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We investigated the effect of metal oxide nanoparticles (NPs) in poly (3,4 ethylenedioxythiophence):poly
(styrene-sulfonate) layer for the light harvestation in poly (3-hexylthiophene):[6,6]-pheny-C61-butyric acid
methyl ester organic solar cells. The role of tungsten trioxide nanoparticles (WO3) and molybdenum trioxide
nanoparticles (MoO3) in enhancing the efficiency of solar cells was compared. Due to the difference in the energy
band structure of the two nanoparticles, theWO3NPs acted as a hole blocking layer,whereasMoO3NPs helped in
the hole transfer. The solar cell withWO3 NPs at 1.5 wt% concentration showed a power conversion efficiency of
4.22% under AM 1.5G illumination and the device blended with 2 wt% of MoO3 NPs showed a power conversion
efficiency of 4.40%.Wemeasured various electrical properties including, electrochemical impedance spectrosco-
py and recombinationmechanisms using the light intensity dependent current–voltage measurement of organic
solar cell.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The organic solar cells (OSCs) have an infinite potential of becoming
a renewable energy source because of the advantages like low-cost,
simple fabrication, light-weight, and flexibility [1–3]. However, in the
polymer and fullereneblend, the charge carriermobility is comparative-
ly low with a short exciton diffusion length in the active layer, which
limits the power conversion efficiency (PCE) of the devices [4]. The
short-circuit current density ( Jsc) and PCE of solar cells depend on the
efficient harvesting of light and efficient charge separation.

The scattering of light due to the surface plasmon resonance effect is
the most sought-after technique to enhance the Jsc of organic solar cells
[5]. The addition of light scattering materials revamps the intensity of
light in the device, resulting in an increased light absorption. Themetal-
lic NPs can be used as an optical spacer in the buffer layer (Au, MoO3,
CsCO3, V2O5, ZnO, Ca) [6–11]. A number of reports focus on the thermal
evaporation, chemical vapor deposition, or sputtering of the metallic
nanoparticle (NPs). Other hole-injecting polymers with larger work
functions have also been synthesized to enhance the hole injection
[12,13]. Inorganic layers of transition metal oxides have been discussed
as an alternative to poly (3,4 ethylenedioxythiophence):Poly (styrene-
sulfonate) (PEDOT:PSS), such as vanadium (III) oxide (V2O3) and
molybdenum trioxide (MoO3) vacuum deposited onto the indium tin
oxide (ITO) in OSCs [10]. Although these techniques proved to be
and Electrical Engineering,
, Republic of Korea. Tel.: +82
effective; commercial or bulk production of these devices will take
longer fabrication time and are much expensive.

However, the approach addressed in this paper is the careful use of
metallic nanoparticle's properties to induce surface plasmons, which
increases the optical absorption and photocurrent generation over a
broad range of visible wavelengths [14]. The use of NPs also roughens
the surface, thereby increasing the active surface area and the scattering
of light. As proposed by Paci et al., metallic nanoparticles have a dual
advantage on the efficiency of OSCs. Along with the increase of path
length of the absorbed light, nanoparticles also enhances the structural
stability of the layer leading to a slower device degradation rate during
prolonged illumination [5].

In this study, the artificial buffer layer mixed with metal oxide NPs
(WO3, MoO3) was used to enhance the scattering effect and to provide
a mechanical endurance to the device without increasing the thickness.
For metallic NPs, Shockley–Read–Hall (SRH) recombination at interfa-
cial traps [15] is proposed as the dominant mechanism at monomolec-
ular and bimolecular recombination. Moreover, the electrochemical
impedance spectroscopy (EIS) was used to study the interface charge
transport process, resistance and constant phase element. The electrical
and optical properties of the devices were analyzed.

