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a b s t r a c t

Au nanoparticles (NPs) are fabricated on indium-tin-oxide substrates by a thermal evaporation method
and incorporated to an efficient small molecule organic solar cell (OSC). This renders an all thermal
evaporated surface plasmon enhanced OSC. The optimized device shows a power conversion efficiency of
3.40%, which is 14% higher than that of the reference device without Au 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 NPs and the increased conductivity of the device.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Organic solar cells (OSCs) have attracted much attention due to
their potential of flexibility, low weight, and low-cost mass pro-
duction. Though the power conversion efficiency (PCE) has
improved gradually over the past few years, which is passed 10%
[1e10], it is still significantly lower than that of inorganic coun-
terparts and needs to be further improved for commercial appli-
cations. The PCE of an OSC is determined by the absorption
efficiency, exciton dissociation efficiency, and charge carrier
collection efficiency. The short exciton diffusion length and low
carrier mobility of organic materials limit the thickness of organic
active layer, resulting in the insufficient absorbance of OSCs
[11e13]. Hence, an essential and simple method to improve the PCE
is to increase the light absorption efficiency in the case of no in-
fluence on active layer thickness. However, increasing the light
absorption of the active layer at a limited thickness remains to be a
challenge, motivating the development of many kinds of light
trapping techniques.
ciomp.ac.cn (B. Chu).
Localized surface plasmon resonance (LSPR) of metal nano-
particles (NPs) occurs when the incident photon frequencymatches
well with that of the metal NPs, and it could result in strong light
scattering and local electromagnetic field enhancement. The LSPR
effect can be controlled by adjusting the particle size, shape,
spacing, dielectric properties, and dielectric environment, which
are influential to the resonance absorption peak [14e17]. Recently,
metal NPs have been incorporated into the OSCs to improve their
absorption efficiency by triggering the LSPR [18e30]. The
commonly used metal NPs are Ag and Au. Compared with Ag NPs,
the higher permittivity of Au NPs leads to longer LSPR wavelength
given that they have the same sharp and size, resulting in a better
matching between the LSPR and the solar irradiation [31]. Au NPs
can be fabricated by many methods, such as solution method
[32e36], plasma assisted physical vapour deposition [23], and
thermal evaporation [37e39]. Among these, thermal evaporation
has attracted much attention due to its simple, fast, and cost-
effective advantages for preparation of metal NPs. However, there
are rare reported on thermal evaporated Au NPs for OSCs [37e39].
Xu et al. have demonstrated surface plasmon enhanced polymer
solar cells by using thermal evaporated Au NPs [14]. In their de-
vices, twice thermal evaporation processes are required as the
organic active layers are processed with a solution method. From
the cost point of view, the thermal evaporated Au NPs may be more
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suitable for all thermal evaporated OSCs as all the layers can be
thermal evaporated in sequence without a vacuum breaking.

In this work, we demonstrate an all thermal evaporated surface
plasmon enhanced small molecule OSC by incorporating Au NPs to
the 1,1-bis-(4-bis(4-methyl-phenyl)-amino-phenyl)-cyclohexane
(DBP)/C70 based planar heterojunction device. MoO3 anode buffer
is combined in order to avoid exciton quenching by the Au NPs. As a
result, the highest PCE of 3.40% was determined, which is increased
by 14% as compared to the reference cell without Au NPs.
2. Experimental methods

The organic materials used for the OSCs were procured
commercially and were used without further sublimation. Devices
were fabricated on patterned 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. A series of devices with the structure of
ITO/Au (x nm)/MoO3/DBP (13 nm)/C70 (45 nm)/4,7-diphenyl-1,10-
phenanthroline (Bphen) (8 nm)/Al (100 nm) were constructed,
here x ranged from 0 to 1.0 nm, and the thickness of MoO3 in each
device was optimized to achieve the best performance. The device
structure and molecular structures of DBP and C70 are illustrated in
Fig. 1. All the layers, including Au, were deposited onto the sub-
strates in sequence via thermal evaporation in the vacuum cham-
ber at a pressure of 4 � 10�4 Pa without a vacuum breaking.
Deposition rates were monitored with a quartz oscillating crystal
and controlled to be 1 Å/s for Au, 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
source meter under an AM 1.5G illumination (Newport 94023A)
with a calibrated intensity of 100 mW/cm2. The incident photon to
Fig. 1. (a) Device structure of the plasmonic OSCs, and the
current conversion efficiency (IPCE) spectra was performed with a
Stanford SR803 lock-in amplifier under monochromatic illumina-
tion at a chopping frequency of 130 Hz by a Stanford SR540
chopper. Scanning electron microscopy (SEM) images were
measured on a Hitachi S4800. Absorption spectra of the organic
films on ITO-coated glass substrates were recorded with a Shi-
madzu UV-3101PC spectrophotometer. Steady-state photo-
luminescent (PL) spectra were measured with a Hitachi F7000
fluorescence spectrophotometer. Transient PL decay was measured
with an Edinburgh FL 920 spectrometer at an excitationwavelength
of 480 nm by using a hydrogen lamp. All the measurements were
carried out at room temperature under ambient conditions.
3. Results and discussion

The thicknesses of Au layer and MoO3 layer play important roles
in determining the performance of the surface plasmon enhanced
devices. For a thicker MoO3 layer, the resistance of the device will
increase [40], while for a thinner one, the Au NPs cannot be fully
covered which leads to the exciton quenching by the Au NPs [15].
Thus their thicknesses are firstly optimized, and the thickness of
MoO3 layer is 2.5 nm for the reference devicewithout Au NPs, while
they are 4 nm for all the devices with Au layers.

