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ABSTRACT: This article describes a cooperative plasmonic
effect on improving the performance of polymer bulk
heterojunction solar cells. When mixed Ag and Au nano-
particles are incorporated into the anode buffer layer, dual
nanoparticles show superior behavior on enhancing light
absorption in comparison with single nanoparticles, which led
to the realization of a polymer solar cell with a power
conversion efficiency of 8.67%, accounting for a 20%
enhancement. The cooperative plasmonic effect aroused
from dual resonance enhancement of two different nanoparticles. The idea was further unraveled by comparing Au nanorods
with Au nanoparticles for solar cell application. Detailed studies shed light into the influence of plasmonic nanostructures on
exciton generation, dissociation, and charge recombination and transport inside thin film devices.
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Organic bulk heterojunction (BHJ) solar cells with a
bicontinuous interpenetrating network between the

polymer donor and fullerene acceptor exhibit potential
advantages as lightweight, flexible, large area devices and in
the low cost roll to roll fabrication methods.1−4 These devices
are envisioned as a very promising candidate to harvest solar
energy. Multidisciplinary efforts have been taken in recent years
to pursue polymer solar cells exhibiting high power conversion
efficiency (PCE), such as rational designs of low-bandgap
conjugated polymers,5−10 optimization of film morphol-
ogy,11−19 and developing new device architectures.20−23

These efforts have led to BHJ solar cells with PCEs close to
9% in small area devices.24−27

Although the perceived advantages of these solar cells are
attractive, the performance of polymer BHJ solar cells is still
limited by insufficient light absorption and low charge carrier
mobility within the thin films.2,28 Different approaches were
taken to enhance the light absorption with the cautions to
optimize cell absorption without increasing the thickness of the
active layer, so to avoid the increase in charge recombina-
tion.28,29 Recently, metallic nanoparticles (NPs) were intro-
duced into organic photovoltaic (OPV) devices for highly
improved light harvesting by utilizing the localized surface
plasmonic resonances (LSPR) of metallic NPs.29−36 However,
only a handful reports showed a solar cell PCE higher than 8%
by incorporating metallic NPs into OPV devices,37 and the
influence of NPs on charge separation and transport inside high
efficiency BHJ solar cells still needs to be explored in depth.
Here we report a cooperative PCE enhancement of 20% by

simply adding Ag and Au mixture (dual NPs) into photovoltaic
devices fabricated from our champion donor polymer

polythieno[3,4-b]-thiophene/benzodithiophene (PTB7) and
[6,6]-phenyl C71-butyric acid methyl ester (PC70BM). We
show here that incorporation of dual NPs exhibits the following
advantages: (1) broader light absorption enhancement than
single NPs; (2) enhanced exciton generation rate and
dissociation efficiency; and (3) increased charge carrier density
and lifetime. As a result, we achieved a high PCE of 8.67% for
our BHJ polymer solar cells.
Figure 1 shows molecular structures of PTB7 and PC70BM,

OPV device structure, and transmission electron microscopy
(TEM) images of Ag and Au NPs used in this paper. The TEM
images indicate that the sizes of both Ag and Au NPs are
around 40 to 50 nm, which are comparable to the thickness of
the PEDOT layer (60 nm). Therefore it is safe to assume that
NPs are imbedded within PEDOT layer and LSPR are induced
near the active layer of our devices. This assumption is also
confirmed by atomic force microscopy (AFM) images. Figure 2
illustrates AFM images of PEDOT:PSS with and without dual
NPs. The root-mean-squared (RMS) roughness of PE-
DOT:PSS layer on ITO glass is measured to be 1.02 nm
while PEDOT:PSS mixed with dual NPs exhibits exactly the
same RMS roughness. Thus we could anticipate that all the
NPs are located within the PEDOT layer so that the RMS
roughness remains unchanged.
To clarify the effect of dual NPs in OPV devices, we first

