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ABSTRACT: Achieving high open-circuit voltage (V,.) for tin-based
perovskite solar cells is challenging. Here, we demonstrate that a ZnS
interfacial layer can improve the V. and photovoltaic performance of
formamidinium tin iodide (FASnl;) perovskite solar cells. The TiO,—
ZnS electron transporting layer (ETL) with cascade conduction band
structure can effectively reduce the interfacial charge recombination and
facilitate electron transfer. Our best-performing FASnl; perovskite solar
cell using the cascaded TiO,—ZnS ETL has achieved a power conversion
efficiency of 5.27%, with a higher V. of 0.380 V, a short-circuit current
density of 23.09 mA cm™ and a fill factor of 60.01%. The cascade
structure is further validated with a TiO,—CdS ETL. Our results suggest
a new approach for further improving the performance of tin-based
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perovskite solar cells with a higher V.

B INTRODUCTION

Organic—inorganic hybrid halide perovskite materials have
drawn enormous research interest in the past few years, mostly
due to their superior photovoltaic properties, such as extremely
high optical absorption coeflicients, tunable band gaps, high
electron and hole mobilities, and long carrier lifetimes.'™* A
certified power conversion efficiency (PCE) of 22.1% has been
achieved;” the most efficient cells are, however, still based on
methylammonium (MA) or formamidinium (FA) lead iodide
as light-absorbing material. The toxicity of Pb undoubtedly
hinders the commercialization of this new technology, thus
driving the scientific community to seek a less toxic
replacement. The possible candidates enabling the perovskite
structure formation are Cu, Ge, Sn, Sb, and Bi,*” of which Sn-
based perovskites are particularly good candidates since both
Pb and Sn belong to group 14 of the periodic table and possess
similar optical and electrical characteristics.*”'® Over the past 3
years, a few groups have successfully fabricated lead-free Sn-
based perovskite solar cells using both regular and inverted
device structures.''™'® Since Sn-based perovskites have lower
optical band gap (E,) than their Pb-based analogues, their
devices thus generally produce higher short-circuit current
densities (J,.), another factor that makes them attractive for
solar cell applications.” Yet the overall performance of Sn-based
devices is still low, mainly hampered by the moderate fill factor
(FF) (low film quality), poor open-circuit voltage (V,.)
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(interfacial barrier and imperfect device structure), and poor
reproducibility. Recently, Seok and co-workers reported
efficient and stable formamidinium tin iodide (FASnl;)
perovskite solar cells in which they used a SnF,—pyrazine
complex to improve the perovskite film morphology and
achieved a promising FF of 63% and a PCE of 4.8%."
However, the reported V. of 0.32 V was still relatively low,
considering the E, of FASnl; is 1.40 eV. Similarly low V. has
also been reported in other Sn-based solar cells. In principle,
the theoretical maximum of V,_ in solar cells is determined by
the bandgap of FASnl; after accounting for the voltage losses
arising from radiative and non-radiative recombination
processes. According to this scheme, V. should be
approximately 1 V, but due to the tendency of Sn*' to self-
dope by partial oxidation to Sn*, the V. in Sn-based
perovskites is typically significantly lower. Therefore, solving
the V. loss is a critical step in bringing the photovoltaic
performance of Sn-based perovskite solar cells closer to their
theoretical limit. Given that V. is defined by the energy
difference between TiO,’s conduction band minimum (CBM)
and the perovskite’s valence band maximum (VBM), one
possible reason for the low V. could be the shallow VBM of
the Sn-based perovskites, which may limit the V. output.”
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Another possibility is that carrier recombination between
electrons in TiO, and holes in Sn-perovskites may lower the
quasi-Fermi level of the electrons. This process is more severe
in the Sn-based perovskites than the Pb-based ones because Sn-
perovskites possess higher background hole carrier densities,
stemming from the facile oxidization of Sn** to Sn**. Therefore,
a V,. improvement in Sn-based perovskite solar cells is
expected if the recombination process can be suppressed.
With these considerations in mind, we set out to study a
cascade ETL structure for FASnl; solar cells by growing ZnS
onto TiO,. First, ZnS is an n-type semiconductor with a wide
E; of 3.5-3.8 eV.”*" It has higher electron mobility than TiO,,
potentially improving electron extraction and transfer. It has
been reported to serve as an ETL for organic solar cells and
interfacial passivation layer for quantum-dot-sensitized solar
cells.”’™** Second, the CBM of FASnL, is closer to that of ZnS
than TiO,, so cascading electrons move from FASnl; to ZnS
and then TiO,. Third, the presence of the thin ZnS layer acts as
an energy barrier, inhibiting charge recombination between
TiO, and FASnl;. The relaxation of the photogenerated
electrons is much fast than the carrier recombination at
interfaces. Because the CBM of ZnS is higher in energy than
the CBM of TiO,, electrons relaxed to TiO, will be inhibited to
recombine with holes in the FASnI; absorber at the interface.

