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Previous cost analysis of perovskite solar cells
(PSCs) has revealed that the transparent conductive
oxide (TCO) substrates account for most of the ma-
terial cost, emphasizing the need to recover TCO in
PSC recycling. However, the conventional use of
compact and ultrathin electron transport materials
(ETMs) such as TiO, and SnO,, poses a challenge to
their removal from the substrate, hindering effective
PSC recycling. Here, PbSO,4 nanoparticles with (011)
surface were used as ETM to fabricate PSCs. The
yvielded metallicity on the PbSO, nanoparticle sur-
face promoted extracted electron transport across
the nanoparticle surface. A certified efficiency as
high as 17.9% for the submodule (204.9 cm?) with
PbSO, was realized successfully, and the best effi-
ciency on a small area (0.1 cm?) reached 24.1%. The
PbSO, layer was removed effortlessly from the

Introduction

With the increase in global energy demand, clean energy
development has been stimulated to a new level. In
recent years, all types of solar cells have been rapidly
developed, including silicon (Si), dye-sensitized solar
cells (DSSCs), organic photovoltaic (OPV), cadmium tel-
luride (CdTe), copper indium gallium selenide (CIGS),
and organic-inorganic halide perovskite solar cells
(PSCs). Among all these technologies, PSCs have come
into research focus due to their high absorption

DOI: 10.31635/ccschem.024.202303502
Citation: CCS Chem. 2024, 6, 2254-2263
Link to VoR: https://doi.org/10.31635/ccschem.024.202303502

substrate by simple aminoethanol washing to recov-
er the TCO, the most expensive component of PSCs.
This work provides a novel strategy to prepare solu-
ble insulator-based ETMs by constructing metallic
surfaces of nanoparticles; thus, fabricating efficient
and recyclable PSCs.
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coefficient, long carrier diffusion length, tunable band-
gaps, and ease of fabrication technology."® The power
conversion efficiency (PCE) of PSCs with an n-i-p archi-
tecture has reached up to 26.0%.”° In the configuration
of PSCs, the electron transport materials (ETMs) can
effectively promote interfacial electron extraction and
transport, block free holes, and suppress charge recom-
bination."'® Thus, preparing ETMs is crucial for fabricat-
ing efficient and stable PSCs.

Tremendous efforts have been devoted to the optimi-
zation and designing of efficient ETMs for PSCs. To date,
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TiO, and SnO,, are typically used as the ETMs to fabricate
highly efficient PSCs.”2 For instance, the SnO, layer
with ideal coverage, composition, and thickness could
be prepared by chemical bath deposition (CBD) to
improve charge carrier management, thereby realizing
the certified PCE of 25.2%.2° The compact-TiO, modified
with a thin layer of polyacrylic acid-stabilized tin(IV)
oxide quantum dots (paa-QD-Sn0,), used as electron-
selective contact-enabled PSCs, could enhance the light
capture and suppress nonradiative recombination, en-
abling their PCE up to 25.7% (certified 25.4%).2* The
chlorine-bound SnO, electron transport layer enhanced
charge extraction and transport from the perovskite
layer. A certified power electronic converter (PEC) of
25.5% was achieved.”® However, the conventional use of
ETMs is difficult to remove from the substrates, hindering
the effective recovery of transparent conductive oxide
(TCO) substrates, which accounts for 58-73% of the
material cost in PSCs.?*?” Therefore, the design and prep-
aration of new type soluble inorganic ETMs is critical for
recycling TCO substrates in PSCs.

PbSO, is used as a perovskite surface passivation layer
and has been used to improve the efficiency and stability
of PSC.2® However, the wide bandgap of PbSO, makes it
challenging to reach an effective electron transport, im-
peding the applications in PSCs as ETMs. Constructing
surface metallicity has been demonstrated as a useful
way to boost the charge transport ability in insulating
nanomaterials.?*3' Here, PbSO, nanoparticles with (011)
surface were coated on a conductive substrate to fabri-
cate PSCs. The formed metallicity on the (O11) surface of
the PbSO, nanoparticle boosted the transport of
extracted electrons across the nanoparticle surface. The
resultant PSCs with PbSO, achieved over 24% perfor-
mance and remarkable stability over 3000 h under light
stress. A certified efficiency as high as 17.9% for the
submodule (204.9 cm? with PbSO, was successfully
realized. More strikingly, the PbSO, film on fluorine-
doped tin oxide (FTO) could be separated entirely by
aminoethanol washing to recover the expensive FTO
substrate. Thus, efficient and recyclable PSCs were fab-
ricated successfully.

