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In this study, polymer solar cells (PSCs) doped with Au nanoparticles (Au NPs) were
successfully fabricated to maximize the photon-harvesting properties on the photoactive
layer. In addition, a conductivity-enhanced hybrid buffer layer was introduced to improve
the photon absorption properties and effectively separate the generated charges by adding
Au NPs and dimethylsulfoxide (DMSO) to the PH 500 as a buffer layer. The PSC perfor-
mance was optimized with a 88% improvement over the conventional PSCs (photoactive
area: 225 mm2, power conversion efficiency (PCE): 3.2%) by the introduction to the buffer
layer of Au NPs and DMSO at 10 wt% and 1.0 wt%, respectively, and with 15 wt% Au NP
doping in the photoactive layer. The internal resistance was decreased due to the increased
photocurrent caused by the localized surface plasmon resonance (LSPR) effect of the Au
NPs in the photoactive layer and by the improvement of carrier mobility induced by the
DMSO doping of the buffer layer. As a result, the series resistance (RS) deceased from
42.3 to 19.7 X cm2 while the shunt resistance (RSH) increased from 339 to 487 X cm2.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction level of the polymer and the lowest unoccupied molecular
The p-conjugated polymer-based polymer solar cells
(PSCs) have the advantage of easy fabrication of lightweight
devices with superior mechanical properties. Therefore, if
spin-coating, ink-jet printing, roll-to-roll printing, brush
painting or stamping techniques are applied to the flexible
substrate, lightweight and flexible, large-area photovoltaic
devices can be fabricated at low cost. [1–7]. At present,
the power conversion efficiency (PCE) of the PSCs with a
photoactive area (or aperture area) of ca. 1cm2 or smaller
is 8–10%, which is too low to fabricate a large-area cell or
module [8,9]. For PCE improvement, it is necessary to in-
crease the open circuit voltage (VOC) and short circuit cur-
rent density (JSC) [10]. VOC is dependent on the difference
between the highest occupied molecular orbital (HOMO)
orbital level of fullerene in the polymer-fullerene-based
bulk heterojunction system [11]. Therefore, VOC can be en-
hanced through the molecular structure design in polymer
materials, whereas JSC can be increased by modifying the
device geometries. Some studies have reported that the
photon absorption properties were enhanced by introduc-
ing a titanium suboxide film for an optical spacer layer
[12], or JSC was improved by reducing the leakage current
after adopting a nickel oxide film as the electron-blocking
layer [13]. In addition, JSC can be increased by improving
the carrier mobility after adopting water/alcohol soluble
polymer films as the hole or electron-collecting layer [14]
or improving the polymer ordering by adding processing
additives to the photoactive layer [15]. However, JSC is most
influenced by the photon-harvesting properties on the pho-
toactive layer [16]. Therefore, it can be increased after
enhancing the photon-harvesting properties on the photo-
active layer and separating the photogenerated carrier into
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the external circuit quickly before they are recombined, as
we have previously reported [17].

One of the key issues in achieving high performance is
gaining sufficient photon absorption 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 or-
ganic materials. As a result, we previously found that the
efficiency is decreased [17]. In terms of enhancing the light
absorption without having to change the film thickness,
therefore, we have previously investigated the exploitation
of localized surface plasmon resonance (LSPR) [17,18]. The
excitation of LSPR through the resonant interaction be-
tween the electromagnetic field of incident light and the
surface electron density surrounding metallic nanoparticles
(NPs) causes local enhancement in the electromagnetic
field, which is expected to enhance light harvesting in the
PSCs [19,20]. To increase the PCE, therefore, many groups
were introduced Au NPs in either the buffer layer or the
photoactive layer [16,21]. In addition, Xie et al. introduced
Au NPs in the buffer layer and the photoactive layer [22].
As a result, numerous holes and electrons could be effec-
tively generated because of the LSPR-induced improvement
in the photon-harvesting properties.

However, the problem of recombination has arisen
because the separated holes and electrons failed to exit to
the external circuit due to the low conductivity of the poly-
mer or buffer layer. To solve this problem, we previously en-
hanced both JSC and the fill factor (FF) by reducing the series
resistance (RS) after introducing a conductivity-enhanced
buffer layer (photoactive area: 225 mm2) [17].

