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Note 1

Previous studies on metal-chalcogenide-based thin-film solar cells with multi-layered
structures have shown that surface roughness is a critical factor in achieving high PCE.
A rough surface can lead to a high recombination rate due to the formation of defects
and defect clusters or cause shunt current loss through shunting paths in thin-film solar
cells. To address this issue, various strategies have been explored, including doping,
compositional ratio control, optimization of post-annealing parameters, additives in the
precursor solution, crystal orientation control, surface etching, and the introduction of
seed or interfacial layers, as summarized in Table S1.

Table S1 The large area roughness of chalcogenides; CIGS, CZTSSe, and Sb,(S,Se);
by various deposition processes.
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Table S2. The device parameters for representative emerging absorber/Si TSCs
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Table S3 Ratio of different device parameters of champion chalcogenide and high-
performance PV to their theoretical limit (S-Q).

Absorber PCE/ Voo I/ FF/ Vo XFF/
PCEs.q  Voso  Jswes@  FFisq VoeXFFs.q)
AgBiS, 0.31 0.50 0.76 0.82 0.41
AgBiS, 0.27 0.44 0.81 0.77 0.34
CGSe 0.39 0.76 0.70 0.74 0.56
CIGS 0.55 0.72 0.97 0.79 0.57
CIS 0.37 0.55 0.86 0.79 0.44
CZGS 0.26 0.53 0.79 0.62 0.33
CZTS 0.42 0.59 0.86 0.76 0.45
CZTSSe 0.46 0.63 0.87 0.85 0.53
CZTSSe-Ag 0.43 0.66 0.80 0.81 0.53
CZTSSe-Ge 0.37 0.60 0.74 0.83 0.50
GeS 0.05 0.37 0.37 0.34 0.13
SnS 0.15 0.34 0.69 0.62 0.21
Sb,(S,Se); 0.30 0.51 0.75 0.79 0.40

Sby(S,Se); 0.33 0.52 0.85 0.75 0.39




Sby(S,Se); 0.34 0.53 0.86 0.74 0.39
Sb,S; 0.28 0.52 0.80 0.66 0.35
Sb,Ss 0.28 0.47 0.82 0.71 0.33
Sb,Se; 0.32 0.48 0.87 0.77 0.37
Sb,Se; 0.24 0.42 0.82 0.70 0.30
Si-C 0.83 0.86 0.96 1.00 0.86
GaAs 0.88 0.97 0.93 0.97 0.94
Perovskite 0.84 0.95 0.95 0.94 0.89
CdTe 0.69 0.79 0.96 0.90 0.72
CIGSe 0.71 0.87 0.88 0.93 0.80
Note 2

The excellent research and reviews for the PCE degradations, mechanism, and long-

term stability results in CIGS-based thin film solar cells have been extensively

investigated.*-4¢ In contrast, the PCE degradations and demonstrating mechanisms for

the kesterite- and Sby(S,Se); are lacking. Thus, the detailed PEC degradation

investigations and mechanisms for kesterite- and Sb,(S,Se)s;-based thin film solar cells

should be studied to realize early commercialization.

Table S4 The stability failure of chalcogenide-based SC; CIGS, CZTSSe, and
Sb,(S,Se)s, respectively.
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