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COMSOL Multiphysics simulation package has been used for simulation of 

perovskite and CZTSSe thin-film solar cells. In this study, the comprehensive 

simulations of the 4T tandem solar cell have to deal with the electromagnetic and 

carrier transport behaviors. Although the top PSC and bottom CZTSSe cell are 

electrically independent, the cells are optically coupled, so that the light transmits 

through the top cell and then reaches the bottom cell. Although the thermodynamic 

response has to be included to better mimic the device operation in some 

circumstances, the photoelectric simulation is sufficient for the considered 4T tandem 

solar cell under one solar illumination. In this simulation, the input power of the plane 

wave with normal incident angle is used. Non-polarized sunlight incidence under 

standard AM1.5 spectra is introduced as the light source and the cell is assumed to be 

operating at room temperature. Computation methodology including optical and 

electrical equations are as follows. First, the Maxwell’s equation (1) is solved to 

obtain the detailed electrical and magnetic field spatial distributions to evaluate the 

optical absorption: 

∇ × (∇ × 𝑬) − 𝒌0
2𝜺𝑟𝑬 = 0      (1) 

where 𝑬 is the electric field, 𝒌0 is the wave-vector of incident light, and 𝜺𝑟 is 

relative permittivity. The photo-generation rate can be calculated by equation (2): 

          𝑮𝒑𝒉𝒐𝒕𝒐(𝝀) =
𝜺′′|𝑬|

𝟐𝒉
           (2) 

where 𝒉 is Planck’s constant and 𝜺′′ is the imaginary part of 𝜺𝑟, which is a function 

of wavelength in the equation: 𝜺𝒓(𝝀) = (𝒏(𝝀) − 𝒊𝒌(𝝀))𝟐 . Therefore, the total 

photo-generation rate (Gtot) is calculated by integration the 𝑮𝒑𝒉𝒐𝒕𝒐(𝝀) shown as 
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𝑮𝒕𝒐𝒕(𝝀) = ∫ 𝑮𝒑𝒉𝒐𝒕𝒐(𝝀)𝒅𝝀
𝝀𝒎𝒂𝒙

𝝀𝒎𝒊𝒏
  over the given wavelength range from 300 to 1200 nm. 

Also, it can be obtained from the built-in S-parameters, which is expressed as 1 −

(|𝑆11|2 + |𝑆21|2), where |𝑆11| is transmission and |𝑆21| is reflection in 4T solar cell 

device. Further, the Poisson and continuity equations (equations (3-5)) are solved in 

the simulation to evaluate the current density-voltage (J-V) characteristics of solar 

cells: 

𝛁 ⋅ (𝜺𝟎 ⋅ 𝜺𝒓𝛁∅) = −𝝆                         (3) 

𝝏𝒏

𝝏𝒕
=

𝟏

𝒒
𝜵𝒋𝒏 − 𝑼𝒏 + 𝑮𝒏       (4) 

𝝏𝒑

𝝏𝒕
=

𝟏

𝒒
𝜵𝒋𝒑 − 𝑼𝒑 + 𝑮𝒑       (5) 

where ∅  is electrostatic potential, 𝝆 is charge density given by equation (6), 𝒒 is 

electron charge, 𝜺𝟎 is the vacuum permittivity, and both the 𝑮𝒏 and 𝑮𝒑 are total 

photo-generation rate in the optical simulation (𝑮𝒏 = 𝑮𝒑 = 𝑮𝒕𝒐𝒕). 

𝝆 = 𝒒(𝒏 − 𝒑 + 𝑵𝑨 − 𝑵𝑫)                 (6) 

where 𝒏 and 𝒑 are electron and hole concentrations, respectively. 𝑵𝑨 and 𝑵𝑫 are 

acceptor and donor density respectively. 𝑱𝒏 and 𝑱𝒑 are current density of electron 

and hole, which is expressed by electron and hole drift-diffusion as follows: 

𝑱𝒏 = −𝒒𝝁𝒏𝒏𝜵∅ + 𝒒𝑫𝒏𝜵𝒏                   (7) 

𝑱𝒑 = −𝒒𝝁𝒑𝒑𝜵∅ − 𝒒𝑫𝒑𝜵𝒑                                           (8) 

The key material parameters used in the electrical simulation are listed in Table 1. 

