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Materials: 

Formamidinium hydroiodide (FAI, 99.99%), formamidinium hydrobromide (FABr, 99.99%) 

bathocuproine (BCP, 99%, purified by sublimation), 1-vinylimidazole (>98.0%), 1-

ethylimidazole (>98.0%), 1,2-dimethylimidazole (>98.0%), MeO-2PACz (>98.0%), and 

titanium(IV) diisopropoxide bis(acetylacetonate) (75 wt% in isopropanol) were purchased from 

Tokyo Chemical Industry Co., Ltd. (TCI). Tin(II) fluoride (SnF2, 99%), tin(II) iodide (SnI2, 

beads, 99.99%, trace metals basis), ethane-1,2-diammonium iodide (ethylenediammonium 

diiodide, EDAI2, 98%), phenethylammonium iodide (PEAI, 98%), and tin powder (<45 µm 

particle size, 99.8%, trace metals basis) were purchased from Sigma-Aldrich Co., Ltd. (Sigma-

Aldrich). Poly(3,4-ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) aqueous 

solution (Clevios PVP AI 4083) was purchased from Heraeus Co., Ltd. Fullerene C60 (sublimed, 

99.99%) was purchased from ATR Company. Phenyl-C61-butyric acid methyl ester (PCBM, 

>99.0%), and Indene-C60 bisadduct (ICBA, >99.0%) were purchased from Ossila. Titanium(IV) 

tetrachloride (TiCl4, 99.0%), dehydrated dimethyl sulfoxide (DMSO, super dehydrated), 

ethanol (EtOH, super dehydrated), and 2-propanol (IPA, super dehydrated) were purchased 

from FUJIFILM Wako Pure Chemical Co., Ltd. Dimethylformamide (DMF), and 

chlorobenzene were purchased from Kanto Chemical. Co., Inc. All of these solvents were 

degassed by Ar gas bubbling for 30 min and further dried with molecular sieves (3 Å or 4 Å) 

in an Ar-filled glove box (H2O, O2 <0.1 ppm) before use. All other purchased materials were 

used as received, without further purification, unless otherwise noted. 
 

Perovskite layer fabrication:  

Antisolvent method: 

The perovskite film preparation was conducted in an Ar-filled glove box (H2O, O2 < 0.1 

ppm). 1.0 M EDA0.01FA0.98SnI3 perovskite solution was prepared by dissolving FAI (168.5 mg, 

0.98 mmol), EDAI2 (3.2 mg, 0.01 mmol), SnI2 (372.5 mg, 1.00 mmol), SnF2 (15.7 mg, 0.10 

mmol), and tin powder (20 mg) in 1.0 mL DMSO. The precursor solution was stirred at 45 °C 

for 1 hour and then filtered through a 0.20 µm PTFE filter before spin-coating. 150 µL of the 

precursor solution was spin-coated at 5000 rpm for 60 s with an acceleration of 1000 rpm s−1. 

300 µL of chlorobenzene (preheated to 65 °C) was dripped onto the surface of the spinning 

substrate at 62 s during the spin-coating step. The substrate was immediately annealed on a hot 

plate at 65 °C for over 10 minutes and then at 100 °C for 10 minutes. 
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Vacuum-quenching method: 

The perovskite film preparation was conducted in a N2-filled glove box (H2O, O2 < 0.1 ppm). 

0.7 M EDA0.01FA0.98SnI3 perovskite solution was prepared by dissolving FAI (118.0 mg, 0.69 

mmol), EDAI2 (2.2 mg, 0.007 mmol), SnI2 (260.8 mg, 0.70 mmol), SnF2 (11.0 mg, 0.07 mmol), 

1-vinylimidazole (63.4 µL, 0.70 mmol), and tin powder (20 mg) in 1.0 mL DMF. After being 

stirred at 45 °C for 1 h, the solution was cooled down to 20 °C and stirred overnight. The 

solution was filtered through a 0.20 µm PTFE filter. A liquid film was formed by adding the 

perovskite precursor solution and spinning the substrate at 3000 rpm for 3 s with an acceleration 

of 3000 rpm s−1. The substrate was immediately transferred to a vacuum box and dried under a 

reduced pressure of less than 2 hPa. The optimized drying times were 3 minutes for a rotary 

pump (GCD-136X, ULVAC, Inc.) and 1 minute for a screw pump (VACUU PURE 10C, 

VACUUBRAND, Inc.). The vacuum box was then refilled with N2. The films were annealed 

on a 1.5 mm high rubber bar placed on a hot plate at 100 °C for 5 min, and then directly on the 

hot plate at 100 °C for another 15 min. 