In this study, therefore, to maximize the absorption of
photons, Au NPs were introduced to both the buffer layer
and the photoactive layer. To effectively separate the gener-
ated charges and prevent recombination before exiting to
the external circuit, in addition, dimethylsulfoxide (DMSO)
was added to the buffer layer. Consequently, the properties
were optimized with a PCE of 3.2% (photoactive area:
225 mm2) in a device in which 10 wt% of Au NPs and
1 wt% of DMSO were added to the buffer layer and 15 wt%
of Au NPs was added to the photoactive layer. To investigate
this improvement in the PSC properties, the optical and
electrical properties of the buffer and photoactive layers
to which metal NPs had been introduced were observed.

In addition, the photon absorption and the quenching
properties of the excited electrons were observed through
ultraviolet/photoluminescence (UV/PL) spectroscopy. The
images and surface morphology of the Au NPs distributed
in each layer were observed through scanning electron
microscopy (SEM) and atomic force microscopy (AFM) anal-
ysis. In addition, the dependence of the carrier mobilities on
the presence and absence of Au NPs was measured using the
space charge limited current (SCLC) method.
Fig. 1. Molecular structures of photovoltaic materials (donor: P3HT,
acceptor: PC61BM).
2. Materials and measurements

2.1. Materials

Conventional PEDOT:PSS (AI 4083) and modified PED-
OT:PSS (PH 500) were purchased from Clevios. DMSO,
which was used to enhance the conductivity of PH500,
was purchased from Aldrich. P3HT, a donor material in
the photoactive layer, was purchased from Rieke Metals,
while the acceptor material PCBM was bought from Nano
C (Fig. 1). Octahedral and truncated octahedral-structured
Au NPs were synthesized in accordance with the method
mentioned in the literature [23,24].

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 plas-
mon resonance (SPR) absorption band and nanocrystal
images were measured with UV–vis spectroscopy (HP Agi-
lent 8453) and field effect SEM (FE-SEM, JEOL JSM-6701F),
respectively, by determining the size of the synthesized Au
NPs. 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-100) and FE-SEM. The J–V characteristics of
the PSCs were measured using a Keithley 2400 source
measure unit. The devices were evaluated at 298 K by
using a Class A Oriel solar simulator (Oriel 96000 150 W
solar simulator) with a xenon lamp that simulates AM
1.5G irradiation (100 mW/cm2) from 400 to 1100 nm. The
instrument 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.
3. Experimental part

3.1. Cleaning of ITO glass and bare glass

To clean the ITO glass (10 X/sq, Samsung corning) and
bare glass, detergent (Alconox� 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 re-
moval of all of the remaining water, the ITO glass and bare



Fig. 2. Schematic of photovoltaic device.
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glass were baked on a hot plate for 10 min at 100 �C. For
hydrophilic treatment of the ITO glass and bare glass sur-
face, they were cleaned for 10 min in a UVO cleaner.

3.2. Synthesis of Au NPs

The Au NPs used in this study were synthesized accord-
ing to the literature method [23,24]. During the synthesis,
the SPR absorption band according to the particle size was
measured through UV–vis spectroscopy. In addition, the
size and shape of the Au NPs were observed through
FE-SEM, and the crystal structure of the Au NPs was ana-
lyzed through the XRD patterns.

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

To measure the electrical properties of modified PED-
OT:PSS (PH 500), they were spin-coated at 4000 rpm on a
cleaned bare glass and annealed at 120 �C 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 octahe-
dral-structured Au NP doping concentration, Au NPs solu-
tion (0.1 mg/ml) (ca. 30 nm size) was doped at 5, 10 and
15 wt%. Then, a hybrid buffer layer ink was formulated
and its conductivity was increased by doping with DMSO
at 0.5, 1.0 and 2.0 wt%. To observe the electrical properties,
surface morphology and distribution of the Au NPs of the
resulting conductivity-enhanced hybrid buffer layer, the
solutions were spin-coated at 4000 rpm in a cleaned bare
glass and annealed at 120 �C for 20 min. The characteristics
of the fabricated thin films were measured through a
4-point probe station and AFM.

