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High-Performance Semitransparent and Bifacial Perovskite
Solar Cells with MoO,/Ag/WO, as the Rear Transparent

Electrode

Fengxia Liang, Zhigin Ying, Yi Lin, Bao Tu, Zheng Zhang, Yudong Zhu, Hui Pan,
Haifeng Li, Linbao Luo, Oleg Ageev, and Zhubing He*

Semitransparent solar cells play a crucial role in such typical photovoltaic
applications as smart windows, transparent chargeable devices, tandem and
bifacial devices, and so on. Relying on the commercial conductive transparent
oxides as the front electrodes, the development of rear transparent electrode
(RTE) is especially essential. Here, an efficient semitransparent perovskite solar
cell (PSC) with the softly deposited transparent MoO,/Ag/WO, (MAW) as the
rear electrode is demonstrated. MoO, enables the continuously grown silver
ultrathin film while the high-refractive-index WO, capping layer can modulate
the whole optical interference and enhance the light transmission throughout
the device. As a result, depending on the MAW RTE, the semitransparent
normal planar PSC owns the optimal conversion efficiency of 15.40% along
with 10.17% in the average visible-light transmission (AVT) simultaneously,
which claims the best conversion efficiency of the semitransparent PSCs at
such considerable AVT. Combining the optical characterizations, the bifacial
performance test of the same device also reveals the uneven absorption due
to the different optical interference depending on the light direction, as well as
the typical parasitic absorption by the functional layers. This paper paves an
alternative and promising way to fabricate high-performance semitransparent

optoelectronic devices in the future.

To balance both electricity generation and light transmittance,
semitransparent solar cells have attracted extensive attention in
recent years owing to their great potential in plenty of applica-
tions, including building-integrated photovoltaics, smart win-
dows, windshields, foldable curtains, tandem solar cells, and
other architectural and fashion elements.!"? For the past decade,

metal halide perovskites solar cells (PSC)
have obtained significant progress with a
conversion efficiency rising from 3.8% to
25.2%.24 That outstanding conversion
efficiency affords a large room to modu-
late the light transmittance for semitrans-
parent devices. Moreover, the flexibility,
neutral coloring, pleasing appearance, and
low fabrication costs of PSCs enable their
huge potential in the application of semi-
transparent solar cells.!

To construct high-performance trans-
parent PSCs with both high conversion
efficiency and high transmittance, it needs
both front and rear electrode layers in
transparency. The instinct responsibility
of front transparent electrodes (FTEs) film
deposited on the front glass substrates is to
allow the transmittance of solar light,[-1¥
and is also more easily deposited in con-
trast to rear transparent electrodes (RTEs)
because the latter films have to be depos-
ited on the underlying perovskite absorber
layer. Transparent conductive oxides
(TCOs) like indium tin oxide (ITO) and
fluorine doped tin oxide dominate FTEs in both photovoltaics
and optoelectronics fields.™! Unfortunately, classical TCOs can
hardly be employed as RTEs because their depositions generally
need high energy or high temperature, which may damage the
underlying perovskite and carrier transport layers.”l A strategy
to overcome this problem is to develop alternative RTEs, such
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as oxide-metal-oxide (OMO),”l metal mesh, thin metal
film,>1 metal nanowire, % conductive polymer,?) gra-
phene,® and carbon nanotube.®?! Among these emerging TEs,
OMO shows high potential because of its low electrical resis-
tance, good optical transmittance, good mechanical flexibility,
cost-effective and mature fabrication process.?Z The first semi-
transparent PSC with an MoO;/Au/MoO; top electrode was
reported by Cheng et al. in 2015, resulting in the semitrans-
parent PSC with an average visible-light transmittance (AVT)
of 31% and a relatively low conversion efficiency of 5.3%.1"%!
Yang et al. adopted an MoOs;/Au/Ag/MoO; top electrode in
semitransparent PSCs that were combined in a copper indium
gallium selenide tandem device.?’l Pignataro et al. applied an
MoO, /Au/Cu/MoO, OMO RTE to construct semitransparent
PSCs, obtaining device conversion efficiencies of 3.1-12.5% with
the corresponding AVT of 24-5%.24 Zhao et al. demonstrated
semitransparent PSCs based on an SnO,/Ag/SnO,, TE shows an
AVT of 29% and a conversion efficiency of above 11%.22 How-
ever, the conversion efficiency of semitransparent PSCs is still
low and falls behind in a large gap the corresponding opaque
ones. More efforts need to be dedicated to improve its conver-
sion efficiency at some required AVT by modulating RTEs.