 

Device fabrication:  

Glass/ITO substrates (10 Ω sq–1, Geomatec Co., Ltd.) were etched with zinc powder and HCl 

(6 M in de-ionized water). Then, the substrates were consecutively cleaned with water, acetone, 

a detergent solution (Semico Clean 56, Furuuchi Chemical), water, and 2-propanol using a 15-

minute ultrasonic bath, followed by drying with an air gun. Finally, the organic residues on 

substrates were removed with nitrogen plasma (JP-100HA, Aqa Co., Ltd.). For devices using 

PEDOT:PSS as a hole-transporting layer, the PEDOT:PSS aqueous dispersion was filtered 

through a 0.45 µm PVDF filter and then spin-coated on the ITO surface at 500 rpm for 10 s and 

5000 rpm for 30 s. The samples were then annealed at 140 °C for 20 min. The substrates were 

transferred to an Ar-filled glove box (H2O, O2 < 0.1 ppm) and annealed at 140 °C for an 

additional 20 min. For the devices using MeO-2PACz as a hole-transporting material, MeO-

2PACz (1.0 mmol L–1 in anhydrous ethanol) was deposited by spin-coating (3000 rpm for 30 s, 

600 rpm s−1 acceleration), followed by heating on a hot plate at 100 °C for 10 min.1 The 

perovskite layer was fabricated on top of the hole-transporting materials following the 

procedure mentioned above. For EDAI2 surface treatment, the samples were transferred under 

an inert atmosphere to a vacuum deposition chamber, where 1.0 nm of EDAI2 (deposition rate 

0.01 nm s–1) was deposited by thermal evaporation. After thermal evaporation, the samples 

were moved to an N2-filled glove box and annealed at 100 °C for 10 min.2 For PCBM/ICBA 
surface treatment, PCBM/ICBA mixed solution (1.0 mg/mL, 4:1 w/w) in chlorobenzene was 

deposited by spin-coating (3000 rpm for 30 s, 600 rpm s−1 acceleration), followed by annealing 
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at 70 °C for 10 min.3 Then, 20 nm of C60 (0.01 nm s–1) and 8 nm of BCP (0.01 nm s–1) were 

deposited by thermal evaporation. Finally, 80 nm of Ag was deposited through a shadow mask 

to form the metal electrode. The deposition rate for Ag was set at 0.003 nm s–1 until the 

thickness reached 5 nm, then increased to 0.01 nm s–1 until 20 nm, and finally to 0.1 nm s–1 

until the target thickness was achieved. The device area was approximately 0.14 mm2. 

 

Slot-die coating of tin perovskite films was carried out using a New Takudai M-150 (Die-

Gate Co., Ltd.) and a shim 15 cm wide and 50 µm thick. The above-mentioned perovskite 

precursor solution was coated onto 15 cm × 17 cm substrates with an effective gap of 100 µm 

and a velocity of 10 mm/s. The thickness of the wet film was 4 µm.  

 

For the fabrication of the solar module, the module pattern processing (P1, shown in Figure 

S30) was performed by laser scribing (LPM-300, Mitsuboshi Diamond Industrial Co., Ltd.). 

The pulse width, wavelength, and power of the laser were <15 ps, 532 nm, and 0.1–0.3 W, 

respectively. Patterning was performed in a nitrogen atmosphere. The module pattern 

processing (P2 and P3) was performed by mechanical scribing (MPV250-AT, Mitsuboshi 

Diamond Industrial Co., Ltd.) in an N2-filled glove box (H2O, O2 < 1 ppm). The pattern widths 

of P1, P2, and P3 were 80 µm, 150 µm, and 80 µm, respectively. The geometric fill factor was 

95%. 

 

For the fabrication of glass/FTO/TiO2 substates, glass/FTO substrates (10 Ω sq–1, Asahi Glass 

Co., Ltd.) were etched with zinc powder and HCl (6 M in de-ionized water). Then, the substrates 

were consecutively cleaned with water, acetone, a detergent solution (Semico Clean 56, 

Furuuchi Chemical), water, and 2-propanol using a 15-minute ultrasonic bath, followed by 

drying with an air gun. Finally, the organic residues on substrates were removed with nitrogen 

plasma (JP-100HA, Aqa Co., Ltd.). To deposit the compact-TiO2 layer, the FTO substrate was 

covered with stainless steel masks and heated on a hot plate at 450 °C. A 0.05 M solution of 

titanium diisopropoxide bis(acetylacetonate) (75 wt% in 2-propanol) in ethanol was sprayed 

over the substrates at a sweep speed of approximately 20 cm s–1 from a distance of 30 cm. After 

six spray cycles, spaced 3 minutes apart, the substrates were cooled to room temperature. The 

substrates were then immersed in a 0.77 wt% aqueous solution of TiCl4 at 70 °C for 30 min, 

followed by rinsing twice with distilled water. They were then sintered at 500°C for 20 minutes. 

