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ABSTRACT: High-efficiency surface plasmon enhanced 1,1-bis-(4-bis(4-methyl-phenyl)-amino-phenyl)-cyclohexane:C70 small
molecular bulk heterojunction organic solar cells with a MoO3 anode buffer layer have been demonstrated. The optimized device
based on thermal evaporated Ag nanoparticles (NPs) shows a power conversion efficiency of 5.42%, which is 17% higher than
the reference device. The improvement is attributed to both the enhanced conductivity and increased absorption due to the near-
field enhancement of the localized surface plasmon resonance of Ag NPs.

KEYWORDS: molybdenum trioxide, organic solar cell, small molecule, localized surface plasmon resonance, metal nanoparticle

1. INTRODUCTION

Organic solar cells (OSCs) have attracted significant interests
because of their potential as a renewable energy source, low-
cost and large-scale fabrication, and compatibility with large-
area and flexible substrates.1−5 Over the past two decades, the
power conversion efficiency (PCE) of OSCs has steadily
improved. A PCE exceeding 10% has been demonstrated by
using materials that exhibit broad absorptions with high
absorpion coefficients that match the solar spectrum, and by
developing new device configurations that provide high exciton
dissociation efficiency and charge carriers collection efficiency.5

The working of OSC involves the formation of excitons after
photon absorption, the diffusion of these excitons to the
donor/acceptor interface, the dissociation of excitons into
electrons and holes, and the collection of electrons and holes at
the opposing electrodes. The diffusion and dissociation
efficiencies of the photogenerated excitons can approach
100% by using bulk heterojunction structures. Thus the
dominant limition of the PCE in an OSC is the absorption
efficiency and charge carrier collection efficiency. The charge
carrier collection efficiency can be improved by chemical
doping of the organic layers6 or by engineering the metal/
organic interface.7 On the other hand, a simple way to increase
the absorption efficiency is to increase the thickness of the

organic active layer. This method, however, inevitably increases
the charge carrier recombination probability because of the
lower charge carrier mobility of organic materials, which limits
the fill factor (FF) and the short circuit current density (Jsc) and
hence the PCE of such cells. Many strategies have been
proposed to increase the absorption efficiency of OSCs without
increase the thickness of the organic active layer, such as the
insertion of an optical spacer to spatially redistribute the light
intensity,8,9 the implementation of periodic nanostructures to
increase the optical path length,10,11 the microcavity effect,12,13

and photonic crystal geometry.14,15

Localized surface plasmons are charge density oscillations
confined to metal nanoparticles (NPs) and nanostructures.16

Localized surface plasmons resonance (LSPR) that is excited by
an electric field (light) at an incident wavelength where
resonance occurs can result in strong light scattering, in the
appearance of intense surface plasmon absorption bands, and in
an enhancement of the local electromagnetic fields. The
frequency and intensity of LSPR are characteristic of the type
of material and are highly sensitive to the size, size distribution,
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and shape of the nanostructures, as well as the surrounding
environments. Surface plasmons triggered by metal NPs have
been used to increase the absorption of OSCs.17−37 The
incorporation of metal NPs not only leads to an increased PCE
but also improves the stability of the devices.36,37 Metal NPs
can be prepared by chemical and physical methods. Among
these, the chemical methods are preferred for the preparation of
monodispersed NPs, while physical methods give more
polydispersed sizes. OSCs show the greatest enhanced response
in the resonance regime of the LSPR.24−26 This suggests that
NPs with a dispersed size distribution may enhance the PCE
more owing to the wider range of wavelengths than can trigger
the LSPR, where the different sized NPs interact with different
wavelengths.36 Thermal evaporation is a simple and cost-
effective physical method for the preparation of metal NPs with
dispersed sizes, and has drawn much attention in recent
years.30−34 Such surface plasmon enhanced OSCs generally
require a buffer layer to avoid exciton quenching by the metal
NPs through electron transfer from the excitons to the metal
NPs.38 Poly(3,4-ethylene dioxythiophene):poly(styrene sulfo-
nate) (PEDOT:PSS) is usually used as such a buffer layer.
However, the indium−tin oxide (ITO)/PEDOT:PSS interface
is not stable; the acidic PEDOT:PSS can etch ITO, which
results in indium contamination of the polymer.39 MoO3 is a
promising alternative to PEDOT:PSS because it is non-toxic
and possesses deep lying electronic states with a suitable work
function for contact with various anodes.40 However, it has
rarely been used in surface plamon enhanced OSCs.
Although state-of-the-art polymer solar cells with a PCE

