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Supplementary Note 1

Based on attenuation law, the penetration depth of X-rays, z, in perovskite materials can

be calculated according to the Equation (S1)',

z=1( )_1 (S1)

u \sina; sin (260—a;)

where a; is the incidence angle, 20 is the Bragg angle and u is the attenuation
coefficient. For narrow-bandgap Cso.1FA0sMAo0.3SnosPbosls perovskite, u is 284.5
under 8 keV acceleration. The penetration depths for different incidence angles were

calculated according to Equation (S1) and presented in Figure S2a.



Supplementary Note 2

The radiative limit of the QFLS can be calculated with the following Equation (S2)?,

QFLS = kT - In <PLQY Jo ) (S2)

] rad,0

where kp is the Boltzmann constant, T is the temperature J,.44 0 is the dark radiative
recombination current and J; is the generation current under illumination. Using
Equation S2 and the PLQY, we determined that the QFLS of the HPA-based Sn-Pb
PSCs is 0.8874 V, which is approximately 20 mV lower than the LRA-based Sn-Pb
PSCs (0.9055 V).
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Figure S1. (a) Photograph of the front side of Sn-Pb perovskite films after vacuum-
assisted extraction, where a brown-black film can be observed. (b) Photograph of the
back side of Sn-Pb perovskite films after vacuum-assisted extraction, where yellow
solvent residues are visible. From the front side and back side photographs, it can be
observed that a perovskite thin film has already formed on the upper layer, while a

significant amount of free solvent remains unextracted at the bottom buried interface.
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Figure S2. (a) Calculated X-ray penetration depths for different grazing incidence

angles for Cso.1FAo0.6sMAo.3Pbo.sSnosl3 perovskite. (b) Variable GIXRD spectra of Sn-

Pb perovskite film before annealing. The GIXRD intensity increases as the incidence

angle changes from 0.1° to 1.6°. Beyond an incidence angle of 1.6°, the GIXRD

intensity reaches saturation. This indicates that the upper side of the annealed film has

formed perovskite crystals with preferred orientation, while the lower layer has not

undergone crystallization.
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Figure S3. Spectral heat distribution diagram of light radiation sources. The radiation

from the light source complies with the blackbody radiation law.
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Figure S4. (a) The photograph of the glass substrate (2.5 cmx2.5 cm) and the lamp (the
dimeter is 12.5 cm). (b)The photograph of the actual LRA process. (¢)The temperatures

at different positions on the glass substrate during LRA process.
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Figure S5. Meshing and device structure in COMSOL simulation. From bottom to top,
the layers are arranged as follows: glass (1.1 mm), ITO (180 nm), PEDOT:PSS (20 nm)
and NBG film (800 nm).
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Figure S6. Temperature at different positions during 4 s of HPA. The bottom surface

of the glass has reached 100 °C, while the upper surface of the perovskite film is only
72 °C.
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Figure S7. The XRD spectra of Sn-Pb perovskite film under (a) HPA and (b) LRA

Processes.
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Figure S8. Schematic diagram of the top surface and bottom buried interface of the

sample.
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Figure S9. The Sn XPS spectra of Sn-Pb perovskite films under (a) HPA (80.34% Sn**
and 19.66% Sn*") and (b) LRA (81.81% Sn>" and 18.19% Sn*").
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Figure S10. The state changes of different perovskite films under different annealing
times. The first row shows the color change during the annealing process of Sn-based
perovskite films, which is completed within 15 seconds. The second row shows the

color change during the annealing process of Pb-based perovskite films, which is

completed within 3 seconds.
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Figure S11. Energy shift of bleaching peak position with decay time. The energy shift
for HPA film is 15.9 meV, while the energy shift for LRA film is 7.3 meV.
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Figure S12. The performance statistics of Sn-Pb PSCs with different LRA times.
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Figure S13. EQE spectra of Sn-Pb PSCs with different film thickness. The Jsc values
from the EQE spectra for 800 nm-thickness HPA process, 900 nm-thickness HPA
process and 900 nm-thickness LRA process are 30.39, 30.67and 31.48 mA cm?,

respectively.
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Figure S14. The EIS diagrams of Sn-Pb PSCs under different annealing conditions.
The EIS diagrams of the LRA device have a larger semicircle corresponding to a larger
recombination resistance, indicating a lower charge recombination rate compared to the

HPA device.
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Figure S15. The efficiencies statistical chart of 32 HPA and 48 LRA Sn-Pb PSCs.
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Figure S16. Thermal stability of HPA and LRA Sn-Pb PSCs.
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Figure S17. J-V curves of 1-cm* HPA Sn-Pb PSC.
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Figure S18. J-V curves of WBG PSCs under AM 1.5G solar illumination.
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Figure S19. The efficiencies statistical chart of wide-bandgap PSCs.
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Figure S20. J-V curves of all-perovskite tandem solar cells fabricated by the HPA

method.
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Figure S21. EQE spectra of the bottom and top subcells fabricated by the HPA method.
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Figure S22. MPP tracking results of the HPA and LRA tandems measured under a

white LED solar simulator with simulated one-sum illumination.



Table S1. Parameters of the tungsten filament lamp

Parameter Value

Power 375 W
Intensity ~500W/m?
Wavelength range 0.76-4 pm

Lamp head diameter 125 mm




Table S2. Key thermal parameters for COMSOL simulation’

Parameter Unit Glass ITO PEDOT:PSS  Perovskite
Thickness pum 1100 0.18 0.02 0.8
Density gcm™ 2.4 6.4 1.2 4
Thermal conductivity W m™ K! 0.6 0.4 0.3 1

Heat capacity Jg!'K! 0.7 0.4 0.2 0.5




Table S3. Fitting parameters for TRPL curves of Sn-Pb perovskite films

Samples Tave (NS) 71 (ns) 2 (ns) Al (%) A2 (%)

HPA 205.88 21.21 258.58 22.2 77.8
LRA 608.43 206.41 722.48 22.1 77.9




Table S4. PV parameters of LRA all-perovskite tandem solar cells

Voc [V] Jsc [mA cm?] FF[%] PCE [%]

Reverse 2.143 15.98 80.65 27.62
Forward 2.138 15.97 79.39 27.11




Table S5. The efficiency of Sn-Pb PSCs under AM1.5G spectrum in the literature

Year Extraction Method ~ Voc [V]  Jsc [mA cm?] FF[%] PCE[%] Ref.
2022 Antisolvent 0.841 33.0 80 22.2 4
2023 Antisolvent 0.873 33.0 82.6 23.8 >
2023 Antisolvent 0.865 31.59 81.06 22.15 6
2024 Antisolvent 0.877 32.19 82.9 23.4 7
2024 Antisolvent 0.846 314 79.5 21.12 8
2019 Vacuum-assisted 0.78 24.90 78 15.15 ?
2020 Vacuum-assisted 0.79 28.42 78 17.51 10
2020 Vacuum-assisted 0.81 30.0 75 18.2 i
2022 Gas-assisted 0.8 30.2 78.6 19.0 12
2022 Vacuum-assisted 0.837 28.53 79.8 19.06 13
2022 Gas-assisted 0.859 31.3 75.6 20.3 14
2023 Vacuum-assisted 0.8 29.47 75 17.57 15
2024 Gas-assisted 0.868 31.47 77.05 21.04 16
2024 Gas-assisted 0.856 31.2 80.0 21.4 17
2024 Vacuum-assisted 0.889 3247 77.26 22.31 This

work
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