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Experimental
Materials

All the chemicals were used as received. Lead iodide (=98%) were purchased from
Tokyo Chemical Industry; Lead bromide (>98%.,), lithium
bis(trifluoromethanesulfonyl)imide salt (Li-TFSI) and 4-tert-butylpyridine (tBP) were
purchased from Sigma-Aldrich; Phenethylammonium iodide (PEAIL, 99.5%),
methylammonium iodine (MAI, 99.9%), formamidinium iodide (FAI, 99.9%), sodium
thiosulfate (ST, 99.9%) were purchased from  Alfa-Aesar; Lithium
bis(trifluoromethanesulfonyl)imide salt (Li-TFSI) and 4-tert-butylpyridine (tBP) were
purchased from Sigma-Aldrich. Dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), chlorobenzene (CB), isopropyl alcohol (IPA) and acetonitrile were purchased
from Sigma-Aldrich and used without purification.
Device Fabrication

Devices were fabricated on cleaned and patterned ITO substrates. The 13 mg/mL of
SnO, nanocrystalline in ethanol solution was spin-coated on ITO substrate at 3000 rpm
for 30s, the annealed at 150 °C for 30 min. followed by spin-coating 10 mM of KCI
aqueous solution at 3000 rpm for 30 s and annealing at 100 °C for 10 min. Before
perovskite deposition, the ITO/SnO, substrate was treated by a UV-Ozone for 15 min.

The perovskite layer was deposited by spin-coating method in a nitrogen filled
glovebox. For the control sample, the precursor solution is comprised of mixing 622.4
mg of Pbl,, 208.9 mg of FAIL 10.7 mg of MAI 10.9 mg of CsCl and 8.6 mg of Rbl in 1
mL of a mixed solvent (DMF:DMSO = 4:1, v/v), which was stirred for 24 h before use.
The perovskite solution was filtered with 0.22 mm PTFE filter. The solution was spin-
coated onto SnO, substrates by a consecutive two-step spin-coating process at 1000 and
4000 rpm for 10 and 30 s, respectively. 20 seconds into the second step, 110 puL of
anisole was deposited onto the substrate. For the ST-containing sample, a 0.01 mg/ml of
ST were added directly into the perovskite precursor ink. Afterward, the substrate was
annealed at 110 °C for 30 min. After cooling down to room temperature, a 5 mg/mL of
PEAI/IPA solution was spin-coated at 5000 rpm for 30 s and no annealing was required.
Hole transport material solution was spin-coated onto perovskite films at 5000 rpm for
30 s in glove box, and the solution of Spiro-OMeTAD/chlorobenzene (72.3 mg mL"")
was prepared by adding 28.8 uL 4-tert-butylpyridine and 17.5 pL Li-TFSI/acetonitrile
(520 mg mL"). Finally, 10 nm of MoO; and 100 nm of Au electrode were deposited by

thermal evaporation.
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Characterizations

The surface and cross-sectional morphology were disclosed by a Titachi S5200 field-
emission scanning electron microscopy (Hitachi High Technologies Corporation). The UV-
visible absorption spectra of the solution and thin films were measured using an PerkinElmer
Lambda 950 UV-vis spectrophotometer. The in-situ UV-vis absorption spectroscopy was
recorded with Puguangweishi equipped deuterium light sources from 300 nm to 1100 nm in
absorbance mode. The perovskite precursor solution was static spreading on the ITO substrate,
and it was spun at 1000 rpm for 10 seconds followed by 5000 rpm for 50 seconds. An
antisolvent was dripped for the final five seconds before annealing on an in-situ UV-vis recorder
at 110°C for 5 minutes to record its absorption behavior. The XRD patterns of the perovskite
films were recorded on Maxima 7000 diffractometer (Shimadzu, Japan) with a Cu Ka radiation
(40 kV, 100 mA ). The steady PL spectra and time-resolved PL decay of the perovskite films
were performed using an FLS980 Series of Fluorescence Spectrometers. For the PL
measurement, the excitation source was a monochromatized Xe lamp (peak wavelength at 500
nm with a line width of 1 nm). For TRPL, the excitation source was a supercontinuum pulsed
laser sources (YSL SC-PRO) with an excitation wavelength at 600 nm and a repetition rate of
0.1 MHz. The current-voltage characteristics were measured by Keithley 2400 source and the
solar simulator with standard AM 1.5G (100 mW/cm?, Enlitech) under ambient conditions. The
J-V curves were measured by forward (-0.1 V to 1.5V forward bias) or reverse (1.5 V to -0.1
V) scans. All devices were tested by masking the cells with a metal mask 0.0576 cm? in area.
Monochromatic external quantum efficiency (EQE) spectra were recorded as functions of
wavelength with a monochromatic incident light of 1x10'¢ photons cm in alternating current
mode with a bias voltage of 0 V (QE-R3011). The TPC and TPV curves for both devices are
detected by Fluxim Paios Spectrometer. The light intensity of the solar simulator was calibrated
by a standard silicon solar cell provided by PV Measurements. Electrochemical impedance
spectroscopy (EIS) was obtained by using a multi-channel potentiostat (VMP3, Biologic) under
dark conditions in the frequency range from 1 MHz to 100 mHz with an AC amplitude of 30
mV. Mott-Schottky analysis were conducted by using a multi-channel potentiometer (VMP3,
Biologic) at the frequency of 50 KHz in the applied voltage range from 0 V to 1.5 V with an
AC amplitude of 25 mV. UPS and XPS spectra were recorded by a Thermo-Fisher ESCALAB