exceeding 10% have been demonstrated, it is difficult to achieve
even higher efficiency in polymer systems because of the
required precise control of the polydispersity index, regior-
egularity, and molecular weight. These parameters have to be
taken into account in thin-film processing, and have a strong
correlation to the final photovoltaic performance. Small
molecular weight material is an alternative material to
polymers.41−44 Recently, small molecular bulk heterojunction
OSCs with a low donor concentration have gained considerable
interest, exhibiting PCE as high as 6%.45−49 However, the PCE
needs to be further improved for practical applications. In this
research, thermally evaporated Ag NPs with a MoO3 anode
buffer layer is applied to small molecule bulk heterojunction
OSCs, and an enhancement in device performance is
demonstrated. Such thermal evaporation technology used to
prepare the metal NPs and the anode buffer layer is more
compatible to the thermal evaporation process of small
molecular OSCs, and the whole device can be fabricated in
one vacuum system without breaking the vacuum.

2. EXPERIMENTAL DETAILS
Devices were fabricated on patterned ITO-coated glass substrates with
a sheet resistance of 15 Ω/sq. The substrates were routinely cleaned
followed by UV-ozone treatment for 10 min. The structure of the
OSCs used here is ITO/Ag/MoO3/1,1-bis-(4-bis(4-methyl-phenyl)-
amino-phenyl)-cyclohexane (TAPC):C70 (60 nm)/4,7-diphenyl-1,10-
phenanthroline (8 nm)/Al (100 nm). The device structure and
molecular structures of TAPC and C70 are shown in Figure 1. The
weight ratio of TAPC:C70 films was optimized and fixed at 1:19 in this
work. A series of devices were fabricated with a nominal thickness of
Ag of 0, 0.25, 0.5, 1, and 2 nm, and the thickness of MoO3 in each
device was optimized to achieve the best performance. All the layers,
including Ag, were deposited onto the substrates in sequence via
thermal evaporation in the vacuum chamber at a pressure of 5 × 10−4

Pa without a vacuum break. Deposition rates and the thickness of the

layers were monitored in situ using oscillating quartz monitors. The
evaporation rates were kept at 2−4 Å/s for Ag, 0.2 Å/s for MoO3, 1 Å/
s for the organic layers, and 5 Å/s for the Al cathode. Current-voltage
(J−V) characteristics of the devices were measured with a Keithley
2400 source meter both in dark and illuminated with a Xe lamp with
an AM 1.5 G filter, and the irradiation intensity was certified to be 100
mW/cm2. The J−V curves shown here are averages of the data from
four devices with the same configuration. The incident photon to
current conversion efficiency (IPCE) spectra were performed with a
Stanford SR803 lock-in amplifier under monochromatic illumination
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 were recorded with a Shimadzu
UV-3101PC spectrophotometer. Steady-state photoluminescent (PL)
spectra were measured with a Hitachi F7000 fluorescence spectropho-
tometer. Transient PL decay was measured with an Edinburgh FL 920
spectrometer at an excitation wavelength of 450 nm by using a
hydrogen lamp and the PL emission was detected at 648 nm. The
surface topographies were imaged with a Bruker MultiMode 8 atomic
force microscope (AFM) in tapping mode. All the measurements were
carried out at room temperature under ambient conditions.

3. RESULTS AND DISCUSSION
Figure S1 in the Supporting Information shows the SEM
images of Ag films with different thickness on the ITO
substrate. All the Ag films present a discontinued island-like
morphology. Because of the large grain size of the ITO and
high roughness of the ITO surface, it is difficult to distinguish
the Ag NPs from the ITO substrate. However, we can still find
that the density of the Ag NPs increases with the thickness of
Ag film, and the average diameter of the Ag NPs is about 7−8
nm. To demonstrate the morphology of the Ag films, we
selected a Si wafer as a test substrate because of its smoother
surface. Figures 2 and 3 shows the SEM images and AFM
images of the Ag films with different thickness on the Si wafer.
The morphology of Ag NPs is similar to that found on the ITO
substrate, and this indicates that the surface properties of the
two different substrates have little effect on the morphology of
the Ag NPs. The average diameter of the Ag NPs in the 0.25
nm Ag film is about 7 nm, and the average height is about 5 nm

