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Experimental Section 

Materials 

Formamidinium iodide (FAI), formamidinium bromide (FABr), methylammonium 

iodide (MAI), methylammonium bromide (MABr) and methylammonium chloride 

(MACl) were purchased from Greatcell Solar Materials. Lead iodide (PbI2, 99.999%), 

[2-(3,6-dimethoxy-9H-carbazol-9-yl) ethyl] phosphonic acid (MeO-2PACz), and [4-

(3,6-dimethoxy-9H-carbazol-9-yl) butyl] phosphonic acid (Me-4PACz) were 

purchased from TCI. Phenethylammonium bromide (PEABr), fullerene (C60) and 

bathocuproine (BCP) were purchased from Xi'an Polymer Light Technology. Phenyl-

C61-butyric acid methyl-ester (PC61BM) were purchased from Advanced Election 

Technology. Isopropanol (IPA) was purchased from thermos scientific. Chlorobenzene 

(CB) was purchased from Sigma Aldrich. Ethyl alcohol was purchased from Aladdin. 

All chemicals were used as received. 

 

Perovskite solar cells fabrication 

Perovskite film prepared by thermal evaporation-blade process 

PbI2 with a thickness of 250 nm was deposited at 5 Å/s in a high-vacuum (˂5 × 10-4 Pa) 

chamber (Wuhan PUDI Vacuum). For FAMAPbI perovskite film deposition, an organic 

salt solution of FAI: MAI (0.407 mmol: 0.166 mmol in 1 mL IPA) was blade-coated 

onto PbI2 layers in ambient air (model of blade-coater: LEBO SCIENCE PF200-H), 

followed by annealing at 150 °C for 15 min. For FAMAPbI-Cl perovskite film 

deposition, an organic salt solution of FAI: MAI: MACl (0.407 mmol: 0.062 mmol: 

0.104 mmol in 1 mL IPA) was blade-coated onto PbI2 layers in ambient air, followed 

by annealing at 150 °C for 15 min. For FAMAPbI-BrCl perovskite film deposition, an 

organic salt solution of FAI: MABr: MACl (0.407 mmol: 0.062 mmol: 0.104 mmol in 

1 mL IPA) was blade-coated onto PbI2 layers in ambient air, followed by annealing at 

150 °C for 15 min. For FAPbI-BrCl perovskite film deposition, an organic salt solution 

of FAI: FABr: MACl (0.407 mmol: 0.062 mmol: 0.104 mmol in 1 mL IPA) was blade-
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coated onto PbI2 layers in ambient air, followed by annealing at 150 °C for 15 min. 

 

Perovskite film prepared by thermal evaporation-spin process 

PbI2 with a thickness of 250 nm was deposited at 5 Å/s in a high-vacuum (˂5 × 10-4 Pa) 

chamber. For FAMAPbI perovskite film deposition, an organic salt solution of FAI: 

MAI (0.407 mmol: 0.166 mmol in 1 mL IPA) was spin-coated onto PbI2 layers at 2,000 

rpm for 30 s (model of spin-coater: LEBO SCIENCE EZ6-S), followed by annealing at 

150 °C for 15 min. For FAMAPbI-Cl perovskite film deposition, an organic salt solution 

of FAI: MAI: MACl (0.407 mmol: 0.062 mmol: 0.104 mmol in 1 mL IPA) was spin-

coated onto PbI2 layers at 2,000 rpm for 30 s, followed by annealing at 150 °C for 15 

min. For FAMAPbI-BrCl perovskite film deposition, an organic salt solution of FAI: 

MABr: MACl (0.407 mmol: 0.062 mmol: 0.104 mmol in 1 mL IPA) was spin-coated 

onto PbI2 layers at 2,000 rpm for 30 s, followed by annealing at 150 °C for 15 min. 

 

Perovskite solar cells and modules fabrication 

For perovskite solar cells, ITO glass was sequentially washed with detergent, distilled 

water, acetone and IPA for 20 mins. Before use, the ITO glass was dried and treated by 

ultraviolet ozone for 30 mins to improve the surface wetting properties. For hole 

transport materials (HTM) solution, The MeO-2PACz or Me-4PACz solution was 

dissolved in ethyl alcohol with a concentration of 1 mg/mL. The 100 µL of HTM 

solution was spin-coated on the cleaned ITO substrates at 3000 rpm for 30 s and 

annealed at 100 °C for 10 min. The perovskite film was deposited on the ITO/HTM 

substrate via the above fabrication methods. For surface passivation, the as-prepared 

PEABr solution was spin-coated on the top of perovskite film at 5000 rpm for 30 s. 

