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 56 

Supplementary Fig. 1. Comparison between theorectical and experimental results. 57 

Statistics of the recently reported VOC and PCE of nip-type TPSCs. The theorectical 58 

values were also listed here for comparison. 59 
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 61 

Supplementary Fig. 2. XPS spectra. High-resolution XPS sepctum in the Ti 2p region 62 

of the TiO2 ETL. 63 
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 65 

Supplementary Fig. 3. XPS spectra. High-resolution XPS spectra in the a, C 1s and 66 

b, Ti 2p regions of the Sn-based perovskite films deposited on the TiO2 ETL. The 67 

concentration of presursor solution of the Sn-based perovskite is 0.1 M. 68 
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 70 

Supplementary Fig. 4. XPS spectra. High-resolution XPS spectra in the Sn 3d region 71 

of fresh Sn-based perovskite layers deposited on a, ITO and b, ITO/TiO2 substrates. 72 
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 74 

Supplementary Fig. 5. UPS spectra. UPS spectra of VBM onset and photoemission 75 

cutoff energy boundary of a, Sn-based perovskites and b, TiO2 ETLs. 76 
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 78 

Supplementary Fig. 6. UV-vis absorption spectra. UV–vis absorption spectra of a, 79 

the perovskite layer and c, the TiO2 ETL. The tauc plots of b, the perovskite layer and 80 

d, the TiO2 ETL derived from the corresponding UV-vis absorption spectra. e, Energy 81 

level diagram of the nip-type TPSCs with the structure of FTO/ETL/Sn-based 82 

perovskite/PTAA/Ag, utilizing TiO2, SnS2, and Sn(S0.92Se0.08)2 films as ETLs, which 83 

shows the maximum attainable photovoltage is determined by the quasi-Fermi level 84 

splitting of the ETL and hole-transport layer (HTL). 85 
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 87 

Supplementary Fig. 7. Fabrication process. Schematic diagram of the synthetic 88 

process of the metal mixed-chalcogenide ETL (Sn(SxSey)2) and the fabrication process 89 

of the corresponding nip-type TPSCs. 90 
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 93 

Supplementary Fig. 8. Compositions of metal chalcogenide ETLs. High resolution 94 

XPS spectra of the metal chalcogenide ETLs (SnS2 and Sn(S0.92Se0.08)2) in the a, Sn 3d, 95 

b, S 2P, and c, Se 3d regions. Transmission electron microscope (TEM) energy 96 

dispersive X-ray spectroscopy (EDS) elemental mapping images of d, Sn, e, S, and f, 97 

Se elements in the Sn(S0.92Se0.08)2 ETL. 98 
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 100 

Supplementary Fig. 9. XRD patterns. Typical XRD patterns of SnS2 and 101 

Sn(S0.92Se0.08)2 ETLs. 102 
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 104 

Supplementary Fig. 10. UV-vis absorption spectra of metal chalcogenide ETLs. 105 

UV–vis absorption spectra of a, the SnS2 ETL and c, the Sn(S0.92Se0.08)2 ETL. The tauc 106 

plots of b, the SnS2 ETL and d, the Sn(S0.92Se0.08)2 ETL derived from the corresponding 107 

UV-vis absorption spectra. 108 
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 110 

Supplementary Fig. 11. Morphologies of metal chalcogenide ETLs. Top-view SEM 111 

images of a, TiO2, b, SnS2 and c, Sn(S0.92Se0.08)2 ETLs. The scalebars are 500 nm. AFM 112 

images of d, TiO2, e, SnS2 and f, Sn(S0.92Se0.08)2 ETLs. The scalebars are 1 um. 113 
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 115 

Supplementary Fig. 12. Conductivities of metal chalcogenide ETLs. I–V 116 

characteristics of the TiO2, SnS2 and Sn(S0.92Se0.08)2 ETLs. The Sn(S0.92Se0.08)2 ETL 117 

reveals the highest conductivity of 13.8 × 10-3 S cm-1 among the three types of ETLs. 118 
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 120 