In this paper, we show that coating TiO, with ZnS is an
effective approach to facilitate electron extraction from FASnI;
into TiO,. As a result, the ZnS-coated TiO, device outperforms
the neat TiO, one in V. (380 vs 270 mV) while maintaining
comparable ] and FF, essentially yielding a PCE of 5.27%.
Photoluminescence (PL), time-resolved photoluminescence
(TRPL), and electrochemical impedance spectroscopy (EIS)
measurements confirm that devices employing the ZnS$
interface layer have a more efficient electron transfer pathway
and lower interfacial recombination compared to those without
ZnS. Our studies demonstrate that turning the ETL into an
energy cascade structure is a viable approach to boost the V.
and efficiency of lead-free tin-based perovskite solar cells.

B EXPERIMENTAL SECTION

Device Fabrication. The process of preparing compact and
mesoporous TiO, layers on FTO has been reported elsewhere.'”**
First, a compact TiO, layer was spin-coated onto FTO substrate
(TeclS, Hartford Glass) from ethanol solution of titanium isoprop-
oxide at 2000 rpm for 30 s and then annealed in air at 500 °C for 20
min. Subsequently, a mesoporous TiO, layer composed of 20 nm
particles (Dyesol DSL 18NR-T) was spin-coated onto the compact
layer using a diluted solution in anhydrous ethanol (1:3.5 weight ratio)
at 500 rpm for 1 min and then annealed in air at 500 °C for 15 min.
Finally, the annealed mesoporous TiO, film was dipped into a 0.02 M
aqueous TiCl, solution at 70 °C for 30 min and then annealed at S00
°C for 15 min. The ZnS and CdS films were synthesized by using a
SILAR method based on a method reported in the literature;>® the
mesoporous TiO, film was alternately dipped into 0.1 M Zn(NOj), or
Cd(NO;), solution in ethanol, 0.1 M Na,$ solution in methanol, and
deionized water with a volume ratio of 1:3. This SILAR process was
repeated two times.

The solvent-engineering method for preparing the FASnI; perov-
skite film deposited on mesoporous layer is similar to the method
reported in the literature.”® The precursor solution, consisting of 372.5
mg of homemade Snl,, 172 mg of FAI (Dyesol), and 31.4 mg of SnF,
(sigma, 99%) dissolved in 723 uL of N,N-dimethylformamide and 81
HuL of dimethyl sulfoxide, was spin-coated on the mesoporous layer
with a spin rate of 3000 rpm for 60 s. The Snl, synthesis was described
in our previous work."” First, 300 L of diethyl ether was dropped on
the spinning substrate during the spin-coating process. The substrate

