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Supplementary Figures
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Fig. S1 A schematic diagram of the laser scribing technology used for series connection of perovskite solar modules
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Fig. S2 A schematic diagram of module encapsulation
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Fig. S3 The construction of NIRA equipment
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Fig. S4 The irradiation spectrum of the NIR lamp
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[bookmark: _Hlk194759459]Fig. S5 Photos of NIRA-annealed films for different annealing time compared to the hot plate annealed (HPA) film for 60 min
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Fig. S6 SEM images of perovskite films of (a) HPA, (b) NIRA-16 s, (c) NIRA-18 s, (d) NIRA-20 s and (e) NIRA- 22 s
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Fig. S7 XRD patterns of perovskite films under HPA and under NIRA with different amount of excess-PbI2 (0%, 5%, 10%, and 15%) in precursors


Fig. S8 Steady-state photoluminescence spectra (PL) of perovskite film under HPA and under NIRA with different amount of excess-PbI2 (0%, 5%, 10%, and 15%) in precursors
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[bookmark: OLE_LINK15]Fig. S9 SEM images of perovskite films under HPA and under NIRA with different amount of excess-PbI2 (0%, 5%, 10%, and 15%) in precursors
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[bookmark: _Hlk194671556][bookmark: _Hlk194671549]Fig. S10 The transmittance spectra of (a) 0%-PbI2 and (b) 10%-PbI2 perovskite films during vacuum flash process
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[bookmark: _Hlk195314763]Fig. S11 Temperature variation for FTO under NIRA as a function of time
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Fig. S12 Atomic Force Microscopy (AFM) images of the (a) 0%-PbI2 and (b)10%-PbI2 modified perovskite films
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[bookmark: _Hlk134136656]Fig. S13 The cross-sectional SEM images of (a) 0%-PbI2 and (b) 10%-PbI2 perovskite films
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Fig. S14 Pb 4f and I 3d signals in XPS spectra: (a, b) 0%-PbI2 and (c, d)10%-PbI2 perovskite films
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Fig. S15 (a) 0%-PbI2 and (b) 10%-PbI2 perovskite films measured by kelvin probe force microscopy
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[bookmark: OLE_LINK4][bookmark: OLE_LINK8]Fig. S16 (a) Terahertz transmission spectra of 0%-PbI2 and 10%-PbI2 perovskite films. (b) Transient terahertz spectra change of 0%-PbI2 and 10%-PbI2 perovskite films at 50 ps pump-terahertz probe delay
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Fig. S17 The steady-state PL mapping of nine regions in the perovskite film fabricated by HPA process 
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Fig. S18 SEM images of nine regions in the perovskite film fabricated by HPA process
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[bookmark: OLE_LINK5][bookmark: OLE_LINK3]Fig. S19 (a) aperture size, (b) sub-cell parameter and the definition of the active area, as well as geometric fill factor (GFF) for the typical 6 cm × 6 cm module. (c) Optical microscope (OM) photo shows the sub-cell's separation in the module and the related widths for P1, P2, and P3 lines. The calculations of aperture size, active area and the GFF was shown in the Figure. (d) the mask of 18 cm2 active area
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[bookmark: OLE_LINK2]Fig. S20The infrared thermal imagery of PSMs at 6 V bias: (a) 0%-PbI2 and (b) 10%-PbI2
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[bookmark: _Hlk194780317]Fig. S21 IPCE spectra and their integrated current densities for the 0%-PbI2 and 10%-PbI2 devices
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[bookmark: _Hlk195216952]Fig. S22 (a) Dark currents and (b) SCLC measurement of 0%-PbI2 and 10%-PbI2 based small-area devices (FTO/SnO2/perovskite/Spiro-OMeTAD/Au)
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Fig. S23 Performance of 25 individual 0%-PbI2 and 10%-PbI2 18 cm2-PSMs devices under NIRA process
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Fig. S24 The J-V curves of perovskite modules prepared using HPA as well as those fabricated with 0%, 5%, and 15%-NIRA treatments



Table S1 Fitted results of TRPL curves of Perovskite films under HPA and NIRA for 16 to 22s. TRPL curves were fitted using a bi-exponential decay equation of I(t) = I0 + A1exp(-t/τ1) + A2exp(-t/τ2)
	
	τ1 (ns)
	A2
	τ2 (ns)
	A2
	τ2 (aver)