Experimental Methods

All reagents and materials are directly used as purchased
from chemical companies without any further purifica-
tion. Detailed experiments involving solar cell fabrication,
computational parameters, and device characterization
are provided in the Supporting Information.

Solar cell fabrication

FTO glass with an electrode pattern was used as a con-
ductive substrate. PbSO, solution was spin-coated on
the FTO substrate at 5,000 rpm for 25 s, annealed at
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100 °C 15 min, 200 °C for 30 min and mesoporous TiO,
was spin-coated at 5000 rpm for 25 s, annealed at
500 °C for 30 min, both used as alternate negative
charge extraction layer or electron transport materials.
The perovskite precursor solution was spin-coated in a
nitrogen-filled glove box, and coated 2,2,7,7'-tetrakis-
(N,N-di-p-methoxyphenylamine)-9,9’-spiro-bifluorene
(Spiro-OMeTAD) and phthalocyanine were used as the
hole transport layer, which sandwiched the perovskite
layer and the negative charge extraction layer. Finally, a
gold electrode (80 nm) was deposited by thermal
evaporation.

Computational methods

The first-principles calculation steps were completed
through structural optimization, static self-consistent
field, and density of state calculation with spin-orbital
coupling. All calculation steps were completed using
Quantum-Espresso  (https://www.quantum-espresso.
org/), combined with the generalized gradient approxi-
mation in density functional theory (DFT). The Monte
Carlo method (https://sourceforge.net/) was used to
simulate the accumulation of nanoparticles of varying
sizes within a defined space and to determine the path of
the electric current.

Device characterizations

The current density-voltage (J-V) tests of PSCs were
performed on a solar simulator equipped with an LSH-
7320 ABA LED solar simulator (Newport, California,
USA) and Keithley 2400 source meter (Keithley, Ohio,
USA). The light intensity was calibrated to 100 mW cm™
with the certified Oriel 91150V silicon solar cell (New-
port). Scanning electron microscopy (SEM) images were
measured on an Apreo S 2 microscope (Thermo Fisher
Scientific, Shanghai, China). Atomic force microscopy
(AFM) and kelvin probe force microscopy (KPFM) tests
were measured on Dimension Icon-Raman AFM (Bruker,
Saarbrlicken, Germany). Mott-Schottky, space charge
limitation current and electrical impedance spectroscopy
tests were performed using the CHIG60E electrochemi-
cal workstation (ChenHua, XXX, XXX). Ultraviolet-visible
(UV-vis) absorption spectra were recorded by Cary-
5000 UV-vis spectrophotometer (Agilent, XXX, XXX).
Photoluminescence (PL) spectra were measured on
FL-3 (Horiba, XXX, XXX).

Results and Discussion

Recycling the compact TiO, and SnO,-coated
substrates

Compact TiO, (c-TiO5) and SnO, as commonly used
ETMs are challenging to remove from the FTO sub-
strates, which hinders the recovery of FTO. To verify this
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Figure 1| (a) Roadmap for recycling of conductive substrates. (b) Photos of recovered substrates at different cycles.
Transmission spectra of substrates with c-TiO» (c) and SnO- (d) at different cycles. (e) Efficiencies of PSCs with SnO>

and c-TiO at different cycles.

issue, the c-TiO, and SnO,-coated substrates were pre-
pared and then washed with N,N-dimethylformamide
(DMF), ethanol, and distilled water, respectively
(Figure 1a). After washing several times, the recycled
substrates exhibited much rougher surface morpholo-
gies (Figure 1b). A decrease in transmittance was also
observed (Figure 1c,d). PSCs with FTO/c-TiO, or SnOy/
perovskite/Spiro-OMeTAD/Au configuration were fabri-
cated with recycled substrates. As shown in Figure 1e, the
efficiency of devices with c-TiO, and SnO, lost >40% of
their initial efficiency after three cycles. These results
demonstrated that the convenient and feasible methods
could not efficiently recover the substrates with c-TiO,
and SnO, ETMs.

