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Figure S1 EDS spectra of the as-deposited CIGS precursor film and the selenized 

CIGSSe thin film. 
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Figure S2 Photograph of ZnO, TiO2, and SnO2 nanoparticles dispersed in ethanol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3 Schematic diagram of a small-area CIGSSe thin-film solar cell.  



 

 
 

Table S1 Effects of selenization conditions on the performance of sputtered i-ZnO-

based CIGSSe thin film solar cells.  

T (℃) Time (min) JSC (mA/cm2) VOC (V) FF (%) PCE (%) 

520 15 30.77 0.49 43.53 6.58 

530 15 28.46 0.54 56.72 8.6 

540 15 23.29 0.52 43.58 5.32 

550 15 23.75 0.39 30.00 2.76 

530 10 25.56 0.52 49.71 6.56 

530 15 28.46 0.54 56.72 8.73 

530 20 28.27 0.54 42.41 6.44 

530 25 26.52 0.46 35.57 4.38 

 

 

 

 

 

 

 

 

 

 



 

 
 

Table S2 Influences of annealing temperature of metal oxide nanoparticles on the 

performance of CIGSSe solar cell devices.  

Window 
layer T (℃) Time (min) JSC 

(mA/cm2) VOC (V) FF (%) PCE (%) 

ZnO 100 15 31.14 0.56 52.25 9.15  

115 15 32.34 0.56 56.16 10.22  

130 15 29.41 0.55 54.51 8.80  

145 15 28.01 0.37 31.52 3.26 

TiO2 140 15 30.93 0.55 53.25 9.13  

150 15 31.47 0.56 58.60 10.25  

160 15 24.72 0.51 55.54 7.06  

170 15 20.20 0.55 43.24 4.78 

SnO2 100 15 30.84 0.55 50.93 8.70  

115 15 33.16 0.59 56.86 11.08  

130 15 31.57 0.55 53.34 9.26  

145 15 27.30 0.57 43.96 6.89 

 

 

 

 

 



 

 
 

Table S3 Impacts of annealing time of metal oxide nanoparticles on the performance 

of CIGSSe solar cell devices.  

Window 
layer T (℃) Time 

(min) 
JSC 

(mA/cm2) VOC (V) FF (%) PCE (%) 

ZnO 115 10 34.07 0.54 50.86 9.43 
 

115 15 32.34 0.56 56.16 10.22 
 

115 20 27.31 0.57 46.61 7.31 
 

115 25 21.30 0.52 41.61 4.56 

TiO2 150 10 30.42 0.56 53.95 9.22 
 

150 15 31.47 0.56 58.60 10.25 
 

150 20 25.69 0.56 59.73 8.58 
 

150 25 23.20 0.54 38.92 4.86 

SnO2 115 10 30.71 0.57 56.58 9.89 
 

115 15 33.16 0.59 56.86 11.08 
 

115 20 29.49 0.55 54.11 8.79 
 

115 25 21.16 0.50 47.47 5.00 

 

 

  



 

 
 

 

Equation S11,2                 ܧ௎ = ቀௗ(୪୬ாொா)
ௗ(௛ఔ)

ቁ
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h is the Planck constant, with a value of approximately 4.136×10−15 eV·s. 

ν is the photon frequency, with the unit of Hz (s−1).  



 

 
 

 

Equation S23            

ܹ =
ܣ௦ℰ଴ܭ
ܥ

 

Ks: dielectric constant of the semiconductor. 

ε0: vacuum permittivity, 8.85419×10-14 F/cm. 

A: cell area (cm2). 

C: measured junction capacitance (F). 

 
  



 

 
 

 

Equation S34 

஼ܰ௏ =
2

]ଶܣ௦ℇ଴ܭݍ
݀(1 ⁄ଶܥ )

ܸ݀ ]
 

C: measured junction capacitance (F). 

V: applied DC bias (V). 

q: electron charge, 1.602×10-19 C. 

Ks: dielectric constant of the semiconductor. 

ε0: vacuum permittivity, 8.85419×10-14 F/cm. 

A: cell area (cm2). 

  



 

 
 

 

Equation S43  

஽ܰ௅஼௉ =
଴ଷܥ

ଵܥଶܣ௦ℇ଴ܭݍ2
 

V: applied DC bias (V). 

q: electron charge, 1.602×10-19 C. 

Ks: dielectric constant of the semiconductor. 

ε0: vacuum permittivity, 8.85419×10-14 F/cm. 

A: cell area (cm2). 

C0: zero-order capacitance coefficient; junction capacitance at δV→0, equivalent to 

the conventional C-V capacitance. 

C1: first-order capacitance coefficient; linear coefficient of capacitance change with 

respect to δV. 
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