2. Experiment details

We investigated the effect of metal oxide nanoparticle mixed in
PEDOT:PSS-based buffer layer on the inverted organic solar cells. The
size of both the particle used in this work was 100 nm. Poly (3-
hexylthiophene):[6,6]-pheny-C61-butyric acid methyl ester (P3HT:
PCBM) was used as an active layer. As shown in Fig. 1(a), the fabricated
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Fig. 1. (a) Schematic of the invertedorganic solar cell showing ITO/ZnO/P3HT:PCBM/PEDOT:PSS(WO3 orMoO3)/Ag layers. (b) The energybanddiagramwithWO3 andMoO3 in PEDOT:PSS
layer.

Fig. 2. (a) J–V characteristics of inverted organic solar cells using PEDOT:PSS buffer layer
with different concentration of WO3 NPs; (b) J–V characteristics of inverted organic
solar cells using PEDOT:PSS buffer layer with different concentration of MoO3 NPs;
Under AM 1.5G irradiation at 100 mW/cm2.
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solar cells had a structure of ITO/ZnO/P3HT:PCBM/PEDOT:PSS (WO3 or
MoO3)/Ag. For the fabrication, ITO glass substrates were cleaned in an
ultrasonic bath with acetone, isopropyl alcohol, and deionized water
for 20min, respectively. ZnOwas used as a buffer layer for hole blocking
between the active layer and bottom electrode. At first, ZnO solution
was spin coated on ITO substrate and then annealed at 200 °C for
20 min in a dry oven in ambient air. The active layer (P3HT:PCBM)
was deposited on a ZnO layer by spin coating. The P3HT:PCBMmixture
(P3HT:PCBM = 1:1 weight ratio) was dissolved in chlorobenzene at a
concentration of 40 mg/ml. The thickness of the active layer was
200 nm in all the devices. In order to deposit hydrophilic PEDOT:PSS
mixed with or without NPs on hydrophobic active layer, PEDOT:PSS
was also mixed with 0.5 vol% of Triton X-100 (C14H22O(C2H4O)n) non-
ionic surfactant. This solution was then spin coated on hexamethylene
disilazane, which was pre-coated on the active layer. Thermal pre-
annealing was conducted at 160 °C for 10 min in a dry oven in ambi-
ent air. Ag top electrode (100 nm) was deposited on PEDOT:PSS
layer through a shadow mask by thermal evaporation, defining an
active area of 0.1 cm2. The UV-visible spectrophotometer (Shimadzu
UV-1601) was used to study light absorption of the active/buffer layers.
Current density–voltage (J–V) characteristics were measured with J–V
curve tracer (Eko MP-160) and a solar simulator (Yss-E40, Yamashita
Denso) under AM1.5G (100mW/cm2) irradiation intensity. The imped-
ance was measured using EIS. External quantum efficiency (EQE) spec-
tra was measured under calibrated, monochromatic light illumination
obtained from a xenon light source operating in the wavelength range
of 300–700 nm (K3100, Mc Science). The light intensity was calibrated
with a standard silicon cell (PVMeasurements, Inc.). The output voltage
of solar cells depends on the intensity of light. To study the light
dependency, we altered the illumination intensity of solar simulator,
by varying the power of the lamp power supply. The intensity of the
illumination was checked every time before the measurement with a
calibrated silicon cell and meter. Entire fabrication and measurement
processes were conducted in ambient air.

