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[bookmark: _Toc164944141]Methods
Materials
Tin(IV) chloride pentahydrate (SnCl4·5H2O, 98%), Selenourea (CH4N2Se, 98%), Thioacetamide (ACS, ≥99.0%) and 2-(2-Aminoethyl) isothiourea dihydrobromide (AET, 99%) were purchased from Aladdin. Formamidinium Iodide (FAI) was purchased from TCI. Phenethylammonium bromide (PEABr, 97%), Tin iodide (SnI2, AnhydroBeads, 99.99%), tin fluoride (SnF2, 99%), N, N-dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous, 99.9%) and chlorobenzene (CB, anhydrous, 99.8%), were obtained from Sigma-Aldrich and used as received with no further purification. a poly (triaryl amine) semiconductor (PTAA) was purchased from Xi'an Baolaite Optoelectronics Technology Co.,
[bookmark: _Hlk141969183]
Device Fabrication
[bookmark: _Hlk156293906]Synthesis of metal chalcogenide nanocrystalline (Sn(SxSey)2): In a typical synthesis, SnCl4·5H2O (1 mmol) and thioacetamide (4 mmol) were dissolved in deionized water (50 mL) under vigorously magnetic stirring. The mixed solution was stirred for 1 h until a transparent solution was formed. The as-obtained transparent solution was transferred to a Teflon-lined stainless-steel autoclave and a quartz vessel was put into Teflon-lined autoclave to contain the HCl aqueous solution (0.5 ml HCl 37 wt% aqueous solution in 5ml DI). Then heated in an electric oven at 160°C for 6 h. After the hydrothermal synthesis, the obtained SnS2 powder was cleaned with distilled water and ethanol, twice. Eventually, the SnS2 precipitation was collected and redispersed in ethanol. For the synthesis of Sn(SxSey)2 (x+y=1), Selenourea (CH4N2Se) was added to the mixing solution of SnCl4·5H2O and thioacetamide under vigorously magnetic stirring, and the reaction steps were the same as before. 
Fabrication of ETL Layers: The patterned ITO glass substrates were cleaned in an ultrasonic bath for 15 minutes with detergent, deionized water three times, and anhydrous ethanol, sequentially. Then, the ITO glass substrates were dried and cleaned with UV-Ozone for 20 mins. After that, the synthesized SnS2 or Sn(SxSey)2 were spin-coated on the ITO at 2000 rpm for 30s. The substrates heated in a tube furnace under the protection of a nitrogen atmosphere at 150℃ for 30 minutes.
[bookmark: _Hlk141969054]Fabrication of Perovskite Layers: The deposition of the Sn perovskite layers prepared in a glove box with oxygen content of 0.1 ppm nitrogen. For the perovskite precursor solution, a 0.8 M perovskite precursor comprised of PEABr, FAI, SnI2, SnF2 and AET with the molar ratio of 0.15:0.85:1:0.075:0.05 was added in a mixed solvent ((DMSO: DMF = 1:4 v/v) heated at 70 ℃ for 1 h. The perovskite precursors were spin-coated on the surfaces of the ETL films at 1000 and 5000 rpm for 10 s and 30 s respectively. During the second stage, 320 L Chlorobenzene was dropped onto the substrates. Finally, the substrates were annealed at temperature of 60 °C for 5 min and 80 °C for 10 min.
Fabrication of HTL Layers: The PTAA solution (20mg PTAA and 2.25 mg DPI-TPFB dissolved in 1ml chlorobenzene) was spin coated on the surfaces of the perovskite layers at 2000 rpm for 30 s and then annealed at 70 °C for 10 min. Finally, a 120 nm Ag layer was deposited using the thermal evaporation system.