was then annealed at 70 °C for 10 min on a hot plate. For the one-step
method, the precursor and film deposition methods are similar, except
for the use of diethyl ether anti-solvent. The solution of hole
transporting material (HTM), consisting of 32 mg of poly[bis(4-
phenyl) (2,4,6-trimethylphenyl)amine] (PTAA, Sigma-Aldrich, 99%)
and 3.6 mg of 4-isopropyl-4’-methyldiphenyliodonium tetrakis(penta-
fluorophenyl)borate (TPFB, TCI America) in 1.6 mL of chlor-
obenzene, was spin-coated on the FASnl; perovskite film at 1500 rpm
for 30 s and then annealed at 70 °C for 5 min.'” All these procedures
were performed in a N, glovebox. To complete the device, a 100 nm
thick Au electrode was thermally evaporated on top of the HTM layer.
During the evaporation process, the sample was inevitably exposed to
air for about 10 min. The active area of the solar cells was 0.15—0.18
cm?, defined by the overlapping area between the un-etched FTO glass
and Au electrode.

Film and Device Characterization. X-ray diffraction (XRD)
spectra of the FASnI; perovskite films were obtained on a CPS 120
INEL X-ray diffractometer with a Cu Ka radiation source operating at
40 kV and 20 mA. The morphology of the devices and films was
characterized by high-resolution field emission scanning electron
microscopy (SEM, Hitachi SU8030). Ultraviolet—visible (UV—vis)
and absorbance spectra of the FASnl; perovskite films were obtained
by using a Shimadzu UV-3600 PC double-beam, double-mono-
chromator spectrophotometer. X-ray photoelectron spectroscopy
(XPS) was performed on a Thermo Scientific ESCALAB 250Xi
system. The external quantum efficiency (EQE) spectrum was
characterized by an Oriel model QE-PV-SI instrument equipped
with a NIST-certified Si diode. Photocurrent density—voltage (J—V)
curves were characterized by a Keithley model 2400 instrument under
AMI1.5G simulated irradiation with a standard solar simulator (Abet
Technologies). The light intensity of the solar simulator was calibrated
by a NREL-certified monocrystalline silicon solar cell. EIS measure-
ments are performed on a CHI electrochemical workstation. The
energy of the valence band of the FASnI; films was measured by using
photoemission spectroscopy in air (PESA, AC-2, Riken Keiki). The
FASnl; films were grown on mesoporous TiO, and measured right
after being exposed to air to minimize the oxidization of the films.
TRPL lifetimes were measured with a streak camera setup
(Hamamatsu C4334 Streakscope). The instrument response function
(IRF) was approximately 2% of the sweep window. A commercial
direct diode-pumped 100 kHz amplifier (Spirit 1040-4, Spectra
Physics) produces a fundamental beam of 1040 nm (350 fs, 4.5 W).
This light was used to pump a non-collinear optical parametric
amplifier (Spirit-NOPA, Spectra-Physics) which delivers high repeti-
tion rate pulses. The samples were excited with 525 nm, 0.1 nJ pulses.

B RESULTS AND DISCUSSION

The device structure of FASnlI; solar cells used in this study is
shown in Figure la. Compact TiO,, mesoporous TiO,, and
ZnS were grown on FTO as the ETL. FASnl; perovskite films
were coated on the ETL. PTAA and evaporated gold film were
used as HTM and back metal electrode, respectively. The

