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Among various kinds of materials to substitute indium-tin-oxide (ITO)

in rigid or flexible solar cells, oxide–metal–oxide (OMO) is one of the

most promising. In this work, by means of reactive plasma deposition,

a new combination of OMO structures, WO3/Ag/SnO2 (WAS), was

deposited in one pot and each film thickness optimized to obtain high

transmittance from 400 nm to 850 nm in wavelength and low sheet

resistance, as well as mechanical robustness. The typical perovskite

solar cells (PSCs) based on bareWAS composite film showpoor device

performance. Hence, aqueous soluble SnO2 nanoparticles were

applied tomodulate the band level mismatch at the interface between

the WAS and MAPbI3 layers and the best-performing device with 14%

conversion efficiency was achieved, which is the highest value re-

ported hitherto with OMO structures as transparent conductive

electrodes in PSCs. The results from various characterizations verify

the interface engineering effect of the SnO2 nanoparticles. The

unencapsulated WAS-based device stability also is comparable to that

of the ITO-based device in continuous light exposure in ambient

atmosphere (37% RH and 60 �C). This work reveals a great potential of

OMO in place of ITO in solar cells while it still needs more attention

and efforts in continuing development.

Introduction

Owing to comparable transmittance and superior sheet
conductivity, oxide–metal–oxide (OMO) materials have been
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deemed as promising candidates to replace indium-tin-oxide
(ITO) extensively used as transparent conductive oxide (TCO)
both in the academic research community and in the related
industries of optoelectronics devices. In contrast to other
emerging candidates, such as silver nanowires, silver lm,
carbon nanotubes, graphene etc., OMO shows advantages over
them both in transmittance and sheet resistance, as well as
being robust and cost-effective.1 Naturally, OMOs have been
widely applied in low temperature processed organic and
perovskite solar cells (PSCs).2–16 In the family of PSCs, OMO
exhibits higher and higher potential in high performance device
structures.2,4,5,7,8,10,11,17 In 2015, Yang Yang et al. successfully
adopted MoOx/Au–Ag/MoOx as the top transparent conductive
electrode of a perovskite top cell in the framework of perovskite/
CIGS tandem solar cells, where pre-deposited Au nanodots were
used as seed layer to raise compact and smooth silver interlayer
of the OMO structures.11 Employing WO3/Ag/WO3 structures as
light-in window of inverted planar PSCs, Xue Liu et al. devel-
oped well-performing exible devices with PEDOT:PSS as hole-
transport layer.18,19 Although WO3/Ag/WO3 shows high trans-
parency owing to the matching of refractive index of each lm
involved in the OMO structure,1 PEDOT:PSS is a weakness
because of it being extremely sensitive to humidity. In another
way, SnO2/Ag/SnO2 was successfully used as both top and
bottom TCO electrode layer in normal planar PSCs reported by
the Riedl group.5,8 Although SnO2 can act as good electron
transport material in such planar PSCs, SnO2/Ag/SnO2 has
inferior transmittance in contrast to WO3/Ag/WO3 theoreti-
cally.1 In view of the above reports, OMOs have shown prom-
ising potential for substituting ITO in solar cells. However,
research is still at its initial stage, needing further efforts to
optimize the structures and processes in different aspects of the
series of materials for their broad and potential applications.

In this work, considering synergistically transmittance,
optical matching with glass and electron transport ability as
discussed above, WO3/Ag/SnO2 (WAS) was selected as a prom-
ising OMO candidate to realize high-performance ITO-free
PSCs, with an optimal structure combination. Moreover,
This journal is © The Royal Society of Chemistry 2018
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interface engineering plays an important role in the evolution of
high-performance devices. Soluble 4 nm SnO2 nanoparticles
(NPs) were applied to modify the surface of WAS, and to form
a compact and effective electron transport layer. The result is
a huge improvement of device performance with conversion
efficiency increasing markedly from ca. 3% to 14%, which is the
highest value reported for PSCs with OMO replacing ITO.