Afterwards, the PCBM solution (10 mg/mL dissolved in CB) was spin-coated on the 

ITO/HTM/Perovskite/PEABr films at 3000 rpm for 30 s. Finally, the 10 nm C60, 5 nm 

BCP, and 90 nm Ag were thermally evaporated at 0.1-1.0 Å/s in a high-vacuum (˂5 × 

10-4 Pa) chamber to obtain the complete devices. The antireflection film (Mitsubish) 
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was used to enhance the light absorption. For perovskite solar module, the fabrication 

is analogous to that of small-area solar cells except the amount of solution used in the 

preparing process, the size of glass/ITO substrate and laser scribing patterning 

procedure. More dosage of solution is needed to completely cover the 5×5 cm2 

substrate. The perovskite solar module active area was 12.6 cm2. 

 

Characterizations 

The X-ray diffractometer (XRD) patterns, grazing incidence X-ray diffraction (GIXRD) 

patterns, and the in situ XRD patterns were carried out by using a Rigaku Smartlab 

equipped with Cu Kα radiation in the 2θ range of 3-65° at a scanning rate of 10°/min. 

The wavelength (λ) of incident X-ray is 1.5418 Å. The grazing-incidence wide-angle 

X-ray scattering (GIWAXS) measurements were performed at BL02U2 beamline of the 

Shanghai Synchrotron Radiation Facility (SSRF). The scanning electron microscope 

(SEM) images energy dispersive X-ray spectroscopy (EDX) were obtained from Merlin 

field emission SEM at an acceleration voltage of 2-3 kV and a current of 25-50 pA. The 

photoluminescence (PL) spectra and time-resolved PL (TRPL) were performed using 

an Edinburgh Instrument FLS1000 system applying a 450 nm laser as the excitation 

source. The perovskite samples were coated on the ITO substrates. The decay lifetime 

was obtained by fitting the formula of 𝑓(𝑡) = 𝑦0 + 𝐴1𝑒𝑥𝑝−𝑡/𝜏1 + 𝐴2𝑒𝑥𝑝−𝑡/𝜏2 using 

biexponential decay model. A1, and A2 are constants associated with baseline offset and 

the contributions of fast (τ1) and slow (τ2) segments, respectively. The average carrier 

lifetime (τave) can be determined from the equation of 𝜏𝑎𝑣𝑒 =
∑ 𝐴𝑖𝜏𝑖

2

∑ 𝐴𝑖𝜏𝑖
. The chi-square value 

(2 =∑
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒−𝐸𝑝𝑒𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒)2

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
)  represents the reliability of fitting curves. The PL 

mapping images were obtained from confocal laser scanning fluorescence microscope 

(Leica, TCS SP8). Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was 

carried out on a Nano ToF 2 instrument (ULVAC-PHI, Japan) equipped with bismuth 

as primary ion source. The ToF-SIMS data was acquired on the area of 100×100 μm2 

by using a 30 keV Bi primary ion beam, followed by a 3 second/cycle sputter of a 
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400×400 μm2 area using 3 keV Ar ion beams. Sputter rate is 0.3 nm/s (Ar+) for SiO2. 

The UV-vis absorption spectra and in situ UV-vis absorption spectra were carried out 

in air by using UV-vis spectroscopy (HITACHI, UH5700). The roughness of the films 

was collected from the atomic force microscope (AFM) (MFP-3D Stand Alone). The 

photocurrent density-voltage (J-V) curves of the PSCs were measured using a solar 

simulator (Sol3A Class AAA, Oriel, Newport, USA) and a Keithley 2420 source meter. 

The devices were tested under AM 1.5G sun illumination (100 mW/cm2). A standard 

reference silicon cell (91150-KG3, Newport, USA) was used to calibrate the light 

intensity. The metal masks of 0.1 cm2 was employed to determine the active area of the 

PSCs. The reverse scan range is from 1.2 V to 0 V and the forward scan range is from 

0 V to 1.2 V. The current-voltage scan speed is 0.2 V/s and dwell time is 30 ms. The 

testing environmental conditions is in the ambient air with relative humidity of 60-80%. 