Figure 1. Schematic view of (a) the device structure and (b) the
energy band diagram of the FASnI; solar cells and crystal structure of
the perovskite absorber.
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energy band diagram is shown in Figure 1b, in whlch the E, of
the tetragonal crystalline films of FASnl; is 1.4 ¢V,® and the
VBM is ~—4.7 eV. These energies were estimated from the
Tauc plot of the absorption spectrum (Figure S1) and
photoemission spectroscopy in air (Figure S2), respectively.
The CBM of the FASnI; film is estimated to be ~ —3.3 eV by
subtracting E, from the VBM. Since the CBM of Zn$ (~=3.5
eV)* % s between those of FASnl; and TiO, (~—4.2 eV),
photoexcited electrons in the CB of FASnl; cascade into TiO,
via ZnS. Simultaneously, the energy barrier at the TiO,/ZnS
interface would effectively block charge recombination, which
should essentially increase the quasi-Fermi level for electrons
and raise the V,_value. We note that the CBM of TiO, (~ —4.2
eV) is much lower than that of FASnl,, thus limiting the output
V,.. Nevertheless, we certainly expect V. enhancement by
suppressing the recombination at the TiO,/FASnl; interface,
since FASnI; has a rather high background hole carrier density,
and thus the recombination would be significant if the FASnI;
films have a direct contact with TiO,. The VBM of FASnl; is
slightly higher than that of the PTAA, potentially posing a
barrier for hole carrier transporting. However, the FASnI; film
is briefly exposed to air during device fabrication, given the
nature of our current experimental setup, and as a result, the
surface of the perovskite films is is p- doped, producing an ohmic
contact with the PTAA layer.>'” Therefore, even though an
energy barrier exists between the FASnl; and PTAA layers
originally, hole carriers can still be effectively transferred.
We first studied film morphology by using SEM. Figure 2a,b
shows the comparison of neat TiO, and ZnS coated-TiO,

Au/PTAA
FASnI; capping layer
mesoporous TiO,/ZnS/FASnI,
compact TiO,

FTO

Figure 2. Top view SEM images of the mesoporous TiO, (a) without
and (b) with ZnS-coated layer. Top view SEM images of a FASnl, film
deposited on the mesoporous TiO, (c) without and (d) with ZnS-
coated layer. (e) Cross-sectional SEM image of a completed device.

(denoted as TiO,—ZnS) mesoporous films; TiO,—ZnS$ films
were grown by using the successive ionic layer adsorption and
reaction (SILAR) method.”” The SEM images indicate that the
addition of the ZnS layer does not alter the morphology of the
underlying mesoporous TiO, layer, suggesting the formation of
a very thin ZnS layer. The presence of ZnS was independently
confirmed by XPS. Ti 2p, O 1s, Zn 2p, and S 2p peaks were all
observed, as shown in the XPS spectra (Figure S3). The FASnI,

films were prepared by a solvent-engineering method,
analogous to the one reported for the fabrication of efficient
Pb- and Sn-based perovskite films,”*~** since the films made by
the conventional one-step method showed poor surface
coverage (Figure S4a)."” Note that all the FASnI; perovskite
films used in this study include 20% SnF, as an additive to
reduce the background hole carrier density and improve the
solar cell performance.'"””” Figure 2c,d shows the surface
morphology of the FASnl; perovskite films prepared by the
solvent-engineering method on the neat TiO, and TiO,—ZnS
substrates, revealing uniform and high surface coverage for both
substrates. Once again, coating TiO, with a very thin ZnS layer
does not alter the film’s overall morphology. During these
experiments, we did not observe phase separation on the
surface of the perovskite films caused by excess SnF,, a
phenomenon that has been reported elsewhere.'” This is
attributed to the use of diethyl ether as an anti-solvent in our
fabrication procedure instead of the conventionally used
chlorobenzene. In Figure S4b, it is obvious that the film
prepared by an anti-solvent of chlorobenzene has worse film
coverage. The uniform and pinhole-less perovskite films
efficiently prevent the recombination caused by a direct contact
between HTM and ETL, and thus allow us to systematically
study the effect of the Zn interface layer on the device
performance. A cross-sectional SEM image of a completed
FASnl; perovskite solar cell employing mesoporous TiO,—ZnS
layer is shown in Figure 2e. A 500 nm-thick capping layer of the
FASnlj; is formed on top of a 700 nm-thick TiO,~ZnS layer to
allow optimal light-harvesting efficiency since Sn-based perov-
skites are known to have a lower absorption coefficient than Pb-
based perovskites especially in the long wavelength range.

