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Performance enhancement of organic
photovoltaic devices enabled by Au nanoarrows
inducing surface plasmonic resonance effect
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The surface plasmon resonance (SPR) effect of metal nanoparticles is widely employed in organic solar

cells to enhance device performance. However, the light-harvesting improvement is highly dependent

on the shape of the metal nanoparticles. In this study, the significantly enhanced performance upon

incorporation of Au nanoarrows in solution-processed organic photovoltaic devices is demonstrated.

Incorporating Au nanoarrows into the ZnO cathode buffer layer results in superior broadband optical absorption

improvement and a power conversion efficiency of 7.82% is realized with a 27.3% enhancement compared with

the control device. The experimental and theoretical results indicate that the introduction of Au nanoarrows not

only increases optical trapping by the SPR effect but also facilitates exciton generation, dissociation, and charge

transport inside the thin film device.

1. Introduction

Predictions of limited fossil fuels and environmental issues
caused by them have motivated a rapid growth in research on
new energy development, and clean and exhaustless solar
energy may be the most ideal alternative to fossil fuels. In the
last decade, organic photovoltaic devices (OPVs) have attracted
great attention due to their unique properties, such as low-
fabrication-cost, solution processability, flexibility, lightweight,
and potential for large-scale manufacture.1–4 Recently, studies
on OPVs have covered almost all aspects, including materials
synthesis and design, interfacial engineering, nanoparticles
doping, light harvesting methods, tandem structures, and so
on, which have resulted in a great power conversion efficiency
(PCE) increase of more than 10%. However, the relatively lower
PCE is a bottleneck that causes OPVs to be far away from
commercial application compared to inorganic solar cells.

Generally, the low PCE of OPVs is mainly attributed to two
factors. On the one hand, it is really a great waste to utilize only
a limited range of the solar spectrum, due to the narrow
absorption spectra of polymer semiconductors. On the other
hand, the poor efficiency of excitation separation and charge
transfer in an organic active layer leads to a relatively lower

photocurrent. Usually, the optimum thickness of the active
layer for an OPV device is about 100–200 nm, or even less,
leading to low optical absorption. Hence, it is a key point to
develop novel approaches to enhance light trapping without
increasing the film thickness, so as to avoid the increase of the
charge recombination.5–7

It has been proved that the introduction of an optical spacer
that spatially redistributes the light intensity in the OPVs can
realize enhanced light absorption.8–11 Also, the introduction of
periodic nanostructures and relative changes in the device
symmetry can increase the optical path length in the active
layer.12–16 Moreover, microcavity and photonic crystal effects
have been proposed to effectively trap light in OPVs.17–22 Lately,
metallic nanoparticles (NPs) such as Cu, Ag, Pt, and Au have
been introduced into OPVs, and notably improved the photo-
current by utilizing both the surface plasmon resonance (SPR)
effects23–29 and scattering effects.30–34 SPR is referred to as the
coherent, collective oscillation of conduction electrons surrounding
the metallic surface, which can also enhance the degree of exciton
dissociation.35 Incorporation of noble metallic NPs in OPVs can
facilitate light trapping enhancement without increasing the
thickness of the active layers or buffer layers. Recently, zinc
oxide (ZnO), having the great advantage of the excellent ability
to form numerous morphologies, in addition to excellent electron
affinity, solution processability, and good transparency, has been
widely used as a cathode buffer layer. In this study, Au nanoarrows
(NAs) were added into the ZnO buffer layer of OPVs based on
poly[N-900-hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-
20,10,30-benzothiadiazole)] (PCDTBT) and [6,6]-phenyl C71-butyric
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acid methyl ester (PC71BM), and the cooperative PCE was increased
from 6.14% to 7.82%, accounting for a 27.4% enhancement.
Detailed research attests that the excitation of SPR triggered by
Au NAs significantly enhanced the degree of light absorption, as
well as the degree of exciton dissociation.

2. Experimental section
2.1 Preparation of the ZnO cathode buffer layer

ZnO nanoparticles (NPs) were prepared according to previous
reports.36,37 The ZnO NPs were then dissolved in chloroform to
obtain a solution with a concentration of 80 mg mL�1, on average.
After that, a mixture of chloroform with a small amount methanol
(10% vol) was added to the original solution and the concentration
of 15 mg mL�1 ZnO was subsequently obtained. The Au NAs were
synthesized as described in our previous paper.38 Fig. 1(a) gives
the transmission electron microscope (TEM) images of Au NAs,
and the diameter and length of Au NAs are about 15 and 60 nm,
respectively. Finally, the two solutions were mixed and stirred for
24 hours, and the ZnO cathode buffer layer solutions containing
different concentrations of Au NAs were obtained, and the corres-
ponding weight ratios of Au NAs and ZnO were 0, 0.5, 1.0, 1.5, and
2.0 wt%, respectively.

