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Organic photovoltaic cells (OPVs) with a conductivity enhanced by doping with either dimethylsulf-

oxide (DMSO) or ethylene glycol (EG) were successfully fabricated to increase the photon harvesting

property through localized surface plasmon resonance (LSPR) by adding Au nanoparticles to PH500, a

hole collection layer, and effectively separating the generated charges. At Au nanoparticle and DMSO

doping concentrations of 20 wt% and 1 wt%, respectively, the characteristics of the OPVs were

optimized with a short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and

estimated power conversion efficiency (PCE) of 8.0 mA/cm2, 0.595 V, 57.8% and 2.6%, respectively.

Compared to the device with a buffer layer of conventional PEDOT:PSS, PCE was improved by ca. 85%.

The series resistance (Rs), shunt resistance (Rsh), and hole mobility were 18 O cm2, 673 O cm2 and

4.2 cm2/Vs, respectively.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Thanks to their good mechanical properties and excellent
electro-optical properties, p-conjugated polymers have attracted
great attention as next-generation device materials for organic
light-emitting diodes, organic thin-film transistors and organic
photovoltaics (OPVs) [1–5]. In OPVs, in particular, solution pro-
cesses such as screen printing [6], ink-jet printing [6], slot die
coating [7], roll to roll stamping [8–11] and brush painting
method [12,13] are applicable. Hence, low-cost, large-area, flex-
ible and light weight devices can be fabricated.

At present, OPVs have a power conversion efficiency (PCE) of
about 5% in the bulk-heterojunction system in which a photo
active layer is formulated by blending the widely used donor
material poly(3-hexylthiophene) (P3HT) with the acceptor mate-
rial 6,6-phenyl-C61-butyric acid methyl ester [14]. One of the key
issues in achieving high performance is sufficient photon absorp-
tion of the photoactive layer, i.e., efficient harvesting of sunlight.
Nevertheless, the use of a thicker active layer inevitably increases
the device resistance because of the low carrier mobilities of
organic materials [15,16]. Therefore, the exploitation of localized
surface plasmon resonance (LSPR) could be a solution to enhance
light absorption without changing the film thickness [17,18]. The
ll rights reserved.
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excitation of LSPR through the resonant interaction between the
electromagnetic field of incident light and the surface electron
density surrounding metallic nanoparticles causes local enhance-
ment in the electromagnetic field, which is expected to enhance
light harvesting in OPV devices [19,20].

Recently, hybrid-type OPVs have been fabricated by introdu-
cing metal nano compounds (e.g., PbSe, ZnO, CuInS2, etc.) to the
photo active layer in a particle, nano-rod or nano-dot form.
However, a very low PCE of around 2% was observed [21–23]. In
addition, Chen et al. reported the fabrication of OPVs with an
active layer area of 0.12 cm2 and PCE of 4.19% by introducing the
Au nano particle-doped buffer layer to poly(3,4-ethylene diox-
ythiophene):poly(styrene sulfonate) (PEDOT:PSS) [24]. As shown
above, most studies have focused on improving the improvement
of the photon harvesting property by introducing metal nanopar-
ticles to the buffer layer or photo active layer. The improvement
of photon harvesting property through LSPR has facilitated the
generation of many holes and electrons. However, because of the
low conductivity of the polymer or buffer layer, the separated
holes and electrons were recombined without flowing out
through the external circuit.

In this study, therefore, the photon harvesting property is
enhanced by introducing an Au nanoparticle-doped hybrid buffer
layer in the buffer layer (i.e., hole collection layer). In addition, OPVs
in which the conductivity of the hybrid buffer layer has been
enhanced are fabricated to effectively separate the generated
charges and prevent them from being recombined before flowing
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out through the external circuit. For a buffer layer, the modified
PEDOT:PSS (PH500) is used. Then, the harvesting property of the
photons is enhanced by optimizing the Au nanoparticle doping
concentration. To improve the conductivity of the hybrid buffer
layer, moreover, dimethylsulfoxide (DMSO) and ethylene glycol
(EG) are added at various concentrations for optimization. As a
result, OPVs are fabricated and their surfaces are observed through
atomic force microscopy (AFM). Finally, the current density–voltage
(J–V) characteristics and the incident photon-to-current conversion
efficiency (IPCE) of the resultant photovoltaic device are measured.
2. Materials and measurements

