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ABSTRACT: This Research Article describes a cooperative plasmonic effect
on improving the performance of organic solar cells. When Au nanorods-
(NRs) are incorporated into the active layers, the designed project shows
superior enhanced light absorption behavior comparing with control devices,
which leads to the realization of organic solar cell with power conversion
efficiency of 6.83%, accounting for 18.9% improvement. Further inves-
tigations unravel the influence of plasmonic nanostructures on light trapping,
exciton generation, dissociation, and charge recombination and transport
inside the thin films devices. Moreover, the introduction of high-conductivity
Au NRs improves electrical conductivity of the whole device, which
contributes to the enhanced fill factor.
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1. INTRODUCTION

Predictions associated with limited fossil fuels and environ-
mental issues caused by them have motivated a rapid growth of
research on photovoltaics (PVs). Up to now, the majority of
PVs are silicon-based conventional P−N junction devices,
however, the dominance of these PVs is being challenged by
the emergence of so-called organic solar cells (OSCs) based on
new materials and device approaches.1 OSCs technologies
based on solution processing methods show a series of
advantages that conventional silicon-based devices do not
have, such as, low cost, ease of fabrication, flexibility, and
lightweight.2−5 In spite of these virtues, OSCs are still far away
from commercial application because of their low power
conversion efficiency (PCE). The overall PCE of OSC devices
is highly dependent on the thickness of the active layer film.6−8

On one hand, light absorption and subsequent exciton
generation, are directly proportional to the film thickness.
That is to say, a thicker film has a higher absorption and
increases the number of potential charge carriers through the
increase of photoactive material. However, on the other hand, a
thinner active layer lowers the probability of excition
recombination and thus increases the excition collection
efficiency. Obviously, developing approaches to increase
effective light trapping in the active film which is as thin as
possible is the key challenge in improving device efficiency.
Recently, metallic nanopaticles (NPs) were introduced into

organic photovoltaic (OPV) devices for highly improved light
harvesting by utilizing the localized surface plasmonic

resonances (LSPR) effects,9−15 scattering effects,16−18 and the
synergy of both.19−22 The field of NPs plasmonics has been
widely studied during the last two decades, leading to the
discovery of some very interesting phenomenon and the
development of applications in photoelectric conversion.23−25

The electric field component of incident electromagnetic
radiation can excite the sea of conduction band electrons
associated with the metal particle at a resonant mode which
causes the electrons to oscillate coherently on the surface of the
particle. This phenomenon is referred to as LSPR.26 However,
the influence of NPs on charge separation and transport inside
high efficiency solar cells still needs to be deeply explored.27

In this work, we report a cooperative PCE enhancement of
18.9% by simply introducing Au nanorods (NRs) into active
layers of OSCs fabricated from Poly [N-900-hepta-decanyl-2,7-
ca rbazo lea l t -5 ,5 - (40 ,70 -d i -2 - th i eny l -20 ,10 ,30 -ben-
zothiadiazole)(PCDTBT) and [6,6]-phenyl C71-butyric acid
methyl ester (PC71BM). It is demonstrated here that
incorporation of NRs exhibits distinct advantages of light
harvesting enhancement and charge transport properties
improvement.
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2. EXPERIMENTAL SECTION
2.1. Preparation of Active Layer Solution. For the synthesis of

Au NRs, 1 mL of 1 wt % chloroauric acid (HAuCl4) was dissolved in
99 mL of deionized water and refluxed, following with 1 wt % sodium
citrate solution adding to the boiling solution under stirring. The Au
NRs solution formed after further boiling for 30 min and cooling to
room temperature. The synthesized Au NRs were dissolved in
tetrahydrofuran (THF, 99.99%) eventually. For the preparation
process of the active layer solution, Au solution was first added into
a bottle, subsequently dried with nitrogen. At the preparation process
of the active layer solution, Au solution was first added into a bottle,
subsequently dried with nitrogen. Then PCDTBT, PC71BM, and 1,2-
dichlorobenzene (DCB) solution were added successively. Thus, we
got five kinds of active layer solution containing various weight ratio
(wt) (0, 0.5, 1.0, 1.5, and 2.0 wt %) of Au NRs. The active layer
solutions were sealed and stirred for 72 h in air without illumination.
The active layers were annealed in glovebox after spin-casting in glass
substrate. All measurements of device performance were done in air.
Figure 1 shows the transmission electron microscope (TEM) image
(Figure 1a), length histogram (Figure 1b), and diameter histogram
(Figure 1c) of synthesized Au NRs. It can be seen that the NRs are 60
nm in length and 15 nm in diameter on average, which are comparable
to the thickness of the active layer (100 nm). The film thickness was
tested by Spectroscopic Ellipsometry (SE). Therefore, it is safe to
assume that NRs are embedded within active layer and LSPR are
induced in solar cells.
2.2. Device Fabrication and Characterization. OSC devices

