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ABSTRACT: Significantly enhanced performances of semitransparent inverted
organic photovoltaic devices have been realized by simply introducing a high
reflector structure, which comprises several pairs of MoO3/LiF with a thickness of
60 nm for MoO3 and 90 nm for LiF, respectively. After optimizing the reflector
structure, the enhanced light harvesting is achieved, and thus the increased optical
current is obtained. The short-circuit current density (JSC) and power conversion
efficiency (PCE) are increased to 10.9 mA cm−2 and 4.32%, compared to 8.09 mA
cm−2 and 3.36% in the control device. This leads to a 30% enhancement in PCE.
According to the experimental and simulated results, the improved performance is
attributed to the effective reflection of light at the wavelength from 450 to 600
nm, which corresponds to the absorption range of the active layer. The
demonstrated light-trapping approach is expected to be an effective method to
realize the high efficiency in semitransparent organic photovoltaic devices.
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1. INTRODUCTION

Organic photovoltaics (OPVs) have attracted a lot of attention
as a promising source of renewable energy. In the past few
years, many efforts have been devoted to develop the structures
and materials of the OPVs owing to their superior advantages
such as potential low cost, light weight, and unique flexibility in
large area electronic devices.1−4 However, the low power
conversion efficiency (PCE) is still a key issue in realizing
commercial OPV technologies. Usually, the PCE is limited by
several factors, such as the short exciton diffusion length, the
low carrier mobility, and the narrow absorption range.5,6

Among them, enlarging the absorption range in the solar
spectrum is one of the most effective ways to increase the
PCE.7,8 Recently, tandem OPVs exhibits a promising potential
in realizing the highly efficient OPV, in which multiple subcells
with different energy gaps are stacked to absorb different
wavelength ranges to utilize the solar spectrum more effectively.
So it is obvious that a semitransparent subcell is indispensable
in the tandem OPV, which is used to transmit light to the other
subcell and play an important role in the light absorption.9−11

Furthermore, semitransparent OPVs (STOPVs) are useful in
some special applications, such as energy0harvesting windows
in a car, foldable curtains, architectural building elements, and
clothes, etc.12 Usually, a good STOPV needs not only a high
absorption in its own absorption range but also a high
transparency in the complementary wavelength. Compared to
the conventional OPVs, one of the key issues in the preparation
of STOPVs is related to the transparent top electrode. To
obtain a highly transparent top electrode, the reflectance of the

electrode is usually low, which will result in a weaker absorption
of the active layer and a lower efficiency compared to that of
the conventional device with a high reflectance metal
electrode.12−15 Therefore, an appropriate semitransparent
electrode is one of the most important issues for the light
trapping of STOPV.
Up to now, a variety of semitransparent electrode structures

have been developed. First, some ultrathin metal film is used as
a semitransparent electrode, but the transmittance is low due to
the absorption losses.16−18 Then some stacked and multilayer
electrode structure is employed to achieve the high trans-
mittance; however, the absorption efficiency of the active layer
is still low due to the low reflectance of the electrode and leads
to a low PCE.19,20 Accordingly, it is important to give a
consideration to both the high transparency and the high
reflectance to realize an ideal STOPV. As we know, the
transition metal oxide, molybdenum oxide (MoO3), is a
potential candidate for light coupling material and the buffer
layer in organic light-emitting diodes (OLEDs) and OPVs due
to its high dielectric constant (n, 2.13 at 500 nm), high
transmittance, low electrical resistivity, and low evaporating
temperature.21−25 In view of the n matching condition in
designing a high reflection multistack structure, a large n
difference between two materials is needed to minimize the
layers, and it is no doubt that MoO3 is one of the best
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candidates for its much higher n than the other common
oxides, such as WO3 and V2O5. Here, lithium fluoride (LiF) is
selected as the low n (1.386 at 500 nm) material, and a simple
but highly effective route is designed to enhance the PCE of
STOPV by light trapping and photon recycling via the high
reflection of multistacks of MoO3/LiF (ML). We fabricate an
inverted STOPV by depositing six units of ML on top of the Ag
anode, achieving a remarkably increased short-circuit current
density. As a result, the PCE is increased to 4.32% compared to
3.1% in the control device, which corresponds to about 30%
enhancement.