 

Characterization:  

Photocurrent-voltage (J–V) measurements for perovskite solar cells were performed in a 
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nitrogen-filled glovebox (O2 < 1 ppm) using an OTENTO-SUN-P1G (BUNKOUKEIKI Co., 

Ltd.) and a Keithley 2400. The light intensity of the illumination source was adjusted using a 

standard BS520 silicon photodiode. During measurement, the devices were covered with 

shadowed masks with an area of 0.0985 cm2. External quantum efficiency (EQE) and internal 

quantum efficiency (IQE) spectra were measured by an SMO-250III system equipped with an 

SM-250 diffuse reflection unit (BUNKOUKEIKI Co., Ltd.). The light intensity of the 

illumination source was adjusted using a standard SiPD S1337-1010BQ silicon photodiode.  

Thin film X-ray diffraction (XRD) measurements were performed on a Rigaku SmartLab 

equipped with a hybrid pixel array detector HyPix-3000. Perovskite films were deposited on 

the surface of PEDOT:PSS with glass/ITO as substrates. The samples were kept in an argon-

filled airtight specimen holder during XRD measurements. All samples were scanned with 2θ 

ranging from 5° to 50° in 0.02° increments. The power supply was operated at 300 mA and 40 

kV. 

Scanning electron microscopy (SEM) observations were performed using an SU-8010 or SU-

8600 (Hitachi High-Technologies Co.) instrument.  

The 1H and 119Sn NMR measurements were carried out with a Bruker Avance-400 

spectrometer (400 MHz for 1H NMR, 149 MHz for 119Sn NMR). The chemical shifts in 1H 

NMR spectra were reported in ppm relative to the residual proton signal in DMSO-d6 (δ = 2.50 

ppm). For 119Sn spectra, tetramethyltin (δ = 0.00 ppm) was used as an external standard. NMR 

spectra were processed using MestReNova version 14.0.0. 

Single-crystal X-ray diffraction data were recorded on a Rigaku single-crystal CCD X-ray 

diffractometer (XtaLAB Synergy-i) with Mo Kα radiation (λ = 0.71073Å) and a graphite 

monochromator. The measurements were carried out at 100 K. The structure was solved using 

direct methods (SHELXT-2018/2) and refined by full-matrix least-squares on F2 (SHELXL-

2018/1)4. All hydrogen atoms were placed using the AFIX instructions. Crystallographic data 

have been deposited with the Cambridge Crystallographic Data Center as supplementary 

publication no. CCDC-2413228 ([SnI2–(1-vinylimidazole)]), CCDC-2413229 ([SnI2–(1-

ethylimidazole)2]), and CCDC-2413230 ([SnI2–(1,2-dimethylimidazole)2]). These data can be 

obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

For the PL (photoluminescence) and time-resolved photoluminescence (TRPL) 

measurements, the samples were excited from the film surface side using a picosecond pulsed 

light with a wavelength of 688 nm (Advanced Laser Diode System) and an excitation fluence 

of 100 nJ cm−2. PL spectra were recorded using a liquid nitrogen-cooled indium gallium 

arsenide (InGaAs) array equipped with an Acton SP-2300i monochromator (Princeton 
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Instruments). The TRPL signals were recorded using an avalanche photodiode (ID Quantique) 

and a time-correlated single photon counting board (PicoQuant). The PL lifetimes were 

obtained by fitting the PL decay curve with an exponential function. During the measurements, 

the samples were kept in an N2-filled metallic box with quartz windows. 

For the photoluminescence quantum yield (PLQY) measurements, samples were placed 

inside an integrating sphere and excited from the substrate side with a 660 nm continuous wave 

laser (Integrated optics). The resulting PL signal was collected with a spectrometer (Thorlabs 

CCS175). Quasi-Fermi level splitting (QFLS) was calculated according to the following 

equation:5 

 

 

where, kB is the Boltzmann constant, q is the elementary charge, Jsc,int is the short-circuit current 

density, and Js,rad is the radiative recombination current in the dark.  
  

QFLS =
𝑘'𝑇
𝑞 ln ,PLQY

𝐽01,345
𝐽0,678

9	
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Figure S1. Solubility test of FASnI3 with 10 mol% SnF2 in 12 solvents. The mixture of 1.0 

mmol FASnI3 and 0.1 mmol SnF2 in various solvent amounts was stirred for at least 15 minutes 

at room temperature. Black precipitates correspond to undissolved tin perovskite, whereas 

white precipitates correspond to undissolved SnF2. 
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Figure S2. Gutmann donor number6 versus the vapor pressure of 12 solvents.7 The solvents 

indicated by the red dots dissolved FASnI3 with 10 mol% SnF2 above 1.0 M. The solvents 

indicated by the green dots dissolve more than 1.0 M of FASnI3 without SnF2, while the 

solubility of FASnI3 with 10 mol% SnF2 is less than 0.5 M. The solvents indicated by the blue 

dots are not suitable as solvents because the solubility of FASnI3 without SnF2 is below 0.5 M. 
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DFT calculations 

Density functional theory (DFT) calculations were performed with the Gaussian 16 software 

package.8  The geometry optimizations were conducted at the B97D3/def2-TZVP level of 

theory, and the frequency calculations were conducted at the PW6B95D3/def2-TZVP level of 

theory.9, 10 The solvent effect was taken into account by the polarizable continuum model 

(PCM) of dimethylformamide. 

