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Fig. S1. Tauc plot showing comparable optical bandgaps for the control 

(Cs0.05MA0.15FA0.8Pb(I0.75Br0.25)3) and target (with KSCN) perovskite thin films, with both 

formulations having an optical bandgap of 1.68 eV.
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Fig. S2. In situ PL measurements during the perovskite spin-coating process: 2D images of In situ 

PL measurements during the spin-coating process of control perovskite with (A) CH3KO3S, (C) 

KPF6, (E) HCOOK, (G) KCl. Extracted intensity-wavelength PL curves from the 2D image of 

control perovskite with (B) CH3KO3S, (D) KPF6, (F) HCOOK, (H) KCl.
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Fig. S3. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) measurements: 2D 

distribution mapping of iodine in (A) control, and (B) target perovskite films, 2D distribution 

mapping of bromine in (C) control, and (D) target perovskite films.



5

Fig. S4. GIXRD measurements: (A) GIXRD spectra around the perovskite (200) diffraction peaks 

collected at incident angles of 0.5°, 2°, and 5° for the Control film, (B) GIXRD spectra around the 

perovskite (200) diffraction peaks collected at incident angles of 0.5°, 2°, and 5° for the Target 

film, (C) The perovskite (200) diffraction peak full width at half-maximum (FWHM) for these two 

films are plotted as functions of incident angle in (A) and (B), (D) The perovskite (200) diffraction 

peak average size of crystalline domains for these two films are plotted as functions of incident 

angle in (C) and (D).
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Fig. S5. PL mapping measurements: PL intensity distribution in (A) control, (B) target perovskite 

films. The scale bar is 5 μm.
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Fig. S6. Top-view atomic force microscope (AFM) images: (A) control perovskite film, (B) target 

perovskite film.
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Fig. S7. XRD patterns of perovskite (with KSCN), pure Pb(SCN)2 and pure KSCN.
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Fig. S8. XRD patterns of perovskite (with KSCN) and perovskite (with KCl).
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Fig. S9. XRD patterns of control and target perovskite film, and an enlargement of the range of 

13.1-15.0°.
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Fig. S10. GIWAXS patterns of target perovskite film. (A) Two-dimensional GIWAXS pattern of 

the target film. (B) Corresponding background-flattened intensity line profile extracted along qz 

and an enlargement of the range of 0.4-0.9 Å-1.
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Fig. S11. Grain and grain boundary analysis of perovskite films. (A) A representative AFM image 

of the Control film with grain digitally outlined in green and red using an intelligent grain analysis 

platform. (B) The corresponding grain map, where each individual grain is assigned a distinct color 

to visualize size and distribution. Statistical analysis performed on multiple regions reveals a 

grain‑boundary density of 15.20 μm-1. (C) A representative AFM image of the Target film with 

grain digitally outlined in green and red using an intelligent grain analysis platform. (D) The 

corresponding grain map, where each individual grain is assigned a distinct color to visualize size 

and distribution. Statistical analysis performed on multiple regions reveals a grain‑boundary 

density of 10.63 μm-1.
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Fig. S12. Fourier transform infrared spectrometer (FTIR) measurements: (A) measurements on the 

target perovskite powder and pure KSCN powder at the range of 1000-3000 cm-1, (B) enlarged 

stretching vibration frequency of SCN- on the target perovskite powder and pure KSCN powder.
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Fig. S13. XRD measurements: (A) measurement on target perovskite film with10x higher KSCN 

concentration and K2Pb(SCN)2I2 2D perovskite film, (B) magnification of the range 8-11°.
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Fig. S14. GIXRD measurements: (A) GIXRD spectrum at different tilt angles with incident angle 

of 0.5º for the Control film, (B) GIXRD spectrum at different tilt angles with incident angle of 0.5º 

for the Target film, (C) Residual strain distribution for the films (measured (points) and Gauss 

fitted (line) diffraction strain data as a function of sin2φ).
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Fig. S15. tDOS spectra of control and target perovskite solar cells determined from temperature 

dependent capacitance-frequency measurement.
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Fig. S16. Films measurements on the control and target perovskites: (A) photoluminescence (PL), 

(B) time-resolved photoluminescence (TRPL).
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Fig. S17. Device measurements on the control and target perovskites: (A) impedance 

spectroscopy, (B) transient photocurrent, (C) transient photovoltage.
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Fig. S18. EQEEL of single-junction perovskite solar cells.
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Fig. S19. Independent certification results of the perovskite-silicon tandem solar cell with a 0.9915 

cm2 aperture mask. The certifying authority is SIMIT (Test and Calibration Center of New Energy 

Device and Module, Shanghai Institute of Microsystem and Information Technology, Chinese 

Academy of Sciences).
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Fig. S20. Summary of the stability data of similar single-junction devices reported in recent years1–

8.
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Fig. S21. Storage PCE tracking of the unencapsulated single-junction perovskite solar cells, 25°C, 

Compliant with Standard ISOS-D-1L.
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Fig. S22. Spin-coating of the 1.77 eV WBG perovskite film. (A) In-situ PL images during control 

perovskite spin-coating, with the moment of antisolvent drop marked as the 0 second, and the spin-

coating process ending at the 10 second. (B) Extracted in-situ PL curves from (A). (C) In-situ PL 

images during target perovskite spin-coating, with the moment of antisolvent drop marked as the 

