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S1 Supporting Figures 
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Fig. S1 SEM images of the (a) control; (b) 10 vol% GVL; (c) 20 vol% GVL; (c) 30 vol% GVL perovskite films. The scale bar is 1 μm. Inserts are statistical grain sizes.
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Fig. S2 (a) Digital photos of peeling off perovskite films from substrates with an epoxy encapsulant. Above and below are of the control and GVL-based films and substrates after peeling, respectively. Top-view SEM images of perovskite-substrate interface (b) Control and (c) GVL. The scale bar is 1 μm.
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Fig. S3 The XRD patterns of perovskite films prepared by different volume ratio of GVL.
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Fig. S4 Calculated adsorption energy of the (100), (110) and (111) crystal facets adsorbed by GVL.
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Fig. S5 The statistics of (a) PCE; (b) VOC; (c) JSC; (d) FF of control and PSCs based on different ratio of volume from 15 devices, respectively.
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Fig. S6 A summary of previous reported (a) PCE; (b) VOC × FF of 1.67 eV wide-bandgap PSCs and comparation with the champion device in this work. The detailed parameters and other information are summarized in Table S4. 
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Fig. S7 Stabilized PCE of control and GVL PSCs.
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Fig. S8 Champion J−V curves of control and GVL PSCs with active-area of 1.0 cm2.
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Fig. S9 A summary of previous reported PCE of wide-bandgap PSCs with active-area of ~ 1 cm2 and comparation with the champion device in this work. The detailed parameters and other information are summarized in Table S5.
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Fig. S10 Stabilized PCE and current density of control and GVL PSCs of PSCs with active-area of 1.0 cm2.
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Fig. S11 Statistical results of photovoltaic parameters including (a) PCE; (b) VOC; (c) JSC; (d) FF of control and GVL devices (1 cm2).
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Fig. S12 Cross-sectional SEM of perovskite film based on 1.8 M precursor solution.
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Fig. S13 Champion J−V curves of control and GVL PSCs with 1.8 M.
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Fig. S14 Histograms of the PCEs from 18 devices.
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Fig. S15 (a) Top-view, (b) cross-sectional SEM images of textured silicon bottom cell.
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Fig. S16 Stabilized power output of the champion TSC.
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Fig. S17 PCE distributions of 16 individual tandem devices.
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Fig. S18 Evolution of parameters for shelf stability of unencapsulated devices at 10% RH: (a) VOC, (b) JSC, (c) FF. Six devices for each type.
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Fig. S19 The water contact angles of (a) control; (b) GVL perovskite films. 
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Fig. S20 XRD pattern of the control and GVL perovskite films after aging in ambient atmosphere for 13 days. # δ-CsPbI3, & δ-FAPbI3, * PbI2.
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Fig. S21 c-AFM images of (a) control, (b) GVL perovskite films. The scale bar is 1 μm; (c) Current along scan distance. The scan is along a line shown in the picture of (a) and (b).
S2 Supporting Tables
Table S1 Detailed definitions of the 13 features screened as input X in machine learning model
	Feature
	Detailed definition
	Feature
	Detailed definition

	logP
	Lipid-water partition coefficient used to describe hydrophobicity
	HBD
	[bookmark: _Hlk205901075]Hydrogen bond donor count

	Area
	Measured area of the perovskite
	HBA
	[bookmark: _Hlk205901093]Hydrogen bond acceptor count

	TPSA
	[bookmark: _Hlk205901151]Topological polar surface area
	RB
	Rotatable bond count

	MW
	Molar volume
	C
	Number of carbon atom

	O
	Number of oxygen atom
	N
	Number of nitrogen atom

	S
	Number of sulfur atom
	P
	Number of phosphorus atom

	PCE
	Power conversion efficiency
	
	



Table S2 The donor number (DN) of related solvent
	Solvent
	DN (kcal/mol)

	DMF
	26.6

	DMSO
	29.8

	GVL
	18.1

	THF
	20

	2-MeTHF
	21

	1-P
	15



[bookmark: _Hlk191230096]Table S3 J-V parameters and hysteresis index (HI) of the champion devices with and without GVL
	Sample
	Scan direction
	VOC (V)
	JSC
(mA cm−2)
	FF (%)
	PCE (%)
	HI (%)

	Control
	Reverse
	1.210
	21.34
	84.34
	21.79
	14.6

	
	Forward
	1.226
	21.45
	70.82
	18.60
	

	GVL
	Reverse
	1.257
	21.64
	85.63
	23.30
	6.1

	
	Forward
	1.249
	21.61
	81.09
	21.89
	




Table S4 Summary of the cosolvent systems applied in WBG PSCs
	Bandgap (eV)
	Solvent
	PCE (%)
	Ref.