Figure 1. (a) Device structure of the surface plasmon enhanced OSCs,
and molecular structures of (b) TAPC and (c) C70.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am404441n | ACS Appl. Mater. Interfaces 2013, 5, 12847−1285312848



(as shown in Figure 3). As the thickness of Ag film increases,
both the average diameter and height of the Ag NPs increase
only slightly. In contrast, the density of the Ag NPs increases
gradually. The diameter of the Ag NPs in the 1 nm film ranges
from 2 to 15 nm with the most probable diameter being at
about 8 nm. This polydispersed NP size, which is important for
the improved function of the OSCs, is observed in the thicker
Ag films. This means the thermal evaporated thicker Ag films

may enhance the OSCs as they can trigger LSPR over a wider
wavelength range.
Figure 4 shows the absorption spectra of the Ag films with

different thickness on an ITO substrate. The 0.25, 0.5, and 1

nm Ag films have a similar absorption peak at about 420 nm
with an intensity increases with the film thickness. As seen in
Figures 2 and 3, Ag is present as NPs, at least over the range of
thicknesses investigated here. Thus any absorption should arise
from the LSPR of the Ag NPs. The LSPR peak of the metal
NPs is determined by their size, shape, and environment, and
the LSPR peak red-shifts as the size of metal NPs increases.16

Figure 2. SEM images of (a) 0.25, (b) 0.5, (c) 1, and (d) 2 nm Ag
films on a Si wafer.

Figure 3. AFM images of (a) 0.25, (b) 0.5, (c) 1, and (d) 2 nm Ag films on a Si wafer.

Figure 4. Absorption spectra of the Ag films with different thickness
on an ITO substrate.
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These results indicate that the size of the Ag NPs changes little
as the film thickness increases from 0.25 to 1 nm. However, as
the thickness of Ag increases to 2 nm, the LSPR peak shifts to
about 480 nm and the absorption band is broadened. The shift
is attributed to the increased diameter of Ag NP and the
decreased distance between the NPs, while the broadening is
attributed to an enlarged Ag NP size distribution.
In the devices with a MoO3 anode buffer layer, the device

efficiencies are closely related to the thickness of the MoO3
layer, which means it is important to confirm the relation
between this thickness and the performance of the OSCs.
Figures S2−S6 in the Supporting Information describe the J−V
curves of the OSCs with and without Ag NPs, and the data
extracted from these curves are listed in Tables S1−S5 in the
Supporting Information, respectively. The reference devices
with different thickness of MoO3 layer present the same Voc.
This indicates that the Voc of the device is not affected by the
thickness of MoO3 layer. However, the Voc of the devices with
Ag NPs first increases with an increase in the thickness of
MoO3 layer before saturating at about 0.82 V. The Voc of an
OSC follows the correlation of Voc = nkt/qln(JSC/J0), where n is
the ideality factor, k is the Boltzmann constant, t is the
temperature, q is the fundamental charge, and J0 is the reverse
saturation current. As shown in Figures S4 and S7 in the
Supporting Information, a small increase in Jsc and a significant
decrease in J0 are seen as the thickness of MoO3 layer increases.
In the devices with a thick MoO3 layer, the Ag NPs can be fully
covered by the MoO3 layer. Thus the decrease in J0 can be
attributed to the prevention of charge recombination in the Ag
NPs, which results in an increase of Voc.

50 The optimized
thickness of the MoO3 layer of the device without Ag NPs is 2.5
nm, while they are 2.5, 5, 7.5, and 7.5 nm for the devices with
0.25, 0.5, 1, and 2 nm Ag films, respectively. It should be noted
that the optimized device with 2 nm Ag shows inferior
performance compared with other devices, which may be
attributed to the increased probability of exciton quenching and
the lower intensity of light penetrated to the organic active
layer due to the increased absorption and/or back scattering by
the Ag NPs with large size and high density. Figure 5 shows the