Properties analyses of PbSO, film

This work developed a fully recyclable ETM, the PbSO,4
powder was dissolved into an ethanolamine solution and
directly deposited on the FTO substrate to fabricate
PSCs (Figure 2a). It is worth highlighting that the material
cost of PbSO,4 was only ~4% of the cost of commonly
used SnO,/TiO, ETMs in PSCs (Figure 2b).%? X-ray dif-
fraction (XRD) pattern of the deposited film agreed with
the simulated values from single crystal data of PbSO,4
(Supporting Information Figure S1), proving the success-
ful deposition of PbSO,4 on the FTO substrate. The high-
angle annular dark field aberration-corrected scanning
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transmission electron microscopy (HAADF-Cs-STEM)
confirmed the prepared PbSO, nanoparticle with ex-
posed (011) facets (Figure 2c). Theoretical calculations
of PbSO, surface energy revealed that the (O11) surface
exhibited the most negative surface energy (Supporting
Information Table S1), indicating that it was readily ex-
posed to the (O11) surface during the formation process.
Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) images indicated that the PbSO,4
nanoparticles were uniformly distributed on the FTO
surface to reduce the surface roughness (Supporting
Information Figures S2 and S3). AFM images suggested
the thickness of the PbSO, thin layer was ~20 nm
(Figure 2d,e). The FTO substrate coated with PbSO,4
revealed an enhanced transmittance than the TiO,-coat-
ed FTO film, suggesting that the PbSO, film is optically
suitable as ETM (Supporting Information Figure S4).
The energy band structure and work function (Wg) of
PbSO, film on FTO substrate were investigated by ultra-
violet photoelectron spectroscopy (UPS) (Figure 2f,g
and Supporting Information Figure S5). The calculated
We for the pristine FTO and PbSO4-modified FTO were
—-4.25 and —4.37 eV, respectively. The conduction band
minimum (Ecgm) of FTO and PbSO4-modified FTO
evaluated were —4.26 and -3.38 eV, respectively. DFT
calculation results suggested that the work function of
the PbSO, (O11) surface was -3.13 eV (Supporting
Information Figure S6), consistent with the value
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Figure 2 | (a) Scheme of electron transport from perovskite (PVSK) to substrate in PSC. (b) Costs of SnO,, TiO,, and
PbSO, in PSCs. (¢c) HAADF-Cs-STEM image of PbSO, with (O71) surface. (d) AFM image of FTO/PbSQO, substrate.
(e) Thickness of PbSO, thin layer. Electron cut-off region (f) and valence band region (g) of UPS spectra of FTO and
FTO/PbSO.. (h) Energy band alignment of FTO, SnO,, TiO5, PbSO, nanoparticle, and PVSK.

obtained from UPS characterization results. Thus, the
PbSO4-modified FTO had a higher conduction band
energy level than perovskite, as shown in Figure 2h,
which is beneficial for suppressing interfacial charge
recombination.

Analyses of the electron transport process

Detailed experimental characterizations were conducted
to assess the positive effect of PbSO, on interfacial
electron transport. First, the characteristics of perovskite
films based on different ETMs were studied. The XRD
patterns (Supporting Information Figure S7) and UV-vis
spectra (Supporting Information Figure S8) of the
perovskite films coated on other substrates indicated
that the PbSO, layer did not affect the component and
optical properties of the perovskite film. As shown in
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Figure 3a-d, the perovskite films with TiO, and PbSO4
revealed similar uniform and dense morphologies. The
flatter morphology for PbSO4-based perovskite film with
aroot mean square (RMS) of 10.5 nm was observed more
than that of the TiO, (RMS: 1.9 nm) (Supporting
Information Figure S9). Thus, the PbSO, layer could be
used to prepare high-quality perovskite films.

