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MATERIALS AND METHODS

Materials

The materials and reagents used in this study were obtained from Sigma-Aldric
h, except for those specifically mentioned below. Lead iodide (Pbl,, 99.99%),
Methylammonium chloride (MACIL, 99.9%), phenethylammonium iodide (PEAI),
2,2'7,7"-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9"-spirobifluorene (spiro-OMeT
AD) were all purchased from Xi'an Yuri Solar Co., Ltd. For the synthesized Sn
O, precursor, 1015 mg SnCl, - 2H,0, and 335 mg SnCl, - 2H,0 were dissolved
in 30 mL deionized water in an open beaker. The solution was stirred at room
temperature under an oxygen atmosphere until it turned into a light-yellow clea
r liquid. Formamidinium iodide (FAI) was purchased from TCI. ITO substrates
were purchased from Advanced Election Technology Co., Ltd.

Perovskite solar cells fabrication

The 15 x 15 mm? ITO glasses were successively sonicated in deionized water, ethanol,
acetone, and isopropanol for 5 min each. The substrates were dried using a hair dryer
and cleaned under UV-ozone for 15 min. The ITO surface was coated with an Al,O3
layer using atomic layer deposition (ALD, KE-MICRO, PE ALD-F50R) and its
thickness was precisely regulated by varying the number of deposition cycles. Al,O;
layer was deposited by ALD with 10 cycles (chamber at 130°C, trimethylaluminium
(TMA) source with 0.02 s pulse and 45 s purge and H,O with 0.02 s pulse and 60 s
purge, 30 sccm carrier gas of Ny). The substrate undergoes a 15-min UV-ozone cleaning

process before electron transport layer deposition. For target, the synthesized SnO,



precursor solution was spin-coated onto the Al,O3 at 3000 rpm for 30 s, and the
resulting SnO, layer was obtained by heating the sample in air at 180°C for 30 minutes.
For control, the SnO, layer was deposited directly on the ITO by the same process.
For FAPbI; (FA, formamidinium) perovskite films fabrication, 461 mg of Pbl, was
dissolved in 900 pL. N, N-dimethylformamide (DMF) and 100 pL dimethyl sulfoxide
(DMSO). 50 pL precursor solution was spin-coated onto SnO, at 1500 rpm for 30 s and
then heated at 70°C for 1 minute. Subsequently, a solution comprising of FAI (90 mg)
and MACI (9 mg) in 1 ml of isopropanol and then 70 pl of the resulted solution was
spin-coated onto the Pbl, films at a spinning rate of 1750 rpm for 30 s. The perovskite
films were removed from a nitrogen-filled glove box and transferred to the ambient air
for annealing at 150°C for 15 minutes.

For 1.68 eV perovskite films fabrication, 484 mg of Pbl,, 165.2 mg of PbBr, and 27.8
mg of Csl were dissolved in 900 uLL. DMF and 100 uL DMSO. 50 uL precursor solution
was spin-coated onto SnO, at 1500 rpm for 30 s and then heated at 70°C for 1 minute.
Subsequently, a solution comprising of FAI (77 mg), MABr (9.4 mg) and MACI (6.8
mg) in 1 ml of isopropanol and then 70 pl of the resulting solution was spin-coated onto
the Pbl, films at a spinning rate of 1750 rpm for 30 s. The perovskite films were
removed from a nitrogen-filled glove box and transferred to the ambient air for
annealing at 150°C for 15 minutes.

Following the formation of the perovskite film, it was transferred into a nitrogen-filled
glove box. Subsequently, 50 uL 1 mg mL-! PEAI was spin-coated onto the perovskite

film at a spinning rate of 5000 rpm for 30 s. For the hole transport layer, 28.75 pL Li-



TFSI acetonitrile solution (520 mg mL") and 28.75 pL. TBP were added into 72.25 mg
mL-! Spiro-OMeTAD chlorobenzene solution. The 40 pL filtered HTL solution using
a 0.22 pm PTFE filter was spin-coated onto the PEAI layer at 3000 rpm for 30 s.
Finally, a 70 nm thick Au layer was thermally evaporated on top of the Spiro-OMeTAD
layer by thermal evaporation with a vacuum less than 1.0 x 1073 Pa.