Supplementary Fig. 13. Mobilities of metal chalcogenide ETLs. SCLC spectra of 121 

the device with the structure of FTO/Ag/ETL/Ag, the ETLs are a, TiO2, b, SnS2 and c, 122 

Sn(S0.92Se0.08)2 films respectively. 123 
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 125 

Supplementary Fig. 14. DFT results. The adsorption energy of the Sn-based 126 

perovskites reacting with a, O2, b, SnS2 and c, Sn(S0.92Se0.08)2 molecules, respectively. 127 
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 129 

Supplementary Fig. 15. Schematic diagram of the testing mode of illuminating from 130 

the back side of the Sn-based perovskite films deposited on PEN/ITO/ETL substrates. 131 
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 133 

Supplementary Fig. 16. XPS spectra. High-resolution XPS spectra in Sn 3d regions 134 

of 2 weeks-aged Sn-based perovskite films deposited on different ETLs, including a, 135 

TiO2, b, SnS2 and c, Sn(S0.92Se0.08)2 ETLs.   136 
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 139 

Supplementary Fig. 17. Photovoltaic performance. Certified performance of the nip-140 

type TPSC with the Sn(S0.92Se0.08)2 ETL. The certified efficiency is 10.57% under 141 

reverse scannign mode with short-circuit current (ISC) = 0.81 mA, VOC = 0.70 V and FF 142 

= 73.94%. 143 
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 145 

Supplementary Fig. 18. GIWAXS characterization. GIWAXS patterns of Sn-based 146 

perovskite layers grown on a, TiO2, b, SnS2, and c, Sn(S0.92Se0.08)2 ETLs. 147 
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 149 

Supplementary Fig. 19. SEM characterizations. Top-view SEM images of the 150 

perovskite based on a, TiO2, c, SnS2, and e, Sn(S0.92Se0.08)2 ETLs. The scalebars are 151 

500 nm. Cross-sectional SEM images of nip-type TPSCs with b, TiO2, d, SnS2, and f, 152 

Sn(S0.92Se0.08)2 ETLs. The scalebars are 500 nm. 153 

 154 
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 156 

Supplementary Fig. 20. Photovoltaic performances. Photovoltaic performance of the 157 

nip-type TPSCs based on Sn(SxSey)2 (x+y=1, y = 0.03, 0.05, 0.07, 0.08, 0.09, and 0.10). 158 

With the increase of the concentration of Se, the PCEs increased first and then 159 

decreased and the nip-type TPSC with the Sn(S0.92Se0.08)2 ETL shows the best 160 

performance. 161 

  162 



26 

 

 163 

Supplementary Fig. 21. UPS and UV-vis absorption spectra of the Sn(S0.90Se0.10)2 164 

ETL. a, UPS spectra, b, UV–vis absorption spectra, and c, Tauc plot of the 165 

Sn(S0.90Se0.10)2 ETL. 166 
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 168 

Supplementary Fig. 22. PL and TRPL spectra. a, PL and b, TRPL spectra of Sn-169 

based perovskite films deposited on Sn(S0.92Se0.08)2 ETLs and Sn(S0.90Se0.10)2 ETLs, 170 

respectively. These results indicate more pronounced nonradiative interfacial 171 

recombination between the Sn-based perovskite layer and the Sn(S0.90Se0.10)2 ETL, 172 

which suggests faster electron transfer in the structure of Sn-based perovskite films 173 

deposited on Sn(S0.92Se0.08)2 films. 174 
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 176 

Supplementary Fig. 23. Photovoltaic performance. The statistics of photovoltaic 177 

parameters of nip-type TPSCs, including a, PCE, b, VOC, c, FF, and d, JSC.  178 
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 180 

Supplementary Fig. 24. Linear relationship of VOC to the light intensity of the nip-type 181 

TPSCs with a, TiO2, b, SnS2 and c, Sn(S0.92Se0.08)2 ETLs, respectively. 182 
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 184 

Supplementary Fig. 25. XRD patterns. XRD patterns of Sn-based perovskite layers 185 

gown on a, TiO2, b, SnS2 and c, Sn(S0.92Se0.08)2 ETLs after aging a period of time in air. 186 