optimized solar cell performance with each type of NPs, and
then we investigated the effect of dual NPs. Solar cells with the
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structure of ITO/PEDOT:PSS with NPs/PTB7:PC70BM/Ca/
Al were fabricated and measured under AM 1.5G illumination
at 100 mW/cm2. Corresponding current density versus voltage
(J−V) curve of PTB7:PC70BM without NPs, with Ag NPs, with
Au NPs, and with dual NPs is shown in Figure 3a. Table 1
provides a summary of photovoltaic parameters. After
incorporating Ag NPs into PEDOT:PSS layer, open-circuit
voltage (Voc) remained nearly the same, short-circuit current
density (Jsc) increased from 15.0 to 16.4 mA/cm2, FF increased
from 67.1 to 68.8%. As a result, PCE enhanced from 7.25 to
8.01%. Incorporating Au NPs into PEDOT layer shows similar
improvement. Voc remained unchanged, Jsc improved to 16.7
mA/cm2 and FF enhanced to 68.8%, leading to a PCE of
8.16%. Both Ag and Au NPs exhibit around 10% enhancement
of PCE due to the notable enhanced Jsc and improved FF.
After that, we studied the effect of dual NPs by simply mixing

Ag and Au NPs of optimized conditions together into
PEDOT:PSS layer. Very interestingly, devices with dual NPs
showed much better solar cell performance, Jsc further
improved to 17.7 mA/cm2 and FF enhanced to 69.0%,
resulting in a promising PCE of 8.67%. Average solar cell
parameters over 10 identical devices are summarized in
Supporting Information Table S1. Typically, devices with dual

NPs showed mean Voc at 0.71 ± 0.01 V, Jsc at 17.6 ± 0.18 mA/
cm2, FF at 68.7 ± 0.37%. The average PCEs for solar cells with
Ag NPs, Au NPs, and dual NPs are 7.96 ± 0.09, 8.06 ± 0.09,
8.56 ± 0.14%, respectively. The small standard deviations
indicate good reliability and reproducibility of our results.
Besides, the series resistance (Rs) of devices with NPs
decreased compared with the control device (summarized in
Supporting Information Table S2). Especially, the Rs of solar
cells with dual NPs reduced from 6.76 (without NPs) to 4.44 Ω
cm2 (with dual NPs). Consequently, FF increased from 67.1
(without NPs) to 69.0% (with dual NPs) in this work.
External quantum efficiency (EQE) measurements of four

different solar cells are first conducted to better elucidate
improved Jsc. Figure 3b depicts the corresponding EQE spectra.
For device with dual NPs, EQE increased over a broad
wavelength range from 350 to 750 nm while for device with Ag
NPs, EQE mainly increased from 350 to 600 nm and for device
with Au NPs, EQE increased from 500 to 750 nm. The
maximum EQE values for Ag NPs, Au NPs and dual NPs
devices are 81, 80, and 82%, respectively. The integrated Jsc
values from our EQE spectrum for four devices are 14.8, 16.2,
16.4, and 17.4 mA/cm2, respectively. The difference between

Figure 1. (a) Molecular structures of PTB7 and PC70BM. (b) Device structure of the solar cell used in this work. (c) TEM images of Ag, Au, and
dual NPs.

Figure 2. (a) AFM images of PEDOT with dual NPs. (b) AFM images of PEDOT without dual NPs.
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intergrated Jsc and measured Jsc are within 3%, indicating good
accuracy of our OPV measurement.
To better illustrate the Jsc enhancement, we also performed

UV−vis absorption measurements of solar cells with and
without NPs. The absorption spectrum is shown in Figure 3c.
We can tell that the absorption of PTB7:PC70BM cell in the
region of 420 to 600 nm is enhanced after incorporation of Ag
NPs, further incorporation of Au NPs improved the absorption
from 520 to 750 nm. It is clear from EQE spectra and UV−vis
absorption spectra that dual NPs shows broader absorption
enhancement region than single NPs. The enhanced absorption
is in good agreement with the plasmonic resonance region of
Ag and Au NPs (inset of Figure 3c). On the basis of EQE and
UV−vis absorption results, it is clear that dual NPs greatly
broaden the wavelength range for absorption enhancement
compared with either Ag or Au NPs.
To explore the effects of NPs on exciton generation and

dissociation, we determined the maximum exciton generation
rate (Gmax) and exciton dissociation probabilities P(E,T) of our
OPV devices. Figure 3d reveals the effect of LSPR on
photocurrent density (Jph) versus effective voltage (Veff). Jph is
determined as Jph = JL − JD, where JL and JD are the current
density under illumination and in the dark, respectively. Veff is
determined as Veff = V0 − Va, where V0 is the voltage at which
Jph = 0 and Va is the applied bias voltage.38 Figure 3d clearly
shows that Jph increases linearly at low Veff range and saturates
at a high Veff (i.e., Veff = 2 V). Assuming that all the