Enthalpy change resulting from the formation of a 1:1 complex of additives with SnI2 is 

calculated in eq1: 

ΔH(SnI2−additives) = H(1:1 complex) – H(additives) – H(SnI2)               (1) 

where the terms H(1:1 complex), H(additives), and H(SnI2) represent the calculated enthalpy 

of a SnI2–additive complex, an additive, and a SnI2 molecule in DMF matrix respectively.  
 

 
Figure S3. Chemical structures of 9 model compounds and calculated ΔH. The geometry 

optimizations were conducted at the B97D3/def2-TZVP level of theory, and the frequency 

calculations were performed at the PW6B95D3/def2-TZVP level of theory. 
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Table S1. pKa of representative Lewis base molecules with a nitrogen coordinating group.11 
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Figure S4. Solubility test of FASnI3 with 100 mol% 1-ethylimidazole, 1,2-dimethylimidazole, 

and 1-vinylimidazole in DMF solvent. The mixture of 1.0 mmol FASnI3 and 1.0 mmol 

imidazole derivatives in DMF was stirred for more than 30 minutes at room temperature. 
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Figure S5. X-ray single-crystal structures of [SnI2–(1-ethylimidazole)]2 at 298 K, [SnI2–(1,2-

dimethylimidazole)]2 at 100 K, and [SnI2–(1-vinylimidazole)] at 298 K. Crystal and structural 

refinement data were summarized in Table S2. 
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Table S2. Crystal and structural refinement data of [SnI2–(1-vinylimidazole)], [SnI2–(1-

ethylimidazole)]2 at 298 K, and [SnI2–(1,2-dimethylimidazole)]2 at 100 K, and [SnI2–(1-

vinylimidazole)] at 298 K. 
 

 [SnI2–(1-

ethylimidazole)]2 

[SnI2–(1,2-

dimethylimidazole)]2 

[SnI2–(1-

vinylimidazole)] 

Crystal system Monoclinic Trigonal Monoclinic 

Space group P21/c P3121 P21/c 

Unit cell a [Å] 14.4816(5) 10.26030(10) 12.0207(3) 

Unit cell b [Å] 13.3963(5) 10.26030(10) 4.42480(10) 

Unit cell c [Å] 8.3729(3) 25.3658(4) 19.5033(4) 

Unit cell α [°] 90 90 90 

Unit cell β [°] 94.575(3) 90 91.891(2) 

Unit cell γ [°] 90 120 90 

Volume [Å3] 1619.17(10) 2312.59(6) 1036.80(4) 

Z 4 6 4 

Density (calc) 2.317 2.433 2.989 

Independent 

reflections 

3306 

[Rint = 0.0372] 

3151 

[Rint = 0.0736] 

2381  

[Rint = 0.0415] 

Goodness-of-fit 1.023 1.169 1.201 

Final R indices  

[I > 2σ(I)] 

Robs = 0.0323 

wRobs = 0.0759 

Robs = 0.0224 

wRobs = 0.0461 

Robs = 0.0294 

wRobs = 0.0737 

R indices  

[all data] 

Rall = 0.0448 

wRall = 0.0826 

Rall = 0.0226 

wRall = 0.0462 

Rall = 0.0331 

wRall = 0.0757 

 

  



 S14 

 
Figure S6. (a) Setting for vacuum-quenching. For 15 by 17 cm2 substrates, a larger box (26 by 

26 by 10 cm3) was used. The pressure change inside the vacuum chamber (b) when using a 

rotary pump (GCD-136X, ULVAC, Inc.) and (c) when using a screw pump (VACUU PURE 

10C, VACUUBRAND, Inc.) 
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Figure S7. (a) SEM images of tin perovskite thin film fabricated by the vacuum quenching 

method with different amounts of DMSO. The scale bar represents 1.0 µm. (b) Surface coverage 

changes with the amount of additive. Even after increasing the DMSO content to 300 mol%, 

the substrate coverage remained at approximately 85%. 
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Figure S8. (a) SEM images of tin perovskite thin film fabricated by the vacuum quenching 

method with different amounts of 1-vinylimidazole. The scale bar represents 1.0 µm. (b) 

Surface coverage changes with the amount of additive. Coverage was incomplete when 50 

mol% and 75 mol% 1-vinylimidazole were added relative to SnI2. Using more than 100 mol% 

of 1-vinylimidazole always gave a coverage close to 100%. 
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Figure S9. Photographs of the films after vacuum-quenching. Different amounts of 

vinylimidazole (x mol% relative to SnI2) were added to the precursor solution. 
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Figure S10. Calculated IR spectra of 1-vinylimidazole and [SnI2–(1-vinylimidazole)] complex. 

