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a b s t r a c t

Cooperative plasmon enhanced small molecule organic solar cells are demonstrated based on thermal
coevaporated Au and Ag nanoparticles (NPs). The optimized device with an appropriate molar ratio of
Au:Ag NPs shows a power conversion efficiency of 3.32%, which is 22.5% higher than that of the reference
device without any NPs. The improvement is mainly contributed to the increased short-circuit current
which resulted from the enhanced light harvesting due to localized surface plasmon resonance of Au:Ag
NPs and the increased conductivity of the device. Besides, factors that determining the performance of
the Au:Ag NPs cooperative plasmon enhance organic solar cells are investigated, and it finds that the
thickness of MoO3 buffer layer plays a crucial role. Owing to the different diameter of the thermal
evaporated Au and Ag NPs, a suitable MoO3 buffer layer is required to afford a large electromagnetic
enhancement and to avoid significant exciton quenching by the NPs.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Organic solar cells (OSCs) have attracted a lot of attention due to
their low weight, low cost, and flexibility. Recently, the perfor-
mance of organic solar cells (OSCs) increased very quickly and the
power conversion efficiency (PCE) has been reported over 10%
[1e10]. However, their PCE is still lower than their inorganic
counterparts, and much effort should be applied for further
improvement. The PCE of OSCs is determined by their absorption
efficiency, exciton dissociation efficiency, and charge carrier
collection efficiency. Although organic materials have a large
extinction coefficient in visible to near-infrared wavelengths, they
cannot absorb all the solar irradiation in these regions. On the other
hand, the organic materials usually have low carrier mobility and
short exciton diffusion length. A balance between the need of thick
active layer to ensure sufficient photon absorption and maintaining
thin film due to the relatively low carrier mobility and short exciton
diffusion length of organic materials is the main challenge for
ciomp.ac.cn (B. Chu).
enhancing the efficiency of an OSC [11,12]. Thus various light
trapping approaches by increasing the absorption of the active
layer to increase their efficiency have been explored to solve this
issue [13e23]. Among them, incorporating metal nanoparticles
(NPs) that support localized surface plasmon resonance (LSPR) into
OSCs has been demonstrated as an effective approach to enhance
light absorption without increasing the physical thickness of the
active layer [24e26]. Besides, the incorporated metal NPs also re-
sults in increased conductivity of the devices, which improves their
charge carrier collection efficiency.

Plasmon of Au and Ag NPs have been investigated at a large
extent in OSCs due to their relative strong scattering efficiency and
broad LSPR absorption band in visible range [27e30]. The plasmon
effect is controlled by the particle size, shape, spacing, dielectric
properties, and dielectric environment, which influence the LSPR
peak. Compared with Ag NPs, the higher permittivity of Au NPs
leads to longer LSPR wavelength given that they have the same
sharp and size. It has been reported that the absorption enhance-
ment ratio is consistent with the LSPR spectrum of the metal NPs
[30e34]. To support a large amount of total absorption enhance-
ment, a broad LSPR spectrum is required. Several metal nano-
structures have been adopted to meet such a conception, such as
the same metal NPs with different sizes [16,35e37], metal
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Fig. 1. (a) Device structure of the plasmonic OSCs, and the molecular chemical
structures of (b) DBP and (c) C70.

Fig. 2. J-V curves of the optimized devices with different molar ratio of Au:Ag NPs.
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nanorods [38e40], and composite NPs with different metals
[31,33,41]. Among these methods, mixing of the Au and Ag NPs has
gained more attention in the OSCs [30,31,42,43]. In such a strategy,
the LSPR spectrum can be tuned easily to the desired spectral range
by varying the molar ratio of the Au and Ag NPs. Therefore, the use
of Au and Ag NPs mixture in OSCs shows great potential for effec-
tive and tunable light trapping, and it has gain more attention in
OSCs.

