advantages; high work function, high transpar-
ency and good conductivity. In conventional PSCs, how-
ever, long-term stability decreased after ITO was
corroded by the strong acid ‘PSS’ in PEDOT:PSS [29]. Be-
cause of hydrophilic characteristics of PEDOT:PSS, in addi-
tion, inconstant film morphology and electrical property
were observed when it deposited on the hydrophobic poly-
mer blend layer in inverted PSC [30,31].

To solve this kind of problem, inorganic materials such
as V2O5 [16], WO3 [32], NiO [33] and MoO3 [34] were
investigated to replace PEDOT:PSS. However, they require
Table 1
Photovoltaic performances in solution processable inverted PSCs composed P3HT:
electrodes.

Electrode Surfactant JSC (mA/cm2) VOC (V)

Ag None 8.8 0.59
Al None 8.1 0.59

Ag Surfynol PA (0.2 wt.%) 10.2 0.63
Surfynol EG (0.2 wt.%) 10.1 0.63

Al Surfynol PA (0.2 wt.%) 8.7 0.59
Surfynol EG (0.2 wt.%) 9.0 0.59

ITO (170 nm)/ZnO (30 nm)/P3HT:PCBM (1:0.6)/PEDOT:PSS w/w.o surfactant (40
complicated processes such as deposition through the
expensive thermal evaporation process, synthesis of pre-
cursor solution, hydrothermal processing or calcinations
required to induce crystallization.

In this study, therefore, we introduced a modified PED-
OT:PSS in inverted PSCs as a anode buffer layer for solution
process. To deposit hydrophilic PEDOT:PSS on the hydro-
phobic polymer blend layer with a homogeneous film,
the amphiphilic surfactant ‘Sufynol 104 series’ was added
to the PEDOT:PSS. The performance of the inverted PSCs
with various anode and amphiphilic surfactant were eval-
uated and the stability of devices was measured.
2. Materials and measurements

2.1. Materials

The indium tin oxide (ITO) glass that was used as the
transparent electrode is a Samsung Corning product (ITO:
170 nm, 10 X/sq). Poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) (PEDOT:PSS, AI 4083) was pur-
chased from Clevios and P3HT, which was used as a donor
material in the photoactive layer, was purchased from Rie-
ke metal. PCBM, the acceptor material, was purchased
from Nano C. ZnO precursor was synthesized in accordance
with the method mentioned in the literature [35]. The
Surfynol 104 EG (Surfynol dissolve in ethylene glycol at
50 wt.%) and Sufynol 104 PA (Surfynol dissolve in isopropyl
alcohol at 50 wt.%), which was used as an amphiphilic sur-
factant, was purchased from AirProduct. The chemical
structures of P3HT, PCBM and Surfynol 104 are shown in
Fig. 4b.

2.2. Measurements

All of the thin films were fabricated using a GMC2 spin
coater (Gensys), and their thicknesses were measured
using an alpha step 500 surface profiler (KLA-Tencor).
The morphology of the anode buffer layers was observed
through atomic force microscopy (AFM, PSIA XE-100) and
energy-filtered transmission electron microscopy (EFTEM,
Carl Zeiss AG LIBRA 120).The surface energy was measured
with a contact-angle meter (KRUSS K6). The Raman spec-
troscopy measurement was performed using T64000
(HORIABA Jobin Yvon). The current density–voltage (J–V)
characteristics of the PSCs were measured using a Keithley
PCBM fabricated with various surfactants added PEDOT:PSS layer and metal

FF (%) PCE (%) RS (X cm2) RSH (X cm2)

48.4 2.5 20.0 604
33.7 1.6 42.2 142

61.3 4.0 10.8 1424
60.3 3.8 11.3 1349

42.6 2.2 31.4 189
37.7 2.0 20.4 174

nm)/Al or Ag (100 nm).



Fig. 2. Pictures of a drop of (a) pristine PEDOT:PSS, (b) Surfynol 104 EG and (c) Surfynol 104 PA doped PEDOT:PSS on the surface of P3HT:PCBM film.

Fig. 3. AFM images of the surfaces form (a) pristine PEDOT:PSS/
P3HT:PCBM, (b) Surfynol 104 EG doped PEDOT:PSS/P3HT:PCBM and (c)
Surfynol 104 PA doped PEDOT:PSS/P3HT:PCBM.
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2400 source measure unit. The devices were evaluated at
298 K by using a Class A Oriel solar simulator (Oriel
96,000 150 W solar simulator) having an xenon lamp that
simulates AM 1.5G irradiation (100 mw/cm2) from 400 to
1100 nm. The instrument was calibrated with a monocrys-
talline Si diode fitted with a KG5 filter to bring the spectral
mismatch to unity. The calibration standard was calibrated
by the National Renewable Energy Laboratory (NREL). IPCE
(Mc science) was measured against the best performance
device.