3.4. Fabrication of PSCs

3.4.1. Optimization of the Au NP doping concentration
To effectively harvest photons through LSPR, the con-

centration of the Au NPs that were doped in the buffer
and photoactive layers was optimized. As shown in Fig. 2,
PSCs with a conductivity-enhanced hybrid buffer layer
and a hybrid photoactive layer were fabricated. After
spin-coating PH500 in which octahedral-structured Au
NPs were doped on the patterned ITO glass at 5, 10 and
15 wt%, a 40-nm-thick hybrid buffer layer was formed.
Then, solutions were annealed on the hot plate at 120 �C
for 20 min to remove any residual solvents. The solutions
that had been blended with an ortho-dichlorobenzene
(ODCB) concentration of 1.5 wt% and a P3HT/PCBM ratio
of 1:0.6, and had been doped with truncate octahedral-
structured Au NPs at 10, 15 and 20 wt% for a photoactive
layer were spin-coated at 500 rpm on the hybrid buffer
layer to form a 130-nm-thick layer and then annealed at
160 �C 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 ther-
mally deposited in order in a high-vacuum chamber. Final-
ly, large-area PSCs with an active area of 225 mm2

(15 mm � 15 mm) were fabricated through encapsulation.
4. Results and discussion

Fig. 3 shows the SEM images of the synthesized Au NPs.
As shown in Fig. 3a, the Au NPs applied to the buffer layer
were octahedral-structured with a particle size of ca.
30 nm. In our previous study, we reported that it was pos-
sible to adjust the particle size by adjusting response time
during the Au NP synthesis [17]. In this study, therefore, Au
NPs sized ca. 30 nm were introduced by reducing the Au
NP synthesis time for embedment into the buffer layer
(ca. 40 nm in thickness). The strong intensity of the
(1 1 1) reflection peak indicated that the octahedra were
bounded by {1 1 1} faces and that they were deposited
preferentially with their triangular faces on the substrate
surface. Fig. 3b shows an SEM image of the truncated octa-
hedral-structured Au NPs sized ca. 80 nm that were ap-
plied into the photoactive layer. The photo absorption
properties of the Au NPs were more dependent on the par-
ticle size than on the shape [25,26]. Therefore, the particle
size was controlled using a different synthesis method
from that applied to the buffer layer [27]. Fig. 4 shows
the SPR absorption band according to the particle size
and shape of the Au NPs. In terms of maximum absorption
peak (kmax), the octahedral-structured Au NPs (ca. 80 nm
size) were 568 nm while the truncated octahedral-
structured Au NPs of the same size were 571 nm. However,
the octahedral-structured Au NPs sized ca. 30 nm were
550 nm, and were blue shifted by approximately 18 nm.
Therefore, this result confirmed that the absorbance prop-
erty of the Au NPs was more dependent on the particle size
than on the shape.

Table 1 summarizes the electrical properties of the buf-
fer layer according to the doping concentration of the Au
NPs and DMSO. When Au NPs was doped at 10 wt%, the
conductivity was 0.21 S/cm, which was improved by about
40% compared to the undoped layer. When the doping con-
centration of Au NPs was 15 wt%, however, the PEDOT and
PSS agglomeration dramatically increased. As a result, the
root mean square (RMS) value increased from 3.21 to
4.52 nm, which in turn decreased the conductivity. In addi-
tion, the DMSO doping level was optimized to enhance the
conductivity of the Au NPs-doped hybrid buffer layer, and
the electrical properties are summarized in Table 1. The
polar solvents with high dielectric constant such as DMSO,
increased the conductivity of PEDOT:PSS by reducing the



Fig. 3. (a) SEM image of octahedral Au NPs (inset shows XRD pattern of octahedral Au NPs). (b) SEM image of truncated octahedral Au NPs (Inset shows the
truncated octahedral Au nanoparticle in greater detail).

Fig. 4. Surface plasmon resonance (SPR) absorption bandof Au NPs.
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coulombic interaction between the counter ion and the
charge carrier through the strong positively charged PED-
OT-negatively charged PSS dopant screen effects [28,29].
Therefore, as the DMSO doping level was increased, the
conductivity of the hybrid buffer layer increased. The high-
est conductivity was observed at 2 wt% doping. Even
though the doping concentration of the Au NPs was fixed,
however, the degree of PEDOT/PSS agglomeration, which
was similar to Au NPs in terms of size, increased when
the DMSO doping level increased, which in turn degraded
the morphology of the thin film. Consequently, the highest
Table 1
Electrical properties of hybrid buffer layers and conductivity-enhanced hybrid bu

Hybrid buffer layers

Additives
concentrations
(wt%)