3. Results and discussion

Fig. 1(a) and (b) shows the structure and energy band diagram of
different of OSCs. The measured J–V characteristics of OSCs with
PEDOT:PSS and PEDOT:PSS:WO3 (different concentration) using a
solar simulator is shown in Fig. 2(a). The control device showed a Jsc
of 12.80 mA/cm2. The addition of 0.1 wt% tungsten trioxide elevated
the Jsc to 13.69 mA/cm2. Increasing concentration of WO3 NPs resulted
in higher Jsc, but a threshold was seen at 1.5 wt%. At this concentration,
the device gave a Jsc of 14.61 mA/cm2 while the device with 5 wt%
showed a lower Jsc of 13.22 mA/cm2. The performance of devices im-
proved due to light scattering. The performance of all the organic solar
cells is summarized in Table 1. Use of 1.5 wt% WO3 NPs increased the
Jsc by 14%. Fig. 1(b) shows the energy band diagram of our device.
Many studies have shown the energy level of lowest unoccupiedmolec-
ular orbital (LUMO) and highest occupiedmolecular orbital (HOMO) for
WO3 NPs at 5.24 eV and 7.94 eV, respectively. The higher concentration
of WO3 NPs increased the exciton generation. However, a very high
concentration of the NPs interfered with the binding of PEDOT and
PSS domains which reduced the carrier mobility. A blockage in holes
migration reduced the current density directing to a lower PCE. The



Table 1
Summary of organic solar cells performance with different concentrations of WO3 NPs in
PEDOT:PSS buffer layer.

WO3 Jsc [mA/cm2] Voc [V] Fill factor PCE [%]

Control 12.80 0.56 0.48 3.46
0.1 wt% 13.69 0.56 0.49 3.84
0.5 wt% 14.31 0.57 0.50 4.03
1 wt% 14.53 0.56 0.50 4.06
1.5 wt% 14.61 0.56 0.51 4.22
2 wt% 13.69 0.56 0.51 3.93
5 wt% 13.22 0.56 0.51 3.79

Fig. 3. (a) J–V characterstics of inverted organic solar cells using PEDOT:PSS buffer layer
with WO3 or MoO3 NPs. (b) UV-visible absorption spectra with WO3 or MoO3 NPs in
PEDOT:PSS layers. (c) The measurement of external quantum efficiency with WO3 or
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NPs above 1.5wt% concentration acts as an artificial hole blocking layer.
The energy level of bulk layer is extensively reported, but the energy
level of only NPs is seldom reported, which limits the study of the actual
reason for the hole blockage layer formation at high nanoparticle
concentration. A change in the energy level of WO3 NP-based devices
prevents the transport of holes from P3HT:PCBM to silver electrode.

For comparison,we also usedMoO3 (100 nm) in place ofWO3NPs in
the buffer layer. The energy level of MoO3 NPs at LUMO is 2.3 eV and at
HOMO is 5.3 eV. All the devices were fabricated with the similar condi-
tions. The concentration of MoO3 in PEDOT:PSS ranged from 0.1% to 5%.
The J–V curve of MoO3 blended devices is shown in Fig. 2(b), while Jsc
and PCE are plotted in the inset. The control device showed a Jsc of
12.80 mA/cm2, whereas the device with an optimized concentration of
2 wt% MoO3 NPs showed a Jsc of 15.00 mA/cm2. The performance of all
the organic solar cells is summarized in Table 2. The addition of MoO3

NPs improved the hole transfer, a mechanism opposite to that of WO3

NPs. A number of works have reported the use of metal oxide as buffer
layer. A direct comparison of obtained results with previous literature is
not possible, as most of the WO3 and MoO3 thin films were deposited
using thermal evaporation. Recently, Zillberberg et al. [6] reported a
PCE of 3.3% using thermally deposited MoO3 thin film, and Tao et al.
[8] reported a PCE of 2.58% using thermally deposited WO3 thin film.
However, in our work, we obtained a PCE of 4.4%. There were only
a few attempts to use metallic NPs in organic solar cells. In a related
work, Stubhan et al. used solution-processed MoO3 thin film in a
conventional structure but reported a very low light absorption
and PCE of 2.92%. Similarly, Huang et al. [10] and Oh et al. [9] used
solution-processed WO3 NPs and reported a PCE of only 3.74% and
2.61%, respectively.