	NIRA-16s
	23.00
	62.82
	120.58
	39.23
	97.74

	NIRA-18s
	28.46
	11.84
	155.28
	69.02
	151.42

	NIRA-20s
	21.18
	14.43
	292.25
	76.48
	288.59

	NIRA-22s
	50.00
	11.11
	237.53
	72.40
	231.66

	HAP-60min
	42.00
	18.01
	420.52
	74.70
	411.61


Table S2 The I/Pb ratios for the 0%-PbI2 and 10%-PbI2 samples
	
	I
	Pb
	I/Pb rate

	0%-PbI2
	62311
	17909
	3.48

	10%-PbI2
	72868
	22771
	3.20


Table S3 Performance of HPA-PSMs and NIRA-PSMs
	
	Voltage/V
	J /mA cm-2
	FF%
	RS%

	HPA-RS
	1.15
	25.51
	81.87
	24.02

	HAP-FS
	1.14
	25.39
	77.89
	22.76

	10%-PbI2-NIRA-RS
	1.17
	25.71
	80.73
	24.33

	10%-PbI2-NIRA-FS
	1.17
	25.46
	79.14
	23.57


Table S4 The champion PCE of 18 cm2-PSMs (6*6 cm) and 56 cm2-PSMs (10*10 cm) under NIRA process
	
	Voltage/V
	J /mA cm-2
	FF%
	RS%
	FS%

	18 cm2
	9.007
	3.092
	79.14
	22.03
	18.84

	56 cm2
	14.86
	1.713
	79.27
	20.18
	17.28




Table S5 Photovoltaic performances of PSMs based on HAP and NIRA treatment
	
	Voc
(V)
	J
(mA cm-2)
	FF
(%)
	RS
(%)
	FS
(%)

	HAP-0%
	9.109
	2.851
	77.27
	20.07
	18.59

	NIR-0%
	8.179
	2.586
	69.25
	14.65
	12.76

	NIR-5%
	8.933
	3.091
	77.56
	21.42
	17.84

	[bookmark: _Hlk195446942]NIR-10%
	9.017
	3.092
	79.14
	22.03
	18.84

	NIR-15%
	8.409
	3.088
	76.85
	19.96
	16.48


Table S6 High efficiency records of perovskite solar cells fabricated via blade coating
	
	PSCs structure
	PSCs PCE
 (%)
	PSMs
 (AA cm2)
	PSMs PCE (%)
	Annealing condition
	Year

	1
	ITO/SnO2/Perovskite/Spiro-OMeTAD/Au 
	23.19
	2.7
	18.95
	120oC 
60 min
	2022 [S1]

	2
	ITO/PTAA/2-PACz/ Perovskite/C60/BCP/Cu
	24.31
	/
	/
	120oC
20 min
	2023 [S2]

	3
	ITO/PTAA/Perovskite/PC70BM/BCP/Ag
	24.04
	/
	/
	105oC
15 min
	2023 [S3]

	4
	FTO/TiO2/Perovskite/Spiro-OMeTAD/Au. 
	24.00
	1 
	18.37
	[bookmark: OLE_LINK1]150oC
15 min
	2023 [S4]

	5
	ITO/PTAA/Perovskite /BCP/C60/Cu 
	23.32
	1 
	22.23
	100oC 
60 min
	2023 [S5]

	6
	ITO/SnO2/Perovskite/Spiro-OMeTAD/Ag
	23.14
	10.93
	17.51
	150oC
20 min
	2023 [S6]

	7
	ITO/HTL/Perovskite/C60/BCP/copper (Cu) 
	25.21
(spin coating)
	26.9
	21.8
	100 °C 1 h & 150 °C 10 min.
	2023 [S7]

	8
	ITO/PTAA/2-PACz /Perovskite/C60/BCP/Cu
	24.16
	/
	/
	150oC
30 min
	2024 [S8]

	9
	ITO/SnO2 /Perovskite/Spiro-OMeTAD/Ag
	24.67
	11.35
	19.45
	150oC
20 min
	2024 [S9]

	10
	FTO/SnO2/Perovskite/Spiro-OMeTAD/Au 
	24.32
	15.64
	21.90
	150oC
10 mi
	2024 [S10]

	11
	FTO/SnO2/Perovskite/Spiro-OMeTAD/Au
	23.25
	12.4
	23.09
	135°C 
20 min
	2024 [S11]

	12
	FTO/SnO2/Perovskite/Spiro-OMeTAD/Au
	24.33
	18.0
	22.03
	NIRA
20 s
	This work


Table S7 Photovoltaic performances of PSMs before and after aging test at 25±10 oC and 60±10% RH
	
	Ageing duration (h)
	Voltage/V
	J /mA cm-2
	FF%
	PCE%

	10%-PbI2
	0
	9.007
	3.092
	79.14
	22.03

	
	1000
	8.772
	3.024
	75.32
	19.98

	0%-PbI2
	0
	8.179
	2.586
	69.25
	14.65

	
	180
	7.324
	2.380
	54.72
	9.54


Table S8 Photovoltaic performances of PSMs before and after aging test at 85oC and 85% RH
	
	Ageing duration (h)
	Voltage/V
	J /mA cm-2
	FF%
	PCE%

	10%-PbI2
	0
	7.933
	2.847
	68.63
	16.04

	
	1000
	7.836
	2.804
	66.27
	14.56

	0%-PbI2
	0
	6.421
	2.686
	60.42
	10.42

	
	180
	6.274
	2.143
	54.72
	7.36
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