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Supplementary Figures and Tables
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Fig. S1 FTIR spectra of control and target intermediate-phase films after being exposed to ambient air for about 120 min
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Fig. S2 a XRD patterns and b the magnified results in the range 2θ = 5°–10° for the control and target intermediate-phase films just exposure to ambient air (Conrol-0 min and Control-10 min) and exposed for 10 min (Target-0 min and Target-10 min)
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Fig. S3 Statistical grain sizes of control and target perovskite films obtained with 0- and 15-min ambient-air exposure
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[bookmark: OLE_LINK75]Fig. S4 XRD patterns of the control perovskite films obtained with 0- and 15-min ambient-air loading and prepared in ambient air with RH of below 20%
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Fig. S5 SEM images of a the perovskite film produced in glovebox (labeled as N2-preapred) and b the target perovskite film prepared with 0-min ambient-air exposure. c The corresponding XRD patterns
[bookmark: _Hlk200721113][image: ]
Fig. S6 a SEM image and b XRD pattern of perovskite film prepared by use of pure IPA solvent and with 0 min ambient-air exposure before annealing
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Fig. S7 Statistical grain sizes for the target sample obtained with 15-min ambient-air exposure

[image: ]
Fig. S8 Tauc plots derived from the absorption spectra of the control and target perovskite films obtained with 0- and 15-min ambient exposure
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Fig. S9 a Photographs and b core-level N 1s spectra of the delaminated control-0 min and target-15min films
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Fig. S10 Re-plotted in-situ PL spectra for a control and b target intermediate-phase films exposed to ambient air with RH of 60-80%
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Fig. S11 Statistical a Jscs, b FFs, and c Vocs for 20 individual control and target PSCs fabricated with 0- and 15-min ambient-air exposure
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Fig. S12 Statistical RS PCEs for the control PSCs fabricated with 0- and 15-min ambient-air exposure. During the device fabrication process, the RH of ambient air was controlled to 30~40%
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Fig. S13 Statistical RS PCEs for the PSCs fabricated in glovebox and with coating of BABr layer
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[bookmark: _Hlk200567571][bookmark: _Hlk200567665]Fig. S14 Thermal stability test results measured at ~85 ℃ and glovebox (H2O/O2 < 1ppm) for the control PSC (0-min ambient-air exposure) and target PSC (15-min ambient-air exposure)
[bookmark: _Hlk200787713][bookmark: _Hlk200731077][image: ]
Fig. S15 a SCLC analysis of hole-transport-only devices (ITO/NiOx/perovskite/Spiro-OMeTAD/Ag) based on the control film (0-min ambient-air exposure) and target film (15-min ambient-air exposure). b Cross-sectional SEM images of control film (0-min ambient-air exposure) and target film (15-min ambient-air exposure)
[bookmark: _Hlk200787743]From Fig. S15(a), the trap-filled limit voltages (VTFLs) were determined to 1.50 and 1.34 V for control film (0-min ambient-air exposure) and target film (15-min ambient-air exposure), respectively. The trap density (Nt) can be correlated with the VTFL by following Nt=2VTFLεrε0/eL2, for which L is the thickness of perovskite film that can be determined from the cross-sectional SEM images in Fig. S15(b), ε0 stands for the vacuum permittivity (8.8542×10-14 F/m), εr represents the relative dielectric constant of perovskite film (32), and e is the elementary charge (1.602×10-19 C). In this manner, the trap densities were determined to 3.04×1016 and 2.55×1016 cm-3 for the control film (0-min ambient-air exposure) and target film (15-min ambient-air exposure), respectively. 
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Fig. S16 SEM images of the 1.53 eV-bandgap intermediate-phase films with the ambient-air exposure duration of 0, 5, 15, 30, and 60 min
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Fig. S17 SEM images of the 1.77 eV-bandgap intermediate-phase films with the ambient-air exposure duration of 0, 5, 15, 30, and 60 min
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Fig. S18 Statistical RS and FS PCEs for the target PSCs based on 1.53 eV-bandgap perovskite films
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[bookmark: OLE_LINK13]Fig. S19 Statistical RS and FS PCEs for the target PSCs based on 1.77 eV-bandgap perovskite films
Table S1 Photovoltaic performance parameters recorded under RS for best-performing control and target PSCs fabricated with 0- and 15-min ambient-air exposure
	Samples
	Jsc (mA/cm2)
	Voltage (V)
	FF (%)
	PCE (%)

	Control-0 min
	20.54
	1.180
	78.26
	18.97

	Control-15 min
	19.31
	1.176
	79.09
	17.96

	Target-0 min
	20.37
	1.191
	78.58
	19.06

	Target-15 min
	20.96
	1.231
	82.16
	21.20


[bookmark: _Hlk189409591]Table S2 Photovoltaic performance parameters recorded under RS for the best-performing PSCs assembled with different shielding layers and 30-min ambient-air exposure
	Samples
	Voc (V)
	Jsc(mA/cm2)
	FF (%)
	PCE (%)

	Target-30 min MACl
	1.222
	21.43
	80.97
	21.20

	Target-30 min CF3PEACl
	1.200
	21.47
	82.06
	21.14

	Target-30 min PEACl
	1.214
	21.93
	79.24
	21.09

	Target-30 min CF3PEABr
	1.194
	21.32
	79.21
	20.16

	Target-30 min OABr
	1.160
	21.69
	79.85
	20.09


Table S3 Summary of the historical RS PCEs, Jscs, Vocs, and FFs of the n-i-p structured PSCs based on 1.68 eV-bandgap perovskite films prepared in N2-atomopshere and ambient air
	Preparation atmosphere
	Voc (V)
	Jsc (mA/cm2)
	FF (%)
	PCE (%)
	Publication
year
	Refs

	Ambient air
	1.220
	22.00
	82.3
	22.09
	2025
	This work

	
	1.2
	22.72
	80.3
	21.9
	2024
	[S1]

	
	1.139
	20.73
	78.7
	18.59
	2024
	[S2]

	
	1.255
	20.31
	79.0
	20.08
	2023
	[S3]

	
	1.2
	20.68
	81.87
	20.32
	2022
	[S4]

	
	1.22
	20.38
	77.22
	19.24
	2021
	[S5]

	N2 atmosphere
	1.22
	21.27
	79.2
	20.55
	2025
	[S6]

	
	1.282
	22.43
	81.2
	23.35
	2024
	[S7]

	
	1.212
	22.52
	83.13
	22.69
	2024
	[S8]

	
	1.214
	20.49
	82.49
	20.34
	2024
	[S9]

	
	1.249
	20.31
	81.25
	20.61
	2024
	[S10]

	
	1.21
	21.8
	77.3
	20.4
	2024
	[S11]

	
	1.25
	21.85
	77.66
	21.12
	2023
	[S12]

	
	1.17
	21.81
	81.90
	20.90
	2023
	[S13]

	
	1.22
	20.6
	76.9
	19.3
	2023
	[S14]

	
	1.256
	20.43
	78.71
	20.2
	2022
	[S15]

	
	1.233
	20.5
	71.6
	18.1
	2022
	[S16]

	
	1.195
	19.95
	78.2
	18.64
	2021
	[S17]
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