containing different concentration of Au NRs in active layer film were
fabricated with the structure of indium tin oxide (ITO)/titanium
dioxide (TiO2)/PCDTBT: PC71BM/molybdenum oxide (MoO3)/
sliver (Ag) on clean ITO/glass substrates, which is shown in Figure 2.

The patterned ITO/glass substrates were cleaned with acetone,
ethanol, and deionized water in order under ultrasonic processing for
20 min, respectively. Then colloid TiO2 prepared by sol−gel method
was spin-cast at 3000 rpm (rpm) onto the substrates and annealed at
450◦C for 2 h, acting as electron transport layer of OSC. For the
active layer, PCDTBT:PC71BM solution with varying concentration of
Au NRs was subsequently spin-cast on the top of TiO2 layer at 2000
rpm and annealed at 70◦C for 10 min in the atmosphere of argon.
MoO3 acting as hole transport layer does good to hole collection at the
photoactive layer interface,28−31 which was deposited onto the active

film layer through thermal evaporation with a thickness of 4 nm. In the
end, the devices were finished with 100 nm Ag deposited as anode.
Single-carrier devices with the structure of ITO/TiO2/PCDTBT:
PC71BM/BCP/Ag or ITO/MoO3/PCDTBT: PC71BM/MoO3/Ag
were also fabricated using the same method. For the device
characterizations, Transmission electronic modules (TEM) measure-
ment, J−V characteristics of normal devices, and single-carrier devices,
atomic force microscope (AFM) measurement, absorption and
transmission spectra, incident photon-to-current efficiency (IPCE),
and impedance spectroscopy were carried out as described in our
published papers.32,33

3. RESULTS AND DISCUSSION
Figure 3 illustrates AFM images of active layer without and with
1.5 wt % NRs doping. The root-mean-squared (RMS)

roughness of pristine PCDTBT: PC71BM film (Figure 3a) is
measured to be 1.51 nm while active layer mixed with 1.5 wt %
NRs exhibits exactly the same RMS roughness (Figure 3b). So
we could anticipate that all the NRs were located within active
layer thus the RMS roughness remains unchanged. In addition,
the active layer with 1.5 wt % Au NRs surface presents an
obvious and homogeneous phase separation (Figure 3c), which
cannot be observed from the active layer without Au NRs

Figure 1. (a) TEM images of Au NRs. (b) Histogram of Au NRs length. (c) Histogram of Au NRs diameter.

Figure 2. (a) Device structure of the inverted OSCs. (b) Scheme of
energy levels of devices based on PCDTBT: PC71BM.

Figure 3. AFM images of active layer films,(a) height image of pristine
PCDTBT:PC71BM film, (b) height image of PCDTBT:PC71BM film
with 1.5 wt % NRs doping, (c) phase image of PCDTBT:PC71BM film
with 1.5 wt % NRs doping, and (d) phase image of pristine
PCDTBT:PC71BM film.
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(Figure 3d). The doped films show uniformly percolated
structures and flat surfaces.34 It is well recognized that
continuous interpenetrating networks with proper domain
size play an important role in exciton separation and charge
transport.35,36

The current density−voltage (J−V) curves of photoactive
devices containing various concentrations of Au NRs are
presented in Figure 4, with the performance details summarized

in Table 1, and all the values are typically average of 50 devices.
The cells were measured with a shadow mask and only ITO-
coated glass was exposed to light. Actually, all the devices we
fabricated were optimized aiming at getting maximum PCE.
The optimized control device without Au NRs shows a PCE of
5.74%, corresponding open-circuit voltage (Voc) of 0.88 V,
short-circuit current density (Jsc) of 13.87 mA/cm2, fill factor
(FF) of 47.0%. When Au NRs was blended, as anticipated, Jsc
and FF increase gradually with the concentration of blending
Au NRs from 0.5 wt % to 1.5 wt % with unchanged Voc.
However, when the doping concentration continually increases
to 2.0 wt %, Jsc and FF begin to decrease and result in of PCE of
only 5.94%. The optimum concentration of 1.5 wt % Au NRs
provides the best device performance, Jsc of 16.10 mA/cm2, Voc
of 0.88 V and FF of 48.1%, leading to a PCE of 6.83% and
18.9% higher than control device. Notably, the lager FF of
doping devices can be put down to the increased charge
mobility and reduced resistance (Rs).