The electron transport property of PbSO, with (011)
surface was further assessed. Surface spin-orbit coupling
(S0C) electronic structure revealed that the electron
transport in PbSO,4 nanoparticle was dependent on the
O-exposed (011) surface state (Figure 3e and Supporting
Information Figure S10). Moreover, the conduction band
and valence band touched each other, resulting in a
metallic band structure. The SOC of O and Pb led to the
surface energy band crossing over the fermi level, degen-
erating the two energy bands to form a new metal
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Figure 3 | SEM images of perovskite films with TiO> (a) and PbSO., (b). AFM images of perovskite films with TiO»
(c) and PbSO, (d). (e) Surface SOC electronic structure of PbSO, (0O71) surface. (f) SEM images of PbSO,nanoparticles
(the inset is Monte Carlo spherical models). (g) Electrical conductivity of PbSO, with different grain sizes by
calculation. (h) Statistical diagram of electrical conductivity of PbSO, nanoparticles. (i) Schematic diagram of
tr-SPV measurements. (j) The tr-SPV measurements of perovskite films based on FTO, PbSO,, and TiO..

transport state,** which conformed to quadratic band

crossings of surficial metallicity, realizing the unhindered
electron transport across nanoparticle surface.®** The
metallicity on the surface of the PbSO,4 nanoparticle was
further evaluated, with the results shown in Supporting
Information Figures S11 and S12, PbSO, films with differ-
ent grain sizes were prepared; also, Monte Carlo spherical
models of PbSO, nanoparticles based on the normal
distribution of the prepared nanoparticle sizes were cre-
ated to calculate their electrical conductivities (Figure 3f
and Supporting Information Figure S12). The calculated
unit surface conductivity was similar under different
particle size distributions (Figure 3g) and was compara-
ble to the conductivity of common metals (~10° S m™).
Experimentally, the conductivities of PbSO,4 films with
different grain sizes also revealed similar conductivities
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(~1.1 x 107 S m™, Figure 3h and Supporting Information
Figure S13a). This value was lower than the calculated value
based on the ideal model but was undoubtedly higher than
that of the bulk PbSO, material*® (~1.0 x 10°®* S m™). This
value was almost consistent with the values of commonly
used TiO,/SnO, ETMs.**® The electron mobility experi-
ment of PbSO, films was also performed and calculated
(Supporting Information Figure S13b) to be 2.51x 10~* cm?
V7' s, which was higher than TiO, (1.71 x 1074 cm? V' s™).

Next, the electron extraction between the PbSO,/pe-
rovskite interface was investigated by transient surface
photovoltage (tr-SPV) measurements (Figure 3i).%°
Charge extraction in the range of 5 nsto 0.5 s was studied
by noncontact SPV measurements excited by 5 ns above
bandgap laser (1.8 eV). PbSO,4 showed a much faster rise
and larger amplitude than FTO, meaning that PbSO,4 had
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Figure 4 | AFM topography images of devices with TiO5 (a) and PbSO, (d). KPFM SP images were taken on the cross-
sectional surface of devices with TiO5 (b) and PbSO, (e). SP profile (c) and electric field distribution (f) of the cross-

sectional surface of devices based on TiO» and PbSO.,.

much better electron extraction properties than FTO
(Figure 3j). The much faster tr-SPV signal (in the 5-20 ns)
highlighted much better electron extraction capabilities
of PbSO,4 compared with TiO,. These analyses suggested
that mainly charge transport channels existed in PbSO,4
nanoparticles with (O11) surface and could be attributed
to the nanoparticle surface with metal conductivity. The
yielded metallicity on the (O11) surface of the PbSO,4
nanoparticle promoted the transport of extracted elec-
trons across the nanoparticle surface.

Additionally, KPFM characterizations of the perovskite
cross-sections were carried out. The AFM topographic is
shown in Figure 4a,d. The surface potential (SP) profile
was extracted from Figure 4b,e. As shown in Figure 4c,
the PbSO,4=based device revealed a significant potential
drop at the FTO/perovskite interface compared with the
control device. The local electric field distribution was
obtained by taking the first derivative of SP profiles.*°
The stronger electric field was observed in the PbSO,4=
based device (Figure 4f), indicating that introducing the
PbSO, layer could effectively enhance the interfacial
electron extraction and transport.***? Similar conclusions
were also drawn from PL spectra. The quenched fluores-
cence intensity was detected for the PbSO,4-based pe-
rovskite film, revealing enhanced electron extraction and
transport (Supporting Information Figure S14). Further,
Mott-Schottky measurements presented the PbSO,4-
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based device with a more significant slope than the
control device, indicating that introducing PbSO, re-
duced the interface charge density (Supporting
Information Figure S15). Space charge limited current
(SCLC) tests were employed to evaluate perovskite films’
electron trap-state densities.**** The resulted showed a
marked decreased from 4.4 x 10"® cm™ to 2.7 x 10® cm~®
for the control and PbSO4-based device (Supporting
Information Figure S16). Electrochemical impedance
spectroscopy (EIS) tests revealed that the recombination
resistance increased for the PbSO,4-based device com-
pared with the control sample, suggesting that the
PbSO, effectively inhibited charge recombination
(Supporting Information Figure S17). The above results
demonstrated that the PbSO, layer effectively promoted
interfacial electron transport and suppressed the
recombination.