2.1. Materials

Conventional PEDOT:PSS (AI 4083) and modified PEDOT:PSS
(PH 500) were purchased from Clevios. DMSO and EG, which were
used to enhance the conductivity of PH500, were purchased from
Aldrich. P3HT, a donor material in the photo active layer, was
purchased from Rieke Metals while the acceptor material PC61BM
was bought from Nano C. Au nanoparticles were synthesized in
accordance with the method mentioned in the literature [25].
2.2. Measurements

All thin films were fabricated using a GMC2 spin coater
(Gensys), and the thickness was measured with an alpha step
500 surface profiler (KLA-Tencor). The surface plasmon resonance
(SPR) absorption band and nanocrystal image were measured
with UV–vis spectroscopy (HP Agilent 8453) and field mission
scanning electron microscopy (FE-SEM, JEOL JSM-6701F), respec-
tively, by determining the size of the synthesized Au nanoparti-
cles. X-ray diffraction (XRD) patterns were observed using a
Rigaku D/MAX 2200 diffractometer with Cu Ka radiation. The
electrical properties of the hybrid buffer layer were measured
using a 4-point probe station (MST6000C). The surface of the
fabricated device was observed through AFM (PSIA XE-150) and
FE-SEM. The J–V characteristics of the OPVs were measured using
a Keithley 2400 source measure unit. The devices were evaluated
at 298 K in air using a Class A Oriel solar simulator (Oriel 96000
150W solar simulator) having an xenon lamp that simulates AM
1.5G irradiation (100 mw/cm2) from 400 to 1100 nm. The instru-
ment was calibrated with a monocrystalline 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 at 298 K in air.
Fig. 1. Device structure of OPV in this study.
3. Experimental part

3.1. Cleaning of ITO glass and bare glass

To clean the indium tin oxide (ITO) glass (10 O/sq, Samsung
corning) and bare glass, detergent (Alconoxs in deionized water,
10%), acetone, isopropyl alcohol and deionized water were each
sonicated in order for 20 min. The moisture was removed by
blowing thoroughly with N2 gas. To ensure complete removal of
all of the remaining water, the ITO glass and bare glass were
baked on a hot plate for 10 min at 100 1C. For hydrophilic
treatment of the ITO glass and bare glass surface, they were
cleaned for 10 min in a UVO cleaner.
3.2. Synthesis of Au nanoparticles

The Au nanoparticles used in this study were synthesized in
accordance with the method mentioned in the literature [25].
During the synthesis, the SPR absorption band according to
particle size was measured through UV–vis spectroscopy. In
addition, the size and shape of the Au nanoparticles were observed
through FE-SEM, and the crystal structure of the Au nanoparticles
was analyzed through XRD patterns. The study results are shown
in the Supporting Information (SI) in Figs. S1 to S3.

3.3. Formulation of buffer layer ink and fabrication of buffer layers

To measure the electrical properties of conventional PED-
OT:PSS (AI 4083) and modified PEDOT:PSS (PH 500), they were
spin-coated at 1000 rpm on a cleaned bare glass and annealed at
120 1C for 20 min. The electrical properties of the thin films thus
fabricated were measured using a 4-point probe station. To
measure the electrical properties of PH500 according to the Au
nanoparticle doping concentration, Au nanoparticle solution
(0.1 mg/ml) (�50 nm size) was doped at 10, 20 and 30 wt%.
Then, a hybrid buffer layer ink was formulated and its conductiv-
ity was increased by doping with DMSO and EG at 0.5, 1.0 and
3.0 wt%. To observe the electrical properties, surface morphology
and distribution of Au nanocrystals of the resulting conductivity-
enhanced hybrid buffer layer, the solutions were spin-coated at
1000 rpm in a cleaned bare glass and annealed at 120 1C for
20 min. The characteristics of the fabricated thin films were
measured through a 4-point probe station and AFM.