In addition to the factors mentioned above, a closer work
function matching contributes to electron transfer at the
cathode interface and the balance of both electron and hole
transport in the whole device. The optimal enhancement was
achieved by tuning the thickness of the SnO2 NP layer. This
effect was explored in detail through various protocols, such as
Kelvin probes, ultraviolet photoelectron spectroscopy (UPS),
photoluminescence (PL) etc. The characterization results prove
convincingly the interface band level tuning effect of the SnO2

NP layer.
Experimental
WAS lm fabrication and characterization

Electronic glass (BBL-001, Zhuhai Kaivo Optoelectronic Tech-
nol. Co. Ltd) with a thickness of 1 mmwas used as a transparent
substrate and was washed with acetone, isopropanol and
alcohol for 15 min each. The WAS lm was prepared by a reac-
tive plasma deposition tool combining electron beam evapora-
tion with a radio frequency ion source (Optical Film Coater,
OTFC-900). WO3, Ag and SnO2 were sequentially evaporated on
the electronic glass substrates. For the evaporation of oxides
WO3 and SnO2, the substrate was heated to 200 �C and the
degree of vacuum was 4 � 10�3 Pa with 20 sccm O2 and 5 sccm
Ar ionized gases. For the evaporation of metal Ag, the substrate
was at room temperature and the vacuum degree was 5 � 10�4

Pa without any ionized gas assistance. The transmittance of
these WAS lms was measured by an ultraviolet-visible
absorption spectrometer (PerkinElmer, Lambda 950). The
sheet resistances of the lms were measured by a four-probe
tool. The lm adhesive test was carried out by sonication in
ethanol solvent.
PSC device fabrication

Unless stated otherwise, all materials were purchased from
Sigma-Aldrich or Alfa Aesar and used as received.

The PSC structure was glass/WAS/SnO2 NPs/MAPbI3/spiro-
MeoTAD/MoO3/Ag. Firstly, the 4 nm SnO2 colloid precursor
(15% (mass fraction) in H2O colloidal dispersion) was diluted in
a ratio of 1 : 5 with deionized water. The SnO2 NP interlayer was
spin-coated on a glass/WAS substrate at 5000 rpm for 30
seconds and then annealed on a hot plate at 180 �C for 30 min.
Then, 160 mg MAI and 461 mg PbI2 were mixed in 75 mL of
dimethyl sulfoxide and 640 mL of N,N-dimethylformamide
solution. The solution was heated and stirred at 60 �C in a glove
box lled with N2 for two hours. The perovskite solution was
spin-coated (4000 rpm, 30 s) in the N2 glove box with antisolvent
(chlorobenzene) in the rst 7 s, and annealed at 75 �C for 15min
and 100 �C for 10 min successively. Aer that, 45 mL of spiro-
This journal is © The Royal Society of Chemistry 2018
MeOTAD solution, containing 72.3 mg spiro-MeOTAD, 30 mL
FK209/acetonitrile (300 mg mL�1), 17.5 mL of lithium bisimide
(LiTFSI) solution (520 mg LiTFSI in 1 mL acetonitrile) and 28.8
mL of 4-tert-butylpyridine and in 1 mL of chlorobenzene, was
spin-coated on the perovskite layer at 4000 rpm for 30 seconds.
Finally, a composite cathode electrode layer composed of 10 nm
MoO3 and 100 nm Ag was deposited by thermal evaporation in
a background vacuum pressure of 5.0 � 10�4 Pa.

Device characterization

The sheet resistance of the WAS electrodes was obtained by
four-probe measurements (RTS-4, 4 Probes Tech.).

The J–V curves were obtained via a voltaic voltmeter (2400
Apparatus, Keithley). AM1.5G spectrum illumination was
provided by 3A solar simulator (Sol 3A, Newport), the light
intensity of which was 100 mW cm�2 and was calibrated by
a standard crystalline silicon solar cell. Reverse scan (1.2 V /

�0.2 V, step 0.03 V, delay time 200ms) and forward scan (�0.2 V
/ 1.2 V, step 0.03 V, delay time 200 ms) were investigated to
demonstrate the electric hysteresis properties. The area of the
device was 0.1 cm2. The external quantum efficiency (EQE)
spectra were obtained with an Enli Technology (Taiwan) EQE
measurement system (QE-R). The light intensity was calibrated
with a standard single-crystal silicon solar cell at each wave-
length. Transmission spectra were measured by a UV/Vis/NIR
spectrophotometer (Lambda 950, PerkinElmer). Top-view
scanning electron microscopy (SEM) images were obtained by
a TESCAN MIRA3 scanning electron microscope using an SE2
detector operating at an accelerating voltage of 5 kV. Cross-
sectional SEM was conducted via a focused ion beam (FEI
Helios Nanolab 600i) operating at 30 kV and subsequently
imaged with the electron beam of the same instrument using an
accelerating voltage of 5 kV. The lm surface morphology and
surface potentials were investigated by an atomic force micro-
scope (AFM) (MFP-3D-Stand Alone, Asylum Research). Surface
work functions of WAS and SnO2 NP layer were measured by
UPS (AXIS Ultra DLD, KRATOS Analytical). A spectrouorometer
(FS5, Edinburgh Instruments) was used for room temperature
and time resolved PL spectra and, as excitation source, a 405 nm
pulsed laser was used for the time resolved PL measurements.
For the light exposure tests, all the unencapsulated devices were
illuminated continuously in AM1.5 simulated sunlight in an
ambient atmosphere (37% RH and 60 �C).