The methods for fabrication of metal NPs can be simply divided
into two types, e.g., chemical synthesis and physical deposition
[24e26,44e49]. The chemical synthesis methods are easy to pre-
pare metal NPs with monodispersion size. On contrast, the physical
deposition methods usually form metal NPs with a wide size dis-
tribution, but they can avoid the introduction of organic ligands and
other additives. From these points of view, physical deposition
methods are more favorable for application in the plasmon
enhanced OSCs, especially for small molecule ones. Thermal
evaporation is one of the physical deposition methods with the
advantages of low cost and simple process. Thermal evaporated Au
or Ag NPs have been widely used in plasmon enhanced OSCs
[24e26]. Recently, thermal coevaporated Au:Ag composite NPs
have been applied in a polymer OSC, and improved PCE has been
demonstrated [30,50]. However, there is no report on plasmon
enhanced small molecule OSC with thermal coevaporated Au:Ag
composite NPs. Moreover, the factors that limiting the performance
of the device have not been well exploited. In this work, surface
plasmon enhanced 1,1-bis-(4-bis(4-methyl-phenyl)-amino-
phenyl)-cyclohexane (DBP)/C70 planar heterojunction small mole-
cule OSCs have been demonstrated based on thermal co-
evaporated Au:Ag composite NPs. The molar ratio of Au:Ag NPs
can be easily tuned by controlling the evaporation rate of the Au
and Ag individually. The optimized device with an appropriate
molar ratio shows a PCE of 3.32%, which is significantly improved
compared with the reference device. More importantly, the factors
that determining the performance of these cooperative plasmon
enhanced OSCs are discussed.

2. Experimental methods

The organic materials used for the OSCs were procured
commercially and were used without further sublimation. Devices
were fabricated on patterned indium tin oxide (ITO)-coated glass
substrates with a sheet resistance of 15 U/sq. Prior to deposition,
the ITO substrates were cleaned in a series of solvents such as
acetone, deionized water, and isopropyl alcohol, and then treated
by ultraviolet-ozone in a chamber for 15 min. All the layers,
including Au and Ag NPs, were deposited onto the substrates in
sequence via thermal evaporation in the vacuum chamber at a
pressure of 4 � 10�4 Pa without a vacuum breaking. Deposition
rates were monitored with quartz oscillating crystals and
controlled to be 1 Å/s for the metal NPs layers, 0.5 Å/s for MoO3 and
the organic layers, and 5 Å/s for Al cathode. The area of the devices
patterned by the shadow mask was 0.1 cm2. Current density-
voltage (J-V) characteristics of the devices were measured with a
Keithley 2400 sourcemeter under an AM 1.5G illumination (New-
port 94023A) with a calibrated intensity of 100 mW/cm2. The
incident photon to current conversion efficiency (IPCE) spectra was
performed with a Stanford SR803 lock-in amplifier under mono-
chromatic illumination at a chopping frequency of 130 Hz by a
Stanford SR540 chopper. Scanning electron microscopy (SEM) im-
ages were measured on a Hitachi S4800. Absorption spectra of the
organic films on ITO-coated glass substrates were recorded with a
Shimadzu UV-3101PC spectrophotometer. Steady-state photo-
luminescent (PL) spectra were measured with a Hitachi F7000
fluorescence spectrophotometer. All the measurements were
carried out at room temperature under ambient conditions.
3. Results and discussion

A series of devices with the structure of ITO/Au: Ag (x:y)
(0.75 nm)/MoO3/DBP (13 nm)/C70 (45 nm)/4,7-diphenyl-1,10-
phenanthroline (Bphen) (8 nm)/Al (100 nm) were constructed,
here x:y represented different molar ratio of the Au and Ag NPs, and
it differs from 0:1, 2:3, 3:1, and 5:1 to 1:0. For reference, OSCs
without any metal NPs were also fabricated. The device structure
andmolecular structures of DBP and C70 are illustrated in Fig. 1. The
thickness of the MoO3 anode buffer layer plays an important role in
determining the performance of the OSCs. Fig. S1eS6 in the Sup-
porting Information describe the J�V curves of the OSCs with
different thickness of MoO3, and the data extracted from these
curves are listed in Tables S1eS6 in the Supporting Information,
respectively. The optimized thickness of MoO3 for the reference



Table 1
Photovoltaic parameters of the optimized devices with different molar ratio of Au:Ag NPs.

Au:Ag MoO3 thickness (nm) Jsc (mA/cm2) Voc (V) FF PCE (%) Jsc calculated from IPCE

w/o 2.5 nm 5.53 ± 0.10 0.84 ± 0.01 0.64 ± 0.01 2.98 ± 0.02 5.44
0:1 5 nm 6.39 ± 0.04 0.85 ± 0.01 0.58 ± 0.01 3.19 ± 0.03 6.05
2:3 4 nm 5.09 ± 0.20 0.83 ± 0.01 0.60 ± 0.01 2.53 ± 0.10 5.00
3:1 4 nm 6.11 ± 0.11 0.86 ± 0.01 0.63 ± 0.01 3.32 ± 0.06 5.94
5:1 4 nm 5.92 ± 0.06 0.86 ± 0.01 0.65 ± 0.01 3.30 ± 0.02 5.77
1:0 4 nm 5.89 ± 0.09 0.86 ± 0.01 0.65 ± 0.01 3.29 ± 0.06 5.69

Fig. 3. IPCE spectra of the optimized devices with different molar ratio of Au:Ag NPs.
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device is 2.5 nm, while it is 5 nm for 0:1 Au:Ag NPs based device
and 4 nm for the other devices.