3. Experimental

3.1. Cleaning of patterned ITO glass

To clean the patterned ITO glass, it was sonicated for
20 min. in each of detergent (Alconox� in deionized water,
10%), acetone, isopropyl alcohol and deionized water in or-
der. The moisture was removed by blowing thoroughly
with N2 gas. To ensure complete removal of all of the
remaining water, the patterned ITO glass was baked on a
hot plate for 10 min at 100 �C. For hydrophilic treatment
of the patterned ITO glass, it was cleaned for 10 min in a
UVO cleaner.

3.2. Fabrication of PSCs

ZnO precursor was spin coated aqueous solution to
form a 30 nm thick film on the patterned ITO glass. The
substrate was dried for 60 min at 90 �C in air and then
transferred into a glovebox to spin coat the active layer.
A solution containing a mixture of P3HT/PCBM (1:0.6) in
ODCB was then spin coated on top of the ZnO layer to give
a 130-nm-thick photoactive layer that was then thermal
annealing at 160 �C for 10 min. To form a anode buffer
layer, the Surfynol 104 EG and Surfynol 104 PA were dis-
solved in PEDOT:PSS at a various concentrations from
0.1 wt.% to 0.3 wt.%. The solution was then spin coated
onto the photo active layer to form a 40 nm-thick layer
and then annealed at 120 �C for 20 min. To form the metal
cathode, Al (5 Å/s, 100 nm) was thermally deposited in a
high-vacuum (<10�7 torr) chamber.

4. Results and discussion

Fig. 1 shows J–V curve and IPCE data when Surfynol 104
EG and Surfynol 104 PA were added to PEDOT:PSS as sur-
factants with Al and Ag as anodes. The results were stated
in Table 1. The PCE of PSC with Ag anode was higher than
PSC with Al anode. In general, Ag is 4.3 eV in terms of work



Fig. 4. EF-TEM images of the surface morphology (a) pristine PEDOT:PSS/P3HT:PCBM, (b) Surfynol 104 PA doped PEDOT:PSS/P3HT:PCBM.

Fig. 5. (a) Structure of Surfynol 104 series doped PEDOT:PSS/P3HT:PCBM and (b) schematic depiction of the role of the Surfynol 104 series in the solution of
PEDOT:PSS and P3HT:PCBM interface.
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function. However, the work function increases to 5.0 eV
through oxidization in the air. Therefore, it can collect
holes which are dissociated from donor materials such as
P3HT more effectively [36].

When Surfynol 104 EG and Surfynol 104 PA were added
to PEDOT:PSS at 0.2 wt.%, respectively, the device perfor-
mance was optimized. When Ag was applied as anode,
PCE was 3.8% and 4.0% respectively (the optimization data
of devices are shown in Supporting information Figs. S1
and S2). This result was improved about 60% compared
to the reference device (2.5% of PCE) which was applied
pristine PEDOT:PSS as an anode buffer layer. The important
thing is that short circuit current density (JSC) and fill factor
(FF) significantly increased after adding Surfynol 104 series
to PEDOT:PSS. The reference device with Ag anode was
8.8 mA/cm2 in terms of JSC. However, the JSC were increased
to 10.2 and 10.1 mA/cm2 respectively in surfactant-added
devices. In terms of FF, moreover, the reference device
was 48.4%. However, the FF increased to 61.3% and 60.3%
respectively in Surfynol 104 series-added devices. When
PEDOT:PSS was applied as an anode buffer layer, the re-
sults were different from the previous studies in which
reducing device current efficiency was observed
[30,31,37]. Therefore, it was expected that the characteris-
tics of the anode buffer layer changed with the addition of
Surfynol 104 series to PEDOT:PSS. For analysis of this
change, various surface analyses were conducted.

Fig. 2 shows pictures of a drop of pristine PEDOT:PSS
and Surfynol 104 PA doped PEDOT:PSS on the surface of
P3HT:PCBM film. The contact angle was decreased from
104� to 52.6� by Surfynol 104 PA added to PEDOT:PSS,
which means that surface energy was changed due to the
effect of surfactant. Therefore, it has been confirmed that
the hydrophobic P3HT:PCBM surface became hydrophilic



Fig. 6. Raman spectra of pristine PEDOT:PSS/P3HT:PCBM and Surfynol
104 PA doped PEDOT:PSS/P3HT:PCBM.

Fig. 7. (a) PCE as a function of storage time for P3HT:PCBM based
inverted PSCs fabricated with PEDOT:PSS and Surfynol 104 PA doped
PEDOT:PSS and conventional PSCs in air under ambient conditions (no
encapsulation), (b) J–V curves as a storage time for P3HT:PCBM based
inverted PSCs fabricated with Surfynol 104 PA doped PEDOT:PSS (inset:
EQE data).
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because of Surfynol 104 PA. To confirm the morphology of
the anode buffer layer, surface analysis was conducted
using AFM.