2.2 Device fabrication and characterization

The OPVs containing a ZnO cathode buffer layer with different
ratios of Au NAs were fabricated with the structure of indium tin
oxide (ITO)/zinc oxide (ZnO)/PCDTBT:PC71BM/molybdenum oxide
(MoO3)/sliver (Ag) on clean ITO/glass substrates, schematically
shown in Fig. 1(b). The patterned ITO/glass substrates were cleaned
with acetone, alcohol and deionized water under ultrasonic
processing for 20 minutes, respectively. The ZnO:NAs solutions
were then spin-cast at 2000 revolutions per minute (rpm) onto
the substrates. The PCDTBT:PC71BM blend solution was sub-
sequently spin-cast on the top of the ZnO layer at 1000 rpm and
annealed at 70 1C for 10 minutes in an atmosphere of argon.
Next, MoO3 acting as the hole transport layer was deposited
onto the active layer film through thermal evaporation with a
thickness of 4 nm. Finally, the device was finished with 110 nm
Ag deposited as the anode. Moreover, single-electron devices
with the structure of ITO/ZnO/PCDTBT:PC71BM/BCP/Ag were also
fabricated using the same method, to investigate the effect of Au NAs
on the device conductivity. The photovoltaic characteristics were
determined using a computer-programmed Keithley 2401
source meter with an intensity of 100 mW cm�2 and an Oriel

300 W solar simulator. The external quantum efficiency (EQE)
spectra of the devices were tested with a Crowntech Qtest
Station 1000AD. Atomic force microscope (AFM) images were
obtained using a Solver Scanning Probe microscope in tapping
mode. Impedance spectroscopy was measured with an impedance
analyzer (Wayne Kerr Electronics 6520B).39,40

3. Results and discussion

To investigate the effect of Au NAs on the morphology of ZnO
film, the AFM images with the structure of silicon substrate/
ZnO:NAs were measured. Fig. 2 illustrates AFM images of the
ZnO buffer layer without and with 1.5 wt% NAs doping. The root-
mean-squared (RMS) roughness of pristine ZnO film (Fig. 2a) was
observed to be 1.11 nm, while ZnO film mixed with 1.5 wt% NAs
exhibited a higher RMS (Fig. 2b). The enlarged RMS would provide
improved interfacial adhesion between the ZnO and active layer,
and consequently give rise to facilitated charge transport at the ITO/
active layer interface. Improved interfacial coherence and enhanced
electrical conductivity of the ZnO reduced the energy barrier at the
ZnO/active layer interface. In addition, the ZnO film with 1.5 wt%
Au NAs presents an obvious and homogeneous interfacial phase
(Fig. 2b), which cannot be observed from the buffer layer without
Au NAs (Fig. 2a). The doped films show uniformly percolated
structures, which are beneficial to the contact with active layer.41

It is well recognized that the continuous interpenetrating inter-
layer with proper domain size plays an important role in exciton
separation and charge transport.42,43

To explore the role of Au NAs, ZnO buffer layers with
different concentrations of Au NAs (0, 0.5, 1.0, 1.5, 2.0 wt%)
were employed in OPVs, and the corresponding J–V characteristics
are displayed in Fig. 3a. The detailed performance parameters
including short-circuit current density ( Jsc), open-circuit voltage
(Voc), fill factor (FF), and PCE are listed in Table 1, which are typical
average values for 32 devices. It can be seen that the control device
without NAs has a relatively lower efficiency, including a Voc of
0.85 V, a Jsc of 14.70 mA cm�2, a FF of 49.1%, and a calculated PCE
of 6.14%. As expected, after introducing Au NAs into the ZnO
electron transport layer, the device efficiency was greatly improved.
In particular, the OPV device with 1.5 wt% Au NAs showed the best
PCE of 7.82% with a Voc of 0.85 V, a Jsc of 17.40 mA cm�2, and a FF
of 52.9%. The dramatically increased Jsc and PCE can be ascribed to

Fig. 1 (a) TEM image of Au nanoarrows, (b) schematic device structure of
inverted polymer solar cells embedded by Au NAs.

