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Experimental section

Materials: Copper(I) chloride (CuCl, 99.95%), zinc acetate (Zn(CH3COO)2·2H2O, 

99.99%), tin(IV) chloride pentahydrate (SnCl4·5H2O, 99.995%), silver chloride (AgCl, 

99.5%), and cadmium sulfate octahydrate (CdSO4·8/3H2O, 99%) powders were 

procured from Aladdin Reagent (Shanghai) Co., Ltd. Thiourea (SC(NH2)2, 99%) 

powder was sourced from Alpha Aesar (China) Chemicals Co., Ltd. 2-Methoxyethanol 

was acquired from Shanghai McLean Biochemical Technology Co., Ltd. Selenium 
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granules (99.999%) were obtained from Zhongnuo Advanced Materials Technology 

Co., Ltd. Ammonia solution (NH3·H2O, 25%) was provided by Luoyang Haohua 

Chemical Reagent Co., Ltd. All chemical reagents and pharmaceuticals were used 

directly without further purification. 

Preparation of CZTSSe absorber layer films: Preparation of CZTSSe precursor 

solution: First, 3.000 mmol of Zn(CH3COO)2·2H2O, 2.550 mmol of SnCl4·5H2O, 

19.950 mmol of SC(NH2)2, 4.032 mmol of CuCl, and 0.08 mmol of NaCl were placed 

into a clean 20 mL sample bottle. Next, 10.0 mL of 2-Methoxyethanol solvent was 

added to the bottle using a pipetting gun. The mixture was stirred at 60°C and 1000 

r/min for 1 hour until completely dissolved, forming a light yellow solution. The 

resulting solution had Cu/(Zn+Sn) and Zn/Sn ratios of 0.73 and 1.20, respectively.

Preparation of CZTSSe absorber layer films: First, a Ta-doped MoSe2 thin film was 

prepared on a Mo surface, following the specific preparation process described in our 

previous work.1 The CZTSSe solution was centrifuged for 10 minutes to remove any 

impurities. The purified CZTSSe precursor solution was then coated onto a Mo 

substrate using a needle tube in an air atmosphere and spin-coated at 3000 rpm for 28 

seconds. The coated substrate was heated at 280°C for 2 minutes on a hot plate to 

remove the organic solvent. The spin-coating and annealing steps were repeated 12 

times to obtain a CZTS precursor film with a thickness of 1.8 to 2.0 μm. The CZTSSe 

precursor film was then placed into a square graphite box containing 0.8 g of selenium 

particles. The graphite box was inserted into a rapid thermal processor (RTP) furnace 

under a nitrogen atmosphere for high-temperature selenization treatment at 550°C for 

15 minutes, resulting in a dense and large grain size CZTSSe absorber layer film.

In situ deposition of n-type Ag2S on the surface of CZTSSe absorber layer: First, 4 mmol 

SC(NH2)2 and 1 mmol AgCl were successively added into a sample bottle containing 5 

mL of 2-Methoxyethanol solvent. The mixture was stirred at 60°C and 1000 r/min for 

30 minutes until completely dissolved, resulting in a clear, transparent, and colorless 

Ag2S solution. A solution-based deposition followed by annealing was employed to in-

situ prepare a thin layer of n-type Ag2S on the surface of the CZTSSe absorber layer. 

The surface of the selenized CZTSSe film was coated with the Ag2S precursor solution 



using a syringe needle in an inert atmosphere glovebox. The coated film was then spin-

coated at 3000 r/min for 28 seconds and treated at 260°C for 2 minutes on a hot plate 

to remove the organic solvent.

Fabrication of CZTSSe thin-film solar cell: The device structure of the CZTSSe solar 

cells prepared in this study consists of soda-lime glass (SLG)/Mo/CZTSSe/CdS/i-

ZnO/ITO/Ag/MgF2. A CdS buffer layer, approximately 50 nm thick, was deposited on 

the surface of both CZTSSe and Ag2S/CZTSSe thin films using chemical bath 

deposition (CBD). Following this, a zinc oxide (ZnO) layer with a thickness of 50 nm 

and a tin oxide (ITO) layer with a thickness of 200 nm were deposited on top of the 

CdS buffer layer by magnetron sputtering. A vacuum evaporation apparatus was then 

used to deposit a 200 nm thick Ag layer as the top electrode. Finally, an 80 nm thick 

MgF2 layer was deposited on the top of the device using a vacuum evaporation 

instrument as the anti-reflection layer. The sample was divided into 9 CZTSSe devices 

by mechanical scribing, each with a total device area of 0.23 cm2 and an effective area 

of 0.21 cm2.