Fig. 2(a) displays the J�V curves of the devices with different
thickness of Au layers and their respectively optimized MoO3
thickness. Each curve is averaged over four devices with the same
configuration. The detailed photovoltaic parameters are summa-
rized in Table 1. The reference device without Au 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 increases from 0.84 to 0.86 Vwith the increase of
Au layer thickness, which may be attributed to the increased built-
in field due to Au has a higher work function than ITO. Meanwhile,
the Jsc of the device increases significantly with the thickness of Au
molecular chemical structures of (b) DBP and (c) C70.



Fig. 2. (a) J-V curves and (b) IPCE spectra of the optimized devices with different thickness of Au layers.

Table 1
Photovoltaic parameters of the optimized devices with different thickness of Au layers.

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

0 2.5 5.53 ± 0.10 0.84 ± 0.01 0.64 ± 0.01 2.98 ± 0.02 5.44
0.5 4 5.58 ± 0.11 0.84 ± 0.01 0.63 ± 0.01 2.97 ± 0.06 5.42
0.75 4 5.89 ± 0.09 0.86 ± 0.01 0.65 ± 0.01 3.29 ± 0.06 5.69
1 4 5.54 ± 0.15 0.86 ± 0.01 0.64 ± 0.01 3.07 ± 0.09 5.46
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layer, and the device with 0.75 nm Au layer exhibits the highest
performance. This device shows a Jsc, Voc, FF, and PCE of 5.89 mA/
cm2, 0.86 V, 0.65, and 3.28%, respectively, and the champion device
achieves a PCE of 3.40%. Compared with the reference device, the
PCE is enhanced by more than 14%, and such an enhancement is
primary attributed to the improvement of Jsc. This means the
thermal evaporated Au layer indeed improves the performance of
the OSCs. It should be noted that the Jsc of the device with 1 nm Au
layer is decreased, which can be attributed to the increased prob-
ability of exciton quenching and lower intensity of light penetrated
Fig. 3. SEM images of (a) 0.5, (b) 0.75, (c) 1 nm Au layers on Si
into the organic active layer due to the increased absorption and/or
back scattering by the Au NPs with a higher density. Fig. 2(b) shows
the IPCE spectra of the devices. All the devices present almost the
same sharp of IPCE spectrum. The device with 0.75 nm Au layer has
the highest IPCE in the whole visible region. The integrated Jsc
values from the IPCE spectra of four devices are 5.44, 5.42, 5.69, and
5.46 mA/cm2, respectively, which are listed in Table 1. The differ-
ence between integrated and measured Jsc are within 4%, indi-
cating good accuracy of our J-V measurement.

To elucidate the origin of the improvement of Jsc, a series works
wafers, and (d) 0.75 nm Au layer on an ITO glass substrate.



Fig. 4. Absorption spectra of Au layers with different thickness on ITO glass substrates.
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are investigated. Fig. 3(a)e(c) show the SEM images of Au layers
with different thickness on Si wafers. The thin Au layers used in this
work are presented with the form of discontinued NPs. Because
these Au NPs are small, smooth Si wafers are used to replace rough
ITO as the testing substrates. We can find that the diameter of the
Au NPs is about 5 nm, and the density of the NPs increases gradually
Fig. 5. (a) Absorption spectra of the ITO/(Au)/MoO3(the optimized thickness)/
DBP(60 nm) films without and with 0.75 nm Au layer, (b) Dabs of the films and DIPCE
of the devices with and without Au NPs.
with the thickness of Au layer. Fig. 3(d) shows the SEM image of
0.75 nmAu layer on an ITO glass substrate. Similar Au NPs are found
as compared with that on Si wafer. This indicates that these two
substrates have little effect on the morphology of the Au NPs.

The absorption spectra of different thickness Au films on the
ITO-coated glass substrate are also measured, and the corre-
sponding results are shown in Fig. 4. A characteristic peak at about
430 nm is existed for the 0.5 and 0.75 nmAu layers, while it shifts to
450 nm for 1 nm Au layer. Moreover, the absorption intensity in-
creases with the thickness of Au layers. These absorptions can be
assigned to the LSPR of Au NPs. The LSPR peak of metal NPs is
determined by their particle size, shape, spacing, the dielectric
properties, and dielectric environment [15,16]. Because the Au NPs
in Au layers with different thickness have the same diameter, as
shown in Fig. 3, both the red-shifted and increased absorption can
be attributed to the increased Au NPs density.