The XRD patterns of Sn-based perovskite layers gown on d, TiO2, e, SnS2 and f, 187 

Sn(S0.92Se0.08)2 ETLs after aging for 24 days were plotted individually. 188 

 189 
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Supplementary Table 1. Photovoltaic parameter comparison of this work and existing nip-type TPSCs. 190 

Devices 

VOC 

(V) 

JSC 

(mA cm-

2) 

FF 

(%) 

PCE 

(%) 

Stability/Condition Year Ref 

FTO/Se-SnS2/ PEA0.15FA0.85SnI2.85Br0.15-AET/PTAA/Ag 0.73 22.28 72.68 11.78 
Maintaining 95% of its initial PCE for 1600 h/in a N2 

glovebox 
  

FTO/c-TiO2/mp- TiO2/MASnI3/Spiro-OMeTAD/Au 0.88 16.80 42.00 6.40 — 2014 1 

FTO/bl-TiO2/mp- TiO2/MASnI3/Spiro-OMeTAD/Au 0.68 16.30 48.00 5.23 Maintaining 64% of its initial PCE for 24 h/in a N2 glovebox 2014 2 

FTO/c-TiO2/mp-TiO2/CsSnI3+SnF2/HTM/Au 0.24 22.70 37.00 2.02 — 2014 3 

FTO/bl-TiO2/mp-TiO2/FASnI3+SnF2/spiro-OMeTAD/Au 0.24 24.45 36.00 2.10 — 2015 4 

FTO/bl-TiO2/mp- TiO2/MASnI3/Au 0.32 21.40 46.00 3.15 — 2015 5 

FTO/bl-TiO2/mp-TiO2/FASnI3+SnF2+Pyrazine/spiro-

OMeTAD/Au 
0.32 23.70 63.00 4.80 

Maintaining 98% of its initial PCE for 100 days/with 

encapsulation 
2016 6 

FTO/TiO2/Al2O3/CsSnIBr2+SnF2+HPA/Carbon 0.31 17.40 57.00 3.20 No significant decay for 77 days/with encapsulation 2016 7 

FTO/c-TiO2/mp-TiO2/CsSnBr3+N2H4/PTAA/Au 0.38 19.92 51.73 3.89 — 2017 8 

FTO/bl-TiO2/mp-TiO2/BA2MA3Sn4I13 +TEP/PTAA/Au 0.23 24.10 45.7 2.53 
Maintaining 90% of its initial PCE for 30 days/with 

encapsulation 
2017 9 

FTO/c-TiO2/mp-TiO2/{en}FASnI3/PTAA/Au 0.48 22.54 65.96 7.14 
Maintaining 96% of its initial PCE for 1000 h/with 

encapsulation 
2017 10 

FTO/c-TiO2/mp-TiO2/{en}MASnI3/PTAA/Au 0.43 24.28 63.72 6.63 
Maintaining ∼60% of its initial efficiency for 10 min/constant 

illumination in air 
2017 11 

FTO/c-TiO2/mp-TiO2/MASnIBr2+SnF2/spiro-OMeTAD/Au 0.45 13.77 59.58 3.70 Maintaining 80% of its initial PCE for 60 days/in a N2 glovebox 2018 12 

FTO/TiO2/HEA0.4FA0.6Sn0.67I2.33/Carbon 0.37 18.52 56.20 3.90 No significant decay for 100 h/in a N2 glovebox 2018 13 

ITO/nanoporous TiO2 ZrO2/carbon/ (4AMP) (FA)3Sn4I13 
0.64 14.90 44.30 4.22 

Maintaining 91% of its initial PCE for 100 h/constant 

illumination in N2 atmosphere at 45 °C 
2018 14 

FTO/ c-TiO2/mp-TiO2/MASnI3 /PTAA/Au 0.49 22.91 64.00 7.13 — 2019 15 

FTO/c-TiO2/mp- TiO2/{en}FASnI3/BDT-4D/Au 0.497 22.41 68.21 7.59 — 2019 16 

FTO/bl-TiO2/mp-TiO2/BA2(FA)n-1SnnI3n+1/PTAA/Au 0.42 23.98 40.21 4.04 Maintaining 80% of its initial PCE for 14 days/in a N2 glovebox 2020 17 