Fig. 2 AFM morphology images of ZnO films (a) without and (b) with
1.5 wt% Au NAs incorporation.
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the light absorption enhancement and charge transport improve-
ment induced by Au NAs. It is worth noting that the Voc and FF of
all devices keep almost no change, regardless of incorporating
Au NAs or not, indicating that the inclusion of Au NAs did not
change the Femi level of the ZnO layer and built-in potential of the
device.42–45 To prove that the enhancement of Jsc originated from
the increasing light-harvesting, the EQE measurements of all
devices with and without Au NAs were performed and shown in
Fig. 3b. It can be clearly seen that the EQE of devices with Au NAs
exhibits a significant increase in a broader wavelength region of
380–650 nm compared to the control device. Additionally, the peak
value of the EQE for the device with 1.5 wt% Au NAs reached 78%,
and the value of the control device was 58%, providing direct
evidence that NAs induced SPR can enhance Jsc.

In order to unravel the operating mechanism of Au NAs on
the optical absorption enhancement, the theoretical analog
calculations of electric field profiles in ZnO film doped with
Au NAs were carried out by the finite-difference time-domain
(FDTD) method. Fig. 4 shows the distribution of field intensity
around Au NAs at the wavelength of 500 nm, which corresponds
to the peaks of EQE enhancements in Fig. 3b, including the end
view (Fig. 4a) and side view (Fig. 4b). The magnitude of the
enhanced electric field was shown by the color scale, and the
SPR effect of Au NAs in ZnO film was really triggered, which can
diffuse into the active layer. This indicates that the resonant
near-field enhancement is the primary mechanism contributing to
the enhanced absorption, with a small additional contribution
from enhanced far-field scattering into the optical modes of the
device. It has been announced that Au and Ag nanoparticles can act
as effective antennas for the incident light that stores photon
energy in a SPR mode.

To confirm the actual function of Au NAs on the light-
harvesting improvement of OPVs, UV-vis absorption spectra
of the ZnO layer containing different amounts of Au NAs based

on glass/ITO substrates were tested and shown in Fig. 5a. It can
be seen that the light absorption of ZnO films doped with NAs
is almost unchanged, except for the doping concentration of
2.0 wt%. In addition, the absorption spectrum of the complete
devices containing different amounts of Au NAs was measured
(Fig. 5b), and the calculated difference is exhibited in Fig. 5c. As is
shown in Fig. 5c, the incorporation of Au NAs in the ZnO layer leads
to a great optical absorption for the active layer covering the
wavelength range from 400 to 650 nm. Therefore, the light trapping
enhancement of the active layer was attributed to the SPR and
scattering effect of Au NAs. What is more, Au NAs embedded in the
ZnO layer can act as an antenna and scatter light into the active
layer, leading to the increase of the optical path within the active
layer and the possibility of photon utilization.

To deeply understand the effect of Au NAs on charge transport
properties, steady-state photoluminescence spectra of ZnO films
with and without Au NAs were also obtained, and the results are
shown in Fig. 6a. The PL spectra signals were corrected with the
absorption spectra of ZnO at the wavelength of 450 nm. After
introducing Au NAs, PL quenching was observed covering the
wavelength region of 350–600 nm. As we know, PL occurs
accompanied by the depletion of photon-generated charge
carriers. Therefore, the PL decrease implies that the photon-
generated radiative loss of electrons and holes is reduced,
which means that the incorporation of Au NAs in ZnO will
benefit the free charge carriers transport and collection. In
addition to the significant improvement in Jsc, FF of the doping
devices increases moderately, indicating that the charge trans-
port properties of the whole device are also improved. In order
to make it clear, electron-only devices with the structure of ITO/
ZnO(Au NAs)/PCDTBT:PC71BM/BCP/Ag were also fabricated,
and J–V characteristics are shown in Fig. 6b. The OPVs doped
with different concentrations of Au NAs indicate larger current
density compared to the control device, and the largest current
arises at the concentration of 2.0%. To better explain the
improved charge transfer properties, the electron mobility
was calculated using the space-charge-limited current (SCLC)
model, and it increased from 2.2 � 10�4 cm2 V�1 s�1 to 2.4 �
10�3 cm2 V�1 s�1, suggesting that the incorporation of Au NAs
can greatly improve the electron carrier mobility.