The incident photon to converted electron efficiency (IPCE) measurement was 

conducted to obtain the external quantum efficiency (EQE) spectra with a range from 

400 to 900 nm using EQE system (IQE 200B, Newport). The electroluminescence (EL) 

spectra were characterized by a Keithley 2420 source meter and integrating sphere 

connected to a spectrophotometer (QE65Pro). The voltage loss induced by the non-

radiative recombination was calculated from the equation of ∆𝑉𝑂𝐶
𝑛𝑜𝑛𝑟𝑎𝑑 =

−
𝑘𝐵𝑇

𝑞
ln(𝐸𝑄𝐸𝐸𝐿), where KB, T, q, and EQEEL are electron charge, Boltzmann constant, 

temperature and the electroluminescence efficiency. For the measurement of open-

circuit voltage under different light intensities, the relationship between open-circuit 

voltage and light intensity could be described by the formula of 𝑞𝑉𝑂𝐶 = 𝐸𝑔 +

𝑛𝐼𝐷𝑘𝐵𝑇𝑙𝑛
𝐼

𝐼0
, where q, kB, T, I, Eg stand for electron charge, the Boltzmann constant, the 

absolute temperature, light intensity and optical bandgap of perovskite, respectively. 

For the long-term stability measurement, a white light LED with the intensity calibrated 

to satisfy one-sun conditions was used as the illumination source. The PSCs were put 

into a homemade box sealed and supplied with continuous N2 flowing to control the 

relative humidity of ambient condition. For the storage stability measurement, the PSCs 
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without encapsulation were stored in a nitrogen-filled glovebox. 

 

Section SI: Effect of anion-exchange on perovskite film growth 

 

Figure S1. Photographs of the perovskite films before annealing a. FAMAPbI and b. 

FAMAPbI-Cl c. FAMAPbI-BrCl. The scale bar is 5 mm.  
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Figure S2. In-situ XRD showing diffraction peak as a function of the annealing time 

for a. FAMAPbI, b. FAMAPbI-Cl, and c. FAMAPbI-BrCl perovskite films.  
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Figure S3. The (100) peak crystal planes of XRD pattern for perovskite films with the 

different MABr/MAI ratios.  
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Figure S4. a. XRD pattern and b-d. magnified XRD patterns of the FAMAPbI-BrCl 

perovskite film before and after annealing in ambient air.  
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Figure S5. XRD pattern of the blade-coated organic salt film.  
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Figure S6. Time-dependent morphological evolution of FAMAPbI-BrCl perovskite 

film during the thermal annealing process. The scale bar is 100 μm.  
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Figure S7. In-situ UV-vis absorption spectra during the annealing process based on a. 

FAMAPbI, b. FAMAPbI-Cl, and c. FAMAPbI-BrCl perovskite films.  
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Figure S8. The band gap variation of the corresponding perovskite films during the 

thermal annealing process.  
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Section SII: Anion exchange for non-impurities perovskite 

 

Figure S9. XRD pattern of the perovskite film based on FAMAPbI, FAMAPbI-Cl, and 

FAMAPbI-BrCl.  
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Figure S10. The in-situ XRD patterns of a. FAMAPbI, b. FAMAPbI-Cl, and c. 

FAMAPbI-BrCl perovskite films during the thermal annealing process.  
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Figure S11. Enlarged image of in-situ XRD patterns in Figure S10a.  
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Figure S12. XRD pattern of the PbI2 film before and after annealing in ambient air.  
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Figure S13. Enlarged XRD patterns of FAMAPbI perovskite film at different incident 

angles in Figure 2d.  
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Figure S14. Grain size distributions extracted from the top-view SEM images of a. 

FAMAPbI, b. FAMAPbI-Cl, and c. FAMAPbI-BrCl perovskite films.  
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Figure S15. Energy dispersive X-ray spectroscopy (EDS) characterization collected 

from the white (PbI2 flakes) and black region (common grain) in the SEM of FAMAPbI-

Cl thin film. The element analysis results are summarized in Table S1 and S2, 

respectively. 