Calculations were done with PW6B95D3/def2-TZVP level of theory (scaling factor = 0.9613). 
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Figure S11. SEM images of intermediate films deposited with different amounts of 1-

vinylimidazole additive. 
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Figure S12. XRD spectrum of (a) intermediate and (b) annealed films fabricated with different 

amounts of 1-vinylimidazole additive. (c) The changes in the integrated peak intensity of (100), 

(200), (111), and (210) crystal facets before and after thermal annealing. (d) The changes in the 

integrated peak intensity of a (100) crystal facet before and after thermal annealing, fabricated 

with different amounts of 1-vinylimidazole additive.  
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The perovskite (100) diffraction peaks in the intermediate film are more intense than those 

of the annealed perovskite film, and (111) and (210) diffractions are very weak. When the 

amount of 1-vinylimidazole was increased to up to 200 mol%, the diffraction of the (100) 

crystal facet increased for both the intermediate and the annealed films, suggesting that 1-

vinylimidazole likely helps to orient the perovskite crystals.  
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Figure S13. Comparison of the (a) XRD and (b), (c) two-dimensional grazing-incidence X-ray 

diffraction (2D-GIXD) spectra of tin perovskite thin films fabricated using the vacuum or 

antisolvent quenching method.  

 

The perovskite film prepared by the V-CGR method had better crystal orientation than 

comparable films prepared by conventional antisolvent processes. 
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Figure S14. Contact angles of the water droplets on the PEDOT:PSS, MeO-2PACz, and 2PACz 

on the ITO substrates. 
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Figure S15. Top and cross-sectional SEM images of EDA0.01FA0.98SnI3 fabricated on MeO-

2PACz layer by the antisolvent method.  
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Figure S16. Top and cross-sectional SEM images of EDA0.01FA0.98SnI3 on (a) MeO-2PACz, 

(b) 2PACz, and (c) TiO2 underlayers fabricated by the V-CGR method.  
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Figure S17. Top and cross-sectional SEM images of 2D/3D PEA0.15FA0.85SnI3, and (d) wide-

bandgap EDA0.01FA0.98SnI2Br fabricated by the V-CGR method.  
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Figure S18. PL spectra and a photograph of EDA0.01FA0.98SnI2Br perovskite thin film. The 

optical band gap is estimated to be 1.66 eV (747 nm). This band gap is almost the same as the 

reported bandgap of FASnI2Br perovskite (1.68 eV).12 
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Figure S19. Current density–voltage (J–V) curves of the solar cells using (a) PEDOT:PSS, (b) 

MeO-2PACz, and (c) 2PACz as a hole-transporting material. 
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Table S3. Reports on p-i-n-type tin perovskite solar cells using monolayer-type hole-collecting 

materials. The reports using ITO/NiOx substrates were not included. 

HTMs JSC  
[mA cm–2] 

VOC 
[V] 

FF 
 

PCE 
[%] 

Reference 
 

MeO-2PACz 20.3 0.47 0.68 6.5  D. Song, E. W.-G. Diau et al. ACS 
Energy Lett. 2021, 6, 4179.13 

TQxD 21.0 0.57 0.69 8.3 S. F. Afraj, W.-G. Diau et al. Adv. 
Funct. Mater. 2023, 33, 2213939.14 

4-aminobenzoic 
acid 19.9 0.53 0.72 7.6 A. Abid, W.-G. Diau et al. Chem. 

Eng. J. 2023, 477, 146755.15 

MeO-2PACz 14.3 0.64 0.64 5.8 E. Aktas, A. Abate et al. ACS Energy 
Lett. 2023, 8, 5170.16 

MeO-2PACz 17.6 0.83 0.65 9.4 S. Song, Q. Yu et al. ACS Energy 
Lett. 2024, 9, 1466.17 

TPAT-CA 19.2 0.58 0.73 8.1 S. F. Afraj, W.-G. Diau et al. Small 
2025, 21, 2408638.18 

Phytic acid 
dipotassium 18.9 0.91 0.72 12.5 

J. Huang, X. Meng et al. Sci. China 
Chem. 2025, 

https://doi.org/10.1007/s11426-024-
2657-8.19 

MeO-2PACz 23.9 0.70 0.68 11.6 This work 
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Figure S20. EQE, IQE, reflectance, and integrated JSC of the solar cells using PEDOT:PSS, 

MeO-2PACz, or 2PACz as a hole-transporting materials. 
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Figure S21. Statistical distribution of photovoltaic parameters of 12 solar cell devices. The 
individual data points (dots), the range of values (whiskers), the interquartile range with the 

median value (boxes), the mean value (cross marks) are shown. 
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Figure S22. Histogram of the power conversion efficiencies of 75 samples using MeO-2PACz.  