To demonstrate the concentration dependence of device
performance on Au NAs, the complex impedance spectra for

Fig. 3 (a) J–V characteristics and (b) EQE spectra of inverted polymer
photovoltaic devices with various concentrations of Au NAs doped in ZnO
buffer layers.

Table 1 The detailed performance parameters of devices without or with
different ratios of Au nanoarrows doping, under 100 mW cm�2 simulated
AM1.5G in ambient air

Au (wt%) Voc (V) Jsc (mA cm�2) FF (%) PCE (%)

0 0.85 � 0.01 14.70 � 0.01 49.1 6.14 � 0.11
0.5 0.85 � 0.01 15.10 � 0.01 54.8 7.08 � 0.08
1.0 0.85 � 0.01 16.20 � 0.04 54.6 7.48 � 0.13
1.5 0.85 � 0.01 17.40 � 0.03 52.9 7.82 � 0.05
2.0 0.85 � 0.01 17.10 � 0.02 51.1 6.71 � 0.12

Fig. 4 Electric field enhancement induced by the SPR effect of Au NAs in
the ZnO cathode buffer layer, (a) the electric profile in the end view, (b) the
electric profile in the side view.
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devices without and with different concentrations of Au NAs
were measured under dark conditions (Fig. 7), which are
beneficial for obtaining valuable information on kinetics and
energetic processes that govern the device performance.46 Also,
it is an essential tool to observe bulk and electrical properties
that cannot be observed in the direct current regime.47 The
measurement was done under an alternating current signal of open
circuit voltage in the frequency range from 0.1 Hz to 1 MHz. To
better explain the electrical behavior of such a device structure, we
propose the equivalent electrical circuit model (Fig. 7a), and the
corresponding equation is as follows:

Z ¼ Rs þ
1

1

Rr
þ joCm

(1)

where Cm is the chemical capacitance (connected to carrier
storage), Rr is the recombination resistance (derivative of the
carrier recombination flux) response, R1 is the transport-related
resistance, Rr is related to recombination resistance, and R0 is

the anode interface, buffer layer, and wire resistance for OPVs.
The series resistance (Rs) was introduced as Rs = R1 + R0. Fig. 7b
shows the Nyquist curves of the impedance spectra for
undoped and doped devices. An apparent change is observed
in the doped devices. The real impedance is decreased with
increased doping concentrations. Rs and Rr significantly trend
toward decrease, owing to the incorporation of Au Nas, resulting
in an increased FF. The capacitance Cm is attributed to the
depletion region chemical capacitance, due to the connection
to carrier storage. This capacitance follows the Mott–Schottky
expression as follows:

Cm
�2 ¼ 2 Vbi � Vð Þ

A2ee0eDN
(2)

Charge carrier density can be calculated by the following:

N ¼ 1

e
Ad

ðVoc

dark

CðVÞdV (3)

where e is elementary charge, A is the device area, d is the
thickness of the active layer, and C is the chemical capacitance.
Higher chemical capacitance was obtained after incorporation of
Au NAs, resulting in a higher electron concentration. The higher
electron mobility and charge carrier concentration in the doped
device suggest that more efficient charges were extracted by
electrodes.

4. Conclusion

In conclusion, the SPR effect induced high performance OPVs
have been demonstrated via embedding Au NAs into the ZnO
interface layer. The results of Jsc and EQE measurements reveal
that Au NAs significantly improve light-harvesting in the visible
range, yielding a PCE enhancement. Incorporation of the Au
NAs improved the charge transport and collection properties,
which guarantees the better performance of doping devices.
Also, the addition of high-conductivity Au NAs resulted in low
series resistance and larger resultant photocurrent. The optimized
doping concentration of 1.5 wt% led to a 27.3% increase of PCE,
and the highest PCE of 7.82% was achieved. This study offers an
effective method to improve the efficiency of OPVs.

Fig. 5 (a) The absorption spectra of ZnO films doped with various concentrations of Au NAs, (b) the light-harvesting of completed OPVs with different
ratios of Au NAs in ZnO layers, (c) the light trapping difference of pure PCDTBT:PC71BM on the ZnO films with various amounts of Au NAs.

Fig. 6 (a) The PL spectra of ZnO films incorporating various concentra-
tions of Au NAs, (b) J–V characteristics of single electron devices with
various amounts of Au NAs under dark conditions.

Fig. 7 (a) The equivalent circuit model and (b) Impedance spectra of OPV
devices with different concentrations of Au NAs incorporated in ZnO
buffer layers.
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