J−V curves of the devices with different thickness of Ag with an
optimized MoO3 thickness. The device without Ag NPs shows
a Jsc, Voc, FF, and PCE of 0.81 V, 12.02 mA/cm2, 0.50, and
4.89%, respectively. Such performance is comparable to a
previous report.44 With increasing Ag thickness, the PCE of the
devices first increases gradually and then decreases rapidly. The
optimized device with 1 nm Ag shows a Jsc, Voc, FF, and PCE of

0.82 V, 12.45 mA/cm2, 0.53, and 5.42%, respectively.
Compared with the device without Ag NPs, the PCE is
enhanced by about 11%, and such an enhancement is primary
attributed to the improvement of the Jsc and FF of the device.
On the other hand, the reference device with a 7.5 nm MoO3
layer has a PCE of only 4.63%, as shown in Figure S2 and Tabls
S1 in the Supporting Information. Thus a more pronounced
enhancement in PCE of about 17% is obtained when compared
with the reference device with a comparable MoO3 layer.

The mechanisms of the enhanced performance of OSCs by
incorporating small metal NPs usually include three aspects:
first, increased hole conductivity due to the matched energy
levels between the workfunction of the metal NPs and the
highest occupied molecular orbital of donor materials;22,23,28

second, increased absorption at the active layer due to the near-
field enhancement of the LSPR of the metal NPs;20,21,34−36 and
third, increased probabilities of exciton dissociation due to the
coupling between the excitons and the LSPR.25 To understand
these mechanisms, we carried out a further series of
experiments.
Figure 6 shows the dark current of the devices, with or

without 1 nm Ag, with the same MoO3 thickness of 7.5 nm.

The device with Ag NPs has a higher conductivity at low
voltage. Similar phenomenon has been found in other devices
with different thickness of Ag. This indicates that the Ag NPs in
the MoO3 layer can act as hole transporters, which increases the
conductivity of the devices.33,35 Similar conclusions can be
derived by comparison of the current of the ITO/MoO3 (7.5
nm)/TAPC:C70 (60 nm)/TAPC (20 nm)/Ag (60 nm) hole-
only devices with or without 1 nm Ag on ITO, where the device
with Ag NPs shows a higher current density than the one
without Ag (see Figure S8 in the Supporting Information). As a

Figure 5. J−V curves of the optimized devices with different thickness
of Ag.

Table 1. Performance of the Optimized Devices with
Different Thickness of Ag

Ag
thickness
(nm) Jsc (mA/cm2) Voc (V) FF PCE (%)

0 12.02 ± 0.14 0.81 ± 0.01 0.50 ± 0.01 4.89 ± 0.16
0.25 12.16 ± 0.27 0.81 ± 0.01 0.53 ± 0.01 5.23 ± 0.06
0.5 12.67 ± 0.24 0.81 ± 0.01 0.52 ± 0.01 5.35 ± 0.18
1 12.45 ± 0.15 0.82 ± 0.01 0.53 ± 0.01 5.42 ± 0.15
2 9.62 ± 0.20 0.67 ± 0.01 0.49 ± 0.01 3.18 ± 0.17

Figure 6. Comparison of the dark current of similar devices, with or
without Ag NPs.
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result, the charge carrier recombination in the organic layer is
reduced, which leads to an increased FF and Jsc in the devices.
The absorption spectra of the TAPC:C70 (60 nm) films on

MoO3 (7.5 nm) with or without 1 nm Ag are shown in Figure
7a. To eliminate the contributions of Ag NPs and/or MoO3

absorptions on the total absorption efficiency of the films, we
have excluded their absorptions by using Ag NPs/MoO3 or
MoO3 films as the reference samples in the experiments. An
increase in the absorption over the range of 400 to 800 nm is
found in the devices with Ag NPs. Figure 7b shows the
absorption difference (Δabs) between these two films.
Enhanced absorption in the blue region with the peak located
at about 445 nm and in the near-infrared region is observed in
the film with Ag NPs. The Δabs peak is consistent with the
LSPR of the Ag NPs in the Ag NPs/MoO3/TAPC:C70 film,
and the red-shifted LSPR peak is attributed to the change of the
surrounding media by being covered with MoO3/TAPC:C70.
As the contributions that result directly from the absorptions of
Ag NPs and MoO3 have been eliminated, this enhanced
absorption can be attributed to the near-field enhancement of
the LSPR of the Ag NPs. The difference between the IPCE
(ΔIPCE) of the devices with and without 1 nm Ag is also
shown in Figure 7b. More interestingly, the curve of ΔIPCE
closely follows that of Δabs. These results suggest that the
enhanced absorption by the near-field enhancement of the Ag
NPs is one of the factors that lead to the increased Jsc and hence
the increased PCE of the devices.