Xit+ system. For UPS measurement, He I ultraviolet radiation source of 21.22 eV was used. For
XPS measurements, radiation was produced by a monochromatic 75 W Al Ka excitation

centered at 1486.7 eV. The dynamic MPP tracking was carried out in a home-made N,-filled

box under 1 sun continuous illumination (white light LED array) with temperature of ~22 °C
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(Multi-Channels Solar Cells Stability Test System, Wuhan 91PVKSolar Technology Co. Ltd,
China). The MPPT was automatically recalculated every 2 h by tracking the J-V curve.The
contact angle (CA) were obtained by Powereach JC 2000D6 and all the samples were measured
at 25 °C.

Discussion about the current density difference between Jsc, gor and Jsc, i

External quantum efficiency (EQE) is defined as the ratio between the number of
photogenerated charge carriers and the number of photons incident on the measured device at
a given wavelength, under short-circuit conditions. (REV SCI INSTRUM, 2015, 86 013112) It
is essential to calculate the integrated current density based on the EQE curve and compare it
with the short-circuit current density obtained from the /-7 curve under AM 1.5 G simulated
sunlight exposure.

Therefore, we will discuss in detail the mismatch between Jsc in I-V (Jsc, ;) and Jsc in
EQE (Jsc, gr)- For ST-treated devices, the value of discrepancy is 6.40 % lower than control
devices (7.47 %). It could be the difference between the spectral irradiance of the solar simulator
and that of the AM 1.5G spectrum, and calibration of errors in the solar simulator. Then, we

used the spectral mismatch factor (MMEF) to correct the effects of Jsc, -

E (DS (AdA[E. ()S._ (A)dA
MMF_J. ref( ) ref( ) J. 51mu( ) test( )

= Equation S1
[ i DSt (DA A[ B (D)S s (WA

where E\.¢(A) is the spectral irradiance of AM 1.5 G spectrum, Si.¢(A) is the relative spectral
response of the reference solar cell, Eg,, (M) is the spectral irradiance of solar simulator, S (1)
is the relative spectral response. Fig. S29 shows test report on spectral irradiance of solar
simulator (Enlitech, SS-F5-3A). According the test report, the MMF of the control device is
1.008 while 1s 1.009 for the ST-treated device. The Jy ies, am 1.56) can calculate from Equation
S2:

J

test, simu

Jsc est, aM15G) = MME Equation S2

The Jsc, gor values of the control device is 6.73 %, which is higher than that of the ST-
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treated device (5.57 %). The phenomenon may be that the irradiance during EQE test is only
about 2 mW/cm?, which is much smaller than the irradiance of 100 mW/cm?. This difference
in irradiance results in a large difference in the concentration of photogenerated non-
equilibrium carriers produced by the solar cell during the test. In addition, perovskite films have
a large number of defects at the interface, leading to the formation of new electronic energy
levels in the band gap. Under different illumination conditions, these non-equilibrium carriers
are localized by these energy levels. Therefore, a large difference in the concentration of
photogenerated non-equilibrium carriers will lead to a significant difference in the
compensation of electron energy levels in the band gap, and the transport characteristics of solar
cells under light will also be very different.