Fig. 3(a) shows the J–V characteristics of the best performing devices
and control device. The black line (solid square) represents the control
device, which showed a power conversion efficiency of 3.46%. The
WO3 and MoO3-based devices showed the PCE of 4.22% and 4.40%, re-
spectively. Fig. 3(b) shows the overall UV-visible absorption spectra.
The black line represents the control device; in comparison, device
with WO3 NPs (1.5 wt%) or MoO3 (2 wt%) shows more absorbance.
The reason for this observation can be attributed to a phenomenon of
formation of localized surface plasmon resonance (LSPR) and increase
in scattering of light due to the use of metallic NPs, enhancing the
light absorption efficiency. Fig. 3(c) shows the measured external
quantum efficiency (EQE) of OSCs. A 25% increase in EQE was obtained
due to the addition of MoO3 NPs in PEDOT:PSS device. The EQE data
Table 2
Summary of organic solar cells performancewith different concentrations of MoO3 NPs in
PEDOT:PSS buffer layer.

MoO3 Jsc [mA/cm2] Voc [V] Fill factor PCE [%]

Control 12.80 0.56 0.48 3.46
0.1 wt% 13.52 0.56 0.51 3.96
0.5 wt% 13.71 0.56 0.51 3.99
1 wt% 14.18 0.56 0.51 4.07
1.5 wt% 14.29 0.56 0.51 4.12
2 wt% 15.00 0.57 0.51 4.40
5 wt% 14.26 0.57 0.51 4.17

MoO3 NPs in PEDOT:PSS layers. (-■-: control, -●-: with WO3, -▲-: with MoO3).
support the electrical analysis and UV-visible data corresponding to
Figs. 2 and 3(b).

Fig. 4(a) shows the semi-log plot of dependence of open-circuit
voltage (Voc) on the light intensity. The recombination studies at Voc

can provide detailed information of various mechanisms. The relation-
ship between light intensity and Voc is given by [16].

δVOC ¼ kT
e

ln Ið Þ þ const: ð1Þ



Fig. 4. (a) The measured Voc of organic solar cells with WO3 or MoO3 NPs in PEDOT:PSS
layers as a function of illumination intensity (symbols), together with linear fits of the
data (solid lines). (b) Measured Jsc of organic solar cells with WO3 or MoO3 NPs in
PEDOT:PSS layers plotted against light intensity (symbols) on the logarithmic scale and
fitted yield α (dotted line). (-■-: control, -●-: with WO3, -▲-: with MoO3).

Fig. 5. (a) The frequency-dependent real parts; (b) the frequency-dependent imaginary
parts in the impedance spectra of the devices withWO3 or MoO3 NPs in PEDOT:PSS layers
(-■-: control, -●-: with WO3, -▲-: with MoO3).

Table 3
EIS measurement of organic solar cells without NPs, with WO3 (1.5 wt%) and
MoO3 (2 wt%) NPs in PEDOT:PSS layer.

Rs [Ω cm2] Rp [Ω cm2] CPE-T [μF/cm2] CPE-P

Control 39 1602 0.63 0.97
WO3 38 965 0.51 0.97
MoO3 35 664 0.39 0.98
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where k is the Boltzmann constant, T is the temperature, e is the elec-
tronic charge, and I is the incident light intensity. When the additional
mechanism of SRH trap-assisted recombination is involved, a stronger
dependence of Voc on light intensity with a slope greater than kT/e is
observed. The control device showing a slope of 1.32 (kT/e) is indicative
of trap-assisted recombination. The addition of WO3 and MoO3 NPs in
PEDOT:PSS layer gave a slope value of 3.33 (kT/e) and 1.53 (kT/e),
respectively, confirming the trap-assisted recombination. The slope
value of WO3-based devices increased because the low intensity mode
of WO3 device prevents the hole transfer, which increases monomolec-
ular recombination.

The Jsc can be correlated to light intensity (I) by [16].