In this work, a typical combination of MoO,/Ag/WO, (MAW)
was successfully introduced as the effective OMO-based RTE
to realize high-performance semitransparent PSCs in a device
configuration of “Glass/ITO/SnO,/Perovskite Spiro-OMeTAD/
MAW.” Depending on both simulation and experimental opti-
mization, the optimal combination was determined as MoO,
(30 nm)-Ag (12 nm)-MoO, (30 nm), owning a transmittance of
82.33% at the typical wavelength of 550 nm and a sheet resis-
tance of 10.3 Q/0. MoO,, is found to be an effective buffer layer
by offering the continuous growth of ultrathin Ag film while
the WO, capping layer can remarkably enhance the transmit-
tance by the refractive-index matching at the interface between
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MAW and air. Basing on the MAW, the semitransparent PSC
shows the Dbest conversion efficiency of 15.40% simultane-
ously with an AVT of 10.17%, which are outstanding among the
recent reports. More optical characterizations are conducted to
discover the mechanisms behind it.

To fabricate the MAW semitransparent RTEs, the MoO,,
Ag, and WO, layers were e-beam evaporated on substrates in
sequence (the details are included in the Experimental Section
in Supporting Information). The thickness of the Ag interfa-
cial layer should be reduced as thin as possible to allow suf-
ficient light to pass through, while it needs to be thick enough
to maintain sufficient conductivity to collect photon-generated
carriers. So the silver film thickness can balance the conduc-
tivity and transmittance simultaneously to support the growth
of homogeneous and continuous ultrathin Ag film by sup-
pressing the 3D island growth mode of Ag on heterogeneous
surface.’’] As presented in Figure 1a, R of the bare Ag and
MoO,/Ag is decreased with increasing Ag thickness. Compared
to the 12 nm thick bare Ag electrode with R up to 478 Q/o,
the MoO,/Ag (12 nm) electrode exhibits a sharply decreased
R, of 8.6 /0, revealing that the MoO,, buffer layer can greatly
affect the film structure and hence the electrical property of the
ultrathin Ag. That is because MoO,, can offer a good substrate
to form a continuous thin film owing to suitable surface energy
and hence enhance good conductivity of silver films grown
on it.2%l Moreover, MoO, has large work function and deep
VBM, which facilitate holes transport in devices owing to well
matching the band level of the perovskite absorber layer.”) It is
well known that the capping of a transparent high-refractive-
index oxide layer on the thin Ag film with a low refractive index
can shift the phase of the incident light at their interfaces and
then induce destructive interference that reduces the reflection
of the Ag film, leading to an increase in the transmittance of
the derived stack.””) Here we usedWO, as the capping layer
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Figure 1. a) Thickness-dependent sheet resistance (R.) of silver films deposited on glass and MoO,/glass. b) Simulated contour plot of the transmittance
at wavelength of 550 nm of b) MoO, (30 nm)-Ag (x nm)-WO, (y nm) and c¢) MoO, (y nm)-Ag (x nm)-MoO, (30 nm). d) Optical transmittance spectra
of each stack composed of Ag (12 nm), MoO, (30nm) and WO, (30 nm) in a range from 350 nm to 850 nm. e) Optical transmittance spectra and
f) photographs of MoO, (30 nm)-Ag (12 nm)-WO, (30 nm), MoO, (30 nm)-Ag (12 nm)-MoO, (30 nm), and the commercial ITO films on glass substrates.
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owing to its wide bandgap and visible-light transparency. In
addition, WO, is also chemically stable, water insoluble, and
environmentally friendly, which benefits the stability of the
electrode as well as the underlying device.l?®!