Fig. 2 displays the J-V curves of the devices with optimized
thickness of MoO3 layers. Each curve is averaged over four devices
with the same configuration. The detailed photovoltaic parameters
and standard deviations are summarized in Table 1. The reference
device without metal NPs layer shows a short-circuit current (Jsc),
open-circuit voltage (Voc), fill factor (FF) of 5.53 mA/cm2, 0.84 V,
0.64, corresponding to a PCE of 2.98%. The Voc of the devices with
metal NPs is comparable to that of the reference device. However,
the Jsc and FF exhibit dramatically difference. Among these devices,
the device with only Ag NPs has the highest Jsc of 6.39 mA/cm2.
However, it presents a lowest FF of 0.58. As a result, it shows a PCE
of 3.19%. In contrast, the device with only Au NPs has the highest FF
Fig. 4. SEM images of the (a) Au, (b) Ag, a
of 0.65 but a low Jsc of 5.89 mA/cm2, corresponding to a PCE of
3.29%. Meanwhile, the devices with Au:Ag mixed NPs exhibit
moderate Jsc and FF, and the device with a Au:Ag molar ratio of 3:1
has the highest performance. This device shows a Jsc, Voc, FF, and
PCE of 6.11mA/cm2, 0.86 V, 0.63, and 3.32%, respectively. This PCE is
the highest one among all these devices. Compared with the opti-
mized reference device, the PCE is enhanced by about 11.4%, and
such an enhancement is primary attributed to the improvement of
Jsc. Keeping in mind that the reference device with a MoO3 layer of
4 nm only has a PCE of 2.71% (Fig. S1 and Table S1). This indicates
that a 22.5% increase of PCE is obtained if the similar MoO3 thick-
ness were used.

The enhancement of Jsc is further verified by comparing their
IPCE spectra, as shown in Fig. 3. The shape of the IPCE curve is
highly dependent on the absorption curve of the active layer. All the
devices with metal NPs show increased response in the visible
region from 400 to 650 nm except the device with 2:3 Au:Ag NPs.
This trend is consistent to the Jsc found in J-V curves. The integrated
Jsc values from the IPCE spectra of six devices are 5.44, 6.05, 5.00,
5.94, 5.77 and 5.69mA/cm2, respectively, which are listed in Table 1.
These calculated Jsc from this EQE spectrum are a little lower than
that obtained from the JeV curve but still within the range of
allowable error, indicating good accuracy of our J-V measurement.

To further understand the mechanisms, SEM images of the
metal NPs on Si substrates are investigated, as shown in Fig. 4. It can
be found that the NPs in bare Au layer are dense with a small
average diameter of about 5 nm. In contrast, the NPs in bare Ag
layer are sparse with a large average diameter of about 15 nm.
However, the Au:Ag mixed layer (3:1) displays a different
morphology where both small and large NPs are found. Comparing
these three SEM images, we believe that the small NPs are Au NPs,
while the large ones are Ag NPs. This finding suggests that the
coevaporation of the two metals cannot alter the growth model of
them. The large size distribution of the metal NPs is important for
surface plasmon enhanced OSCs as they can trigger LSPR over a
nd (c) Au:Ag (3:1) NPs on Si wafers.



Fig. 5. Absorption spectra of the Au:Ag NPs layers with the different ratio on ITO glass
substrates.

Fig. 7. J-V curves of the hole-only devices ITO/MoO3/DBP/TAPC/Al with different metal
NPs layers.
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wider wavelength range.
The absorption spectra for the metal NPs on ITO-coated glass

substrate are also measured, and the corresponding results are
shown in Fig. 5. The pure Au NPs show a characteristic peak at
about 424 nm, while the pure Ag NPs show a characteristic peak at
about 490 nm. The short LSPR peak wavelength of Au NPs is
attributed to their small size. It is also noted that the LSPR peak
wavelength of Ag NPs is longer than our previous reported ones
[24], this should be attributed to the larger size of Ag NPs prepared
in this work. Tunable LSPR are observed by adjusting the ratio of Au
and Ag NPs. The LSPR absorption peak are 480, 454, and 433 nm for
Au:Ag NPs with mixture ratio of 2:3, 3:1, and 5:1, respectively. The
LSPR peaks exhibit linear blueshift with the increase of the Au
content due to the shorter LSPR peak wavelength of Au NPs.