34,37−39 IPCE measure-
ments of five different solar cells are conducted to better
elucidate improved Jsc, and the Jsc calculated from IPCE curves
were also shown in Table 1. Figure 5 depicts the corresponding
IPCE spectra (Figure 5a) and IPCE difference of doped and
control device. For the doping solar cells, IPCE exhibits
significant increase covering a broad wavelength range from
400 to 700 nm compared to the control device, corresponding

to the J-V characteristics presented in Figure 4, and this
indicates direct evidence for the enhanced Jsc. The measured Jsc
from the OSC devices were well-matched with the Jsc calculated
from integration of IPCE curves (within 10% error), which
confirmed the accuracy of PCE from the measurement.
To better illustrate the Jsc enhancement, we did a simulation

of electric field profiles of active layer with Au NRs using finite-
difference time-domain (FDTD) methods (FDTD SOLU-
TIONs from Lumerical Solutions, Inc.). The blend
PCDTBT:PC71BM was treated as a single effective medium
in our simulation. The optical field was calculated with Au NRs
distributing in active layer. The values of Au NRs were got from
the histogram of both dimensions. The absorption and
extinction coefficients of PCDTBT:PC71BM blend film were
measured by SE, and the refractive index of the film was
measured from 300 to 1100 nm, which included absorption and
extinction coefficient. The optical field simulation was
implemented via Au NRs embedding in blend film. The
theoretical analog results of electric field profiles in Au NRs
doped active layers in the wavelength of 532 (Figure 6a) and

Figure 4. J−V curves of OSCs without and with various
concentrations of Au NRs doping.

Table 1. Detail Performance Parameters of All d OSC Devices without or with Different Ratios Au Nanorods Doping

Au NRs (wt %) Voc (V) Jsc (mA cm−2) Jsc of IPCE (mA cm−2) FF (%) PCE (%) Rs (Ω) Rsh (Ω)

0 0.88 13.87 ± 0.01 11.93 47.0 5.74 ± 0.11 236.02 3125.35
0.5 0.88 14.60 ± 0.01 12.87 47.7 6.12 ± 0.08 221.25 5680.24
1.0 0.88 15.06 ± 0.04 13.16 47.8 6.44 ± 0.13 195.04 6839.59
1.5 0.88 16.10 ± 0.03 14.05 48.1 6.83 ± 0.05 171.95 9852.81
2.0 0.88 14.19 ± 0.02 12.28 47.6 5.94 ± 0.12 229.06 5006.29

Figure 5. IPCE characteristic of OSCs without and with various
concentrations of Au NRs doping.

Figure 6. LSPR effect simulation for active layer doping with Au NRs
at the wavelength of (a) 532 and (b) 633 nm.
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633 nm (Figure 6b) are shown in Figure 6. The color scale
corresponds with the magnitude of increased electric field
intensity. This indicates that resonant near-field enhancement is
the primary mechanism contributing to enhanced absorption
with a small addition contribution from enhanced far-field
scattering into the optical modes of the device. The absorption
gain results in Jsc enhancement.40 It has been announced that
Au and Ag nanoparticles can play as an effective antenna for the
incident light that stores photon energy in a localized surface
plasmon mode.41,42 Some effects may also exist, such as
scattering effect, enlargement of the effective medium dielectric
constant (high-k materials), and local increase of the degree of
spin−orbit coupling for allowing intersystem crossing (ISE).
We also performed UV−vis absorption spectra of Au NRs