	1.68
	DMSO/ACN/EtOH
	21.5
	[S34]

	1.78
	DMSO/ACN/EtOH
	19.6
	

	1.65
	DMF/DMSO/DMPU
	21.9
	[S35]

	1.72
	DMF/NMP
	19.46
	[S36]

	1.6
	DMF/DMSO/EtOH
	22.5
	[S37]

	1.68
	ACN/MA(MeOH)
	18.05
	[S38]

	1.75
	DMF/DMSO/formamide
	17.8
	[S39]

	1.76
	DMF/DMSO/DMI
	21.42
	[S40]

	1.67
	DMF/DMSO/GVL
	23.30
	This work




Table S5 Summary of photovoltaic parameters of reported WBG PSCs with bandgap of 1.67 eV in recent years
	[bookmark: _Hlk204541548]VOC (V)
	JSC (mA/cm2)
	FF (%)
	PCE (%)
	VOC × FF
	Ref.

	1.225
	19.49
	79
	18.94
	0.97
	[S1]

	1.185
	20.9
	80.7
	20.0
	0.96
	[S2]

	1.195
	21.10
	80.88
	20.64
	0.97
	[S3]

	1.19
	20.33
	81.69
	19.76
	0.97
	[S4]

	1.200
	20.67
	77.0
	19.09
	0.92
	[S5]

	1.26
	20.5
	82.6
	21.3
	1.04
	[S6]

	1.14
	22.06
	80.88
	20.34
	0.92
	[S7]

	1.24
	21.18
	83.7
	21.82
	1.04
	[S8]

	1.26
	20.31
	79.81
	20.17
	1.01
	[S9]

	1.19
	21.56
	79.86
	20.57
	0.95
	[S10]

	1.21
	21.3
	83.3
	21.47
	1.01
	[S11]

	1.22
	22.67
	80.35
	22.28
	0.98
	[S12]

	1.29
	22.32
	85
	24.48
	1.10
	[S13]

	1.19
	21.25
	82.12
	21.3
	0.98
	[S14]

	1.26
	20.05
	81.57
	20.61
	1.03
	[S15]

	1.24
	21.3
	82.7
	21.9
	1.03
	[S16]

	1.25
	21.05
	84.34
	22.06
	1.05
	[S17]

	1.24
	21.7
	85.5
	23.1
	1.06
	[S18]

	1.219
	21.08
	81.1
	20.85
	0.99
	[S19]

	1.262
	20.9
	82.7
	21.8
	1.04
	[S20]

	1.246
	21.49
	86.53
	23.18
	1.08
	[S21]

	1.272
	21.09
	82.01
	22
	1.04
	[S22]

	1.24
	22.02
	84.34
	23.02
	1.05
	[S23]

	1.249
	21.62
	83.98
	22.68
	1.05
	[S24]

	1.246
	21.68
	85.34
	23.05
	1.06
	[S25]

	1.29
	20.4
	81.3
	21.4
	1.05
	[S26]

	1.23
	21.43
	81.36
	21.42
	1.00
	[S27]

	1.242
	21.26
	82.57
	21.8
	1.03
	[S28]

	1.28
	21.87
	83.06
	23.25
	1.06
	[S29]

	1.267
	21.52
	85.1
	23.3
	1.08
	[S30]

	1.295
	21.60
	84.95
	23.46
	1.10
	[S31]

	1.263
	22.15
	84.39
	23.60
	1.07
	[S32]

	1.268
	21.7
	86.8
	23.42
	1.10
	[S33]

	1.257
	21.64
	85.63
	23.30
	1.08
	This work




Table S6 Summary of photovoltaic parameters of reported WBG PSCs with area of ~1 cm2 in recent years
	Bandgap (eV)
	VOC (V)
	JSC (mA/cm2)
	FF (%)
	PCE (%)
	Ref.

	1.85
	1.396
	16.25
	67.93
	15.41
	[S41]

	1.80
	1.28
	16.4
	80.4
	16.8
	[S42]

	1.79
	1.309
	17.61
	80.4
	18.54
	[S43]

	1.78
	1.31
	18.3
	82.3
	19.6
	[S44]

	1.77
	1.285
	18.32
	79.48
	18.71
	[S45]

	1.77
	1.25
	18.04
	79.92
	18.08
	[S46]

	1.77
	1.31
	17.80
	79.18
	18.46
	[S47]

	1.68
	1.24
	20.6
	84.0
	21.5
	[S44]

	1.68
	1.272
	20.74
	83.98
	22.16
	[S48]

	1.68
	1.24
	21.76
	84.67
	22.87
	[S49]

	1.67
	1.272
	20.53
	80.48
	20.54
	[S22]

	1.67
	1.26
	20.15
	76.98
	19.63
	[S17]

	1.67
	1.23
	21.79
	81.58
	21.86
	[S29]

	1.68
	1.29
	21.07
	83.48
	22.77
	[S50]

	1.67
	1.215
	21.63
	80.37
	21.11
	This work


Table S7 The detailed fitting parameters of TRPL results
	Sample
	ave (ns)
	1 (ns)
	2 (ns)
	A1
	A2

	Control
	128.92
	6.51
	134.93
	432.98
	424.85

	GVL
	182.51
	4.47
	184.62
	300.72
	613.63
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