According to our former understanding and experience,”) the
thickness of Ag layer is fixed at 12 nm which is thin enough to
allow the light transmission but thick enough to be sufficiently
conductive. Figure S1, Supporting Information shows the simu-
lated contour plot of the transmission spectra of MAW with the
thickness of Ag film fixed at 12 nm. The optimal transmittance of
MAW turns up when thicknesses of MoO, and WO, are around
30 nm. Although around the MoO, thickness of 15 nm, the trans-
mittance also shows considerable values, a threshold thickness
is necessary to form continuous and compact film covering a
certain area. On the other hand, in common sense, thicker film
leads to more compact film, increased crystallinity, and higher
conductivity, which promotes effective transportation of electrons
or holes in metal oxides. In order to further discriminate the
optical matching between each component, the transmittance
simulation modulated from the thickness variation between Ag
and WO, (Figure 1b) and between Ag and WO, (Figure 1c) were
conducted. They indicated that the optimized thicknesses of the
bottom MoO, and top WO, layers are both 30 nm, which is veri-
fied by the experimental data shown in Figure S2, Supporting
Information. To clarify the transmittance difference and function
of each component film in the MAW, the transmittance spectra of
all of the films and combinations involved as well as glass used
in this work were plotted in Figure 1d. When the blank glass
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substrate was coated with MoO, and Ag successively, the trans-
mittance deteriorates in sequence. Especially, it degrades to a
large extent in the red-infrared region. However, after coating the
WO, capping layer, its transmittance rebounds in the visible-light
region obviously, which can be ascribed to the matched refrac-
tive indexes among each component of glass/MoO, /Ag/WO,. To
compare the optical images of each combination film, Figure S3,
Supporting Information shows optical images of each component
film deposited on the blank glass, as well as the bare glass. The
transparence difference can be clearly discriminated, and is cor-
responding to the transmittance spectra shown in Figure 1d. The
transmittance spectra of MAW, ITO, and the MoO,/Ag/MoO,
(MAM) are also shown in Figure le. MAW is superior to MAM
over the whole wavelength, which is due to the parasitic absor-
ption of MoO, *! After that, MAW is even comparable to ITO,
especially in the range from 400 to 500 nm. The peak transmit-
tance of MAW is 83.19% at the wavelength of 498 nm while it is
81.82% for ITO. At the standard point (550 nm), those of MAW
and ITO are 82.33% and 86.59%, respectively. Moreover, basing
on this combination, the sheet resistance of MAW is as low as
10.3 Q/o. That of ITO is also around 10 Q/o. The photographs
of them deposited on glass along with the pure glass are shown
in Figure 1f. The visible transparence of each sample is clearly
observed and follows the law of transmittance variation tested in
Figure le. The comparable optoelectronic properties of MAW and
ITO really demonstrate its huge potential utilized in the trans-
parent devices. Hence, the MAW combination was adopted as the
RTE for our following solar cells.

105 i i i

145 15.0 155 16.0 16.5 17.0

Binding energy(eV)

Figure 2. a) Cross-section SEM image of a formal (n-i-p) planar semitransparent PSCs device. b) Device configuration of our semitransparent PSCs.
c) Energy level diagram of our devices. d) Ultraviolet photoelectron spectroscopy of the MAW combination.

Adv. Mater. Interfaces 2020, 7, 2000591

2000591 (3 of 7)

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

=

=
=
<
£
-
;'_.
=
&
T 10 ——ITO-MAW
£ ITO-MAM
-

54 —Opaque Cell
3 Paq

0 4 ’ . . ;

00 02 04 06 08 1.0 12

Voltage (V)
c)
60
—— ITO-MAW
50t ITO-MAM

. ——— Opaque Cell
Sao0t
g
F30}
E
2201
=
-
=10f

0 oovn

600 800 1000

Wavelength (nm)

400

1200

INTERFACES

www.advmatinterfaces.de

b) 100

EQE (%)

———ITO-MAW
ITO-MAM
Opaque Cell

500 600 700

Wavelength (nm)

400 800

Figure 3. a) J-V characteristics and b) EQE spectra of the semitransparent PSCs with different rear electrodes. c) Optical transmittance of the semi-
transparent PSCs with different rear electrodes. d) Photograph of a typical semitransparent PSC with MAW as the rear electrode.