 

Table S1 Data of EDS of position spot 1 

Element Weight percentage Atomic percentage 

C K 8.67 53.26 

I L 63.02 36.66 

Pb M 28.31 10.08 

Total 100  

 

Table S2 Data of EDS of position spot 2 

Element Weight percentage Atomic percentage 

C K 9.97 56.95 

I L 63.25 34.19 

Pb M 26.78 8.87 

Total 100  
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Figure S16. Cross-sectional SEM images of a. FAMAPbI, b. FAMAPbI-Cl, and c. 

FAMAPbI-BrCl perovskite films.  
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Figure S17. AFM images of a. FAMAPbI, b. FAMAPbI-Cl, and c. FAMAPbI-BrCl 

perovskite films.  
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Figure S18. a-b. The top-view SEM images and c-d. cross-sectional SEM images of 

the FAMAPbI-BrCl perovskite film before annealing and after annealing.  
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Section SIII: Optoelectronic quality of perovskite via anion exchange 

 

Figure S19. the corresponding ion distribution of Br⁻, MA+, and I⁻ SIMS in FAMAPbI-

BrCl perovskite film.  
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Figure S20. UV-vis absorption spectra of the perovskite film based on FAMAPbI, 

FAMAPbI-Cl, and FAMAPbI-BrCl.  
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Section SⅣ: Photovoltaic performance of perovskite devices via anion exchange 

 

Figure S21. Schematic drawing of the perovskite fabrication via thermal evaporation-

blade sequential two-step process.  
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Figure S22. Typical steady-state power output at the initial maximum power point 

based on the FAMAPbI, FAMAPbI-Cl, and FAMAPbI-BrCl perovskite devices.  
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Figure S23. a. VOC b. JSC c. FF statistical distribution of PSCs fabricated by thermal 

evaporation-blade method.  
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Figure S24. VOC values at various illumination intensities of the inverted PSCs based 

on the FAMAPbI, FAMAPbI-Cl, and FAMAPbI-BrCl, fabricated by thermal 

evaporation-blade process.  
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Figure S25. SCLC curves of the electron-only devices for a. FAMAPbI, b. FAMAPbI-

Cl, and c. FAMAPbI-BrCl devices. 
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Figure S26. a. The external quantum efficiency of the electroluminescence (EQEEL) as 

a function of the external voltage, and EL spectra of b. FAMAPbI, c. FAMAPbI-Cl, and 

d. FAMAPbI-BrCl perovskite devices under different bias voltages.  
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Figure S27. The EQE spectrum and the integrated JSC curves of the inverted PSCs 

based on the FAMAPbI, FAMAPbI-Cl, and FAMAPbI-BrCl, fabricated by thermal 

evaporation-blade process.  
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Figure S28. The champion J-V curve of the inverted devices fabricated by thermal 

evaporation-blade method based on the FAPbI-BrCl.  
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Figure S29. a. PCE b. VOC c. JSC d. FF statistical distribution of PSCs based on the 

FAPbI-BrCl fabricated by thermal evaporation-blade method.  
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Figure S30. Schematic drawing of the perovskite fabrication via thermal evaporation-

spin sequential two-step process.  
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Figure S31. Certified efficiency of 24.18% for perovskite solar cell with anion 

exchange in a designated test center National Photovoltaic Industry Metrology and 

Testing Center (NPVM).  
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Figure S32. a. VOC b. JSC c. FF statistical distribution of PSCs fabricated by thermal 

evaporation-spin method.  
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Figure S33. Typical steady-state power output at the initial maximum power point 

based on the FAMAPbI-BrCl perovskite devices fabricated by thermal evaporation-

spin method.  
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Figure S34. a. J-V curve of large-area module based on the FAMAPbI-BrCl. b. the 

structure of the perovskite solar cell module.  
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Table S3. Fitting parameters of the bi-exponential decay function of TRPL 

measurement based on the FAMAPbI, FAMAPbI-Cl, and FAMAPbI-BrCl perovskite 

films, respectively. 

Sample y0 A1  1 (ns) A2  2 (ns)  avg (ns) 2 (10-5) 

FAMAPbI 0.017 0.801 2.341 0.124 77.422 12.406 6.705 

FAMAPbI-Cl 0.023 0.106 68.062 0.831 317.309 289.112 30.177 

FAMAPbI-

BrCl 
0.008 0.055 48.256 0.850 482.176 455.805 35.206 
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Table S4. A list of recently reported perovskite solar cells with high efficiency that 

fabricated with two-step thermal evaporation PbI2-scalable solution deposition methods 

(including spray, inject printing, and blade deposition methods). 