2. EXPERIMENTAL DETAILS
2.1. Fabrication of Semitransparent Inverted OPVs. The

semitransparent inverted OPVs were fabricated on ITO-coated glass
substrates with a sheet resistance of ∼20 Ω/sq, which were
ultrasonically cleaned in sequence with detergent, acetone, ethanol,
and DI water. The device structure consists of ITO/ZnO/
P3HT:PCBM/MoO3(5 nm)/Ag(20 nm)/(MoO3/LiF)x; for compar-
ison, the control device without (MoO3/LiF)x is also fabricated. The
synthesis process of the zinc oxide (ZnO) precursor was modified
from the sol−gel method. The 0.5 M zinc acetate and 0.5 M
monoethanolamine were dissolved in 2-methoxyethanol with vigorous
stirring for 12 h for the hydrolysis reaction at ambient conditions. The
sol−gel-derived ZnO layer was formed by spin-coating the prior-
prepared ZnO precursor solution onto the UV−ozone treated ITO
glass at a speed of 4000 rpm for 40 s and then thermally annealed at
150 °C for 5 min in ambient air, in which a dense ZnO film was
formed by hydrolysis. The samples were then moved into a nitrogen-
filled glovebox for spin-coating the mixture of poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) with
a weight ratio of 1:0.8 (10 mg mL−1, dissolved in dichlorobenzene) at
600 rpm for 1 min, which is the optimized condition in our group, and
the thickness is about 110 nm.26 The wet film was subjected to solvent
annealing at room temperature and thermal annealing at 110 °C for 10
min inside the glovebox. Subsequently, the samples were transferred to
the evaporation chamber with a base pressure of 2 × 10−6 Torr, and 5
nm thick MoO3 and 20 nm thick Ag were thermally evaporated on the
top of P3HT:PCBM as the anode buffer layer and the anode,
respectively. The effective area of the device was 0.1 cm2 confirmed by
the overlap of the electrodes. Lastly, the stack layer of MoO3 (60 nm)/
LiF (90 nm) with various cells was deposited onto the top anode as
the reflecting layer. The deposition rate and film thickness were
monitored with a quartz crystal sensor.
2.2. Characterization of Semitransparent Inverted OPVs.

Photovoltaic measurements of semitransparent inverted PSCs without
any encapsulation were conducted in air ambience by employing a
programmable Keithley 2612 source under illumination of a 150 W
Newport 91160 solar simulator using an air mass (AM) 1.5G filter.
The simulated light intensity was 100 mW cm−2 calibrated by a
standard Si optical power meter. The incident photon to current
conversion efficiency (IPCE) spectrum was measured with a
photomodulation spectroscopic setup (Newport monochromator).
The transmission spectrum was measured using an UV/vis/near-IR
spectrometer (Perkin-Elmer Lambda 750). All measurements were
performed at room temperature.
2.3. Theoretical Calculation. The electric field distribution of the

device with or without the ML was simulated by the finite difference
time-domain (FDTD) method.27,28 The refractive indices of ITO,
P3HT:PCBM, Ag, MoO3, and LiF were measured by an α-SE
spectroscopic ellipsometer.

3. RESULTS AND DISCUSSION

3.1. Device Structure. To design an appropriate reflector
structure to increase the light reflection, we calculate the Bragg
forbidden band by solving the well-known equation |cos KΛ| >

1 which is based on the Yeh forbidden band theory.29 The
concrete expression is as follows
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where k0 = 2π/λ; k1x = k0(n1
2 − neff

2 )1/2; k2x = k0(n2
2 − neff

2 )1/2; λ is
the wavelength; neff is the tangential effective refractive index of
the incidence; n1 and n2 are the refractive indices of the MoO3
and LiF; d1 and d2 are the thickness of the MoO3 and LiF; K is
the Bloch wavenumber; Λ is the period of the ML; and s = 1
and s = 0 are for the TM and TE polarization, respectively. In
the calculation, the light is supposed to be normal-incidence, so
neff is zero and the Bragg forbidden band is the same for TM
and TE polarization. According to the device structure, the
central position of the Bragg forbidden band should be located
at ∼500 nm which is the absorption peak of P3HT:PCBM.
Thus, the position of the Bragg forbidden band is adjusted
continuously by changing the thickness of MoO3 and LiF with
an assumption that the pair number (NP) of MLs is infinite.
Lastly, the optimum thickness of MoO3 and LiF is obtained as
60 and 90 nm, respectively, while the central wavelength of the
Bragg forbidden band is just at 500 nm (as shown in Figure 1).