In order to verify the effects of the LSPR of the Au NPs to the
performance of the devices, we measure the absorption spectra of
DBP (13 nm) on top of ITO/Au NPs/MoO3 (the optimized thickness)
with various thickness of Au layers. Because the absorption of Au
NPs/MoO3 can affect the total absorption efficiency of the films, we
use Au NPs/MoO3 films as the reference samples in the experiments
to eliminate their contributions. So the absorption spectra repre-
sent only the light absorbance within DBP layers. All the DBP films
on different Au layers exhibit an increased absorption as compared
with that on bare MoO3. A typical DBP absorption spectrum on
0.75 nm Au layer is shown in Fig. 5(a) to compare with that on bare
MoO3. An obvious enhancement is found over the range of
350e800 nm. This indicates that the LSPR of Au NPs can increase
the absorption of organic layer deposited on them. LSPR of metal
NPs can afford enhancement of the local electromagnetic field and
scattering cross section, and both of these will increase the ab-
sorption efficiency. However, the diameter of Au NPs in this work is
dramatically small than the incident light wavelength, thus the
scattering effect can be ignored. This suggests the increase ab-
sorption is primary attributed to the enhancement of the local
electromagnetic field.

To clearly demonstrate the effect of the enhanced absorption to
Jsc, the difference between the absorptions (Dabs) as well as that of
IPCE (DIPCE) before and after incorporating 0.75 nm Au layer are
plotted simultaneously in Fig. 5(b). The two curves have the same
sharp, which evinces that improved Jsc is attributed to the
increased absorption of DBP. On the other hand, we can found that
the absorption of DBP with Au NPs at 400e500 nm is almost twice
as high as that of the reference one. However, the IPCE in this region
only shows a slightly increase. As the electric field of the surface
plasmon falls off evanescently perpendicular to the metal surface,
Fig. 6. J-V curves of the hole-only devices ITO/MoO3/DBP/TAPC/Al with or without
0.75 nm Au.



Fig. 7. (a) Steady-state PL spectra and (b) transient PL spectra of the MoO3/DBP films with or without Au NPs.
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the enhancement of DBP absorption will be more significantly in
the region near the MoO3/DBP interface. However, the photo-
generated DBP excitons are dissociated at the DBP/C70 interface.
This indicates that some of the DBP excitons generated in the region
far from the DBP/C70 interface cannot be effectively dissociated.

Apart from the increased absorption, the incorporation of Au
NPs may also result in the increase of conductivity [14,35,36] and
the exciton dissociation probability due to the coupling between
the excitons and LSPR [41]. To access these issues, hole only devices
with the structure of ITO/Au (0 or 0.75 nm)/MoO3 (the optimized
thickness)/DBP (60 nm)/TAPC (1,1-bis-(4-bis(4-methyl-phenyl)-
amino-phenyl)-cyclohexane) (20 nm)/Al (60 nm) have been fabri-
cated. The dark currents of these devices are drawn in Fig. 6. It can
be found that the current of the device with Au NPs is significant
higher than that of reference device, especially in the positive
voltage region. This indicates an increase of conductivity.

Fig. 7(a) shows the steady state PL spectra of Au (0 or 0.75 nm)/
MoO3 (the optimized thickness)/DBP (13 nm) films with an exci-
tation at 480 nm. The excitation wavelength was selected inten-
tionally to be located within the LSPR region of Au NPs (see Fig. 4).
The two films appear a similar PL spectrum with the peak at
650 nm, which can be assigned to the emission of DBP. On contrast,
the PL intensity of the film with Au NPs is enhanced by ca. 25%. We
attribute the enhanced PL intensity to the fact that the LSPR of Au
NPs increases the degree of light absorption and thereby, enhances
the light excitation rate. This can be attributed to the resonance
frequency of the Au NPs closed to the absorption band of DBP. This
phenomenon is consistent with our measured device characteris-
tics, as depicted in Fig. 2. Fig. 7(b) shows the undeconvoluted
transient decay curves of the MoO3/DBP films with or without
0.75 nm Au layer. The excitation wavelength is 480 nm, which
matches the LSPR of Au NPs. The transient decays of the DBP films
with or without Au NPs have the same profile. This means any
modifications of the excitonic states of the DBP film that resulted
from the coupling between the excitons and the LSPR can be
neglected when a 4 nm MoO3 buffer layer is used. Therefore, the
results further confirm that the increased DBP PL intensity can be
attributed to the increased light absorption and exciton generation
upon excitation of the LSPR.
4. Conclusion

In summary, high efficient surface plasmon enhanced all ther-
mal evaporated small molecule OSCs are demonstrated by
incorporation Au NPs. The optimized device with a 0.75 nm Au
layer shows a peak PCE of 3.40%, which is 14.1% higher than the
reference device without Au NPs. The enhanced PCE is primary
result from the improved Jsc, which is attributed to the increased
absorption due to the near-field enhancement of the LSPR of Au NPs
and the conductivity of the devices. Themethodwe report herein is
simple and cost-effective, which provides a route for developing
high performance all thermal evaporated OSCs by utilizing plas-
monic effect.
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