photogenerated excitons are dissociated into free charge
carriers and collected by electrodes afterward at a high Veff
region,39,40 saturation current density (Jsat) is then only limited
by total amount of absorbed incident photons. Gmax could be
calculated from Jph = qGmaxL, where q is the electronic charge
and L is the thickness of active layer (124 nm). The values of
Gmax for the control device and device with dual NPs are 8.53 ×
1027 m−3 s−1 (Jsat = 169 A m−2) and 9.54 × 1027 m−3 s−1 (Jsat =
190 A m−2), respectively. An impressive enhancement of Gmax
occurred after incorporation of dual NPs. Since Gmax is related
to maximum absorption of incident photons,39,40 the enhanced
Gmax suggests increased light absorption in device with dual
NPs. The P(E,T) could be obtained from the ratio of Jph/Jsat.

31

P(E,T) values under Jsc condition increased from 88% in
control device to 93% in device with dual NPs, indicating that
the excitation of LSPR also benefits the dissociation of excitons
into free charge carriers.
Impedance spectroscopy was used to measure the charge

carrier density (n) and the effective charge carrier lifetime (τeff)
of our OPV devices.41,42 In order to evaluate the photo-
generated charge carrier density, impedance spectroscopy was
measured at Voc condition. At Voc condition, the built-in electric
field was canceled out by the applied bias voltage, preventing
the photogenerated charge carriers in the active layer from
flowing toward electrodes. Thus the possibility of charge
recombination at PTB7:PC70BM interface is increased to
maximum.42 Charge carrier density can be calculated based on
n = 1/eAd∫ dark

Voc C(V)dV, where e is elementary charge, A is the
device area, d is the thickness of the active layer, and C is the
chemical capacitance.42,43 The chemical capacitance is simu-
lated using Schottky equivalent circuit model.44,45 Figure 4a
depicts impedance spectra of PTB7:PC70BM BHJ solar cell
with and without dual NPs under simulated 1-sun illumination
at Voc condition. From the integration of chemical capacitance
over Voc under various illumination intensities, the calculated
charge carrier density in device with dual NPs is 1.30 × 1017

cm−3, while the charge carrier density of the control device is
1.13 × 1017 cm−3, it is clear that the incorporating of dual NPs
leads to a noticeable enhancement of charge carrier density
within the active layer.
Moreover, the τeff value at Jsc condition is extracted from the

product of recombination resistance (Rrec) and chemical
capacitance.42,46 Impedance spectra of solar cells with and
without dual NPs under simulated 1-sun illumination at Jsc
condition is shown in Figure 4b. The τeff values of device with
dual NPs and the control device are calculated to be 24.38 us
and 20.36 us, respectively. In general, a longer τeff suggests
improved charge collection efficiency or decreased charge
recombination, or both.47 To explain the longer τeff of device
with dual NPs, we first measured hole mobility with the
structure ITO/PEDOT:PSS with dual NPs/PTB7/Al using
space-charge-limited current (SCLC) model.48 As shown in
Figure 4c, hole mobility increased from 5.82 × 10−4 (dark) to
7.00 × 10−4 cm2 V−1 s−1 (1-sun illumination) for dual NPs
device. The improved hole mobility will lead to improved hole
collection efficiency for our OPV devices. To gain deeper
insight into the influence of NPs on charge recombination
process, the Jsc of the control device and dual plasmonic device
were measured at various illumination intensities. As shown in
Figure 4d, the Jsc values of both devices change linearly with
light intensity, yielding the same power law of 0.84. Therefore,
it can be assumed that incorporation of NPs has negligible
influence on charge recombination since the Jsc of both devices

Figure 3. (a) Current−voltage characteristics of solar cells with and
without NPs. (b) EQE spectra of PTB7/PC70BM with and without
NPs. (c) UV−vis absorption spectra of PTB7/PC70BM without NPs,
with Ag NPs and with dual NPs. Inset: UV−vis absorption spectrum
of NPs in water. (d) Potocurrent density (Jph)versus effective voltage
(Veff) characteristics of the control and dual NPs devices.