In addition, differences in Jsc measured between the J-V current and EQE are also reported
by other groups. For example, Han et al. reported that the Jsc, EQE of perovskite solar cells is
7.4% lower than the Jsc, ; derived from the I-V curve. (Science, 2014, 345, 295-298.) In
addition, Saliba et al. have also conducted a comprehensive discussion on this phenomenon,
which is caused by many reasons, including calibration methods, the absorption range of the
calibration diode, the difference between the solar simulator and AM 1.5 spectrum. (Nat.

Commun.,2023, 14, 5445.)
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Fig. S1 1H-NMR spectra of the organic cation precursor solution (a) without and (b) with ST

under 1 sun continuous light illumination (white light LED array) at different times.
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Fig. S2 (a) Photographs of I, and [,-ST solutions; (b) UV-vis absorption spectra of I, and I,-

ST solutions (the concentration of I, in both solutions was diluted to 10-> M).

S7



Fig. S3 The image of FAMA solution (DMSO) and FAMA containing ST solution (DMSO)

under 1 sun continuous light illumination (white light LED array) at different times.
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Fig. S4 UV-vis absorption sepectra of Pbl,, Pbl,+ST(solvent: DMSO).
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Fig. S5 UV-vis absorption sepectra of FA/MA, FA/MA+ST(solvent: DMSO).
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Fig. S6 The XPS spectra of survery, high resolution XPS spectra for perovskite films obtained

from the control and the ST-containing precursor solution.
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Fig. S7 The XPS spectra of S 2p for perovskite films obtained from the control and the ST-

containing precursor solution.
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Fig. S8 The XPS spectra of Pb 4f for perovskite films obtained from the control and the ST-

containing precursor solution.
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Fig. S9 The XPS spectra of I 3d for perovskite films obtained from the control and the ST-

containing precursor solution.
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Fig. S10 SEM images of control and ST-treated perovskite films prepared from the fresh and

aged perovskite precursor solutions.
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Fig. S11 UV-vis absorption spectra of the perovskite films made by precursor solutions (a)

without and (b) with ST under 1 sun continuous light illumination at different times.
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Fig. S12 Contact-angle measurement results for estimating surface free energies. Contact

angles of H,O and diiodomethane (CH;I,) on perovskite films without and with ST.
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Fig. S13 The XRD spectra of perovskite films obtained from the control (a) and the ST-
containing precursor solution (b) under 1 sun continuous light illumination (white light LED

array) at different times.
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Fig. S14 The PL spectra of perovskite films obtained from the ST-containing precursor

solution under 1 sun continuous light illumination (white light LED array) at different times.
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Fig. S15 The XPS spectra of Cs 3d for perovskite films obtained from the control (a) and the

ST-containing (b) precursor solution.
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Fig. S16 KPFM images of (a) the control and (c¢) ST-treated perovskite film. (b, d) CPD

changes of the corresponding perovskite films.
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Fig. S17 SEM images and the corresponding grain size distributions of the (a, c) control, (b,
d) ST-treated perovskite films.
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Fig. S18 XRD patterns without and with ST treatment perovskite films.
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Fig. S19 The UV-vis absorption spectra (a) of perovskite films obtained from the control and
the ST-containing precursor solution and the corresponding bandgaps (b) calculated from the

UV-vis absorption spectra.
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Fig. S20 EQEg, curves of control and ST-treated PSCs.
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Fig. S21 UPS spectra of the (a) control, (b) ST-treated perovskite films (buried-surface).
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Fig. S22 The J-V curves of PSCs with the control and the ST-treatment.
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Fig. S23 Dark /-V curve for the electron-only structured devices based on the control and ST-

treated perovskites.
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Fig. S27 The EIS plots for the device based on the control and ST-treated perovskites.
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Fig. S29 Test report on spectral irradiance of solar simulator (Enlitech, SS-F5-3A).
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Table S1. The contact angles of water (H,0) and diiodomethane (CH;I,) on perovskite films

without and with ST treatment.

Probing liquid control W ST treatment
HZO 350 390
CH212 14° 250

Table S2. Parameters of the TR-PL spectroscopy based on different samples.

Samples Tave (NS) 11 (ns) T, (ns) Ay A,
Glass/perovskite (control) 695.22 1.60 700.37 0.77 0.24
Glass/perovskite (ST) 1621.78 1.50 1625.91 0.78 0.28

Table S3. EIS parameters of the devices based on perovskite films without and with ST

treatment.
Devices Ry (W) CPE{(F) Ry(W) CPE,(F)
Control 226641  1.68E-8 899946  6.63E-7
ST 339113 1.13E-8 804766  1.49E-7
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