 

Among these, 62 devices achieved a PCE exceeding 9% (process tolerance), corresponding to 

a yield rate of 82%. The few outliers below this threshold were primarily due to human handling 

errors rather than process limitations, indicating that the V-CGR method offers a practical level 

of reproducibility. 
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Table S4. Photovoltaic parameters of 75 samples. The device structure of ITO/ MeO-2PACz/ 

EDA0.01FA0.98SnI3/ EDAI2/ICBA:PCBM /C60 /BCP /Ag. A forward scan was used. 

No. 
 

JSC  
[mA cm–2] 

VOC 
[V] 

FF 
 

PCE 
[%] 

1 23.4  0.66  0.69  10.7  
2 23.5  0.66  0.70  10.9  
3 23.4  0.66  0.70  10.9  
4 23.6  0.66  0.67  10.5  
5 24.9  0.65  0.63  10.1  
6 23.9  0.64  0.66  10.2  
7 23.9  0.66  0.70  11.0  
8 21.4  0.64  0.31  4.2  
9 24.2  0.68  0.70  11.6  

10 20.6  0.64  0.38  5.1  
11 23.9  0.70  0.66  10.9  
12 23.4  0.64  0.37  5.5  
13 23.8  0.69  0.66  10.8  
14 23.8  0.65  0.48  7.5  
15 24.1  0.69  0.68  11.5  
16 24.1  0.70  0.67  11.2  
17 23.6  0.68  0.67  10.8  
18 23.1  0.68  0.68  10.8  
19 21.9  0.68  0.68  10.1  
20 24.5  0.70  0.64  11.0  
21 12.7  0.02  0.24  0.0  
22 23.7  0.70  0.65  10.9  
23 23.1  0.71  0.67  11.0  
24 23.1  0.71  0.67  10.9  
25 23.7  0.70  0.64  10.6  
26 23.7  0.70  0.67  11.3  
27 24.2  0.55  0.44  5.9  
28 23.5  0.53  0.28  3.5  
29 23.8  0.68  0.70  11.3  
30 23.5  0.68  0.69  10.9  
31 23.4  0.68  0.69  10.9  
32 23.0  0.68  0.66  10.4  

No. 
 

JSC  
[mA cm–2] 

VOC 
[V] 

FF 
 

PCE 
[%] 

33 23.2  0.68  0.67  10.7  

34 23.3  0.70  0.68  11.0  
35 23.7  0.40  0.56  5.3  
36 23.9  0.68  0.70  11.4  
37 23.5  0.68  0.65  10.4  
38 23.9  0.70  0.70  11.6  
39 23.9  0.70  0.69  11.5  
40 23.8  0.70  0.69  11.4  
41 24.0  0.66  0.67  10.6  
42 23.8  0.65  0.65  10.0  
43 23.6  0.64  0.66  9.9  
44 24.4  0.66  0.66  10.6  
45 24.3  0.66  0.69  10.9  
46 23.0  0.69  0.70  11.1  
47 22.9  0.69  0.71  11.2  
48 22.9  0.67  0.65  9.9  
49 22.8  0.69  0.69  10.8  
50 23.0  0.69  0.70  11.1  
51 23.0  0.69  0.69  10.9  
52 0.0  0.00  0.00  0.0  
53 23.0  0.69  0.63  10.0  
54 20.7  0.18  0.25  0.9  
55 17.5  0.66  0.64  7.5  
56 13.8  0.60  0.64  5.3  
57 19.2  0.66  0.65  8.3  
58 24.4  0.63  0.66  10.1  
59 24.4  0.62  0.68  10.2  
60 24.1  0.63  0.69  10.5  
61 24.3  0.66  0.72  11.6  
62 24.1  0.65  0.72  11.4  
63 23.9  0.65  0.72  11.2  
64 24.1  0.64  0.70  10.9  
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No. 
 

JSC  
[mA cm–2] 

VOC 
[V] 

FF 
 

PCE 
[%] 

65 24.1  0.64  0.72  11.2  
66 24.1  0.64  0.72  11.0  
67 22.5  0.67  0.68  10.4  
68 22.4  0.67  0.70  10.5  
69 22.8  0.67  0.71  10.7  
70 22.9  0.67  0.69  10.5  

No. 
 