3.4. Fabrication of OPVs

3.4.1. Optimization of the Au nanoparticle doping concentration

To effectively harvest photons through LSPR, the concentration
of Au nanoparticles that were doped in the buffer layer was
optimized. As shown in Fig. 1, OPVs with a conductivity-enhanced
hybrid buffer layer were fabricated. All manufacturing processes
of the devices were performed in the glove box. After spin-coating
conventional PEDOT:PSS in which Au nanoparticles were doped
on the patterned ITO glass at 10, 20 and 30 wt%, a 40 nm-thick
hybrid buffer layer was formed. Then, solutions were annealed on
the hot plate at 120 1C for 20 min to remove any residual solvents.
The solutions, which were blended with an ortho-dichloroben-
zene (ODCB) concentration of 1.5 wt% and a P3HT/PC61BM ratio of
1:0.6 for a photo active layer were spin-coated at 500 rpm on the
hybrid buffer layer to form a 130 nm-thick layer and then
annealed at 160 1C for 10 min. To form the cathode, BaF2 (0.1 Å/s,
2 nm), Ba (0.2 Å/s, 2 nm) and Al (5 Å/s, 100 nm) were thermally
deposited in order in a high-vacuum chamber. Finally, OPVs with
an active area of 225 mm2 (15 mm�15 mm) were fabricated
through encapsulation.
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3.4.2. Optimization of the doping concentration of DMSO and EG

To optimized the doping concentration of DMSO and EG for
maximizing the conductivity of PH500, OPVs featuring a conduc-
tivity-enhanced hybrid buffer layer were fabricated, as shown in
Fig. 1. The fabrication condition of the OPVs was the same as that
described above in Section 3.4.1, except that the concentration of
Au nanoparticles and crystalline size were set at 20 wt% and
�50 nm, respectively. Then, the concentrations of the doped
DMSO and EG were both set to 0.5, 1.0 and 3.0 wt%.
Table 1
Electrical properties of hybrid buffer layers at various Au nanoparticle concentrations.

Conventional PEDOT:PSS (AI 4083)

Au NPs concentrationsa [wt%] 0 10 20

Resistivity [O cm] 4221 3030 2380

Conductivity [S/cm] 0.00023 0.00033 0.00042

Buffer layer thickness: 100nm, annealing: 20 min at 120 1C.
a Au nanoparticles crystalline size: �50 nm, Au nanoparticles solution: 0.1 mg/ml.

Fig. 2. AFM images of (a) PH 500 (inset, PEDOT:PSS), (b) PH 500þAu nanoparticles 10
4. Results and discussion

Table 1 shows conventional PEDOT:PSS, PH 500 and the elec-
trical properties of the thin films in which Au nanoparticles were
doped at 10, 20 and 30 wt%. The conductivity of pristine PEDOT:PSS
and pristine PH500 was 2.3�10�4 S/cm and 0.15 S/cm, respec-
tively. However, when Au nanoparticles were doped at 20 wt%, the
conductivity of both samples increased to 4.2�10�4 S/cm and
0.45 S/cm, respectively. In the case of PH500, in particular, the Au
Modified PEDOT:PSS (PH 500)

30 0 10 20 30

4000 6.32 4.75 2.22 3.33

0.00025 0.15 0.21 0.45 0.30

wt%, (c) PH 500þAu nanoparticles 20 wt%, (d) PH 500þAu nanoparticles 30 wt%.
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nanoparticle doping increased the conductivity three times. This
increase was caused by the increase in surface electron density
due to the strong electromagnetic field around metal nanoparti-
cles after resonant interaction between the electromagnetic field
of incident light and the electron density around the metallic
nanoparticles [19]. Therefore, both the harvesting property and
photon conductivity could be improved by the doping of Au
nanoparticles in the buffer layer.

However, when the Au nanoparticle doping concentration was
increased to 30 wt%, the conductivity decreased. As shown in
Fig. 2(b) to (d), the increase in the Au nanoparticle doping concen-
tration from 20 wt% to 30 wt% afforded poor thin film morphology,
with the root mean square (RMS) roughness increasing from
3.865 nm to 6.023 nm. Therefore, the conductivity decreased due
to the increase in RMS at the Au nanoparticle doping concentration
of 30 wt%. As shown in Fig. 2(a), the RMS of pristine PH500 was
greater than that of pristine PEDOT:PSS (Fig. 2(a) inset) because
PEDOT was agglomerated. In PH500, the conductivity improved as
PEDOT with high conductivity was partially agglomerated, but the
morphology was degraded. Therefore, the RMS of PH500 was greater
than that of PEDOT:PSS, but it also had high conductivity.

