Nano-Micro Letters
[bookmark: _Hlk165021707][bookmark: _Hlk165025979]Supporting Information for
Crystallization Modulation and Holistic Passivation Enables Efficient Two-Terminal Perovskite/CuIn(Ga)Se2 Tandem Solar Cells
[bookmark: _Hlk165026004]Cong Geng1, Kuanxiang Zhang2, Changhua Wang2, Chung Hsien Wu2, Jiwen Jiang2, Fei Long3, Liyuan Han4,*, Qifeng Han4, Yi-Bing Cheng1, and Yong Peng1,*
1 State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan 430070, P. R. China
2 Triumph Photovoltaic Materials Co., Ltd. No.1001 Yannan Avenue, High-Tech Development District, Bengbu, Anhui, P. R. China
3 College of Materials Science and Engineering, Guilin University of Technology, Guilin 541004, P. R. China
[bookmark: OLE_LINK65]4 State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, Shanghai 200240, P. R. China
*Corresponding authors. E-mail: yongpeng@whut.edu.cn (Yong Peng); han.liyuan@sjtu.edu.cn (Liyuan Han)
Supplementary Figures and Tables
[image: ]
[bookmark: _Hlk159829298]Fig. S1 5 µm × 5 µm AFM topography of surface PVK thin-film as-grown on CIGS
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Fig. S2 a-d Photo-voltaic (PV) parameter statistics of the control, D-HLH-treated, LiF-treated, and 2-TEAI-treated, and 2-TEAI/LiF-treated PSCs
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Fig. S3 XRD intensity evolution for (100) crystal plane at 2θ = 14.00° during the annealing process
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[bookmark: _Hlk159920516]Fig. S4 13C NMR spectra of D-HLH and D-HLH/FAI
[image: ]Fig. S5 XPS spectra of a Pb 4f, b I 3d, and c N 1s of the control and D-HLH-tread films
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Fig. S6 PLQY of the perovskite films on a ITO/SAM/PVK stack, and b ITO/SAM/PVK/passivation layer/C60 stack
The PLQY, which is directly related to the QFLS under the presumption that all PL emission results from the radiative recombination of free charges in perovskite film, can be represented by the following equation.

where KB, and T represent Boltzmann constant and temperature, respectively. JG is the current density under illumination, and J0,rad is the dark radiative recombination saturation current density. 
The following equations can be used to calculate the in accordance with the detailed balance theory:


Where q, EQEPV,  , E, h, c represents elementary charge, photovoltaic external quantum efficiency, black-body radiative spectrum, photon energy, Planck constant, and light speed in vacuum, respectively.

Fig. S7 Steady-state PL spectra of the PVK films



Fig. S8 Transient PL spectra of the glass/PVK/passivation layer /C60 stacks

Fig. S9 Schematic of the device layout used in the fabrication of the 2T PVK/CIGS TSCs. The final aperture area of 0.16 cm2 is defined by a black shadow mask used during J-V measurements
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Fig. S10 Cross-section SEM images the PVK/CIGS tandem solar cells. (Scale bar: 10 μm)
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Fig. S11 PV parameter statistics of PVK/CIGS tandem solar cells without NiOx

Fig. S12 a-d PV parameter statistics of the control, D-HLH-treated, LiF-treated, and 2-TEAI-treated, and 2-TEAI/LiF-treated PVK/CIGS tandem solar. cells



Fig. S13 The stability of three unencapsulated tandem devices in nitrogen and air (30-50% RH) environment
Table S1 Summary of 2-T PVK/CIGS tandem solar cells
	Year
	Perovskite
	Voc
(V)
	Jsc
(mA / cm2)
	FF
(%)
	PCE
(%)
	area
(cm2)
	Refs.

	2015
	MAPbIBr
	1.45
	12.7
	56.6
	10.9
	0.4
	[S1]

	2017
	MAPbI3
	1.346
	12.9
	63.5
	11.03
	0.5
	[S2]

	2018
	Cs0.09FA0.77MA0.14Pb(I0.86Br0.14)3
	1.774
	17.3
	73.1
	22.43
	0.52
	[S3]

	2019
	Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3
	1.58
	18
	76
	21.6
	0.78
	[S4]

	2019
	Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3
	1.68
	19.17
	71.9
	23.26
	1.03
	[S5]

	2022
	Cs0.05(MA0.23FA0.77)Pb1.1(I0.77Br0.23)3
	1.77
	18.8
	71.2
	24.2
	1.04
	[S6]

	2022
	Cs0.05MA0.1FA0.85Pb(I0.9Br0.1)3
	1.59
	19.4
	75.5
	23.5
	0.5
	[S7]

	2024
	Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3
	1.742
	20.97
	67.3
	24.6
	0.16
	This Wok
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