– 0.5

Au NPs
concentrationsa

(wt%)

0 5 10 15 0 5 10 1

Resistivity (X cm) 6.32 5.82 4.75 5.72 0.232 0.195 0.120 0
Conductivity (S/cm) 0.15 0.17 0.21 0.17 4.31 5.13 8.32 5
Root mean squareb

roughness (nm)
3.21 3.42 3.78 4.52 4.13 5.24 6.47 7

a Au NPs crystalline size: �30 nm, Au NPs solution: 0.1 mg/ml. Buffer layer th
b Root mean square roughness values were measured by atomic force micros
conductivity was detected at the thin film in which DMSO
and Au NPs were doped at 2.0 wt% and by 10 wt%, respec-
tively, to PH500. The conductivity was 139 S/cm.

To confirm the improvement of photovoltaic properties
after the introduction of the photoactive layer that had
been doped with the conductivity-enhanced hybrid buffer
layer and Au NPs and the optimized production conditions,
PSCs were fabricated. After spin-coating various types of
buffer layer inks that were formulated on the patterned
ITO glass, a thickness of 40 nm was obtained. The layers
were then annealed at 120 �C for 20 min. As photoactive
layers, P3HT and PCBM were mixed at 1:0.6 ratio and
blended in ODCB in 1.5 wt% concentration. Then, the solu-
tions in which Au NPs had been doped at 10, 15 and 20 wt%
were spin-coated on the buffer layer to give a thickness of
about 130 nm. The layer was then annealed at 160 �C for
10 min. To form the cathode, thermal deposition was car-
ried out in a high vacuum chamber in the order of BaF2

(0.1 Å/s, 2 nm), Ba (0.2 Å/s, 2 nm) and Al (5 Å/s, 100 nm).
Because organic materials and metals differ from each
other in terms of surface energy and energy level, BaF2

was applied as an electron transporting layer for effective
collection of electrons through ohmic contact. In addition,
Ba (�2.7 eV) with low work function was used as the cath-
ode, and Al was deposited to a thickness of 10 nm to pro-
tect the cathode.

Fig. 5 shows the characteristics of the PSCs and incident
photon to current efficiency (IPCE) data, and the details
are presented in Table 2. In the case of the pristine
ffer layers at various concentrations of Au NPs and DMSO.

Conductivity enhanced hybrid buffer layers

1.0 2.0

5 0 5 10 15 0 5 10 15

.184 0.065 0.057 0.049 0.053 0.009 0.008 0.007 0.008

.43 15.4 17.5 20 18.9 105 114 139 117

.21 5.32 6.54 7.59 8.17 6.27 7.59 8.26 9.14

ickness: 40 nm, Annealing: 20 min at 120 �C.
copy.



Fig. 5. (a) J–V characteristics of the PSCs for various modified buffer
layers and photo active layers. (b) IPCE data of fabricated devices for
various modified buffer layers and photo active layers.
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PH500-applied reference device, JSC, VOC and FF were
7.3 mA/cm2, 0.595 V and 37.8%, respectively. The calculated
PCE was 1.7%. To increase the photon absorption in the pho-
toactive layer, truncated octahedral-structured Au NPs
were doped at various concentrations. The PSC perfor-
mance was optimized at Au NP dopant concentration of
15 wt%, and PCE was improved by about 35–2.3%, com-
pared to the reference device. The Au NP doping increased
the shunt resistance (RSH) from 339 to 384 X cm2 and JSC

from 7.3 to 7.6 mA/cm2. When RS decreased from 42.3 to
32.9 X cm2, the leakage current also decreased. As a result,
FF increased by about 28%. In particular, VOC significantly
improved from 0.595 to 0.656 V. According to the report
of the Heeger group, the P3HT:PCBM based BHJ layer with
Table 2
Characteristics of devices.