To clarify the exact value of NP of ML, the calculated
reflectance and transmittance of the stacked structures with
different pairs of MLs are displayed in Figure 2(a) and (b). It is
found that the reflectance is increased sharply with the increase
of NP at the wavelength from 450 to 600 nm, which matches
with the absorption spectrum of P3HT:PCBM. A much higher
reflectance of 80% and 96% is observed, while NP is 4 and 6,
respectively, in contrast with only 51% for the 20 nm thick Ag
film. A further increase in NP does not cause a remarkable
change in the reflectance, and the corresponding transmittance
for all samples shows the contrary law. Consequently, we can
infer that the maximum of NP with a value of 6 is enough to
achieve a high reflectance, which is approaching to 100%. On
account of the relationship between the thickness of the
functional layer and the value of NP, the total absorption
enhancement (TAE) of the device with six pairs of MoO3/LiF
is calculated by following the literature.30 As shown in Figure
2(c), the TAE reaches the maximum, while the thickness of
P3HT:PCBM is 105 nm, which is very close to our optimized

Figure 1. Calculated Bloch wavenumber distribution at the visible
wavelength.
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thickness (110 nm). The TAE value at 110 nm is only a bit
lower than its maximum, suggesting that six pairs of ML are just
suitable for the optimized active thickness to achieve the largest
enhancements. So the device structure can be designed as the
picture described in Figure 3
3.2. Device Photovoltaic Charateristics. The current

density−voltage (J−V) curves of the devices based on different
pairs of ML are plotted in Figure 4 under AM 1.5G irradiation
at an intensity of 100 mW cm−2. For comparison, the control
device without the ML layer was also fabricated using identical
process parameters during the same batch processing, and the
corresponding J−V properties are also shown in Figure 4. It can
be observed that there is a significant increase in short-circuit
current density (JSC) of the devices upon the incorporation of
the ML layer, and the resulting PCE is enhanced. A maximum
increase of JSC and PCE of 10.9 mA cm−2 and 4.32% are
obtained while NP reaches 6, as compared to 8.09 mA cm−2 and
3.36% for the control device. Besides, the fill factor (FF) is also
increased slightly owning to the improved JSC, while the open-
circuit voltage (VOC) remains almost unchanged for all of the
devices due to the unchanged organic−electrode interface
nature. The detailed features of the corresponding devices are

listed in Table 1. These results indicate that the PCE with
∼30% improvement is mainly ascribed to the increase of light
absorption related to the high reflection, which is approximat-
ing to 100% via the ML demonstrated in Figure 2.
To get additional insight into the improvement in the JSC, the

incident photon to current conversion efficiency (IPCE)
spectra of the corresponding devices are compared in Figure
5(a). It is noted that the IPCE of the devices with the ML layer
is enhanced significantly in a broad wavelength range of 450−
600 nm in comparison with that of the control device, which
corresponds to an increase of about 20%, while the difference in
shape of the spectra is negligible. Hence we can infer that the
expected improvement in the device performance is attributed
to the reflected light by the stacked ML layer, which can
transmit the 20 nm Ag semitransparent anode and be absorbed
again by the active layer. On the contrary, a lot of lights will be
lost in the control device because a relevant portion of the
lights transmits the Ag semitransparent anode into the air due
to its high transmission of ∼40% at 500 nm (shown in Figure
2(b)). Furthermore, we also characterize the total device
transmittance as illustrated in Figure 5(b). The device with six
pairs of ML has the lowest transmittance at the wavelength
from 450 to 600 nm, followed by the device with four pairs of
ML, and the control device has the highest transmittance to
maintain a semitransparent property. However, in consid-
eration of the other wavelength from 600 to 800 nm, the
devices with ML show a higher transmittance over 40%, which
could effectively guarantee the semitransparent properties of
the devices.
Moreover, to better clarify the device properties discussed