(Figure 7a), whose peak locates in 550 nm. The absorption
spectrum of PCDTBT: PC71BM blended films with various
concentrations of Au NRs is shown in Figure 7b, which was
directly spin-cast on clean glass at 2000 rpm and annealed at 70
°C for 10 min in the atmosphere of argon. The absorption
difference of doped films and pristine active layer is shown in
Figure 7c. Obviously, once Au NRs were doped, the blended
film shows greater optical absorption covering the wavelength
range from 350 to 700 nm. Partly, we attribute the enhanced
optical absorption to LSPR and scattering effect of Au NRs. In
addition, Au NRs can reflect and scatter light and therefore
increase the optical path length within the active film. The thin
film thickness of active layer was got by SE, which varied a little
under a small amount of Au NRs doping. Therefore, light
trapping enhancement in doped films did not result from
thickness increase, which really originated from doping effect.
On the basis of IPCE and UV−vis absorption results, it is clear
that NRs doping greatly broaden the wavelength range for
enhancement compared with pristine active layer. Thus, the
introduction of Au NRs to active film offers the possibility of
enhanced optical absorption and correspondingly enhanced
photoinduced carriers.43−46

The photoluminescence (PL) is measured to further examine
the exciton dissociation in the active layer films. Figure 8 shows
the PL spectra of the pristine PCDTBT:PC71BM film and
active layer films with different weight ratio of Au NRs annealed
at 70 °C for 10 min. The PL signals are corrected with the
absorption spectra of the active layers with different weight
ratio at wavelength of 450 nm. PL quenching is observed for
the active layer film with 0.5, 1.0, and 1.5 wt % Au NRs
comparing to that without Au NRs. This provides a direct
evidence for enhanced exciton dissociation and reduced
electron/hole recombination by incorporating the NRs, which
can also make contribution to the performance improvement of
OSCs.

Simultaneously with the drastic enhancement in Jsc, the FF of
the optimized devices is found to improve moderately,
suggesting that the charge transport properties are improved.
To make a realistic evaluation on the charge carrier mobility in
the active layer, electron-only and hole-only devices were both
fabricated, and J−V characteristics were measured and fitted
using the space-charge-limited current (SCLC) model (Figure
9). The corresponding device structures are also inserted in
Figure 9a and b. For the electron-only devices (Figure 9a),
those doping with various concentrations of Au NRs indicate
larger current density in contrast to the control device, and the
maximum current emerges at the concentration of 1.5 wt %,
conforming to Figure 4. For the hole-only devices (Figure 9b),
the result is similar. To explain the better charge transfer
properties, the hole and electron mobilities were calculated
using SCLC model. Hole mobility increases from 1.9 × 10−4 to
2.2 × 10−3 cm2 V−1 s−1, and electron mobility increases from
2.1 × 10−4 to 2.3 × 10−3 cm2 V−1 s−1. Upon the incorporation
of Au NRs, both the electron and hole mobilities increase,
leading to a dramatic enhancement of charge collection
efficiency for both electrodes.
To further investigate the effect of Au NRs on the optical

absorption of OSCs, the photocurrent density (Jph)−effective
voltage (Veff) curve was made and shown in Figure 10a. Jph is
defined as Jph = JL − JD, in which JL and JD stand for the current
density of OSC device under illumination and in the dark,
respectively. Veff is defined as Veff = V0 − V, in which V0 is the
voltage where Jph = 0 and V is the applied bias voltage. As is
shown in Figure 10a, Jph tends to saturate at high Veff after
increasing linearly at low Veff range, and thus we get the
definition of saturation photocurrent density (Jsat) which
assumes that all the photogenerated excitons are dissociated
into free charge carriers and collected by electrodes afterward
under high Veff.

35,36 Then we determine the maximum exciton
generation rate (Gmax) from the equation Jsat = qGmaxL, where q

Figure 7. (a) Absorption spectrum of Au NRs, (b) absorption spectra of PCDTBT: PC71BM film doped with various concentrations of Au NRs, and
(c) absorption difference of doped active layer films and undoped films.