JSC (mA/cm2)

PH500/P3HT 7.3
PH500/P3HT + Au NPs 15 wt% 7.6
PH500 + DMSO 1 wt% + Au NPs 10%/P3HT 8.3
PH500 + DMSO 1 wt% + Au NPs 10%/P3HT + Au NPs 15 wt% 8.7

ITO/PH500 w/w.o Au NPs and DMSO/P3HT:PCBM(1:0.6) w/w.o Au NPs/BaF2/Ba/
Au NPs have a work function of approximately 5.1 eV (close
to the highest occupied molecular orbital (HOMO) energy
level of P3HT, 5.2 eV), thus resulting in a small energy bar-
rier for hole extraction. Therefore, the introduction of Au
NPs decreases hole injection barrier to 0.1 eV. This smaller
hole injection barrier can induce a cascade hole transfer
from the HOMO energy of P3HT to the ITO electrode. Effi-
cient hole extraction can reduce the possibility of electron
/ hole recombination, thus resulting in the increase of
VOC [24].

To improve the photon absorption property and carrier
mobility on the buffer layer, octahedral-structured Au NPs
and DMSO were introduced to the PH500. The device
performance was optimized at Au NPs and DMSO dopant
levels of 10 wt% and 1 wt%, respectively. In addition, PCE
improved by about 53–2.6%, compared to the reference
device. In particular, RS (25.3 X cm2) decreased by about
60% while RSH (430 X cm2) increased by 27%, compared
to the reference device, because of the improved conduc-
tivity of the buffer layer by adding DMSO to the hybrid buf-
fer layer. We previously ascertained that these resistance
changes decreased the probability of recombination due
to the fast shift of the holes and electrons generated in
the photoactive layer to the external circuit [17]. Therefore,
it was confirmed that JSC increased from 7.3 to 8.3 mA/cm2

and FF from 37.8% to 48.6%.
The PCE of the PSCs in which the photoactive layer had

been doped with conductivity-enhanced hybrid buffer layer
and Au NPs was 3.2%, which was an increase of 88% com-
pared to the reference device. JSC, FF and VOC increased from
7.3 to 8.7 mA/cm2, 37.8% to 56.1% and 0.595 to 0.656 V,
respectively. Because of the increase of photocurrent by
the LSPR effect of the Au NPs on the photoactive layer and
the improvement of the carrier mobility by the DMSO-
doped buffer layer, the internal resistance decreased, and
RS decreased from 42.3 to 19.7 X cm2. In particular, RSH in-
creased from 339 to 487 X cm2. This confirmed the de-
creased charge recombination at a photoactive layer and
buffer layer interface. Therefore, FF increased by over 48%,
which improved the photon-harvesting properties on both
the buffer and photoactive layers by applying both the con-
ductivity-enhanced hybrid buffer layer and the Au NPs-
doped photoactive layer. In addition, the probability of
charge recombination was simply reduced by improving
the carrier mobility via the enhanced conductivity of the
buffer layer.

Fig. 5b shows the IPCE data of the PSCs. Compared to
the devices which were not doped with Au NPs, the in-
creased external quantum efficiency (EQE) occurred
mostly in the Au NPs-doped devices. In particular, the
VOC (V) FF (%) PCE (%) Rs (X cm2) Rsh (X cm2)

0.595 37.8 1.7 42.3 339
0.656 45.2 2.3 32.9 384
0.656 48.6 2.6 25.3 430
0.656 56.1 3.2 19.7 487

Al.



Fig. 6. (a) Photon absorption property of various modified buffer layers
and photo active layers (b).
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maximum EQE was 37% at ca. 520 nm in the devices
without Au NPs and 50% at ca. 550–570 nm region in the
Au NPs-doped devices. The same result was also found
within the photon absorption range of the Au NPs (ca.
550–570 nm), which confirmed the increase in the pho-
ton-harvesting properties by the LSPR effect after the intro-
duction of the Au NPs.

To determine if the holes and electrons that were disso-
ciated with the photon-harvesting properties because of the
application position of Au NPs were effectively shifted to
the external circuit, the UV–vis absorption data and PL
quenching data were analyzed. According to Fig. 6a, in the
case of photo active layer with Au NPs, the absorption prop-
erty was more increased than that of buffer layer with Au
Table 3
PL quenching rate of various structures of buffer laye

PH500/P3HT
PH500/P3HT + Au NPs 15 wt%
PH500 + DMSO 1 wt% + Au NPs 10%/P3HT
PH500 + DMSO 1 wt% + Au NPs 10%/P3HT + Au NP
NPs. LSPR of Au NPs are very sensitive to the sizes, shapes
as well as the surrounding environment [17]. Therefore,
the difference in absorbance is due to the difference in the
size and the shape of the Au NPs. The photon absorption
properties were more improved in the sample in which
Au NPs were introduced to both buffer and photoactive lay-
ers than in the sample without Au NPs. In particular, the
absorption properties were dramatically increased in a
range of below 560 nm, because the scattered photons form
buffer layer was absorbed in photoactive layer. Therefore,
we successfully introduced Au NPs in both layers to en-
hance the absorption over a larger wavelength region (see
Table 3).