Characterization: The grazing incidence X-ray diffraction (GIXRD) data were 

obtained through testing with the Japanese Rigaku Smartlab, scanning rate was 3 °/min, 

with testing angle range from 10° to 70° and grazing incidence angles ranging from 

0.1° to 5°. The longitudinal elemental depth distribution data of the thin film samples 

were obtained by testing using secondary ion mass spectrometry (SIMS, ION TOF-

SIMS 5) under conditions of 1 keV energy and 80 nA current. The UPS data was 

obtained by ultraviolet photoelectron spectroscopy (UPS, Thermo ESCALAB 250XI) 

to analyze the difference between the EF and the valence band maximum. The current 

density-voltage (J-V) curves were obtained by testing under standard illumination 

conditions (AM 1.5G, 100 mW/cm2) using a solar simulator manufactured by Zolihan 

Light Corporation. The external quantum efficiency (EQE) curve data were obtained 

using a Zolix SCS100 QE system equipped with a 150 W xenon lamp source and lock-

in amplifier. The temperature-dependent current density-voltage (J-V-T) curves and 

deep-level transient spectroscopy (DLTS) of the CZTSSe devices were obtained using 

an FT-1030 HERA DLTS system. The J-V-T data were collected over a temperature 



range of 80 to 340 K with a step size of 10 K. The DLTS data were obtained under the 

following test conditions: pulse voltages of 0.2 V and reverse biases of -0.4 V, with a 

temperature range from 150 K to 350 K. The atomic force microscopy (AFM) and 

conductive atomic force microscopy (c-AFM) images were captured by an atomic force 

scanning probe microscope (Dimension Icon) at a bias voltage of 0.5 V, with scanning 

rate of 1 Hz and scanning area of 5×5 µm². The capacitance–voltage (C-V) 

characteristics and drive-level capacitance profiling (DLCP) analysis were conducted 

using the Keithley 4200A-SCS system along with the JANIS cryogenic platform. 

Transient surface photovoltage (TSPV) data analysis of the CZTSSe devices was 

conducted using a 500 MHz digital oscilloscope (TDS 3054C, Tektronix) and amplified 

by a DC voltage amplifier under excitation from a third harmonic Nd:YAG laser 

(Quantel Brilliant Eazy: BRILEZ/IR-10).



Fig. S1. The magnified Raman spectra of CZTSSe and Ag2S-CZTSSe thin film 

samples.

Fig. S2. (a) GIXRD spectra of CZTSSe thin film samples at different grazing incidence 

angles; and (b) the magnified spectra of the (112) diffraction peak.



Fig. S3. The XRD spectra of the Ag2S film and Ag2S-CZTSSe film samples prepared 

by the solution method, where the result shows that ( ) crystal plane index is the 1̅03

preferred growth direction of the Ag2S thin film.

Fig. S4. XPS spectra of (a) Ag 3d, (b) S 2p, (c) Sn 3d and (d) Zn 2p of Ag2S-modified 

CZTSSe samples at different depths (Sputtered depths of 0 nm, 20 nm, 50 nm, 80 nm, 

and 100 nm). 

  The binding energy differences of Ag 3d (3d 3/2 at 374.4 eV and 3d 5/2 at 368.4 eV), 

Sn 3d (3d 3/2 at 494.8 eV and 3d 5/2 at 486.4 eV) and Zn 2p (2p 1/2 at 1044.9 eV and 

2p 3/2 at 1021.9 eV) peaks are 6.0 eV, 8.4 eV, and 23.0 eV, which are indicative of the 

presence of Ag+, Sn4+ and Zn2+.



Fig. S5. (a) CdS thin film samples were analyzed by PL spectroscopy. The energy level 

positions of CdS thin film samples were analyzed by UPS: (b) UPS spectrum with 

magnified valence band edges; (c) UPS spectrum with magnified work function edges.

Fig. S6. Statistical box diagrams of performance parameters obtained from 20 CZTSSe 

(Reference) and Ag2S-CZTSSe (Treated) devices with an area of 0.3 cm². (a) PCE, (b) 

Voc, (c) Jsc, and (d) FF.

Fig. S7. Statistical box diagrams of performance parameters obtained from 20 CZTSSe 

(Reference) and Ag2S-CZTSSe (Treated) devices with an area of 0.5 cm². (a) PCE, (b) 

Voc, (c) Jsc, and (d) FF.







Fig. S8. The certification report of the third-party test (National Photovoltaic Industry 

Measurement and Testing Center).



Fig. S9. Stabilized power output at maximum power point tracking of the cell for 300s.

Fig. S10. (a) The J-V curves of n-Ag2S-modified CZTSSe solar cells before and after 

being stored in ambient air for 92 days. (b) The efficiency stability within 92 days for 

the champion Ag2S-modified CZTSSe device. The Ag2S-modified CZTSSe devices are 

stored in a clean room and the efficiencies are tested 14 times within 92 days.

Fig. S11. Band gap diagram of the absorber layer derived from Fig. 5h.



Fig. S12. DV/dJ vs (J+Jsc)-1 curves for (a) CZTSSe and (b) Ag2S-CZTSSe. Rs is 

obtained from the intercept of linear region, and the slope is equal to AkT/q, where 

q/kT=38.7.

Fig. S13. Semi-logarithmic plots of J+Jsc-GV vs V-RsJ for (a) CZTSSe and (b) Ag2S-

CZTSSe devices. J0 is obtained from the intercept of linear region.

Fig. S14. DJ/dV vs V curves for (a) CZTSSe and (b) Ag2S-CZTSSe devices. G is 



evaluated from the average value of plateau range (-0.2~0.2 V), and its reciprocal 

represents Rsh.

Fig. S15. DLCP measured across frequencies range from 1 kHz to 200 kHz for (a) the 

CZTSSe and (b) the Ag2S-modified CZTSSe solar cells.

Fig. S16. Temperature-dependence of series resistance (Rs) vs. T curves of the CZTSSe 

and Ag2S-CZTSSe devices.



Fig. S17. Nyquist diagram and equivalent circuit diagram of CZTSSe and Ag2S-

CZTSSe devices under -0.4V test conditions.
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