FTO/c-TiO2/mp-TiO2/CsSnI3+MBAA/P3HT/Ag 0.45 24.85 67 7.5 

the average PCE of MBAA-modified devices maintained 60.2% 

of their original value after being stored under an inert RT 

condition for 1440 h 

2021 18 

FTO/bl-TiO2/mp-TiO2/Cs0.1FA0.9SnI3+ThMAI/PTAA/Au 0.52 24.12 72.02 9.06 — 2021 19 

FTO/bl-TiO2/mp-TiO2/FASnI3/spiro-OMeTAD:DPI-TPFB/Au 

/Ag 
0.649 23.59 71.25 10.9 

The encapsulated device retained 86% of its initial PCE after 

storing for 2832 h at room temperature (RT) in the dark with a 

humidity level of ≈30% 

2023 20 

191 
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Supplementary Table 2. The VBMs, CBMs, and bandgaps of the perovksite film, 192 

TiO2 ETL, SnS2 ETL, and Sn(S0.92Se0.08)2 ETL, respectively. 193 

 194 

 195 

 196 

 197 

  198 

 VBM (eV) CBM (eV) Bandgap (eV) 

Perovskite -5.14 -3.73 1.41 

TiO2 -7.23 -4.23 3.00 

SnS2 -6.62 -3.98 2.64 

Sn(S0.92Se0.08) -6.43 -3.83 2.60 
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Supplementary Table 3. The conductivities and mobilities of TiO2, SnS2 and 199 

Sn(S0.92Se0.08)2 films, respectively. 200 

Samples TiO
2
 SnS

2
 8%-Se-SnS

2
 

Conductivity (S cm
-1

x10
-3

) 8.41 12.7 13.8 

Mobility (x10-3 cm
2
v

-1
s

-1
) 7.15 54.3 63.4 

  201 
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Supplementary Table 4. The fitted data of TRPL characterization. 202 

Sample TiO2/Perovskite SnS2/Perovskite Sn(S0.92Se0.08)2/Perovskite 

τ1 (ns) 8.32 6.65 3.51 

  203 
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Supplementary Table 5. Photovoltaic parameters of nip-type TPSCs based on TiO2, 204 

SnS2, and Sn(SxSey)2 (y = 3%, 5%, 7%, 8%, 9% and 10%, x+y=1), respectively. 205 

Samples  Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%) 

TiO2 Best 0.48 20.47 71.11 6.98 

 Average 0.42±0.06 21.21±0.72 67.96±2.80 6.03±0.86 

SnS2 Best 0.57 21.89 72.88 9.03 

 Average 0.54±0.02 20.18±0.82 72.48±0.99 7.89±0.45 

Sn(S0.97Se0.03)2 Best 0.61 20.12 74.45 9.17 

 Average 0.59±0.02 20.24±0.33 72.58±1.29 8.72±0.39 

Sn(S0.95Se0.05)2 Best 0.65 20.02 75.76 9.88 

 Average 0.63±0.02 20.25±0.51 73.68±1.55 9.37±0.43 

Sn(S0.93Se0.07)2 Best 0.68 20.43 76.52 10.58 

 Average 0.66±0.02 20.33±0.29 73.93±1.55 9.98±0.49 

Sn(S0.92Se0.08)2 Best 0.73 22.28 72.68 11.78 

 Average 0.70±0.01 20.73±0.88 73.97±1.47 10.77±0.47 

Sn(S0.91Se0.09)2 Best 0.73 22.25 71.54 11.60 

 Average 0.70±0.02 20.35±0.71 73.14±1.85 10.45±0.56 

Sn(S0.90Se0.10)2 Best 0.74 20.42 74.56 11.31 

 Average 0.71±0.02 19.72±0.63 72.89±1.35 10.24±0.55 

  206 
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