Characterizations
[bookmark: _Hlk136863833]The morphologies of the films (Morphologies of ETLs) and devices were characterized by a field-emission scanning electron microscope (FESEM) (SU8010, Hitachi). X-ray diffraction pattern data for 2θ values were collected using a Bruker AXD8 Advance diffractometer with nickel filtered Cu Kα radiation (λ=1.5406 Å). X-ray photoelectron spectroscopy (XPS) was collected using an Escalab 250Xi XPS system (Thermo Scientific). The ex(in)-situ GIWAXS experiments were carried out at beamline BL14B1 in Shanghai Synchrotron Radiation Facility (SSRF). Time-resolved photoluminescence (TRPL) spectra were achieved by a streak camera (Hamamatsu, C6860). The laser source is an amplified titanium/sapphire laser providing 800 nm 35-fs pulses at 2 kHz which is then frequency doubled for 400 nm excitation. Steady-state Photo-Luminescence (PL) spectra were measured by a FLS920 transient optical spectrometer (Edinburgh Instruments). The space-charge-limited current (SCLC) results were obtained using a Keithley 2400 source-meter unit. AFM images of perovskite films were obtained using AFM5500.
[bookmark: _Hlk136861842]The J–V curves were performed using a Keithley 2400 source-meter unit under AM 1.5 G light illumination at 100 mW cm-2 (1 sun). (ENLITECH SS-X100R) with forward/reverse scanning modes (rate 0.01 V s-1). Before testing, the light intensity was calibrated using a standard Si reference cell (ENLITECH SRC-2020-KG1-RTD). The active area is 0.04-1cm2. The IPCE measurement was carried out by the QE-R system (Enlitech). Impedance spectroscopic measurements were recorded by an alternating bias of 50 mV by Zennium-pro (Zahner). The corresponding spectra were fitted by Z-View software.

Computational details
Spin-polarized electronic structure calculations were performed using the plane-wave basis set approach as implemented in the Vienna ab initio simulation package (VASP) [62]. The projector augmented wave (PAW) method was used to represent the ion–core electron interactions [63]. The valence electrons were represented with a plane wave basis set with an energy cutoff of 450 eV. Electronic exchange and correlation were described with the Perdew–Burke–Ernzerhof (PBE) functional [64]. DFT-D3 method was used to treat the van der Waals interaction [65]. A 15 Å vacuum space was used to avoid interactions between surface slabs. A 2×2×1 Monkhorst–Pack scheme was used to generate the k-point grid for the modeled Pt materials [66]. The convergence criteria for the self-consistent electronic structure and geometry were set to 10−5 eV and 0.05 eV/Å, respectively. 
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[bookmark: _Toc164944142]Supplementary Fig. 1. Statistics of the recently reported VOC and PCE of nip-type TPSCs. The theorectical values were also listed here for comparison.
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[bookmark: _Toc164944143]Supplementary Fig. 2. XPS spectra. High-resolution XPS sepctum in the Ti 2p region of the TiO2 ETL.
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[bookmark: _Toc164944144]Supplementary Fig. 3. XPS spectra. High-resolution XPS spectra in the a, C 1s and b, Ti 2p regions of the Sn-based perovskite films deposited on the TiO2 ETL. The concentration of presursor solution of the Sn-based perovskite is 0.1 M.