Figure 2a shows the cross-section scanning electronic
microscopy (SEM) image of our device, where each layer
can be discerned. Due to the low resolution of the SEM system
we used, the image is not clear enough. To demonstrate its
structure more clearly, the schematic configuration is drawn
in Figure 2b. The perovskite film is sandwiched by the SnO,
nanoparticles (SnO,-NPs) and Spiro-OMeTAD to form an n-i-p
normal planar architecture.?% A continuous and dense layer of
SnO, NPs film with a thickness of = 30 nm was formed on the
ITO glass substrate, acting as electron transport layer (ETL).
Then, a 400 nm-thick CSFAMA perovskite was deposited on the
surface of the SnO, film through one-step spin-coating method.
A layer of Spiro-OMeTAD with = 150 nm in thickness was
subsequently deposited, serving as hole transport layer (HTL).
Finally, 71 nm-thick MAW TE was evaporated on the top of the
Spiro-OMeTAD layer. We introduced the MoO, interlayer into
the HTL structure because it proves to be an effective HTL in
PSCs owing to its wide bandgap, visible-light transparency, and
high work function.?! The energy band diagram of the com-
plete device is sketched in Figure 2c. When Spiro-OMeTAD
contact directly with Ag, a large offset (between the work
function (WF) of Ag (=—4.6 eV) and the HOMO level of Spiro-
OMeTAD (=-5.2 eV)) would weaken hole transporting at the
interface and hence degrade the device performance.[303233
After inserting the MoO, buffer layer, the WF increases from
—4.6 eV for the bare silver to —5.09 eV for the MAW (Figure 2d),
shrinking the offset remarkably by the dipole effect at interface
between Ag and Spiro-OMeTAD. More than that, MoO,, also
blocks the diffusion of Ag atoms through the underlying layer
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and causes the reaction with iodine ions, resulting in the degra-
dation of devices. Moreover, compared to other transition metal
oxides, MoO, has the additional advantage of low sublimation
point, so that it can be easily evaporated with low temperature,
which prevents the underlying Spiro-OMeTAD film from high
energy damage.*’]

Basing on the device structure (Figure 2), Figure 3a shows
J-V curves of the semitransparent solar cells with both MAW
and MAM as RTEs for comparison, along with the control
device with thick silver as the rear electrode. For the con-
trol device (opaque cell), the device exhibited a PCE of 1730%
with a J,. of 23.7 mA cm™2, V,. of 1.02 V and FF of 0.716. For
comparison, the routine device with thick gold as the rear
electrode was also fabricated and owns a PCE of 18.87% with
a Jic of 242 mA cm™, V,. of 1.09 V and FF of 0.713 (Figure S4,
Supporting Information), which was comparable to the per-
formance of similar devices reported on other studies.?"
According to the identical process, both device FF values keep
almost the same. Whereas, J,. and V,. of the silver-based devices
turn obviously lower than those of the gold-based devices,
which can be attributed to more mismatched band alignment
of silver with shallower work function at the cathode interface.
For the MAM-based device (ITO-MAM), its conversion effi-
ciency arrives at 14.2%, with a J,. of 21.50 mA cm™ and a V,,
of 1.06 V. For the optimal MAW-based device (ITO-MAW), its
conversion efficiency is enhanced to 15.4%, with an increased
Jsc 0f 22.8 mA cm™ and a decreased V. 1.03 V. The photovoltaic
parameters of those devices are also summarized in Table 1.
The external quantum efficiency (EQE) measurements were

© 2020 Wiley-VCH GmbH
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Table 1. The photovoltaic performances of the PSCs with different rear
electrodes.

Jsc [MAcm™] Ve V] FF PCE [%]
ITO-MAW 22.8 1.03 0.660 15.4
ITO-MAM 21.5 1.06 0.624 14.22
Opaque cell 237 1.02 0.716 17.30

conducted to verify the improvement of J,. collected by J-V
curves in Figure 3a. The statistical data of each device parameter
in a batch of 24 PSCs are summarized in Figure S5, Supporting
Information. Obviously, by use of RTE, the device performance
is obviously inferior to the opaque ones because some amount
of light is transmitted and herein lost.’¥l In a view of their EQE
spectra (Figure 3b), the semitransparent devices exhibit sub-
stantially lower photon-to-electron conversion rate, especially
at long wavelengths from 500 to 800 nm. That may be attrib-
uted to the light loss because the interfacial charge transport
has been improved by more suitable WF of MAW. Whereas,
the EQE loss around 350 nm may be ascribed to the extinc-
tion effect of silver NPs by means of the so-called plasmonic
effect.’®l If we compare the response of MAW- and MAM-based
devices, they are almost the same except for the difference at
the wavelength ranging from 350 to 550 nm, which contributes
the J,. difference that occurred in the above J-V curves.

To define the light transmission of the three kinds of devices,
the transmittance spectra of the intact devices were character-
ized by the UV-vis spectroscopy (Figure 3c). The light loss
discussed above (from 500 to 800 nm) is examined by those
transmittance spectra. As expected, in the control opaque
device, the transmittance is almost zero along the wavelength
from 300 to 1200 nm while the abrupt increase around 880 nm
is due to the exchange of CCD collector in our equipment.