FDTD solution simulations

Theoretical simulation was conducted via nite difference time
domain (FDTD) solution soware (8.15.736 for x64, Lumerical
Inc.). In the 3D FDTD model, the system was made by a 2 nm
resolution grid with 2000 fs simulation time. The refractive
index n and extinction coefficient k of Ag and Si were provided
by Ag – CRC20 and Si – Palik,21 while for the oxides, WO3 and
SnO2, considering various crystal structures, the n and k values
were measured by a spectroscopic ellipsometer (Uvisel,
HORIBA) (Fig. S1 in ESI†). The atmosphere around the structure
is set as air whose dielectric constant is one. The boundary of
the FDTD region along Z axis was set as a perfectly matched
J. Mater. Chem. A, 2018, 6, 19330–19337 | 19331
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layer whereas the boundaries in X direction and Y direction
were both set as periodic. A plane wave source of Bloch/periodic
type was chosen at 600 nm wavelength.

Results and discussion

Inspired by the simulation and experimental results in the
literature,22 WO3/Ag/WO3 was adopted as a basic structure by us
to develop high transparency and high conductivity OMO
composed lms to replace ITO. However, the direct contact
between WO3 and perovskite easily leads to degradation of
perovskite lms and the initial device performance is also poor,
as recorded in our earlier experiments. Thereaer, SnO2

popular in PSCs was selected as the intimate lm to contact the
perovskite absorber layer in the PSC device structure. Fig. 1a
and b show the silver thickness dependent transmittance and
sheet resistance variations in a default WO3 (30 nm)/Ag (x nm)/
SnO2 (30 nm) structure referring to the optimized parameters in
the literature.22 The lm thickness was measured each time
directly by the monitor equipped in the process system and
calibrated at the initial stage by the step proler with each kind
of lm on quartz substrates. A 10.7 nm thick silver lm sand-
wiched in the WAS structure shows both optimal transmittance
over the spectrum from 400 nm to 850 nm, which is the main
absorption range of the perovskite absorber layer, and low sheet
resistance, which is obviously lower than that of commercial
ITO lms. To further dene the best combination of the other
two lm thicknesses in the WAS structure, a lm thickness
Fig. 1 (a) Transmission spectra and (b) sheet resistances with different sil
SnO2 (30 nm). (c) Simulated and (d) experimental contour plots of the tran
Ag layer is fixed at 10.7 nm).

19332 | J. Mater. Chem. A, 2018, 6, 19330–19337
modulation was carried out with xing the thickness of the
silver layer at 10.7 nm. The simulated and experimental contour
plots of transmittance (l ¼ 600 nm) for WO3 (x nm)/Ag (10.7
nm)/SnO2 (y nm) as a function of x and y are shown in Fig. 1c
and d, respectively. Both the simulation and experimental
results show the same trend when tuning the thicknesses of
WO3 and SnO2, except for mismatches in some local distribu-
tions. In most cases, the calculation suffers to a large extent
from its mismatch with the experimental results. Different from
former reports,9,22,23 we carried out intensive experiments to
collect a large number of data points collected in Fig. 1d, to
obtain the realistic best region for design of OMO structures. As
shown in Fig. 1c and d, the transmittance is more sensitive to
the variation of SnO2 thickness than to that of WO3. Extracted
from the data of Fig. 1d, S2a and b† presents the transmission
property over the whole spectrum (from 400 nm to 850 nm)
depending only on one dimensional variation of the thickness
of WO3 or SnO2, which clearly shows the thickness tuning effect
of them on the transmission spectra of full wavelength. The
green block line in Fig. S2a† shows comparably superior
transmission property over other combinations while the red
block line in Fig. S2b† turns out to be the best one. As the
dashed lines in Fig. 1c and d show, the optimizedWAS structure
in our work was nalized at x¼ 23 nm and y¼ 35 nm, which are
within a considerably broad process window.