Year methods 
JSC 

(mA/cm2) 

VOC 

(V) 

FF 

(%) 

PCE 

(%) 
 Ref 

2017 
thermal evaporation 

-spray 
12.82 0.969 50.39 6.26 1 

2017 
thermal evaporation 

-inject printing 
- - - 6.10 2 

2019 
thermal evaporation 

-spray 
12 1 80 10.0 3 

2021 
thermal evaporation 

-blade 
23.31 1.11 72.00 18.7 4 

2021 
thermal evaporation 

-spray 
22.73 1.065 79.1 19.17 5 

2022 
thermal evaporation 

-inject printing 
22.86 1.016 78.7 18.26 6 

2023 
thermal evaporation 

-spray 
20.33 1.17 81.6 19.42 7 

2023 
thermal evaporation 

-blade 
24.06 1.10 74.59 19.8 8 

2024 
thermal 

evaporation-blade 
25.03 1.12 79.12 22.22 

This 

work 
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Table S5. Photovoltaic parameters of devices fabricated by thermal evaporation-blade 

method based on the FAPbI-BrCl. 

Device Direction VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

FAPbI-BrCl 

Reverse 1.10 24.26 76.60 20.37 

Forward 1.10 24.19 75.81 20.10 

Average 1.08±0.02 23.10±0.82 70.81±4.26 17.63±1.69 
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Table S6. Photovoltaic parameters of devices fabricated by thermal evaporation-spin 

method based on the FAMAPbI, FAMAPbI-Cl, and FAMAPbI-BrCl, respectively. 

Device Direction VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

FAMAPbI 

Reverse 0.778 16.90 54.64 8.82 

Forward 0.950 17.01 54.59 7.19 

Average 0.796±0.050 15.61±0.72 51.36±9.35 6.36±1.15 

FAMAPbI-Cl 

Reverse 1.101 23.77 75.00 19.67 

Forward 1.099 23.79 71.75 18.76 

Average 1.094±0.011 23.14±0.31 73.28±1.80 18.55±0.58 

FAMAPbI-

BrCl 

Reverse 1.176 25.33 82.03 24.43 

Forward 1.175 25.16 80.54 23.82 

Average 1.164±0.008 24.78±0.39 80.12±1.33 23.11±0.66 
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Table S7. A list of recently reported inverted perovskite solar cells with high efficiency 

that fabricated with thermal evaporation-spin deposition method. 

Year Perovskite 

JSC 

(mA/cm2) 

VOC 

(V) 

FF 

(%) 

PCE 

(%) 
 Ref 

2016 FA1-xMAxPbI3-yBry 18.26 0.99 68.6 12.41 9 

2017 MAPbI3 19.1 1.116 75.4 16.10 10 

2018 MAPbI3 19.9 1.116 75.7 16.80 11 

2018 MAPbI3 22.18 0.915 73.8 16.85 12 

2020 MAPbI3-x-yBrxCly 21.2 1.15 81.7 19.80 13 

2021 CsxFAyMA1-x-yPbI3-zBrz 19.59 1.082 80.34 17.03 14 

2022 CsxFAyMA1-x-yPbI3-zBrz 23.19 1.14 80.6 21.31 15 

2023 CsxFAyMA1-x-yPbI3-zBrz 20.9 1.19 81.6 20.3 16 

2023 CsxFAyMA1-x-yPbI3-zBrz 23.90 1.11 79.50 21.06 17 

2023 CsxFA1-xPbI3-yBry - - - 19.5 18 

2023 CsxFAyMA1-x-yPbI3 21.84 1.16 79.96 20.3 19 

2024 FA1-xMAxPbI3-yBry 25.33 1.176 82.03 24.43 
This 

work 
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Table S8. A list of recently reported 5×5 cm2 perovskite solar modules with high 

efficiency that fabricated with two-step sequential deposition method. 

Year 
JSC 

(mA/cm
2
) 

VOC 

(V) 

FF 

(%) 

PCE 

(%) 
 Ref 

2019 3.70 5.26 66.11 12.86 20 

2020 2.62 6.19 68.00 11.07 21 

2020 3.47 6.71 71.00 16.54 22 

2021 7.31 2.96 67.23 14.55 23 

2023 4.51 5.33 68.37 16.42 24 

2024 4.41 5.37 63.39 15.01 This work 
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