[image: ]
[bookmark: _Toc164944145]Supplementary Fig. 4. XPS spectra. High-resolution XPS spectra in the Sn 3d region of fresh Sn-based perovskite layers deposited on a, ITO and b, ITO/TiO2 substrates.
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[bookmark: _Toc164944146]Supplementary Fig. 5. UPS spectra. UPS spectra of VBM onset and photoemission cutoff energy boundary of a, Sn-based perovskites and b, TiO2 ETLs.
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[bookmark: _Toc164944147]Supplementary Fig. 6. UV-vis absorption spectra. UV–vis absorption spectra of a, the perovskite layer and c, the TiO2 ETL. The tauc plots of b, the perovskite layer and d, the TiO2 ETL derived from the corresponding UV-vis absorption spectra. e, Energy level diagram of the nip-type TPSCs with the structure of FTO/ETL/Sn-based perovskite/PTAA/Ag, utilizing TiO2, SnS2, and Sn(S0.92Se0.08)2 films as ETLs, which shows the maximum attainable photovoltage is determined by the quasi-Fermi level splitting of the ETL and hole-transport layer (HTL).
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[bookmark: _Toc164944148]Supplementary Fig. 7. Schematic diagram of the synthetic process of the metal mixed-chalcogenide ETL (Sn(SxSey)2) and the fabrication process of the corresponding nip-type TPSCs.
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[bookmark: _Toc164944149]Supplementary Fig. 8. Compositions of metal chalcogenide ETLs. High resolution XPS spectra of the metal chalcogenide ETLs (SnS2 and Sn(S0.92Se0.08)2) in the a, Sn 3d, b, S 2P, and c, Se 3d regions. Transmission electron microscope (TEM) energy dispersive X-ray spectroscopy (EDS) elemental mapping images of d, Sn, e, S, and f, Se elements in the Sn(S0.92Se0.08)2 ETL.
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[bookmark: _Toc164944150]Supplementary Fig. 9. UV-vis absorption spectra of metal chalcogenide ETLs. UV–vis absorption spectra of a, the SnS2 ETL and c, the Sn(S0.92Se0.08)2 ETL. The tauc plots of b, the SnS2 ETL and d, the Sn(S0.92Se0.08)2 ETL derived from the corresponding UV-vis absorption spectra.
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[bookmark: _Toc164944151]Supplementary Fig. 10. Morphologies of metal chalcogenide ETLs. Top-view SEM images of a, TiO2, b, SnS2 and c, Sn(S0.92Se0.08)2 ETLs. The scalebars are 500 nm. AFM images of d, TiO2, e, SnS2 and f, Sn(S0.92Se0.08)2 ETLs. The scalebars are 1 um.
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[bookmark: _Toc164944152]Supplementary Fig. 11. Conductivities of metal chalcogenide ETLs. I–V characteristics of the TiO2, SnS2 and Sn(S0.92Se0.08)2 ETLs. The Sn(S0.92Se0.08)2 ETL reveals the highest conductivity of 13.8 × 10-3 S cm-1 among the three types of ETLs.
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[bookmark: _Toc164944153]Supplementary Fig. 12. Mobilities of metal chalcogenide ETLs. SCLC spectra of the device with the structure of FTO/Ag/ETL/Ag, the ETLs are a, TiO2, b, SnS2 and c, Sn(S0.92Se0.08)2 films respectively.
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[bookmark: _Toc164944154]Supplementary Fig. 13. DFT results. The adsorption energy of the Sn-based perovskites reacting with a, O2, b, SnS2 and c, Sn(S0.92Se0.08)2 molecules, respectively.
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[bookmark: _Toc164944155]Supplementary Fig. 14. Schematic diagram of the testing mode of illuminating from the back side of the Sn-based perovskite films deposited on PEN/ITO/ETL substrates.
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[bookmark: _Toc164944156]Supplementary Fig. 15. XPS spectra. High-resolution XPS spectra in Sn 3d regions of 2 weeks-aged Sn-based perovskite films deposited on different ETLs, including a, TiO2, b, SnS2 and c, Sn(S0.92Se0.08)2 ETLs. 
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[bookmark: _Toc164944157]Supplementary Fig. 16. Photovoltaic performance. Certified performance of the nip-type TPSC with the Sn(S0.92Se0.08)2 ETL. The certified efficiency is 10.57% under reverse scannign mode with short-circuit current (ISC) = 0.81 mA, VOC = 0.70 V and FF = 73.94%.
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[bookmark: _Toc164944158]Supplementary Fig. 17. GIWAXS characterization. GIWAXS patterns of Sn-based perovskite layers grown on a, TiO2, b, SnS2, and c, Sn(S0.92Se0.08)2 ETLs.
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[bookmark: _Toc164944159]Supplementary Fig. 18. SEM characterizations. Top-view SEM images of the perovskite based on a, TiO2, c, SnS2, and e, Sn(S0.92Se0.08)2 ETLs. The scalebars are 500 nm. Cross-sectional SEM images of nip-type TPSCs with b, TiO2, d, SnS2, and f, Sn(S0.92Se0.08)2 ETLs. The scalebars are 500 nm.
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[bookmark: _Toc164944160][bookmark: _Hlk156553874]Supplementary Fig. 19. Photovoltaic performances. Photovoltaic performance of the 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). With the increase of the concentration of Se, the PCEs increased first and then decreased and the nip-type TPSC with the Sn(S0.92Se0.08)2 ETL shows the best performance.