To clarify the transmittance difference and function of each
component lm in the WAS, the transmittance spectra of all
lms and combinations involved as well as ITO lm used in this
ver interlayer thickness in a default OMO structure of WO3 (30 nm)/Ag/
smission spectra of WO3 (x nm)/Ag (10.7 nm)/SnO2 (y nm) structure (the

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Transmission spectra and (b) optical images of different film
combinations of the WAS structure compared with commercial ITO
substrates.
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work are plotted in Fig. 2a. Owing to matching of the refractive
indexes among each component of glass/WO3/Ag/SnO2, the
WAS structure shows considerably high transmittance ranging
from 400 nm to 850 nm, although it still stays lower in some
part of the solar spectrum than that of commercial ITO lms.
Fig. 2b shows optical images of each combination lm depos-
ited on the blank glass along with ITO. The transmittance
differences can also be discriminated. The transmittance goes
from high to low as the combination changes from glass/WO3 to
either glass/WO3/Ag or glass/Ag/SnO2. Aer depositing SnO2 on
the as-prepared glass/WO3/Ag substrates, the transmittance
becomes higher again and becomes comparable to that of the
commercial ITO substrates.

Post thermal annealing at suitable temperature can assist
recrystallization and reorganization of as-deposited polycrystalline
Fig. 3 (a) Sheet resistance (red line) of the WAS film annealed at differen
(blue line) of the WAS film annealed at 350 �C with sonication for differen
temperatures for one hour in air.

This journal is © The Royal Society of Chemistry 2018
or amorphous lms composed of NPs, thereby enhancing the
crystallinity and compactness of the lms, increasing the dielectric
constant of dielectric lms and nally improving the trans-
mittance.23,24 Fig. 3 shows the sheet resistance and transmittance
of the WO3 (23 nm)/Ag (10.7 nm)/SnO2 (35 nm) structure as
a function of thermal annealing temperature. The sheet resistance
decreases slowly as the annealing temperature increases and the
lowest point is reached at 350 �C as the red line shows in Fig. 3a.
Aer that, it rises sharply, which announces an obvious change of
OMO structure. Meanwhile, the transmittance breaks down when
the annealing temperature reaches 450 �C while it has little vari-
ation from room temperature to 400 �C. So the optimal post
thermal annealing temperature was set at 350 �C in our work.
According to the variation of sheet resistance described above, the
thermal annealing can contribute to atten the as-deposited metal
islands and increase connection between each island, and hence
weaken localized surface plasmonic coupling and increase the
transmittance as well as conductivity.23–25 Ultrahigh annealing
temperature would destroy the metastable structure of the WAS
composite lms and damage both transmittance and conductivity.
In addition to conductivity and transmittance, the WAS lm
robustness can also be realized by thermal annealing, which is also
an important criterion for its application. Before post annealing,
the as-prepared WAS lm is easily exfoliated by sonication in the
following solar cell fabrication process while it keeps stable in
sonication for over 90 minutes aer 350 �C thermal annealing
(blue line in Fig. 3a).

Depending on the optimized WAS transparent conductive
lm, a planar device in a conguration of “glass/WAS/MAPbI3/
spiro-MeoTAD/MoO3/Ag” was fabricated to replace conven-
tional ITO glass. It should be noted here that MAPbI3 just acts as
a mature absorber perovskite layer to evaluate the performance
of the WAS composite lm with which we are concerned in this
work. Without any modication of the pristine WAS surface, the
device performance is really poor with small current density (Jsc)
and ll factor (FF) while the open circuit voltage (Voc) stays
around 1.0 V and seems reasonable (Fig. S3a†). The reasonable
Voc value indicates the photon-generated electrons and holes
are effectively separated and reach their respective electrodes.
t temperatures for one hour in air; and the variation of sheet resistance
t times. (b) Transmission spectra of the WAS films annealed at different

J. Mater. Chem. A, 2018, 6, 19330–19337 | 19333
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That is different from the behavior in the device with a cong-
uration of “glass/ITO/MAPbI3/spiro-MeoTAD/MoO3/Ag”, where
electrons and holes can reach the ITO electrode simultaneously
and hence leading to lower Voc (Fig. S3b†).26 However, low Jsc
and FF of the WAS-based device can be attributed to low charge
transfer rate, especially electron transfer rate at the cathode
side, because of its lack of electron transport layer.27–30 The
result demonstrates the synthesized SnO2 layer in the WAS is
not strong enough for electron transfer in the device. Driven by
this interface engineering requirement, soluble SnO2 NPs of
4 nm in mean size were applied to enhance electron transfer in
the WAS-based devices.