Fig. 6b presents the PL quenching data. The difference
between the area without PCBM (acceptor) and the PCBM-
included area represents the quenched electron holes. With
increasing quenched amount, the electron holes were disso-
ciated more efficiently. The Au NP doping quenched the
photons even in the absence of the PCBM acceptor. This re-
sult confirmed that the Au NPs absorbed the photons well
because of the LSPR effect. The quenching properties were
improved when doped with the photoactive layer instead
of with the buffer layer. In addition, they were improved
the most when they were added to both layers. The quench-
ing rate was 89% when PCBM (acceptor) was added without
any Au NP doping. When Au NPs were doped in both buffer
and photoactive layers, on the contrary, the quenching rate
reached up to 95%. Therefore, Au NP doping enhanced the
photon absorption properties in the photoactive and buffer
layers through the LSPR effect. The improved conductivity
of the buffer layer achieved by DMSO addition enhanced
the PCE of the PSCs by letting the absorbed photons exit to
the external circuit before being recombined.

After fabricating a hole-only device for a charge mobility
study, the hole mobilities were calculated using the SCLC
[30–32]. The configuration of hole-only devices and the
graphs of the logarithm of JL3/V2 versus the square root of
the mean electric field are shown in Fig. 7. The device with
conventional PEDOT:PSS exhibited a hole mobility of
3.80 � 10�2 cm2/Vs, compared to 2.83 cm2/Vs for the device
which used pristine PH500. In addition, the device in which
Au NPs were doped to the photoactive layer had a hole
mobility of 3.13 cm2/Vs, which indicated that Au NPs im-
proved carrier mobility. However, the hole mobility was
higher in the device which enhanced the conductivity of
the buffer layer to 4.22 cm2/Vs. When Au NPs were doped
in both layers, the hole mobility improved up to 5.99 cm2/
Vs. This result confirmed that Au NP doping improved the
photon-harvesting properties in both the photoactive and
buffer layers and also enhanced the hole mobility. Further-
r and photo active layer.

Quenching rate (%)

89
92
91

s 15 wt% 94



Fig. 7. Current (J)–voltage (V) characteristics of the hole-only devices
with pristine PEDOT:PSS/P3HT, pristine PH 500/P3HT, PH 500/P3HT + Au
NPs, PH 500 + DMSO + Au NPs/P3HT and PH 500 + DMSO + Au NPs/
P3HT + Au NPs measured in the dark.
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more, DMSO was able to send the generated holes to the
external circuit quickly without recombination after the
conductivity of the buffer layer was improved.

5. Conclusion

In this study, a conductivity-enhanced hybrid buffer
layer was introduced to PSCs to improve their photon-
harvesting properties based on the LSPR effect, by adding
octahedral-structured Au NPs, and effectively separate
the generated charges, by adding DMSO to PH 500 as a buf-
fer layer. In addition, PSCs doped with truncated octahe-
dral-structured Au NPs were successfully fabricated to
maximize the photon-harvesting properties on the photo-
active layer. The addition of Au NPs and DMSO to the buffer
layer at 10 wt% and 1.0 wt%, respectively, and of Au NPs to
the photoactive layer at 15 wt%, led to the optimization of
the PSC characteristics with a PCE of 3.2%. The internal
resistance was decreased due to the increase in the photo-
current induced by the LSPR effect of the Au NPs that had
been introduced to the photoactive layer and the improve-
ment of carrier mobility by the DMSO-doped buffer layer.
As a result, RS decreased from 42.3 to 19.7 X cm2, while
RSH increased from 339 to 487 X cm2, which confirmed
the decrease in the charge recombination in the buffer
and photoactive layer interface. Therefore, the introduction
of both the conductivity-enhanced hybrid buffer layer and
the Au NP-doped photoactive layer enhanced the photon-
harvesting properties on both the buffer and the photoac-
tive layers. In this simple method, the probability of charge
recombination was reduced by enhancing the carrier
mobility after improving the conductivity of the buffer
layer.
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