Even though the conductivity was slightly increased by the
doped Au nanoparticles, it needs to be further enhanced to effec-
tively separate the generated holes and electrons without recombi-
nation. Therefore, to enhance the conductivity, a hybrid buffer layer
was fabricated by doping the PH500 containing 10–30 wt% of Au
nanoparticles with DMSO or EG at 0.5–3.0 wt%. The results of the
electrical property measurements are shown in Table 2 below.

The polar solvents with high-dielectric constants such as
DMSO increased the conductivity of PEDOT:PSS by reducing the
Coulombic interactions between the counter ion and charge
carrier through the screen effect, which is strong between the
positively charged PEDOT and the negatively charged PSS dopant.
[26,27] Therefore, as the DMSO or EG doping concentration
increased, the conductivity of the hybrid buffer layers was
increased. At this time, a maximum conductivity of the hybrid
buffer layer to a maximum at a DMSO or EG doping concentration
of 3.0 wt%. As shown in Figs. 3 and 4, however, in the PH500 with
Au nanoparticle concentration of 20 wt%, when the doping con-
centration of DMSO or EG was increased, the agglomerated
PEDOT, which was as large as Au nanoparticles increased. In
addition, the morphology of the thin films was degraded. Conse-
quently, the conductivity in the thin films with a concentration of
DMSO or EG and Au nanoparticles of 3.0 and 20 wt%, respectively,
was maximized at 333 S/cm and 325 S/cm, respectively.

OPVs were fabricated to confirm the improvement of photon
harvesting properties in a buffer layer after the introduction of Au
nanoparticles, to increase the photovoltaic properties via the
improved conductivity after doping with DMSO or EG, and to
optimize the fabrication conditions. Various types of buffer layer
ink formulated in the cleaned ITO glass were spin-coated to a
thickness of 40 nm, and annealed at 120 1C for 20 min. The
solutions, which were blended in ODCB at a concentration of
1.5 wt% with a P3HT/PC61BM ratio of 1:0.6 for a photo active layer
were spin-coated on the hybrid buffer layer to form a 130 nm-
thick layer and then annealed at 160 1C for 10 min. To form the
cathode on the photo-active layer, lastly, BaF2 (0.1 Å/s, 2 nm), Ba
(0.2 Å/s, 2 nm) and Al (5 Å/s, 200 nm) were thermally deposited in
a high vacuum chamber (1�10�6 Torr or less). BaF2 was applied
as an electron transporting layer to effectively collect the elec-
trons through an Ohmic contact between the photo-active layer
and the cathode. In addition, Ba (�2.7eV), a low work function
material, was used as the cathode. A 100 nm-thick layer of Al was
deposited to protect the cathode.

To compare the OPV performances according to the buffer
layer conductivity, OPVs with a buffer layer of pristine PEDOT:PSS



Fig. 3. AFM images of (a) PH 500þAu nanoparticles 20 wt%þDMSO 0.5 wt%, (b) PH 500þAu nanoparticles 20 wt%þDMSO 1.0 wt%, (c) PH 500þAu nanoparticles

20 wt%þDMSO 3.0 wt%.
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or PH 500 were fabricated. As shown in Fig. 5 and Table 3, the
pristine PEDOT:PSS-buffer layer device exhibited a PCE of 1.4%. In
the pristine PH500-buffer layer device, PCE was increased to 1.6%
due to the increase in current density from 6.6 to 7.3 mA/cm2.
However, the series resistance (Rs) was slightly increased from
43.36 to 45.19 O cm2 due to the increase in internal resistance
resulting from the poorer morphology of the PH500 layer
(RMS¼3.212 nm) compared to the PEDOT:PSS layer (RMS¼
1.054 nm). Therefore, the increased Rs was attributed to the
rougher surface morphology. However, the shunt resistance
(Rsh) increased from 243 to 252 O cm2 due to the increase in
carrier mobility caused by improved conductivity. Hence, the
generated holes and electrons were well separated from each
other, which in turn decreased the recombination probability. In
addition, PCE was improved due to the increased current density.