Fig. 4a shows a typical cross-sectional SEM image of the WAS
device, which was prepared by a focus ion beam tool with Ga
ions. The MAPbI3 perovskite layer is about 370 nm thick with
well-crystalline grains wrapping through the absorber layer. The
top-view image of the perovskite lm coated on the WAS
Fig. 4 (a) Cross-sectional SEM image of the PSC based on the WAS subs
of MAPbI3 film deposited on the SnO2 NP-coated WAS substrate. (b)
Microscopy (SKPM) images of (c) the bare WAS and (d) the SnO2 NP-modi
the bare WAS (yellow line) and the SnO2 NP-modified WAS films (green

19334 | J. Mater. Chem. A, 2018, 6, 19330–19337
substrate is shown in the insert, examining the grain sizes and
good crystallinity of the lm involved. The thickness of spiro-
MeoTAD layer is about 200 nm, with MoO3 (10 nm)/Ag (100
nm) on the top, which are consistent with some former reports.
What attracts us is the WAS lm with a total thickness of about
60 nm. SnO2 NPs modication layer is ambiguous in the device
structure and has a thickness of ca. 10 nm, which is investigated
individually on the bare glass by AFM. It is also difficult to
discriminate the interface between SnO2 and WO3 in the WAS
composite lm, which may result from the post thermal
annealing. However, the bright spots in the WAS region indicate
the existence of silver NPs lm inside. Through AFM topo-
graphic images shown in Fig. S4,† the surface roughness
became larger aer spin coating of this SnO2 NPs solution,
rising from ca. 1 nm to 2.5 nm on average. The device structure
is schematically illustrated in Fig. 4b.
trate with modification of SnO2 NPs. The inset is a top-view SEM image
Schematic configuration of a typical device. Scanning Kelvin Probe
fiedWAS films on glass. The scan size is 5 mm� 5 mm. (e) UPS spectra of
line) on glass. (f) Energy level diagram of each material in the device.

This journal is © The Royal Society of Chemistry 2018
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To reveal the function of SnO2 NPs, Kelvin probes and UPS
were applied to investigate the work function variation before
and aer modication by a layer of SnO2 NPs. The surface
potential is augmented aer this modication, increasing from
350 mV to 405 mV (Fig. 4c and d). The positive increase of the
surface potential indicates the work function of the WAS lm is
increased by this modication, better matching the conduction
band minimum (CBM) of the perovskite layer and facilitating
electron transfer at the interface.31,32 According to the relation-
ship between the work function (4sample) and the surface
potential (Vsp) of samples, 4sample ¼ 4t + eVsp, where 4t is the
work function of conductive tip, the work function of the pris-
tine WAS and the SnO2 NP-modied WAS lms can be deter-
mined as �5.02 eV and �4.97 eV, respectively. This decrease in
the work function was further conrmed by the UPS data
(Fig. 4e), which show a decrease from�5.10 eV to�4.95 eV. This
SnO2 NPs layer accounts for at least two functions besides the
modulation of work function of the WAS electrode. On the one
hand, depending on its suitable CBM and valence band
maximum compared with MAPbI3, this SnO2 NPs interlayer
enhances the ability of both transporting electrons and block-
ing holes. This is because SnO2 NPs colloidal solution easily
forms a dense and pinhole-free SnO2 lm, which is crucial for
device performance.28 On the other hand, SnO2 NPs colloidal
precursor-derived lms have remarkable advantages over those
obtained using other synthesis methods in device performance,
which may be attributed to different oxygen vacancy concen-
tration in the lattice of SnO2 NPs lms synthesized by different
methods.33 Fig. 4f summarizes the above results into an
Fig. 5 (a) Forward and reverse J–V characteristics of the optimum cell w
illumination of AM1.5G solar simulator (100mWcm�2). (b) EQE spectra an
Voc (blue) in (c), and FF (green) and PCE (purple) in (d) for a batch of 24

This journal is © The Royal Society of Chemistry 2018
electronic structure of the whole device for clear understanding
of charge transfer inside the system.