The increased absorption can be further approved by steady
state PL spectra. Figure S9 in the Supporting Information
displays the absorption spectra of 40 nm TAPC, C70 and
poly(3-hexylthiophene) (P3HT) films on an ITO substrate. It
can be seen that almost no absorption is observed for TAPC
film at the wavelength region near the LSPR peak (∼430 nm)
of the Ag NPs. In the devices with TAPC:C70 as the active
layer, the photocurrent is primary generated by C70 because of
its higher absorption efficiency in visible region and higher
content in the mixture.45 Thus TAPC:C70 or C70 films are
more useful for the verification of the effects of the Ag NPs on
the PL spectra. Unfortunately, the PL intensity of both these
two films is beyond the detection limits of our equipment
because of the low PL quantum yield of C70. Given that Ag
NPs have confirmed effects on the PL spectra of TAPC:C70 or
C70 films, this should also be seen when TAPC:C70 or C70 is
replaced by other materials. P3HT has a high absorption
efficiency in the region near the LSPR peak of the Ag NPs and
a moderate PL quantum yield. Thus it was selected as a suitable
replacement for C70 to investigate the effects of Ag NPs on the
PL spectrum. P3HT of 20 mg/mL in 1,2-dichlorobenzene was
spin-cast onto either MoO3 (7.5 nm) or Ag (1 nm)/MoO3 (7.5
nm) films at a speed of 4000 rad/min followed by annealed for
10 min at 120 °C. Figure 8a shows the steady-state PL spectra

of the films upon excitation at 450 nm. The PL spectrum of the
film without Ag NPs shows an emission peak at about 648 nm
with a shoulder at about 700 nm, which can be ascribed to the
P3HT emission. A 20% increase in the PL intensity was found
in the film with Ag NPs, whereas the shape of the PL spectrum
was unaffected. Increased PL intensity can usually be assigned

Figure 7. (a) Absorption spectra of 60 nm TAPC:C70 films on MoO3
(7.5 nm) with and without Ag NPs. (b) Δabs of the films and ΔIPCE
of the devices with and without Ag NPs.

Figure 8. (a) Steady-state PL spectra of the MoO3/P3HT films with
or without Ag NPs. (b) Transient PL spectra of the MoO3/P3HT
films with or without Ag NPs; for reference, the response of the
excitation laser has been provided.
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to the increased absorption efficiency and/or the modified
excitonic states of P3HT.25,26 Figure 8b shows the
undeconvoluted transient decay curves of the MoO3/P3HT
films with or without 1 nm Ag, and for reference, the decay of
the excitation source at 648 nm is also provided. The excitation
wavelength was 450 nm, which matches the LSPR of Ag NPs.
The transient decays of the P3HT films with or without Ag
NPs have the same profile. This means any modifications of the
excitonic states of the P3HT film that are due to the coupling
between the excitons and the LSPR can be neglected when a
7.5 nm MoO3 buffer layer is used. Thus we believe that the
increase in the P3HT PL intensity can be attributed to the
increased light absorption and exciton generation upon
excitation of the LSPR.

4. CONCLUSION
In summary, high-efficiency surface plasmon enhanced
TAPC:C70 bulk heterojunction OSCs based on thermal
evaporated Ag NPs have been demonstrated. In these devices,
MoO3 has been used as the anode buffer layer to avoid
quenching of the excitons by Ag NPs. The optimized device
with 1 nm Ag shows a PCE of 5.42%, which is 17% higher than
the reference device without Ag NPs. The enhanced PCE is
primary the result of improved Jsc and FF. The improved
performance is attributed to the increased conductivity and to
the increased absorption due to the near-field enhancement of
the LSPR of Ag NPs. These findings indicate that such a
structure may have potential as a simple and easily-processed
surface plasmon enhanced OSCs, and that this structure might
also be applicable to systems featuring other types of active
materials.
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(40) Meyer, J.; Shu, A.; Kröger, M.; Kahn, A. Appl. Phys. Lett. 2010,
96, 133308.
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