JSC ∝Iα α≤1ð Þ: ð2Þ

At short circuit, the bimolecular recombination should beminimum
(α ≈ 1) [17]. Fig. 4(b) shows the log–log scale relationship of Jsc as a
function of light intensity. The fitting of the data yielded α = 0.925 for
control device, which can be attributed to the bimolecular recombina-
tion. The device with WO3 and MoO3 NPs in PEDOT:PSS layer gave an
α value of 0.942 and 0.975, respectively. The Jsc vs. I data prove the J–V
characteristics shown in Fig. 3(a) because the bimolecular recombina-
tion is close to minimum at Jsc.

Fig. 5(a) and (b) shows the frequency-dependent real and imagi-
nary parts of the impedance of the devices with NPs in PEDOT:PSS.
Fig. 5(a) indicates that the real part of impedance is attributed by two
types of resistance, which is low frequency (b100 Hz) and high
frequency (N5000 Hz), respectively. The low-frequency region of
impedance corresponds to the parasitic resistance (Rp), and the high-
frequency region is attributed to the series resistance (Rs) [17,18]. The
constant phase element (CPE) is often used in place of a capacitance-
like element to compensate for non-homogeneity in the interface. CPE
is defined by twovalues, CPE-T and CPE-P. The CPE-Tmay be distributed
along the surface of an electrode or in the direction normal to the
electrode. Distributions of CPE-T result from distributions of physical
properties, including structure, reactivity, and resistivity. If CPE-P equals
1, then the CPE is identical to an ideal capacitor without defects and/or
grain boundary [18]. The control device showing an Rp of 1602Ω · cm2.
The addition ofWO3 and MoO3 NPs in PEDOT:PSS layer gave a parasitic
resistance of 965Ω · cm2and 664Ω · cm2, respectively. The values of Rp
is the smallest for the device with MoO3 NPs in PEDOT:PSS layer. This
indicates that the charge transport between P3HT and PCBM of MoO3

NP-based cell is the best. The value of Rp is highly sensitive to the
morphology of a charge transport layer. The performance of all the
organic solar cells is summarized in Table 3. Fig. 5(b) shows the
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frequency-dependent imaginary part of impedance of the different de-
vices. This plot is usually used to evaluate the relaxation frequency of
most resistive contribution. The frequency (ƒmax) centered at peak posi-
tion represents the carrier transfer rate. The control device showed a
ƒmax of 15360 Hz. The addition of WO3 and MoO3 NPs in PEDOT:PSS
layer gave a maximum frequency of 32820 Hz and 47970 Hz, respec-
tively. The value of ƒmax of the device with MoO3 NP in PEDOT:PSS
layer is largest among all devices. Thus, τ value of the device with
MoO3 NPs is smallest of all the devices. The values can be defined by
the relation: ƒmax α 1/τ. The small τ suggests efficient dissociation of ex-
citon at the interface between P3HT and PCBM and charge transport in
the active layer. Also, the proceeding time of electrons at the interface is
short, which suggests efficient charge transport on the interface
between the active layer and electrode. As a result, the small τ could
lead to the enhancement of Jsc.

4. Conclusion

The effects of two kinds of metal oxide NPs in PEDOT:PSS layer for
light harvesting on organic solar cells was investigated. The addition
ofmetallic NPs increased the light scattering. The control device showed
a 3.46% efficiency while WO3 NPs in PEDOT:PSS layer showed a PCE of
4.22%. The device with MoO3 NPs in PEDOT:PSS layer showed a higher
performance of 4.40% under AM 1.5G illumination. Upon investigation,
it was seen that the tungsten trioxide nanoparticles acted as a hole
blocking layer, whereas molybdenum trioxide nanoparticles helped in
hole transfer. The difference in the energy band of two NPs with that
of PEDOT:PSS resulted in the contrasting effect. WO3 NP-based device
showed a monomolecular recombination of 3.33 (kT/e), while MoO3

NPs in PEDOT:PSS layer gave a value of 1.53 (kT/e), which confirms
the trap-assisted recombination. The MoO3 NP-based devices have
low parasitic resistance and bimolecular, monomolecular recombina-
tion property.
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