For 1cm? of FAPbI; (FA, formamidinium) perovskite films fabrication, 25 x 25 mm?
ITO glasses were cleaned as previously described. The deposition of Al,O; and the
preparation of SnO, were consistent with the methods previously described. During the
preparation of perovskite films, the volume of Pbl, was adjusted from 50 pl to 80 pl,
and the quantity of FAI: MACI (90 mg: 9 mg in 1 ml IPA) was increased from 70 pl to
100 pl. For PEAI and Spiro-OMeTAD, the volumes were increased to 80 pl and 70 pl,
respectively. The other steps are no different from the above.

For Schottky junction device, the doped Spiro-OMeTAD was spin-coated on ITO at
3000 rpm for 30 s. For a metal oxide semiconductor (MOS) device, 150 cycles of Al,0O5
were deposited on the ITO surface using ALD. Then the doped Spiro-OMeTAD was
spin-coated on Al,O; at 3000 rpm for 30 s. Finally, a 70 nm thick Au layer was
thermally evaporated on top of the Spiro-OMeTAD layer by thermal evaporation with
a vacuum less than 1.0 x 1073 Pa.

Film and device characterization

The XRD patterns of perovskite were acquired using a D8 Discover X-ray
diffractometer (Bruker) equipped with Cu Ka radiation. The morphology of SnO, and

perovskite was observed using a Hitachi S4800 (Hitachi) Field-Emission Scanning



Electron Microscope (FESEM). X-ray photoelectron spectroscopy characterization was
performed using a Kratos AXIS Supra X-ray photoelectron spectrometer with
monochromatic Al Ka X-ray (1486.6 eV). Uaviolet photoelectron spectra (UPS)
measurements were carried out on a Thermo-Fisher ESCALab Xi+ system. Steady-
state PL and time-resolved PL spectra were measured by a FLS980 spectrometer. For
femtosecond transient absorption (TA) spectroscopy, the fundamental light beam with
a wavelength of 1030 nm output by an Yb:KGW laser (Pharos, Light Conversion Ltd.)
operating at 100 KHz was separated to several light beams. The pump beam was
generated by a non-collinear optical parametric amplifier. The probe beam was
generated by focusing the 1030 nm within a YAG crystal. Both pump and probe pulses
were focused and spatially overlapped in the sample space, with the temporal delay
between them given by a high-resolution delay stage (Newport). The pumping light is
470 nm at the power of 3 pW. The area of the laser spot is 1~3 um?. The current density—
voltage (J-V) curves were determined using a Keithley 2400 source measurement unit
under a simulated AM 1.5G spectrum with a Newport 94022A solar simulator. The
light intensity was calibrated by a standard Si reference solar cell (PVM937, Newport)
with KGS5 filter calibrated by Newport Corporation TAC-PV Lab. The spectral
mismatch correction factor is M = 0.994 £+ 0.001. The J-V curves of devices were
measured both in reverse scan (1.2V to 0 V with a step of 0.013 V and a dwelling time
of 10 ms at each step) and forward scan (0 V to 1.2 V with a step of 0.013 V and a
dwelling time of 10 ms at each step). The device was tested at room temperature (25 +

5 °C) with a relative humidity of 30 + 10% under ambient conditions. All devices were



measured without pre-conditioning such as light-soaking the device. The device was
tested with a calibrated mask with an aperture area of 0.0528 cm?. The steady-state PCE
was calculated by measuring the stabilized photocurrent density under a constant bias
voltage. EQE curves were measured using an EQE measurement system (Model
QEX10, PV Measurements, Inc.) across a functional wavelength from 300 to 1000 nm.
The stability tests were carried in a nitrogen glove-box under a 1-sun-equivalent light-
emitting diode lamp. The testing temperature is 25 + 5 °C. The capacitance
measurement (Keysight E4980A) is tested via an AC frequency of 40 kHz and voltage

of 20 mV.

Supplementary Note
Calculation of the density of fixed charges
The density of fixed charges is calculated based on the Gauss’ law. For a pair of charged

plates, the surface density of fixed charges (o) can be described by

g=— (S1)

where E is the electric field intensity between the charged plates; g, is the vacuum
dielectric constant; ¢, is the relative dielectric constant. The £ can be calculated by
E= v S2
== (52)
where U is the potential difference generated by the fixed charges; d is the distance
between the charged plates. The potential difference is the change of 1}, after the

insertion of Al,O; into ITO/Spiro-OMeTAD/Au device, which is shown in Fig. 1(a)

and (d). Then, the ¢ can be easily calculated.