A test was performed to compare the photon harvesting
properties according to the concentration of Au nanoparticles
doped in the buffer layer. To minimize the effect of conductivity,
pristine PEDOT:PSS with low conductivity was used as the buffer
layer. A hybrid buffer layer ink was formulated after adding
10–30 wt% of Au nanoparticles to the pristine PEDOT:PSS.
The properties of the OPVs were fabricated using the ink were
assessed. As shown in Fig. 5 and Table 3, at the Au nanoparticle
doping concentration of 20 wt%, PCE was maximized at 1.7% with
a short-circuit current density (Jsc) of 8.0 mA/cm2. This PCE was
21% greater than the 1.4% PCE of the PEDOT:PSS-buffer layer
device. Despite the almost unchanged open-circuit voltage (Voc)
and fill factor (FF), PCE was increased as a result of the increase in
Jsc from 6.6 to 8.0 mA/cm2 that was caused by the increased light
absorption due to effect of LSPR and not the increased conductiv-
ity (Fig. 6).

As shown in Tables 1 and 3, the conductivity of the hybrid
buffer layer (4.2�10�4 S/cm) was about 3 orders of magnitude
lower than that of PH500 (0.15 S/cm), but the Jsc value of the
former (8.0 mA/cm2) was slightly higher than that of the latter.
This higher Jsc value was caused by the increase in photon
harvesting properties due to the doping of Au nanoparticles.
Therefore, the current density has increased due to the decrease
in internal resistance in the OPV with doped Au nanoparticles.
In addition, Rs was decreased from 43.36 to 30.49 O cm2. Never-
theless, PCE was not further increased because the separated
holes and electrons were recombined due to the decrease in
Rsh after the low conductivity of the hybrid buffer layer. There-
fore, it was considered that the photon harvesting properties



Fig. 4. AFM images of (a) PH 500þAu nanoparticles 20 wt%þEG 0.5 wt%, (b) PH 500þAu nanoparticles 20 wt%þEG 1.0 wt%, (c) PH 500þAu nanoparticles 20 wt%þEG

3.0 wt%.
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could be enhanced by doping with Au nanoparticles, and that the
OPV efficiency could also be improved through the increased
conductivity in the buffer layer. After setting the doping level of
Au nanoparticles to the optimal level (20 wt%) and doping with
DMSO or EG in PH500 in order to maximize the conductivity, the
properties of the OPVs with the fabricated conductivity-enhanced
hybrid buffer layer were assessed. The doping levels of DMSO and
EG were both 0.5, 1.0 and 3.0 wt%.

The J–V characteristics of the OPVs that were fabricated in
accordance with the doping level of DMSO or EG are shown in
Support Information, along with the IPCE data (Fig. S4). As shown in
Fig. 7(a) and Table 3, PCE was maximized at 2.6% and 2.2% at DMSO
and EG doping concentrations of 1.0 wt%, respectively. In the IPCE
data in Fig. 7(b), the pristine PEDOT:PSS device exhibited an external
quantum efficiency (EQE) of 28.8% (lmax¼490 nm). In OPVs with
DMSO and EG doping concentrations of 1.0 wt%, EQE was increased
to 36.7% (lmax¼540 nm) and 34.2% (lmax¼500 nm), respectively. In
the former OPV, the Voc value (0.595 V) was the same as that of
PH500, and was slightly increased from that of PEDOT:PSS (0.575 V),
Jsc and FF were increased from 6.6 to 8.0 mA/cm2 and from 37.6% to



Table 3
Characteristics of devices.