We further characterized our FASnl; films using UV—vis
spectroscopy and XRD. The optical absorption spectra of
FASnl; films on TiO, and on TiO,—ZnS films are very similar,
indicating that both film systems have similar composition and
thickness. Moreover, the XRD patterns reveal an identical
crystal growth habit for both substrates. As shown in Figure 3b,
the FASnl; films formed on TiO, and ZnS both crystallize in
orthorhomblc structure (Amm?2 space group) with no preferred
orientation.'*'”? These results indicate that the Zn$S interface
layer does not affect the FASnl; film quality, namely thickness
and crystallinity; thus, we can attribute the differences arising in
the devices to the ZnS layer alone.

Having established the quality of our films, we then
proceeded to the main focus of this work, which was to
investigate the effect of the ZnS layer on the FASnlI; solar cell
performance. Figure 4a shows the J—V curves of two
representative FASnI; perovskite solar cells, without and with
a ZnS layer. The neat mesoporous TiO, device achieved a PCE
of 3.69% with a V,_of 0.290 V, a J,_ of 23.14 mA cm™>, and a FF
of 54.90% when measured under reverse voltage scanning (that
is, from V. to 0 V). We observed a significant performance
improvement in the ZnS-coated TiO,, yielding a PCE of 4.72%
with a V,_ of 0.366 V, a J. of 22.94 mA cm™2 and a FF of
56.33% under the same measurement conditions. The photo-
voltaic parameters are summarized in Figure S5 and Table 1. It
is clear that there is a significant enhancement in V,, while the
Ji. values of the TiO,—ZnS and the neat TiO, devices are
comparable, implying that the ZnS layer does not hinder
electron transfer from the FASnl; to ZnS. The slightly better
FF also supports our initial hypothesis of a more efficient
electron transfer process and the consequent suppression of the
recombination. Additionally, we found that the thickness of
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Figure 3. (a) UV—vis optical absorption spectra and (b) XRD patterns
of FASnl; perovskite films grown on mesoporous TiO, and TiO,—
ZnS films. The hkl indices shown belong to the tetragonal perovskite
structure of FASnl;, corresponding to lattice parameters of 6.3286,
8.9554, and 8.9463.
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Figure 4. (a) J—V curves of the FASnl, perovskite solar cells using
neat and ZnS-modified mesoporous TiO, measured under reverse
voltage scanning. (b) PL spectra and (c) TRPL spectra of the FASnI,
perovskite films coated on neat and ZnS-modified mesoporous TiO,.
(d) Nyquist plots of the FASnI; perovskite solar cells using neat and
ZnS-modified mesoporous TiO, measured at 0 V bias in the dark.

Table 1. Summary of the Photovoltaic Parameters of the
Solar Cells with Neat and ZnS-Modified Mesoporous TiO,,
Measured under Reverse Voltage Scanning”

V.. T FF PCE
ETL v] [mA cm™2] [%] [%]

TiO, 029 + 002 2289 + 039 5344 + 142  3.59 + 0.26

TiZOnZS/ 037 + 0.01 2249 + 041 5674 + 2.15 474 + 025

“The photovoltaic parameters are the average of measurements using
10 devices.

15001

ZnS is critical to the device performance, as demonstrated in
Figure S6; the ZnS layer thickness was controlled by the
number of the SILAR deposition cycles. In particular, when the
ZnS is too thin, the V,_ drops (but it is still better than that of
the neat devices), probably because the TiO, was not fully
covered with the ZnS. On the other hand, when the ZnS
becomes too thick, V. improves further, but at the same time
Jic drops. The best device performance was obtained from
samples with two ZnS deposition SILAR cycles.