Drift-diffusion simulation

We performed drift-diffusion simulations via SCAPS-1D software developed by the
group of Prof. Burgelman from Ugent University to evaluate the effects of @gc on the
performance of PSCs!. This software solves the continuity equation for electrons and
holes together with the Poisson equation. In the simulation, we constructed a n-i-p PSC
with a structure of ITO/SnO,/Perovskite/Spiro-OMeTAD/Au and the corresponding

parameters are provided in the Supplementary Tables 1-3%3.

Transient Absorption (TA) analysis

The distribution of photogenerated charge carriers can be accurately described by a
one-dimensional diffusion model (Equation S3). This model enables a quantitative
analysis of the population of photogenerated carriers over time and at varying depths
within the film. The utilized one-dimensional diffusion model, presented below,
describes the carrier density, denoted as N(x,?), as a function of the film depth (x) and
time (7). The model parameters include zg, the lifetime of photogenerated charge
carriers in the bulk, and D, the ambipolar diffusion coefficient of charge carriers in the

film.

ON(xt) DOZN(x,t) N(x,t)
at ax* Tp S3

Assuming instantaneous carrier generation and within the time resolution of the pump
excitation pulse, the initial carrier concentration at the film surface can be determined

using



Ny =a(l-R)j, S4

the initial carrier density, denoted as N,, where a represents the absorption coefficient
corresponding to the selected pump wavelength, R denotes the reflectance of the pump,
and J) is the carrier density determined by the measured power output and measured
spot size of the excitation pulse.

To solve the diffusion model, boundary conditions were set with the following

conditions:

IN(x,t) SRV ON(x,t) SRV
—X=0:—N(O,t)and X=M:TN(M't)

dt D Jat S5

where M is the film thickness and SRV is the surface recombination velocity*>.
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Fig. S1. XPS results of Al,0O3 layer deposited on ITO substrates.

Fig. S2. SEM top-view images of SnO; on ITO with and without Al,Os.



Fig. S3. AFM morphology images of SnO, on ITO with and without Al,O;.
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Fig. S4. Energy band simulation results near the ETL/Perovskite heterojunction in

PSCs with representative applied forward biases (0 V, 0.9 V, 1.1 V) at dark conditions.
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Fig. SS. Simulations of the density distribution of electrons and holes near the

ETL/Perovskite heterojunction under illumination.
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Fig. S7. XRD measurements of control (ITO/SnO,/perovskite) and the target

(ITO/ALO;3/SnO,/perovskite).
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Fig. S8. UV-vis spectra of control (ITO/SnO,/perovskite) and the target

(ITO/ALO;3/SnO,/perovskite).
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Fig. S10. The typical J-V curves of the devices with different thicknesses of Al,Os.



Fig. S11. Steady-state output at maximum power point of the target device.

Fig. S12. External quantum efficiency (EQE) and integrated current density of control

and target devices.
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Report No. 23TR0920404

Sample Information

Sample Type Perovskite solar cell
Serial No. 13-1-1#

Lab Internal No. . 23090401-4#
Measurement Item 1-V characteristic
Measurement Environment 24,5+2.0°C, 53.5+5.0%R.H

Measurement of I-V characteristic

Reference cell PVM 1121

Reference cell Type mono-Si, WPVS, calibrated by NREL (Certificate No. ISO 2075}

Calibration Value/Date  of

144.53mA/ Feb. 2!
Calibration for Reference cell mA/ Feb. 2023

Standard Test Condition (STC):
Measurement Conditions Spectral Distribution: AM1.5 according to I[EC 60904-3 Ed.3,
Irradiance: 1000+ 50W,/m?, Temperature: 251+2°C

e

E#

Measurement Equipment/ Date | AAA Steady State Solar Simulator (YSS5-T155-2M) / July.2023 "f".'n"ﬁ& 4
IV test system (ADCMT 6246) / June. 2023 K 7%

of Calibration Measuring Microscope (MF-B2017C) / July.2023 ] !

IV Measurement:

Dual-lamp solar simulator spectral distribution adjusted to mask the
match factor within 1.00£0,02;

Measurement Method Irradiance adjusted to 1000wW/m? according to the short circuit
current value of calibrated reference cell;

Logarithmic sweep in both directions (Isc to Voc and Voc to Isc) during
one flash based on IEC 60904-1:2020.

Area: 1.0% (k=2); Isc: 2.1% (k=2); Voc: 1.0% (k=2);

Measurement Uncertaint
LS REHG S ary Pmax: 2.5% (k=2); Eff: 2.6% (k=2)

2/3
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====Measurement Results ====

Forward Scan Reverse Scan .