Table 1. Photovoltaic Parameters of Solar Cells with
Different NPs under AM 1.5G Illumination at 100 mW/cm2

NPs Jsc (mA/cm
2) Voc (V) FF (%) PCE (%)

no 15.0 0.72 67.1 7.25
Ag 16.4 0.71 68.8 8.01
Au 16.7 0.71 68.8 8.16
dual 17.7 0.71 69.0 8.67
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show the same dependence on light intensity. Based upon our
study on charge transport and recombination, we conjecture
that the longer τeff of device with dual NPs at Jsc condition is the
result of improved charge transport in the active layer under 1-
sun illumination, which is triggered by LSPR of NPs.
The above results indicate that the cooperative plasmonic

effect aroused from dual resonance peaks of two different NPs.
To better prove this idea, we also prepared devices with Au
nanorods (Rod) since Au Rods has dual plamonic resonance
peaks itself. On the basis of our results from dual NPs, Au Rods
should show superior behavior than Au NPs after blended into
PEDOT:PSS buffer layer due to dual LSPR peaks of Au Rods.
TEM image of the Au Rods is shown in Figure 5a. The
diameter of the rods is around 15 nm and the length is between
40 to 50 nm. The length of Au Rods is almost the same as the
size of Au NPs discussed previously in order to minimize the
influence of material sizes. The concentration of Au Rods is
kept the same as the concentration of the Au NPs under
optimized condition. Solar cells with Au Rods were fabricated
with the same structure in Figure 1b. Figure 5b depicts the
corresponding J−V curve of the device with Au Rods.
Compared with Au NPs, the addition of Au Rods into
PEDOT:PSS buffer layer further increases Jsc to 17.2 mA/cm2.
Average solar cell parameters abstracted over 10 identical
devices give mean Voc at 0.71 ± 0.01 V, Jsc at 17.1 ± 0.09 mA/
cm2, FF at 69.3 ± 0.64%, and PCE at 8.41 ± 0.07%. EQE
spectra of Au Rods device is shown in Figure 5c. The integrated
Jsc value from the EQE spectra is 16.8 mA/cm2. Figure 5d
shows UV−vis absorption spectrum of PTB7:PC70BM with and
without Au Rods. The LSPR peaks of Au Rods in water were
located at 515 and 678.5 nm (inset of Figure 5d), respectively.
On the basis of EQE and UV−vis absorption spectra, the

incorporation of Au Rods into PEDOT:PSS significantly
increased the absorption of the active layer in a broad
wavelength region from 450 to 720 nm. The further enhanced
Jsc of devices from Au Rods is in concert with our previous
results of dual NPs.
To conclude, we improved the PCEs of BHJ solar cells by

incorporating metal NPs into PEDOT:PSS buffer layer. LSPR-

Figure 4. Impedance spectra of PTB7-PCBM BHJ solar cell with/without NPs under 100 mW/cm2 illumination at (a) open-circuit condition and
(b) short-circuit condition. (c) J0.5 vs V plots for device with dual NPs under dark and 1 sun illumination. (d) The dependence of Jsc on light
intensity of PTB7/PC70BM BHJ solar cell with and without dual NPs in PEDOT layer.

Figure 5. (a) TEM images of Au Rod in water. (b) J−V curve of
PTB7/PC70BM with Au Rod. (c) EQE spectra of PTB7/PC70BM with
Au Rod. (d) UV−vis absorption spectrum of PTB7/PC70BM with and
without Au Rod. Inset: UV−vis absorption spectrum of Au Rod in
water.
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induced local field enhancement not only leads to increased
light absorption of active layer materials but also benefits charge
separation and transport, resulting in increased charge carrier
density and lifetime. Moreover, we also show that cooperative
plasmonic enhancement could be achieved by simply
combining different NPs (i.e., Ag and Au) into PEDOT:PSS
buffer layer. The LSPR induced light absorption enhancement
region would be much broader after combination, this idea is
further proved by solar cell performance of devices with Au
Rods. A high PCE of 8.67% was achieved in this way. We
believe that the results of our study offer an effective approach
to enhance the efficiency of organic BHJ solar cells.
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