To further study the advantages that the ZnS interface layer
brings to the electron transfer, we compared PL and TRPL
spectra of the FASnI; perovskite films grown on TiO, with and
without ZnS. Figure 4b shows the PL spectra of the perovskite
films on different substrates, both displaying an emission peak
at about 870 nm. Note that the PL intensity of the film
deposited on the mesoporous TiO,—ZnS layer is much lower
than that of the film deposited on neat TiO, substrate. Since
the two films exhibit very similar absorption bandwidths and
peak maxima, the significantly reduced PL intensity can be
attributed to the quenching effect (improved charge collection)
caused by the better electron transfer promoted by the ZnS.
The TRPL results of the FASnI; perovskite films deposited on
TiO, with and without ZnS are shown in Figure 4c. The
FASnl; perovskite film deposited on neat TiO, has an
estimated carrier lifetime of 2.52 ns. In contrast, the carrier
lifetime of the FASnI; perovskite film deposited on TiO,—ZnS
is ~2.5 times shorter (7 = 0.85 ns), implying a faster electron
transfer process.

To further validate that the TiO,—ZnS cascade structure can,
in fact, reduce the interfacial charge recombination, we
performed EIS measurements on the FASnl; solar cells. Figure
4d shows the Nyquist plots of the FASnI; solar cells at 0 V bias
in the dark. The corresponding equivalent circuit of the devices
is shown in Figure S7a, including the series resistance (R,),
transfer resistance (R,), recombination resistance (R,.), and
chemical capacitance (C).**™** R; can be estimated from the
high-frequency intercept on the real axis. The R, at low
frequency and R, at high frequency can be assigned to the
recombination at the perovskite/ETL interface and the charge
transfer at the HTM/perovskite interface, respectively.”’ The
Nyquist plots in Figure 4d show a main semicircle at low
frequency. This main semicircle can be primarily attributed to
the R.. and C. We also measured the Nyquist plots of the
FASnI; perovskite solar cells under different bias voltage in the
dark. The corresponding fitted R, values of the TiO,—ZnS-
based cell are much higher than those of the neat TiO, ones, as
shown in Figure S7b. These results indicate that the solar cells
using the TiO,—ZnS cascade structure have a much lower
interfacial recombination rate than the neat TiO,-based cells, as
the recombination rate is inversely proportional to R...
Therefore, the ZnS surface coating on mesoporous TiO,
effectively inhibits the recombination of charge carriers and
improves cell performance.

Figure 5a shows the best-performing FASnl; perovskite solar
cell built on mesoporous TiO,—ZnS substrate, measured under
reverse and forward voltage scanning. This solar cell achieved a
PCE of 5.27% with a V,_ of 0.380 V, a J,. of 23.09 mA cm™,
and a FF of 60.01% when measured under reverse voltage
scanning and a PCE of 4.90% with a V. of 0.373 V, a ] of
2298 mA cm 2, and a FF of 57.14% when measured under
forward voltage scanning, showing a small hysteresis. Figure Sb
shows the measured EQE spectrum of the solar cell using
mesoporous TiO,—ZnS, showing a high average value in the
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Figure S. (a) J—V curves of the best-performing FASnl; solar cell
using mesoporous TiO,—ZnS measured under reverse and forward
voltage scanning. (b) EQE and integrated J,. measured from the
FASnl; solar cell using mesoporous TiO,—ZnS. (c) Steady-state
efficiency of the FASnl; solar cell using mesoporous TiO,—ZnS at a
constant bias voltage of 0.261 V. (d) Histograms of PCEs for 20
FASnl; solar cells using mesoporous TiO,—ZnS measured under
reverse voltage scanning.