Fig. 3 shows the morphology images of the thin-films
which are pristine PEDOT:PSS (Fig. 3a), Surfynol 104 EG
doped PEDOT:PSS (Fig. 3b) and Surfynol 104 PA doped
PEDOT:PSS (Fig. 3c) on the P3HT:PCBM film by AFM. In
hydrophilic pristine PEDOT:PSS, rough root mean square
(RMS) roughness (60.3 nm) was observed because of dif-
ference of surface energy with the hydrophobic
P3HT:PCBM layer. In case of Surfynol series dopped PED-
OT:PSS, however, roughness (Surfynol 104 EG: 39.4 nm,
Surfynol 104 PA: 31.8 nm) decreased by more than 50%
as the surface of the P3HT:PCBM film became hydrophilic.
The morphologies of PEDOT:PSS with/without Surfynol
104 PA on active layer were further confirmed by the EF-
TEM (Fig. 4). EFTEM enables us to use 30 eV energy loss
to distinguish PCBM domain, and provide more detailed
morphology information than conventional TEM tech-
nique. Through this, we can be found that the bright do-
main is PCBM-rich domain [38]. As shown in Fig. 4b,
Surfynol 104 PA doped PEDOT:PSS film could be obtained
very uniform film.

As shown in Table 1, the shunt resistance (RSH) of the
pristine PEDOT:PSS-based reference device was
604 X cm2, but it increased to 1424 X cm2 in the Surfynol
104 PA-added devices. As a result, it has been confirmed
that the surface morphology of buffer layer improved with
an addition of surfactant, and FF increased by more than
24% with a reduction of charge recombination between
the P3HT:PCBM layer and Ag interface [39]. In addition, in-
crease in the surface morphology of buffer layer caused de-
crease in the internal resistance of devices. As a result,
series resistance (RS) was decreased from 20.0 to
10.8 X cm2. Therefore, JSC was increased by more than
15% from 8.8 to 10.2 mA/cm2 in the device in which the
Surfynol 104 PA-added buffer layer was introduced as a
buffer layer.

Fig. 5 shows the mechanism of forming a homogenous
film on the hydrophobic P3HT:PCBM film by the Surfynol
104 series-doped PEDOT:PSS. Surfynol 104 series are an
amphiphilic surfactant which consists of hydrophobic alkyl
backbone and hydrophilic hydroxyl group. Hence, hydro-
phobic/hydrophobic interactions such as van der Waals
interaction and other multiple weak interactions take
place in the hydrophobic backbone of the Surfynol 104 ser-
ies in PEDOT:PSS and hydrophobic P3HT:PCBM surface
[40,41]. Therefore, the P3HT:PCBM surface became hydro-
philic because of the hydroxyl group in the Surfynol 104
series. As a result, hydrophilic PEDOT:PSS can form a film
on the P3HT:PCBM layer. In addition, the Surfynol 104 ser-
ies are negatively charged in aqueous solution due to the
hydroxyl groups. Therefore, during spin coating process
of PEDOT:PSS which contains polycation PEDOT, there will
be electrostatic interaction between the PEDOT and Surfy-
nol 104 series. Thanks to these reasons, PEDOT:PSS was
able to form a homogeneous film with improved wettabil-
ity in the P3HT:PCBM layer (Fig. 5).

To study the structural properties of the anode buffer
layer on P3HT:PCBM, the Raman spectra were measured
for the pristine PEDOT:PSS/P3HT:PCBM, and the Surfynol
104 PA doped PEDOT:PSS/P3HT:PCBM, as shown in Fig. 6.
The spectrum of the Surfynol 104 PA doped PEDOT:PSS/
P3HT:PCBM was very similar to the corresponding
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spectrum of the pristine PEDOT:PSS/P3HT:PCBM. From the
Raman spectroscopy it was revealed that the Surfynol 104
PA was removed from PEDOT:PSS when the PEDOT:PSS an-
nealed at 120 �C. Therefore, we confirmed that the conduc-
tivity of PEDOT:PSS does not decrease due to the surfactant
in the presence of the PEDOT:PSS.

Fig. 7 shows the result of the air stability test on the in-
verted PSCs which introduced pristine PEDOT:PSS, Surfynol
104 PA-doped PEDOT:PSS and conventional PSC, which was
performed for 50 days. In terms of the stability of unencap-
sulated PSCs, the device with Surfynol 104 PA doped PED-
OT:PSS was the highest. About 25% of degradation was
observed for 50 days. In the inverted PSC with pristine PED-
OT:PSS, however, PCE decreased up to about 1/3 of the
beginning during the same period. As expected, degradation
rate was the fastest in the conventional PSC. Based on this
result, it has been confirmed that the addition of Surfynol
104 series was changed the P3HT:PCBM layer from hydro-
phobic to hydrophilic and enhanced in-air stability.
5. Conclusions

In this study, solution processable inverted PSCs were
fabricated by introducing surfactant doped PEDOT:PSS as
an anode buffer layer for enhancing the stability and the
PCE. Surfynol 104 series has amphiphilic characteristics,
it supported the formation of a homogeneous anode buffer
layer on the P3HT:PCBM film between the hydrophobic
P3HT:PCBM film and hydrophilic PEDOT:PSS. Therefore, it
was increased JSC and FF to 10.2 mA/cm2 and 61.3% respec-
tively by reducing RS and increasing RSH in the inverted
PSC. In addition, it was enhanced in-air stability.
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