above, we also measured the J−V characteristic of the normal
device (no transparent device) with a thick Ag (100 nm) anode
(not shown here). It is found that PCE is only 3.9%, which is
lower than that of the device with Ag (20 nm)/(ML)6, so it is
reasonable that the Ag (20 nm)/(ML)6 anode is more
competent for the high-efficiency device. Importantly, the Ag
(20 nm)/(ML)6 anode can also keep the semitransparent
properties of the device, while the 100 nm thick Ag anode
cannot do this. In a word, we proved a potential way to achieve
the highly efficient STOPV by introducing a high reflection
layer to reflect the light in the range of 450−600 nm which can
be absorbed by the active layer and to transmit the light located
in the complementary wavelength of 600−780 nm. Figure S1 (
Supporting Information) also shows the calculated trans-
mittance of the optimized device, which is consistent with
the experimental result.

3.3. Theoretical Calculation. To further illustrate the
increased JSC resulting from the light trapping via the reflection
of the ML layer, the electric field distribution of the device with
six pairs of ML and the control device were simulated by the
FDTD method. As described in Figure 6(b), the field intensity
especially in the P3HT:PCBM layer for the device with ML is
much stronger than that of the control device in Figure 6(a). It
is obvious that the enhancement region of the optical electric
field is mainly distributed in the wavelength of 450−600 nm,
which agrees with the absorption wavelength of the active layer,
and these results are in favor of our analysis above. In addition,
an optical Tamm state is also formed in the ML layer, which
can be excited directly from the free space incidence without
the assistance of nanopatterned structures.31−33 So we can get
the conclusion that the high reflection of the ML layer can
indeed trap the light that can be reabsorbed by the active layer
and produce much more excitons to increase the JSC and PCE.

Figure 2. (a) Reflectance spectra and (b) the transmittance spectra of
the films of (MoO3/LiF)2, (MoO3/LiF)4, (MoO3/LiF)6, and (MoO3/
LiF)8 and the 20 nm thick Ag. (c) The simulated total absorption
enhancement of the device with (LiF/MoO3)6 at the different active
layer thickness.
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In addition, to synthetically estimate the repeatability of our
devices, the statistics graph of PCEs for the control and
optimized devices is fitted by the Gaussian distribution shown
in Figure 6(c), indicating that there exists no overlap between
process 1 (blue ∼3.36) and 2 (red ∼4.32), indicating process 2
is obviously the cause of the improved PCEs. Also the narrow
distribution and considerable repeated frequency of each
process give a great viability for our work to be reproduced.

4. CONCLUSIONS
In conclusion, we have demonstrated a promising method to
effectively trap the light for the semitransparent inverted OPVs
by simply incorporating the reflector structure. We scheme out

a reasonable reflector with a structure of Ag (20 nm)/(ML)6 by
calculating the Bragg forbidden band and the refection. The
enhancements in JSC and PCE are achieved without affecting
the VOC, and the FF is also improved somewhat. Interestingly,
the PCE is even higher than that of the opaque device with a
thick Ag anode (100 nm), implying that the Ag (20 nm)/
(ML)6 anode is more competent for the high-efficient device
without sacrificing the device transmittance. The operating
mechanisms of the ML are further systematically investigated

Figure 3. Structures of the control device (left) and the device with (MoO3/LiF)6 (right).

Figure 4. J−V characteristics of the devices with the semitransparent
anode of Ag, Ag/(MoO3/LiF)4, and Ag/(MoO3/LiF)6 under the
irradiation of AM1.5G, 100 mW cm−2.

Table 1. Performance Parameters of the Devices with Ag,
Ag/(MoO3/LiF)4, and Ag/(MoO3/LiF)6 Semitransparent
Anode

device VOC (V) JSC (mA cm−2) FF (%) PCE (%)

control 0.64 8.09 64 3.36
(MoO3/LiF)4 0.62 10.1 66 4.16
(MoO3/LiF)6 0.63 10.89 66 4.32

Figure 5. (a) IPCE characteristics and (b) the transmittance spectra of
the devices with the semitransparent anode of Ag, Ag/(MoO3/LiF)4,
and Ag/(MoO3/LiF)6.
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by the IPCE measurements and theoretical calculations, which
reveal that the improvement in performance is mainly due to
the increased light absorption by the active layer relating to the
high reflection via the ML without influencing the device
transmittance at the other visible wavelength. The method
reported here provides a facile approach to achieve high-
performance semitransparent OPVs.
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