In contrast to the control opaque one, both MAW- and MAM-
based devices show remarkable transmittance, especially at the
wavelength ranging from 400 to 1200 nm, with an integrated
transmission ratio of 21.56% and 17.63%, respectively (Figure 3c).
This value for the MAW device is the highest reported one at
that wavelength range as far as we know,*”® which announces
the huge potential for the utilization of infrared lights in an
integrated system. The transmittance of the MAW device (red)
is higher than that of the MAM one over the whole wavelength.
Combining with the EQE spectra difference, it demonstrates
that the MAW has higher internal quantum efficiency (IQE)
than the MAM, which may be attributed to the better band level
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matching and herein lower recombination at the anode inter-
face.’% Because the absorption edge of our CSFAMA perovskite
layer is near 800 nm, we adopt the AVT at the visible-light wave-
length ranging from 400 to 800 nm to evaluate the transmit-
tance of the semitransparent devices, subjecting to the general
rule in this field.* The obtained AVT is 10.17% for the MAW
and 6.11% for the MAM, respectively. The visual transmittance
can also be examined by the photo taken in a view of solar light
transmission (Figure 3d), where we can clearly distinguish sun,
the peripheral scenery, and even cloud in the sky.

For the bifacial solar cells, the dual conversion efficiency is
also what we concerned.! The bifacial J-V characteristics of
the MAW-based semitransparent PSCs with the light irradiated
at both the ITO and MAW sides were also shown in Figure 4a.
Mumination from the ITO side showed a higher performance
than illumination from the MAW side, mainly because of
a higher J,. of 22.8 versus 15.1 mA cm™. We attributed the
lower J, to the reflection of silver layer along with the para-
sitic absorption of Spiro-OMeTAD and MoO, when they stay
at the front light-in window!*?! (Figure 4a). To further clarify
the optical absorption of the typical layers, we also conducted
the bifacial reflectance and transmittance spectra of the device
(Figure 4b,c). Compared with the ITO glass side, the reflec-
tance spectra illuminated at the MAW side exhibits lower in
the two spans in wavelength of 350475 nm and 500-600 nm
(Figure 4b), which is in accordance with the corresponding
absorption spectra (Figure 4c). As discussed above, the absorp-
tion at the wavelength from 350 to 475 nm can be attributed to
Spiro-OMeTAD and MoO, while the other one can be ascribed
to the extinction of thin silver film. The correlated difference
in both the reflectance and the absorption spectra at the wave-
length from 600 to 900 nm can be ascribed to the difference
of optical interference in the device depending on the light-in
direction, resulting in the different absorption of incident light
by the perovskite active layer.¥! Along with the above two para-
sitic absorptions, that also examines the J,. difference shown in
Figure 4a.

Figure 5 and Table S1, Supporting Information summarize
the recently reported relative OMO-based RTEs for the trans-
parent PSCs. Basing on the MAW RTE in this work, our semi-
transparent device owns an AVT of 10.17% and the conversion
efficiency of 15.4%, which is the highest reported value at a
considerable AVT as far as we know. That clearly demonstrates
the big potential of MAW utilized in semitransparent devices
regarding the balance between PCE and AVT.
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Figure 4. a) J-V characteristics, b) reflection, and c) absorption of semitransparent solar cells with MAW electrode upon illumination via the ITO/

MAW electrode.
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Figure 5. The performances of recently reported semitransparent PSCs
based on different RTE combinations, with the MAW-based device of this
work included.

In summary, we successfully developed a general combina-
tion of MAW as the RTE for constructing the semitransparent
PSCs via e-beam evaporation method. Through modulating the
thickness of each layer, our optimized MAW owns an optimal
transmittance of 83.19% at the wavelength around 550 nm and
low sheet resistance of 10.3 Q/o, which competes with the com-
mercial ITO. Importantly, the competent MAW can be depos-
ited on the underlying perovskite absorber layer by “soft” evap-
oration tool other than high energy sputtering. MoO,, affords
good substrate to grow continuous silver film while WO,
accounts for the enhancement of light absorption via optical
interference. The MAW combination offers more matching
work function with Spiro-OMeTAD. Based on that MAW RTE,
the semitransparent normal (n-i-p) planar PSC was success-
fully fabricated and owns the best PCE of 15.40% along with
10.17% in AVT, which claims the best conversion efficiency of
the semitransparent PSCs at such considerable AVT. Moreover,
combining the optical characterizations, the bifacial perfor-
mance test of the same device also reveals the parasitic absorp-
tion from silver and Spiro-OMeTAD, which especially discovers
the uneven absorption by the perovskite active layer due to the
different optical interference depending on the light direction.
This work definitely paves an alternative and promising way
to realize high-performance semitransparent optoelectronic
devices by function of the MAW series in the future.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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