300—900 nm wavelength range. The integrated ], calculated
from the EQE curve is 20.7 mA cm™?, comparable to the J.
obtained from the J—V measurements. The small difference
arises from the fact that the EQE curve was taken at a weaker
light intensity compared to the J—V curves, which were
measured under AM1.5G simulated irradiation.'” The TiO,—
ZnS-based device also achieved a steady-state efficiency of
4.94%, with a steady-state current density of 18.94 mA cm™ at
a constant bias voltage of 0.261 V (Figure Sc). Figure Sd shows
the histograms of PCEs for 20 FASnl; solar cells using
mesoporous TiO,—ZnS substrates. The average V,, J,., FF, and
PCE are 0.370 + 0.009 V, 22.35 + 0.69 mA cm™, 5625 +
2.24%, and 4.65 + 0.32%, respectively, proving a good
reproducibility and high average performance of our FASnl;
perovskite solar cells. We also fabricated these solar cells using
the conventional one-step method'* for comparison (Figure
S8). Devices prepared by the one-step method only achieved a
PCE of 2.47% with a V,_ of 0.262 V, a J,. of 20.40 mA cm™?,
and a FF of 46.31% when measured under reverse voltage
scanning. The low performance can be mainly attributed to
poor film coverage of the FASnl; absorber.

Finally, we examined another cascade-structured ETL by
using cadmium sulfide (CdS) instead of ZnS. CdS has
semiconductor properties similar to those of ZnS and has
been used as an interface layer to promote electron transfer and
reduce charge recombination in lead-based perovskite solar
cells.*>** The CdS films were also prepared by the SILAR
method. Figure S9a shows the transmittance of the FTO/TiO,
substrate without and with CdS film. CdS, with a relatively
narrow band gap of around 2.35 eV, reduces the transmittance
of the substrate in the wavelength range of 350—500 nm.
Therefore, the CdS film reduces the absorption of FASnl;
perovskite absorber and is thus detrimental to the device’s J.
output. Figure S9b shows the J—V curves of the FASnl; solar
cell using mesoporous TiO, with and without CdS. The FASnI;
solar cell using mesoporous TiO,—CdS achieved a PCE of
3.76% with a higher V. of 0.328 V, a lower ], of 22.02 mA
ecm™% and a FF of 52.11% when measured under reverse

voltage scanning. Similar to the ZnS film, the CdS film also
improves the V,_ of the FASnl; solar cell, thus validating our
general strategy for V. improvement. From the toxicity point
of view, ZnS is no doubt a better candidate than CdS, making it
more suitable for incorporation in such solar cells. We should
mention, however, that the V. and efliciency of the FASnl;
perovskite solar cells, even with the improvement of the ZnS
interface layers, are still far lower than those of Pb-based
perovskite solar cells. Although the performance of tin-based
perovskite cells is significantly lower, to date, than that of the
Pb-based cells, the intrinsic properties of the tin perovskites and
lead perovskites are comparable (e.g, band gap, details of
electronic structure, etc. are similar). This suggests that, once
proper conditions are found for the optimal design of the solar
cells, the tin-based devices are expected to reach performance
efficiencies comparable to those of the lead-based devices. In
our device structure, we have to use mesoporous TiO, as an
ETL scaffold, which is a barrier for improving the performance
of the FASnl; solar cells. Further V. and efliciency enhance-
ments are expected from the replacement/elimination of
mesoporous TiO, and planar Sn-based perovskite devices.

Bl CONCLUSIONS

We have shown that coating mesoporous TiO, with a thin ZnS
layer to form a cascade structure can significantly improve the
V.. and PCE of the FASnl; perovskite solar cells. The best-
performing FASnl; solar cell built upon a mesoporous TiO,—
ZnS scaffold achieved a PCE of 5.27% with a V. of 0.380 V, a
Jic of 23.09 mA cm™ and a FF of 60.01% when measured
under reverse voltage scanning, which is significantly better
than the reference solar cell using neat TiO,. The enhancement
in V. and subsequently PCE is mainly attributed to the ZnS
interface layer effectively reducing the interfacial recombination
while simultaneously facilitating the electron transfer, con-
firmed by both optical (PL) and electrical (EIS) measurements.
Our results demonstrate that optimization of the electron
transport layer, such as having a cascade structure, will be
essential in pushing the efficiency of Sn-based perovskite solar
cells higher.
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