Figure 8. Photoluminescence spectra of active layers with various
concentrations of Au NRs.
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is the electronic charge and L is the thickness of active layer
(100 nm). Therefore, we get the values of Gmax for the control
and doped devices: 8.62 × 1027 (Jsat = 138 A m−2) and 9.56 ×
1027 m−3 s−1 (Jsat= 153 A m−2), respectively. Obviously, an
noticeable enhancement of Gmax is obtained by incorporating
Au NRs into the active layer. Thus, we can come to the
conclusion that the light absorption in the active layer of doped
devices increases remarkably, since Gmax is related to maximum
absorption of incident photons. So the Au NRs demonstrate a
positive effect on the light absorption and contribute to
generation of the photogenerated excitons. The exciton
dissociation probabilities[P(E,T)], which are related to the
electric field (E) and temperature (T), are important signs of
exciton dissociation level. In the active layer, only a part of
photogenerated excitions can be dissociated into free carriers,
and as a result, Jph can be determined as Jph = qGmaxP(E,T)L.
Thus, the value of P(E,T) at any bias can be obtained from the
equation P(E, T) = Jph/Jsat. Figure 10b shows that the value of
P(E,T) under the short-circuit conditions (Va = 0 V) increases
from 90.8% for the reference device to 96.6% for the doped
device, indicating that excitation of the LSPR also facilitated
excitons to dissociate into free carriers. In conclusion,
incorporation of Au NRs in active layer increase both the
exciton generation rate and the dissociation probability, thereby
enhancing(enhances) the photocurrent of the OSCs.
Impedance spectroscopy has been successfully applied in the

field of inorganic solar cells and OSCs to obtain valuable
information about kinetics and energetic processes that govern
the device performance.47 Also, it is an essential tool to observe
bulk and electrical properties that cannot be observed in direct
current regime.48 In the literature, different equivalent circuit
models have been proposed to simulate the impedance of
OSCs. Here we use the simple parallel RC model to observe
the interfacial electrical properties of fabricated devices, with

the results shown in Figure 11. The measurement was done
under the frequency of 20 to 1 MHz. In the simple parallel RC

model, the impedance spectra are in the shape of semicircle,
and the larger semicircle means larger impedance. Apparently,
the devices with Au NRs have much smaller impedance, which
indicates that the incorporation of Au NRs brings about
significant improvement of interfacial electrical property and
the resultant enhanced Jsc. Series resistance (Rs) and shunt
resistance (Rsh) were also estimated and listed in Table 1. By
comparing the records, we find that the control device has the
largest Rs of 236.02 Ω and the smallest Rsh of 3125.35 Ω, and in
contrast, the device doping 1.5 wt % Au NRs has the smallest Rs
of 171.95 Ω and the largest Rs of 9852.81Ω. This coincides with
Figures 4 and 5, and demonstrates the effect of Au NRs on Jsc.
As we know, the structural characteristics are well correlated

to photovoltaic properties for organic solar cells.49 The
morphology of the active layer can be remarkably tuned by a
certain amount of incorporated Au NRs. The specific NRs-
containing phase can assist the aggregation of PC71BM
molecules into the clusters during phase separation of film
formation. The network of the dispersed NRs forming an
additional interpenetrating network provides a more efficient
pathway for transport of charge carriers and thus significantly
enhances the PCE value and photovoltaic properties. The Au
NRs used in this study are expected to possess a work function
of approximately 5.1 eV, which is close to the HOMO energy
level of PCDTBT of 5.5 eV, thus resulting in a small energy
barrier for hole extraction. As shown in Table 1, the use of Au
NRs might lead to a reduced series resistance because the holes

Figure 9. J−V characteristics of the single-carrier devices, (a) single-electron device, (b) single-hole device, and (inset) the structure of the single-
carrier devices.

Figure 10. (a) Photocurrent density (Jph) as a function of the effective
voltage (Veff) for control and doped devices under constant incident
light intensity and (b) exciton dissociation probability [P(E,T)]
plotted with respect to effective bias (Veff) for these OSC devices.

Figure 11. Impedance spectra diagram of the finished devices, inset
graph is the equivalent circuit model of solar cells.
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need to pass through fewer interfaces than in the pristine active
layer.34

4. CONCLUSION
To conclude, we improved the PCEs of OSCs by incorporating
Au NRs into active layer. LSPR-induced local field enhance-
ment not only leads to increased light absorption of active layer
materials but also benefits charge separation and transport,
leading to enhanced Jsc, FF, and IPCE. These improvements
result from enhanced optical absorption caused by the
combination of LSPR and light scattering of Au NRs. Also,
increased carrier mobility caused by high-conductivity Au NRs
results in low Rs. For the optimized doping concentration of 1.5
wt % Au NRs, a high PCE of 6.83% was achieved by this way.
We believe that our study offers an effective approach to
enhance the efficiency of OSCs and may be shed light on the
other research on solar cell devices.
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