Photovoltaic performance of devices

The PSCs with FTO/c-TiO, or PbSO./m-TiO,/perov-
skite/Spiro-OMeTAD/Au structure were fabricated to
evaluate the effect of PbSO, on cell performance
(Supporting Information Figure S18). As shown in
Figure 5a, the PbSO4-based device exhibited negligible
hysteresis behavior compared with the TiO,-based de-
vice. The champion efficiency of the devices at optimal

o


https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202303502
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202303502
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202303502
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202303502
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202303502
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202303502
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202303502
https://doi.org/10.31635/ccschem.024.202303502
https://doi.org/10.31635/ccschem.024.202303502

©CCS

RESEARCH ARTICLE

Chemistry

(@) 25 (b) T Active Area: 204.87 cm? (C)1 0 1 .
1 200 - TSt ~————e——
w
& 20 4 —_ . O .84 N
R < a Y "\
e —Fs:Tio, ! =150 - |
15 ) 3 £ Bo6
© ——RS: TiO 3 = 1 8o —._TiO
< 2 3 | 5100 = 2
E 101 —FS: PbSO, i 2 g 044 ——PbSO,
[€) 1 . 3 i = L ~~
8 5] —RS: PbSO, 2 O 50 - = So2]
0. i o | ~FS17.27% - RS-17.93% 00.] AM1.5Gand ~65°C
T T T T T T T & . T T T T r T
00 02 04 06 08 10 12 0 5 10 15 20 25 0 1000 2000 3000
Voltage (V) Voltage (V) Time (h)
100 PbSO, with different cycles {1 =m PCEs with different cycles
80 — Pristine 8 1.0 - Ep - o - - - -
] — Cycles-2 a
60 — Cycles-4 Ee]
@
1 PbSO, N 0.8
40 5
o] | =IO bSOy, | E
—. “FTO (ZD 0.6-
0 Ethanolamine
I L | L | L | L | ' I L
300 400 500 600 700 800 Pristine 1 2 3 4

Wavelength (nm)

Cycle number

Figure 5 | (a) Best J-V data of PSCs with TiO» and PbSO, obtained in forward (FS) and reverse (RS) scans. (b) I-V
characteristics of the 204.87 cm? area PSC module. (c) Photostability at AM 1.5 G illumination and ~65 °C in N>
atmosphere. (d) Photos of recycled substrates based on PbSO, at different cycles. (e) Transmission spectra of
substrates based on PbSO, at different cycles. (f) Efficiencies of PSCs with PbSO, in different cycles.

PbSO, thickness of ~20 nm, obtained by adjusting
the concentration of PbSO, solution (Supporting
Information Figure S19) was 24.1% for an active area of
0.1 cm?, slightly higher than the values of PSCs with TiO,
(23.7%, 0.1 cm?® (Figure 5a, Supporting Information
Figure S20 and Table S2). The average efficiency of
devices with TiO, was 23.2 + 0.5%, while the performance
distribution for the PbSO,-based PSCs with 23.7 + 0.4%
was observed (Supporting Information Figure S21). The
champion efficiency of PbSO,4-based PSCs was further
evaluated, which yielded a stabilized efficiency output of
23.6% (Supporting Information Figure S22). The large-
area TiO,- and PbSO-based PSCs with an area of 1.0 cm?
were also prepared for performance evaluation
(Supporting Information Figure S23 and Table S3). The
best performances for PSCs based on TiO, and PbSO,4
were up to 21.9% and 22.3%, respectively, demonstrating
a better performance of the PbSO4-based PSC. The
efficiency of the PbSO4-based device was further certi-
fied as 21.7% with an area of 0.9974 cm? (Supporting
Information Figure S24). The practical application of
PbSO, was also evaluated for fabricating perovskite
photovoltaic modules. As shown in Figure 5b,
Supporting Information Figure S25, and Table S4, the
efficiency reached 17.9% with an active area of
204.87 cm? and 16.8% with a designated area of
218.38 cm?. A steady-state maximum power output of
the module further verified the efficiency (Supporting
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Information Figure S25). Thus, the PbSO, film could
realize interfacial electron extraction and transport from
the perovskite layer more effectively to improve mainly
the V.. and cell performance.