0 second, and the spin-coating process ending at the 10 second. (D) Extracted in-situ PL curves 

from (C).
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Fig. S23. Spin-coating of the 1.85 eV WBG perovskite film. (A) In-situ PL images during control 

perovskite spin-coating, with the moment of antisolvent drop marked as the 0 second, and the spin-

coating process ending at the 10 second. (B) Extracted in-situ PL curves from (A). (C) In-situ PL 

images during target perovskite spin-coating, with the moment of antisolvent drop marked as the 

0 second, and the spin-coating process ending at the 10 second. (D) Extracted in-situ PL curves 

from (C).
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Fig. S24. Independent certification results of the all-perovskite tandem solar cell with a 5.059 mm2 

aperture mask. The certifying authority is CPTV (National Center of Inspection on Solar 

Photovoltaic Products Quality).
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Fig. S25. EQE of all-perovskite tandem solar cell.
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Fig. S26. EQE of perovskite-organic tandem solar cell.
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Table S1. Formation energy calculations for CsPbBr3, CsPbI3, KPbBr3 and KPbI3 

perovskite.

CsPbBr3 CsPbI3 KPbBr3 KPbI3

Formation Energy

(meV/f.u.)
-164.23 56.39 303.39 481.62
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Table S2. Specific parameters of J-V measurements of 1.68 eV control, target and 

perovskite-silicon tandem devices.

Device VOC (V) JSC (mA cm-2) FF (%) PCE (%)

Control-Forward 1.258 21.21 81.70 21.84

Control-Reverse 1.250 20.95 80.56 21.13

Target-Forward 1.289 21.79 83.53 23.50

Target-Reverse 1.278 21.74 84.00 23.36

Tandem 1.985 20.57 81.04 33.08
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Table S3. Detailed parameters for each voltage loss component of the VOC-loss measurement.

Device
Bandgap

(eV)

VOC, SQ 

(V)
ΔV1 (V)

VOC, rad 

(V)
ΔV2 (V)

VOC, cal 

(V)
ΔV3 (V)

VOC loss 

(V)

Control 1.682 1.402 0.280 1.381 0.022 1.253 0.128 0.430

Target 1.679 1.400 0.279 1.380 0.020 1.294 0.086 0.385
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Table S4. Specific parameters of J-V measurements of target 1.77 eV single-junction and 

all-perovskite tandem devices.

Device VOC (V) JSC (mA cm-2) FF (%) PCE (%)

Single-junction 1.340 18.33 82.93 20.37

Tandem 2.124 16.50 80.41 28.18
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Table S5. Specific parameters of J-V measurements of target 1.88 eV single-junction and 

perovskite-organic tandem devices.

Device VOC (V) JSC (mA cm-2) FF (%) PCE (%)

Single-junction 1.385 16.34 80.00 18.11

Tandem 2.144 15.69 77.00 25.66
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Note S1. Outdoor Performance Retention Calculation Details

1. Power Conversion Efficiency (PCE) Formula:

The PCE is defined as the ratio of the electrical output power to the incident input power from 

solar irradiation: 

𝑃𝐶𝐸 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑃𝑜𝑢𝑡

𝐸 × 𝐴

where:  is the output power,  is the input power, calculated as the product of 𝑃𝑜𝑢𝑡 (𝑊) 𝑃𝑖𝑛 (𝑊)

solar irradiance  and the device active area .𝐸 (𝑊/𝑚2) 𝐴 (𝑚2)

2. Performance Retention Calculation:

Performance retention is the ratio of the final PCE to the initial PCE, expressed as a 

percentage:

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =
𝑃𝐶𝐸𝑓𝑖𝑛𝑎𝑙

𝑃𝐶𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100% =

𝑃𝑜𝑢𝑡,𝑓𝑖𝑛𝑎𝑙/(𝐸𝑓𝑖𝑛𝑎𝑙 × 𝐴)

𝑃𝑜𝑢𝑡,  𝑖𝑛𝑖𝑡𝑖𝑎𝑙/(𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 𝐴)
× 100%

Since A is constant, this simplifies to:

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =
𝑃𝑜𝑢𝑡,𝑓𝑖𝑛𝑎𝑙

𝐸𝑓𝑖𝑛𝑎𝑙
×

𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑃𝑜𝑢𝑡,  𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100%

3. Calculation for 540-hour Outdoor Test (ISOS-O-2):

Input Data:
𝑃𝑜𝑢𝑡,𝑖𝑛𝑎𝑡𝑖𝑎𝑙 = 17.20 𝑚𝑊 = 0.01720 𝑊

𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 757.06 𝑊/𝑚2

𝑃𝑜𝑢𝑡,𝑓𝑖𝑛𝑎𝑙 = 19.90 𝑚𝑊 = 0.01823 𝑊

𝐸𝑓𝑖𝑛𝑎𝑙 = 758.84 𝑊/𝑚2

Step-by-Step Calculation:

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =
0.01823
758.84

×
757.06

0.01720
× 100% = 105.74%
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