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Fig. S1. Schematic illustration of vacuum chambers for the evaporation of lead halide film

and FAI film.
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Fig. S2. XRD patterns of Cso.0sPblI2.0sxClx film and the Cso.0sPblI2.05 film.
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Fig. S3. XRD patterns of Cso.0sPbl2.05-xClx film and pure PbCl: film with (A) linear Y scale
and (B) log Y scale.



Fig. S4. AFM images of (A) Cso.0sPbl2.05xClx film and (B) Cso.osPbl2.0s film.
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Fig. S5. Schematic illustrations of the lead halide skeleton orientation.
Lead halide skeleton orientation of (A) Cs0.0sPbl2.05-xClx film (B) Cso.0sPbl2.05s film. The green
atom represents chlorine and the brown for the iodine.
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Fig. S6. GIWAXS patterns of (A) the Cl-alloy mediated film and (B) the Ref film at an
incident angle of 0.1° before annealing.
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Fig. S7. In-situ GIXRD characterization of Cl-alloy mediated perovskite film with different
annealing time at 130°C.
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Fig. S8. TGA (A) and DSC (B) results of FAI and FACI powders.
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Fig. S9. TGA (A) and DSC (B) results of the powders with the composition of the Cl-alloy
mediated perovskite film and the Ref film.



Fig. S10. Morphology evolution of perovskite film surface during the annealing process.
(A to C) SEM images of the Cl-alloy mediated film at different annealing temperature with
different annealing time in ambient air. (A) without annealing (B) 130°C 30 s (C) 170°C 1 min.
(D to F) SEM images of the Ref film at different annealing temperature with different annealing
time in ambient air. (D) without annealing (E) 130°C 30 s (F) 170°C 1 min.
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Fig. S11. Grain size statistics of the Cl-alloy mediated perovskite film and the Ref film.



Fig. S12. Top-view SEM images of the Cl-alloy mediated perovskite film.
The SEM detector is InlensDuo.
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Fig. S13. XRD patterns of the Ref perovskite films with different annealing temperature
and time.
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Fig. S14. XRD patterns of the Cl-alloy mediated perovskite films with different annealing
temperature and time.
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Fig. S15. EL spectra of the Ref PSC and Cl-alloy-mediated PSC measured under 1.5 V bias
voltage.
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Fig. S16. EQE curves of EL on the Cl-alloy mediated PSC and the Ref PSC under different
current densities.
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Fig. S17. TRPL spectroscopy of the Cl-alloy mediated perovskite film and the Ref film.
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Fig. S18. Normalized TPV curves of Ref and Cl-alloy mediated PSCs.
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Fig. S19. Dependence of the trap density on the profiling distance for the Ref and Cl-alloy
mediated PSCs measured at an AC frequency of 10 kHz.
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Fig. S20. Light intensity dependence of the Voc of PSCs.
ks is the Boltzmann constant and T is the absolute temperature.
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Fig. S21. Normalized TPC curves of the Ref and Cl-alloy mediated PSCs.
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Fig. S22. Dark J-V curves of the Ref and Cl-alloy mediated PSCs.
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Appendix: Summary of the Report
Report No.: GXgf2021-14197
Client: Tsinghua University Report No.: GXgf2021-14197
Sample: Perovskite Solar Cell DUT S/N: 6-BM1
Type/Model: Perovskite Solar Cell

DUT S/N:6-BM1

Manufacturer: Tsinghua University

Date of Test: 10:21/2021

Temperature Sensor/Control System: None

Environmental conditions: (24=1) C°, RH (51£2) %

Mask: An aperture area of 100.53 mm? (BM1, Certificate No.: CDjc2021.13921)

I-V Characteristic curves and parameters (Reverse & Forward Scan)

The fest has been conducted by the PV Metrology Lab of NIM (National Institute of =—RwverselV

> = = ReversePV
Metrology, China). Measurement of iradiance intensaty and all other measurements are ——ForwardiV

traceable to the International System of Units (SI). Data in this report apply only at the time = = «ForwardPV
of the test for the sample. For more details, please refer to the text of the report

Area (mu’) LdmA) Ved V) Pun(mW)
Reverse Scan 100.53 25.40 1.138 22.56
Forward Scan 10053 2541 1147 2275
Tam{mA) Vel V) FF (%) )
Reverse Scan 23.50 0.960 78.1 224
Forward Scan 23.69 0.960 78.0 226

1-V Characterization Methods:

JIF 1622-2017: Calibration of Solar Cells: P
Reference Solar Cell:

Type: Mono-Si

Solar Simulator:

Classification: AAA (Double-light source: Xeon and Halogen):
Total irradiance: 1000 W/m® based on /« of

Fig. S23. Certificated results from PV Metrology Lab of NIM (National Institute of
Metrology, China).
The aperture area of 1.0053 cm? was defined by a metal mask.
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Fig. S24. J-V curve and corresponding parameters of the vacuum evaporated PSC module
(14.4 cm? aperture area).
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Fig. S25. The long-term environmental stability of unencapsulated Cl-alloy mediated PSCs
exposed to an atmospheric environment of 35% humidity in the dark.
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Fig. S26. XRD patterns of Cl-alloy mediated perovskite film and the Ref film after
annealing at 170°C for 15 min in ambient air.
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Fig. S27. IPCE curve of the Cl-alloy mediated PSC and the Ref PSC over 300 to 900 nm
wavelengths and integrated Jsc over the AM1.5G standard spectrum.
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Fig. S28. (A) UV-vis spectra and (B) Tauc plot of the Ref perovskite film and Cl-alloy
mediated perovskite film.
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Fig. S29. Statistics of photovoltaic parameters (Jsc, Voc, FF, PCE, respectively) of Cl-alloy
mediated PSCs with different FAI thickness.
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Fig. S30. UV-vis spectra of the Cl-alloy mediated perovskite film with different annealing
temperature and time.



25

20’9@'%%%'@%*

PCE/%

10

Fig. S31. PCE results from J-} measurement of 10 batches of Cl-alloyed PSCs.
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Fig. S32. Statistics of photovoltaic parameters (Jsc, Voc, FF, PCE, respectively) of Cl-alloy
mediated PSCs with different PbCl: thickness.



Movie S1.
in-Operando GIWAXS of the PbClz-alloyed perovskite films annealed at 130°C for 10 min and

170°C for 15 min.

Movie S2.
in-Operando GIWAXS of Ref perovskite films annealed at 130°C for 10 min and 170°C for 15

min.
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