Buffer layers Jsc

[mA/cm2]

Voc

[V]

FF

[%]

PCE

[%]

Series

resistance

[O cm2]

Shunt

resistance

[O cm2]

PEDOT:PSS(AI 4083) 6.6 0.575 37.6 1.4 43.36 243

PH 500 7.3 0.595 37.3 1.6 45.19 252

PEDOT:PSS

Au 10 wt% 7.3 0.575 35.4 1.5 37.31 150

Au 20 wt% 8.0 0.575 36.2 1.7 30.49 158

Au 30 wt% 7.1 0.555 35.1 1.4 36.94 123

PH 500þAu 20 wt%

DMSO 0.5 wt% 6.8 0.595 48.5 2.0 30.44 460

DMSO 1.0 wt% 8.0 0.595 57.8 2.6 18.08 673

DMSO 3.0 wt% 7.9 0.595 50.9 2.4 25.96 235

EG 0.5 wt% 7.8 0.595 44.2 2.0 25.92 252

EG 1.0 wt% 7.9 0.595 47.5 2.2 24.67 367

EG 3.0 wt% 7.6 0.595 45.7 2.1 24.53 359
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57.8%, respectively. PCE was increased by 85% to 2.6% compared to
the PEDOT:PSS device with a PCE of 1.4%.

Charge mobility study of the devices with PEDOT:PSS and
conductivity-enhanced hybrid buffer layer as hole collection layer
was conducted with hole-only devices using the space charge
limited current (SCLC) methods [28–30]. The configuration of
hole-only devices and graphs of the logarithm of JL3/V2 versus the
square root of the mean electric field are shown in Fig. S5. The
hole mobility of the device with PEDOT:PSS layer was calculated
to be 3.8�10�2 cm2/Vs, whereas the device with conductivity-
enhanced hybrid buffer layer had a value as high as 4.2 cm2/Vs.
The hole mobility was about 2 orders of magnitude higher than
that of the device with PEDOT:PSS layer. Because of the high hole
mobility of the device with conductivity-enhanced hybrid buffer
layer, therefore, Jsc and FF were increased from 6.6 to 8.0 mA/cm2

and from 37.6% to 57.8%, respectively.
As Rs was decreased from 43.36 to 18.08 O cm2, the photo-

current was increased due to the LSPR effect, the conductivity was
improved due to addition of DMSO, and the internal resistance
was therefore decreased. In particular, Rsh was increased from 243
to 673 O cm2, which decreased the charge recombination
between the buffer layer and the photo active layer interface,
and therefore increased FF by over 53%. The introduction of a
conductivity-enhanced hybrid buffer layer decreased Rs but
increased hole mobility and Rsh. As a result, both Jsc and FF
increased, which in turn enhanced PCE. Even though the con-
ductivity of the buffer layer was increased when DMSO was
doped at 3.0 wt%, RMS was increased from 8.10 to 10.32 nm
due to the increase in agglomerated PEDOT, as shown in Fig. 3.
The increase in RMS had no impact on the changes in Jsc, but
decreased FF from 57.8 to 50.9% due to the decrease in Rsh from
673 to 235 O cm2. As a result, the charge recombination between
the buffer layer and the photo active layer interface was
increased.

Compared to the PEDOT:PSS device, PCE was increased by 57%
to 2.2% in the device with 1.0 wt% of EG. However, it was less
efficient than the DMSO-featured device. As shown in Fig. 4(b),
1.0 wt% of EG was added to PH500 with an Au nanoparticle
doping concentration of 20 wt%. The RMS of the thin film
(6.436 nm) was lower than that (8.109 nm) of the thin film with
1.0 wt% of DMSO. However, the former thin film showed low
conductivity (2.22 S/cm). Even though the EG doping level was
increased to enhance the conductivity, the morphology of the thin
film slightly degraded, which decreased PCE.
5. Conclusion

In this study, OPVs with a conductivity that was enhanced by
doping with DMSO or EG were successfully fabricated to improve
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the photon harvesting properties through LSPR by adding Au
nanoparticles to a buffer layer of PH500 and effectively separating
the generated charges. At Au nanoparticle and DMSO doping
concentrations of 20 and 1.0 wt%, respectively, the OPV properties
were optimized at PCE of 2.6%, Jsc of 8.0 mA/cm2, Voc of 0.595 V
and FF of 57.8%. The Au nanoparticle and DMSO doping in buffer
layer increased hole mobility. Therefore, Rs was decreased from
43.36 to 18.18 O cm2, which decreased the internal resistance of
the device. In addition, the charge recombination between the
buffer layer and the photo active layer interface was decreased
due to the increase in Rsh from 243 to 673 O cm2. Consequently,
PCE was increased by ca. 85% compared to the device with
conventional PEDOT:PSS as a buffer layer.
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