Stabilities of devices

Since the stability of PSCs is an essential factor for
commercialization, the PSCs with FTO/c-TiO, or
PbSO.,/m-TiO,/perovskite/phthalocyanine**/Au  struc-
ture without encapsulation were fabricated to assess the
effect of PbSO, on stability (Supporting Information
Figure S26), due to the poor stability of Spiro-OMeTAD.*¢
Photostability of the devices was performed at AM 1.5 G
illumination and ~65 °C in N, atmosphere. The PSC with
PbSO,4 remained at 90% of the original efficiency, where-
as the device with TiO, retained 20% of the initial effi-
ciency after 3000 h (Figure 5c¢). Thermal stability was
performed at 85 °C with ~30% humidity in the air atmo-
sphere. As shown in Supporting Information Figure S27a,
the device with PbSO, retained more than 90% of the
initial efficiency after 3000 h, while the TiO,-based de-
vice almost failed during this period. We further tested
the moisture stability with a humidity of ~65% in the air.
The device with PbSO, retained 90% of the original
efficiency after 5000 h, while the control PSC almost
failed wunder the same conditions (Supporting
Information Figure S27b). The above results revealed
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that PbSO, as a stable ETM assisted the preparation of
high-quality perovskite film with reduced defects, and
promoted interfacial electron extraction and transport,
thereby effectively improving the cell stabilities.

Recyclability of conductive substrate

Recycling valuable materials from PSCs is urgent and
necessary for commercialization and environmental
demands.*”*® The PbSO, can be well dissolved in etha-
nolamine solution; thus, used as the solvent for the
PbSO, device fabrication process. A simple ethanol-
amine solution washing efficiently recovered the FTO
substrate with PbSO,4. To evaluate this conjecture, the
PbSO,4- and m-TiO,-based substrates were washed with
ethanolamine solution. This cycling process was con-
ducted several times. As shown in Figure 5d and
Supporting Information Figure S28, the PbSO, and m-
TiO, layer could be well-removed by dissolving the
PbSO, layer with ethanolamine washing. The recovered
FTO substrates maintained the original transmittance
value (Figure 5e). The corresponding PSCs were also
fabricated with recycled substrates. As expected, com-
pared with the device with a new FTO substrate, the
PSCs with recovered FTO substrates based on PbSOy4
displayed similar cell performances (Figure 5f). These
results demonstrate that the FTO substrate coated with
PbSO,4 could be well-recovered by simple ethanolamine
washing.

Conclusion

We developed PbSO, wide-bandgap nanoparticles with
a conductive (O11) surface as anovel ETM, which revealed
access to the recycling of PSCs, including recycling of
valuable conductive substrates. The introduced PbSO,4
film promoted interfacial electron extraction and trans-
port and reduced charge recombination. The PbSOy4-
based PSCs exhibited an exceptional cell PCE of 24.1%
and remarkably improved stability compared with the
device with TiO,. The certified efficiency of 17.9% for an
active area of 204.9 cm? submodule with PbSO, was
realized. Most importantly, the PbSO, film could be easily
removed from the conductive substrate by a simple
solution washing process to realize recovery of the con-
ductive substrate and decrease the cost of constructing
PSCs. This work provides a sustainable strategy to design
a new-type ETM with a metallicity surface, fabricating
low-cost, efficient, and recyclable PSCs, thereby acceler-
ating the commercialization of PSCs.

Supporting Information

Supporting Information is available and includes detailed
methods of solar cell fabrication, computational meth-
ods, and device characterization, viz, XRD, SEM images,
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AFM images, UV-vis and PL spectra, certified efficiencies
reports, and photovoltaic performances of the devices.
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