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Supplementary Figure 1. SEM images of CZTSe surfaces: without Ag, control (a,b) and with Ag with various thicknesses: (c, d) 1.5 nm, (e, f) 2.0 nm, (g, h) 2.5 nm, (i, j) 3.0 nm.   
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Supplementary Figure 2. (a,b) Raman maps imaging (c,d) FWHM and (e,f) peak shift of the CZTSe peak of control and Ag-CZTSe film. (g) XRD pattern and (h) magnified view of the main peak originated from (112) plan of control and Ag-CZTSe film. 
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Supplementary Figure 3. SIMS depth profile of the (a) control (without Ag) and (b) Ag-doped Cu2ZnSnSe4 PV device. 
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Supplementary Figure 4. Summary of the photovoltaic parameters (a) efficiency, (b) fill factor, (c) open-circuit voltage, and (d) short-circuit current-density measured from the illuminated current density-voltage (JV) curve of the CZTSe solar cell with various thicknesses of Ag layer from 0 to 3 nm. The CZTSe film prepared without Ag doping is referred as the control. 
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Supplementary Figure 5. Plots of (a,d) NCV  at 300 K, (b,e) NDL at 300 K and (c,f) NDL at 140 K as a function of depletion width for control and Ag-CZTSe PV devices. These plots are derived from capacitance-voltage (CV) and drive-level capacitance profiling (DLCP).  (NCV: carrier density extracted from CV profile, NDL: carrier density extracted from DLCP profile).


	Supplementary Table 1. Summary of the free carrier (NA), bulk defect (NBULK), and interface defect (NIF) density extracted from the capacitance-voltage (CV) and drive-level capacitance profiling (DLCP) analysis.

	
	NIF
(cm-3)
	NBULK
(cm-3)
	NA
(cm-3)
	Wd
(nm)

	Control
	5.7 × 1016
	2.68 × 1016
	2.14 × 1016
	65

	Ag-CZTSe
	2.6 × 1016
	1.06 × 1016
	2.52 × 1016
	80
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Supplementary Figure 6. Capacitance-frequency (C-f) spectra of (a) Control, (b) Ag-CZTSe PV device and (c) drove Arrhenius plot extracted from C-f spectra Control and Ag-CZTSe PV devices. Admittance spectra were measured in the temperature range between 120 K and 300 K.
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Supplementary Figure 7. Urbach energy (Eu) extracted from EQE profile of control and Ag-Cu2ZnSnSe4 (CZTSe) PV devices.1
[image: C:\Users\rehan\AppData\Local\Packages\Microsoft.Windows.Photos_8wekyb3d8bbwe\TempState\ShareServiceTempFolder\Figure S8.jpeg]
Supplementary Figure 8. (a) Current density-voltage (JV) curve and (b) external quantum efficiency (EQE) spectrum for the standalone semitransparent perovskite solar cell. 
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