JSC  
[mA cm–2] 

VOC 
[V] 

FF 
 

PCE 
[%] 

71 22.9  0.67  0.70  10.7  
72 22.7  0.66  0.62  9.2  
73 22.4  0.66  0.68  10.1  
74 22.5  0.67  0.71  10.7  
75 22.5  0.67  0.71  10.8  
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Figure S23. Stabilized current density (black line) and stabilized power output (red line) of 

representative tin perovskite solar cells using (a) PEDOT:PSS, (b) MeO-2PACz, and (c) 2PACz 

as HTM. The measurements were performed under AM 1.5G, 100 mW cm–2 irradiation at a 

bias of 0.44 V for the device using PEDOT:PSS, 0.51 V for the device using MeO-2PACz, and 

0.54 V for the device using 2PACz. 
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Figure S24. Shelf-stability of Sn PSCs in a nitrogen-filled glovebox, room temperature, and 

dark conditions. Individual data are shown. 
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Figure S25. (a) Photoluminescence (PL) and (b) time-resolved PL spectra of tin perovskite 

films prepared on PEDOT:PSS, MeO-2PACz, and 2PACz. 
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Figure S26. Photoluminescence quantum yield (PLQY) for perovskite films on the quartz 

substrates, hole-transporting layer (HTL)/perovskite stack, and HTL/perovskite/C60. For 

HTL/perovskite/C60 samples, perovskite films were passivated by a 1 nm-thick EDAI2 and 1 

mg/mL PCBM/ICBA mixed solution. (a) PEDOT:PSS, (b) MeO-2PACz, and (c) 2PACz were 

used as an HTL. 

 

The PLQY of the perovskite film deposited on quartz substrates was 2.82%, corresponding 

to an estimated quasi-Fermi level splitting (QFLS) of 1.03 eV. When perovskite films were 

deposited on PEDOT:PSS, the PLQY decreased to 0.22% (QFLS = 0.97 eV), indicating severe 

interfacial non-radiative recombination. In contrast, perovskite films deposited on monolayer 

HTMs (MeO-2PACz and 2PACz) retained much higher PLQY values of 1.52% and 1.36%, 

respectively (QFLS = 1.01 eV). From these results, we can conclude that non-radiative 

recombination was suppressed by using monolayer-type HTMs, accounting for the higher VOC 

obtained in the solar cells. However, when C60 layers were stacked on the monolayer 

HTL/perovskite films, the PLQY dropped by nearly one order of magnitude (QFLS = 0.97 eV). 

This strong quenching indicates pronounced interfacial recombination, which we estimate to 

introduce a VOC loss of at least 0.04 V.  

Note that a substantial gap still remains between the QFLS and the device VOC. The remaining 

VOC loss (~0.3 eV) can be attributed to the large energy offset between the LUMO of C60 (–4.2 

eV) and the CBM of the perovskite (–3.6 eV).  
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Figure S27. Current-voltage (J–V) curves of the campion cells. Three modifications were made 

to the standard fabrication procedure. First, 1 mol% NH4SCN (relative to SnI2) was added to 

the perovskite precursor solution as an additive.20 Second, 2 mg mL–1 Al2O3 solution in IPA 

was spin-coated on the MeO-2PACz layer (slope 5 s / 3,000 rpm, 30 s / slope 1 s).21 Third, the 

concentration of PCBM/ICBA mixed solution for surface treatment was increased from 1 mg 

mL–1 to 4 mg mL–1. Al2O3 nanopowder (13 nm primary particle size, 99.8% trace metal basis) 

was purchased from Sigma-Aldrich Co., Ltd. To prepare the Al2O3 solution, Al2O3 powder (3.0 

g) was dispersed in IPA (30 mL) and was ultrasonicated for over 1 day. The resulting dispersion 

was centrifuged (10,000 rpm, 15 min), and the supernatant was collected. This process was 

repeated twice. Finally, the supernatant was diluted to 2 mg mL–1 and filtered through a 0.20 

µm PTFE filter. 
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Figure S28. Current-voltage (J–V) curves of the campion cells fabricated by an antisolvent 

method using DMSO an a solvent.  
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Figure S29. Shelf-stability of Sn PSCs in an N2-filled glovebox, room temperature, and dark 

conditions. Three individual samples were used per condition. (a) Average values (dots) and 

the standard deviation (whiskers) are shown. (b) Individual data are shown. 
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Figure S30. Thermal stability of Sn PSCs at 85 °C. Individual data are shown. 
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Figure S31. Maximum power point tracking (MPPT) under 1 sun continuous light illumination 

(100 mW cm−2, ISOS-L1) on the encapsulated Sn PSCs in a nitrogen atmosphere.  

 

For the device fabricated by the V-CGR method on PEDOT:PSS, the PCE decreased from 

9.0% to 4.5% after 100 h of continuous operation, accompanied by a reduction in all 

photovoltaic parameters (JSC, VOC, and FF). A comparable efficiency drop was also observed 

for the device prepared by the conventional antisolvent method. 