Because of the function of the layer of SnO2 NPs, the device
conversion efficiency was boosted to 14% (Fig. 5a), which is the
highest value reported so far for OMO-based PSCs.2,5,8,10,11,17 For
the device parameters of the optimum cell, the Jsc doubles from
7.9 mA cm�2 to 18.6 mA cm�2 and FF triples from 0.24 to 0.72,
in contrast to the WAS-based device without modication of the
SnO2 NPs layer. The Voc also increases from 0.98 V to 1.045 V.
The current density is also conrmed by integrating the EQE
spectrum (Fig. 5b) of the device. The hysteresis loop is also
suppressed by modulating electron transfer and hence
balancing the total charge transport at each end of the whole
device.34,35 For the as-purchased 4 nm SnO2 NPs aqueous solu-
tion, the original concentration was 15% in terms of mass
fraction, which was diluted to different concentrations with
deionized water. Fig. S5† collects the J–V curves of devices
depending on different concentration of the SnO2 NPs solution.
Among them, the device based on a concentration of 2.5%
(mass fraction) shows the highest performance. Higher or lower
concentration may result in a thick or uncovered modication
layer, both of which would affect the electron transfer at the
interface. The statistical data of each device parameter in
a batch of 24 PSCs are summarized in Fig. 5c and d and their
distributions are also collected in Table S1.†

The electron extraction power of the SnO2 NPs layer was
further characterized by PL and time resolved PL (Fig. 6). The
quenching effect of the SnO2 NPs layer is larger compared with
the bare WAS lm (Fig. 6a). The time resolved PL spectra further
ith SnO2 NP-modified WAS as transparent conductive electrodes under
d integrated current density of the device in (a). Statistics of Jsc (red) and
devices.

J. Mater. Chem. A, 2018, 6, 19330–19337 | 19335
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Fig. 6 (a) Steady state PL and (b) time resolved PL spectra for perovskite films on different substrates.
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conrm the charge transfer rate sequence among the three
kinds of samples, which can be tted to a biexponential decay:
I(t) ¼ A1 exp(t/s1) + A2 exp(t/s2). It can be used to identify the two
stage decay time and the average lifetime can then be deter-

mined as savg ¼
 X

i

Aisi
2

!, X
i

Aisi

!
.36 The calculated data

are summarized in Table S2.† The result further conrms the
electron extraction ability of the SnO2 NPs layer, which
contributes directly to the enhancement of the device
performance.

In order to compare the stability between the WAS-based
structure and commercial ITO, the device stability was also
investigated via continuous light exposure under one standard
sunlight (1000 W m�2). It should be noted that the devices are
unencapsulated and tested in the same environment (37% RH,
60 �C). Both kinds of devices have the same device structure
except for the difference of the transparent conductive layer.
The results in Fig. S6† show two degradation stages for both
devices. Before 500 minutes, the degradation rate for them is
similar and mixed. Aer that, the rate is different. The WAS-
based device exhibits faster degradation than the ITO-based
one. However, the rate difference is small and only 10–20% in
conversion efficiency remained aer light exposure for 1000
minutes. According to former reports, the cross diffusion of
silver atoms and halide ions may contribute mainly to this
degradation.37–40 Hence the greater degradation rate of the WAS-
based device may be attributed to the extra silver layer in the
composed lm structure. However, the comparison result
demonstrates the stability of our WAS lms is promising, while
more efforts are needed to optimize the OMO structure and
further to improve its stability.

Conclusion

Through optic simulations and intensive attempts to modulate
lm thickness combination of the OMO structure, WO3 (23
nm)/Ag (10.7 nm)/SnO2 (35 nm) with maximum transmittance
and lowest sheet resistance was successfully prepared by reac-
tive plasma deposition. Post thermal annealing is necessary and
accounts for the enhancement of mechanical stability and lm
crystallinity. The bare WAS composite lm cannot act as both
19336 | J. Mater. Chem. A, 2018, 6, 19330–19337
good TCO and suitable electron transport layer simultaneously.
The well-known 4 nm SnO2 NPs solution was applied to tune the
work function of WAS from �5.10 to �4.95 eV and also to
enhance the electron transfer and selectivity. Owing to the SnO2

NPs interface layer, the device conversion efficiency was boosted
to 14% with Jsc doubling from 7.9 mA cm�2 to 18.6 mA cm�2

and FF tripling from 0.24 to 0.72. This conversion efficiency is
the highest value reported so far, reaching the edge of the
reasonable region of ITO- and MAPbI3-based device perfor-
mances. In the continuous light exposure durability test, the
WAS-based devices also show comparable stability with the ITO-
based ones. However, research still stays at its initial stage and
more efforts are needed from all aspects to develop OMO-based
solar cells and other optoelectronic devices.
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