[image: ]
[bookmark: _Toc164944161]Supplementary Fig. 20. Photovoltaic performance. The statistics of photovoltaic parameters of nip-type TPSCs, including a, PCE, b, VOC, c, FF, and d, JSC. 
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[bookmark: _Toc164944162]Supplementary Fig. 21. Linear relationship of VOC to the light intensity of the nip-type TPSCs with a, TiO2, b, SnS2 and c, Sn(S0.92Se0.08)2 ETLs, respectively.
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[bookmark: _Toc164944163]Supplementary Fig. 22. XRD patterns. XRD patterns of Sn-based perovskite layers gown on a, TiO2, b, SnS2 and c, Sn(S0.92Se0.08)2 ETLs after aging a period of time in air. The XRD patterns of Sn-based perovskite layers gown on d, TiO2, e, SnS2 and f, Sn(S0.92Se0.08)2 ETLs after aging for 24 days were plotted individually.
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[bookmark: _Toc164944164]Supplementary Table 1. Photovoltaic parameter comparison of this work and existing nip-type TPSCs.
	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
	37

	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
	38

	FTO/c-TiO2/mp-TiO2/CsSnI3+SnF2/HTM/Au
	0.24
	22.70
	37.00
	2.02
	—
	2014
	39

	FTO/bl-TiO2/mp-TiO2/FASnI3+SnF2/spiro-OMeTAD/Au
	0.24
	24.45
	36.00
	2.10
	—
	2015
	40

	FTO/bl-TiO2/mp- TiO2/MASnI3/Au
	0.32
	21.40
	46.00
	3.15
	—
	2015
	41

	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
	42

	FTO/TiO2/Al2O3/CsSnIBr2+SnF2+HPA/Carbon
	0.31
	17.40
	57.00
	3.20
	No significant decay for 77 days/with encapsulation
	2016
	43

	FTO/c-TiO2/mp-TiO2/CsSnBr3+N2H4/PTAA/Au
	0.38
	19.92
	51.73
	3.89
	—
	2017
	44

	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
	45

	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
	46

	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
	47

	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
	48

	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
	49

	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
	50

	FTO/ c-TiO2/mp-TiO2/MASnI3 /PTAA/Au
	0.49
	22.91
	64.00
	7.13
	—
	2019
	51

	FTO/c-TiO2/mp- TiO2/{en}FASnI3/BDT-4D/Au
	0.497
	22.41
	68.21
	7.59
	—
	2019
	52

	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
	53

	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
	54

	FTO/bl-TiO2/mp-TiO2/Cs0.1FA0.9SnI3+ThMAI/PTAA/Au
	0.52
	24.12
	72.02
	9.06
	—
	2021
	55

	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
	56



[bookmark: _Toc164944165]Supplementary Table 2. The VBMs, CBMs, and bandgaps of the perovksite film, TiO2 ETL, SnS2 ETL, and Sn(S0.92Se0.08)2 ETL, respectively.
	
	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








[bookmark: _Toc164944166]Supplementary Table 3. The conductivities and mobilities of TiO2, SnS2 and Sn(S0.92Se0.08)2 films, respectively.
	Samples
	TiO2
	SnS2
	8%-Se-SnS2

	Conductivity (S cm-1x10-3)
	8.41
	12.7
	13.8

	Mobility (x10-3 cm2v-1s-1)
	7.15
	54.3
	63.4




[bookmark: _Toc164944167]Supplementary Table 4. The fitted data of TRPL characterization.
	Sample
	TiO2/Perovskite
	SnS2/Perovskite
	Sn(S0.92Se0.08)2/Perovskite

	τ1 (ns)
	1.94
	1.23
	0.73




[bookmark: _Toc164944168]Supplementary Table 5. Photovoltaic parameters of nip-type TPSCs based on TiO2, SnS2, and Sn(SxSey)2 (y = 3%, 5%, 7%, 8%, 9% and 10%, x+y=1), respectively.
	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
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