Thermal stability tests indicate that degradation in the dark is largely attributed to Sn(II) 

oxidation caused by residual DMSO (Figure 4e). However, the finding that the devices prepared 

by DMSO-free V-CGR method also degrade under illumination suggests that a different 

degradation mechanism dominates during illumination. 
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Figure S32. The picture of tin perovskite thin film fabricated on a 7.5 by 7.5 cm2 substrate by 

antisolvent method.  
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Figure S33. The layout of mini-cells on the 7.5 by 7.5 cm2 perovskite film. 7.5 by 7.5 cm2 

substrate was cut into nine 2.5 by 2.5 cm2 pieces. Each small substrate has 3 mini-cells with an 

active area of 0.14 cm2. The red dashed line represents the approximate active area of the solar 

module fabricated in this work. 
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Figure S34. Current-voltage (J–V) curves of the campion cells using the 7.5 by 7.5 cm2 

perovskite film fabricated on PEDOT:PSS hole-transporting material. 
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Figure S35. Distributions of photovoltaic parameters of 27 mini-cells using the 7.5 by 7.5 cm2 

perovskite film fabricated on PEDOT:PSS hole-transporting layer. 
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Figure S36. Distributions of photovoltaic parameters of 27 mini-cells using the 7.5 by 7.5 cm2 

perovskite film fabricated on MeO-2PACz hole-transporting layer.  
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Figure S37. (a) The picture of tin perovskite thin film fabricated on a 17 by 15 cm2 substrate 

by slot die coating. The red arrow indicates the direction of slot die coating. (b) Top- and cross-

view SEM images of the tin perovskite thin film fabricated by die-coating. 

 



 S50 

 

Figure S38. Design of tin perovskite solar modules with an active area of 21.6 cm2.  

 

Compared to the small-area cell (VOC = 0.67 V, FF =0.70, PCE = 10.4%), the 7-cell module 

showed a moderate efficiency drop (VOC = 0.59 V/cell, FF =0.60, PCE = 6.8 %). The origins of 

the VOC and FF losses are discussed below. 

In the film uniformity test by fabricating 27 mini-cells (active area: 0.1 cm2) on a 7.5 by 7.5 

cm2 substrate, all devices showed nearly identical JSC and FF values, while a slight variation 

was observed in VOC (0.58–0.65 V, Figure S35). This distribution likely contributed to the 

reduced module VOC. We ascribe this VOC variation to the spatial differences in drying rate and 

airflow during pressure reduction, leading to local variations in perovskite crystallization and 

film morphology. Further optimization of the vacuum-drying chamber design and the drying 

process conditions would minimize this variation.  

Regarding the FF drop, the series resistance (Rs) of the 7-cell module (7 Ω cm2) is 

approximately twice that of the small cell (3.5 Ω cm2). Given the uniform distribution of FF of 

the 27 mini-cells, we conclude that the increase in series resistance mainly originates from the 

scribing process. Specifically, incomplete removal of the perovskite layer during the P2 scribing 

step likely introduces additional contact resistance at the Ag electrode/ITO interface. 
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Table S5. Photovoltaic parameters of the champion tin perovskite solar module.  

 

Scan 
 

ISC 
[mA] 

JSC  
[mA cm–2] 

VOC 
[V] 

FF 
 

PCE 
[%] 

Forward 59.2 19.1 4.17 0.60 6.83 
Reverse 58.1 18.8 4.15 0.60 6.71 

 

 
 
 



 S52 

Table S6. Reports on tin perovskite solar cells and modules with an active area of larger than 1 

cm2.  

 
Active area 

[cm2] 
Device 

type 
JSC  

[mA cm–2] 
VOC 
[V] 

FF 
 

PCE 
[%] 

Reference 
 

1.02 cell 19.59 0.53 0.61 6.3 T. H. Chowdhury, A. Islam et al. Sol. 
RRL 2019, 3, 1900245.22  

1 cell 17.57 0.56 0.72 7.1 C. Ran, Z. Wu et al, Joule 2019, 3, 
3072. 23 

1 cell 20.25 0.63 0.61 7.8 T. Ye, S. Priya et al. ACS Energy 
Lett. 2021, 6, 1480. 24 

1.02 cell 19.96 0.77 0.66 10.1 X. Liu, L. Han et al. ACS Energy 
Lett. 2022, 7, 425.25 

1.02 cell 22.69 0.78 0.69 12.05 B. Li, Z. Zhu et al. Adv. Mater. 2023, 
2309768. 26 

1 cell 19.8 0.68 0.66 8.9 Z. Zhang, A. Abate et al. Adv. Funct. 
Mater. 2024, 34, 2306458. 27 

1 cell 21.6 0.59 0.66 8.35 W. Żuraw, Ł. Przypis et al. ACS 
Energy Lett. 2024, 9, 4509. 28 

12 module 16.04 4.85 0.59a) 5.7 W. Żuraw, S. Öz et al. ACS Energy 
Lett. 2023, 8, 4885. 29 

21.6 module 19.1 4.17 0.60 6.8 This work 
 

a)FF was calculated by the authors, as the value is not provided in the paper. 
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