(Isc to Voc) {Voc to Isc)
Area 0.0528 cm?
Isc 1.376 mA 1.372 maA
Voc 1175 V 1.178 v
Pmax 1307 mw 1.334 mw
Ipm 1.301 mA 1.307 maA
Vpm 1004 Vv 1.020 v
FF 80.81 % 8251 %
Eff 2474 % ' 2527 %

- Designated illumination area defined by a mask was measured by a measuring microscope.
- Test results listed in this measurement report refer exclusively to the mentioned test sample.

- The results apply only at the time of the test, and do not imply future performance.
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Fig.1 |-V curves of the measured sample

-------End of Report-------
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Fig. S16. Certification of the small-area device with Al,0; by Shanghai Institute of

Microsystem and Information Technology (SIMIT), Chinese Academy of Sciences.
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Table S1. The statistics of the Wi of SnO, fabricated by sol-gel method in

literatures.

WF of SnO, (eV) Method Reference
4.36 Sol-Gel Method 6
4.05 Sol-Gel Method 7
3.77 Sol-Gel Method 8
3.96 Sol-Gel Method ?
4.17 Sol-Gel Method 10
3.96 Sol-Gel Method 1
4.22 Sol-Gel Method 12
4.34 Sol-Gel Method 13
3.84 Sol-Gel Method 14

Table S2. The statistics of the Wr of ITO in literatures.

WF of ITO (eV) Reference
4.78 15
4.8 16
4.8 17
4.7 18
4.8 19
4.8 20

4.8 2




Table S3. The statistics of the Wr of FTO in literatures.

WF of FTO
Reference

(eV)

4.6 13
4.67 22

4.7 23

4.7 24

4.6 2

4.7 26

4.63 27




Table S4. Parameters of the perovskite layer and its interface in the simulations?.

Parameter Value [unit]
Relative Permittivity 6.5

Bandgap 1.52 [eV]

Electron Affinity 3.9 [eV]
Effective density of states (valence band) 2.2 %108 [em3]
Effective density of states (conduction band) 2.2 %108 [em?]
Electron mobility 0.6 [cm? V! s71]
Hole mobility 0.6 [em? V' s71]
Acceptor concentration 5.2 x 10" [em™]

Carrier diffusion length 2.8 [um]

Interface recombination velocity (SnO,/Perovskite) 50 [em s7']

Thickness 1000 [nm]




Table S5. Parameters of the SnO, layer in the simulations?’.

Parameter

Value [unit]

Relative Permittivity

Bandgap

Electron Affinity

Effective density of states (valence band)

Effective density of states (conduction band)

Electron mobility

Hole mobility

Donor concentration

Thickness

3.2 [eV]

4.0 [eV]

2.2 x 10'8 [cm™]

1 x 1019 [cm™3]

100 [cm? V-1 s1]

0.256 [cm2 V! 1]

1.0 x 108 [cm™]

20 [nm]




Table S6. Parameters of the Spiro-OMeTAD layer in the simulations?.

Parameter

Value [unit]

Relative Permittivity

Bandgap

Electron Affinity

Effective density of states (valence band)

Effective density of states (conduction band)

Electron mobility

Hole mobility

Acceptor concentration

Thickness

3.0 [eV]

2.42 [eV]

1 x 1019 [cm™3]

1 x 1019 [cm™3]

2 x 10 [em? V! s71]

2 x 10 [em? V! s71]

2.0 x 108 [cm™3]

20 [nm]




Table S7. The parameters for the simulated J-V curves with different @gc.

Drc (eV) Voc (V) Jsc (mA cm?) FF (%) PCE (%)
0.78 1.05 25.26 62.29 16.57
0.68 1.14 2531 65.29 18.94
0.58 1.15 25.35 72.83 21.31
0.48 1.12 25.40 82.89 23.65
0.38 1.17 25.44 85.36 25.56
0.28 1.19 25.47 86.26 26.30
0.18 1.20 25.48 86.47 26.52
0.08 1.21 25.50 86.57 26.62

Table S8. Photovoltaic parameters for the PSCs with the configuration

ITO/Al,03/SnO,/Perovskite/PEAI/Spiro/Au.

AlL,O3 (nm) Voc (V) Jsc (mA cm?) FF (%) PCE (%)
0 1.16 25.8 79.5 23.8
0.5 1.18 259 80.1 24.5
1.0 1.19 26.0 83.2 25.7
1.5 1.18 25.1 73.7 21.8

2.0 1.09 22.0 60.2 14.4
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