To better illustrate the contribution of the surface plasmon
supported by the metal NPs on the enhancement of Jsc, we also
investigated the absorption spectra of the DBP/C70 organic films on
ITO/NPs/MoO3, as shown in Fig. 6. During each measurement, the
same structure of ITO/NPs/MoO3 to the sample was used as the
reference to exclude the contribution of its absorption to the in-
crease of the absorption of the organic layers. It can be found that
Fig. 6. Absorption spectra of the ITO/NPs/DBP/C70 films with different Au:Ag NPs.
all the films with metal NPs show an enhanced absorption in the
range from 350 to 550 nm. These wavelengths are consistent with
the LSPR wavelengths of the NPs, which indicates that the
increased absorption of the organic layers is attributed to the
electromagnetic enhancement that triggered by the surface plas-
mon of the metal NPs.

Hole only devices with the structure of ITO/NPs/MoO3 (the
optimized thickness)/DBP (60 nm)/1,1-bis-(4-bis(4-methyl-
phenyl)-amino-phenyl)-cyclohexane (TAPC) (20 nm)/Al (100 nm)
have also been fabricated. The dark currents of these devices are
drawn in Fig. 7. It can be found that the current densities in positive
voltage region of all the devices with metal NPs are almost the
same, which are significant higher than that of reference device.
This indicates that the conductivity of the devices is increased by
incorporation of metal NPs, which is similar to the reported works
with the same configurations [24,25].

According to the results found above, it can be concluded that
the improved performance of the OSCs with metal NPs is attributed
to the increased light harvesting due to LSPR of Au:Ag NPs and the
increased conductivity of the device. Thus it is expected that the
Au:Ag composite NPs layer which has a broad LSPR absorption will
present a high Jsc. However, among the devices fabricated here, the
device with pure Ag NPs shows the highest Jsc, as shown in Fig. 2
and Table 1. From Fig. 5, it can be found that the pure Ag NPs has
a highest intensity of LSPR absorption band, which is attributed to
the large diameter of the Ag NPs (Fig. 4) [38]. This suggests that the
intensity of the LSPR of the metal NPs plays an important role in
determining the Jsc of the surface plasmon enhanced OSCs.
Although the device based on pure Ag NPs has the highest Jsc, its
lower FF limited its PCE of only 3.19%. The lower FF is attributed to
the optimized thicker MoO3 layer of about 5 nm, which increases
the series resistance of the device. On the other hand, Au:Ag (3:1)
composite NPs has a broader LSPR band compared with pure Au
NPs. However, the device based on this Au:Ag NPs reveals only a
slightly higher Jsc and PCE. It has been suggested that in the surface
plasmon enhanced OSCs, a thick MoO3 layer is required to fully
cover the metal NPs to eliminate exciton quenching of organic layer
by the metal NPs and a thin one to support sufficient electromag-
netic enhancement in organic layer due to the evanescent wave
nature of the surface plasmon. Due to the different diameter of the
fabricated Au and Ag NPs, the optimized thickness of MoO3 layer of
the two pure metal NPs based devices is 4 and 5 nm, respectively.
The optimized thickness of MoO3 layer of Au:Ag (3:1) NPs based
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device is only 4 nm. This suggests that some of the Ag NPs may not
be fully covered by the MoO3 layer and hence quench the excitons
of DBP. As a result, a moderate Jsc is found for this device. This
indicates that the advantages of the mixed metal NPs are not fully
utilized. To obtain a higher increase of Jsc of the surface plasmon
enhanced OSCs, composite metal NPs with comparable diameter is
required. However, in our experiments, we cannot obtain large size
Au NPs with a simple thermal evaporation method even the
deposition rate was increased to 3 Å/s. It has been reported that
post-thermal annealing can increase the size of the depositedmetal
NPs [30,51e54]. In such a case, more homogeneous composite
metal NPs can be obtained. This work is undergoing in our group
and much higher efficiency surface plasmon enhanced OSCs can be
expected.

4. Conclusion

In summary, improved performance of DBP/C70 based planer
heterojunction OSCs are demonstrated by incorporating the Au:Ag
composite NPs. The improvement is attributed to the increased
light harvesting due to LSPR of Au:Ag NPs and the increased con-
ductivity of the device. The optimized device shows a peak PCE of
3.32%, which is 22.5% higher than the reference device without
metal NPs. However, this PCE is only slightly higher than the de-
vices with pure metal NPs. This is attributed to the quite different
size of Au and Ag NPs, and the thickness of MoO3 layer cannot be
simultaneously optimized for these two types metal NPs. This work
provides a strategy to obtain high efficiency cooperative plasmon
enhanced OSCs based on mixed metal NPs, and this strategy may
also be applicable for other types solar cells.
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