Here, NC and NV are effective density of states for electron and hole, respectively, 𝝁𝒏 

and 𝝁𝒑 are mobility of electron and hole, respectively, χ is electron affinity, and Εg is 

energy band gap. Moreover, Shockley-Read-Hall (SRH) recombination is considered 
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as the recombination model in our simulations that is calculated by equation (9) 

because it has been proved as the dominant recombination mechanism in PSCs and 

the interfaces are treated as ideal ohmic contact in our simulations. 

               𝑹𝑺𝑹𝑯 =
𝒏𝒑−𝒏𝒊

𝟐

𝝉𝒑(𝒏+𝒏𝟏)+𝝉𝒏(𝒑+𝒑𝟏)
                                                 (9) 
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Fig. S1. Gtot of single CZTSSe solar cell. 

 

 

 

Fig. S2. Energy band-bending for top PSC of (a) n-type doped and (b) p-type doped 

CsPbI3. (c) Gtot (black curve) and built-in electric field, (d) J-V curve of p-type (blue 

curve) and n-type (red curve) doped perovskite for top PSC. 
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Fig. S3. (a) PCE and (b) JSC of p-type (blue curve) and n-type (red curve) doped 

perovskite versus different thickness of CsPbI3 layer for top PSC. 

 

 

   

Fig. S4. 4T total PCE, top cell PCE and bottom cell PCE of n-type doped CsPbI3 

versus thicknesses when ZnS as electron transport layer. 
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Fig. S5. (a), (b) EQE of subcells versus different thickness of CsPbI3 with ZnO and 

ZnO/ZnS electron transport layers. (c) ZnS as ETL, 500 nm perovskite. (d) J-V curves 

with ZnO and ZnO/ZnS. 

 

 

Fig. S6. Gtot of single CZTSSe solar cell and top PSC with (a) ZnO, (b) ZnS. 
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Fig. S7. PCE of top PSC and bottom CZTSSe subcell. (a) different thickness of 

ZnO/ZnS bilayer, (b) different thickness of Spiro layer. 

 

 

Fig. S8. Transmittance spectra of the samples with different thickness of electron 

transport layer when the thickness of HTL(Spiro) is 50nm, (a) 20nm, (b) 60nm, (c) 

100nm, and (d) 140nm respectively. 
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Fig. S9. Transmittance spectra of the samples with different thickness of hole 

transport layer when the thickness of ETL is 100nm, (a) 10nm, (b)50nm, (c) 90nm, 

and (d) 130nm respectively. 

 

Fig. S10. Energy band-bending of materials in top PSC. 
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Fig. S11. PCE versus the thickness of CsPbI3 and CZTSSe for 4T tandem solar cell and subcells. 

 

 

Fig. S12. EQE of subcells versus different thickness of CsPbI3 and CZTSSe layer. In 

three cases, the thickness of CZTSSe is 1m, 2m, 3m, 4m. (a) CsPbI3 is 600nm, 

(b) CsPbI3 is 700nm, (c) CsPbI3 is 800nm. 
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Fig. S13. (a) Transmittance spectra of the CsPbI3 and CZTSSe with different ETL. (b) 

Colored mapping of simulated optical transmission as a function of the depth of 

device, and the ETL from left to right is ZnO and ZnO/ZnS, respectively. 

 

 

Fig. S14. Transmittance spectra with different thickness of HTL. (a) CZTSSe, (b) 

Spiro. 
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Table S1 Parameters of subcells and 4T tandem solar cell under different ZnO/ZnS 

thickness condition. 

 

 

 

 

 

 

 

 

 

 

ZnO/ZnS 

thickness (nm) 
Configuration Voc (V) Jsc (mA/cm2) FF PCE (%) 

 Top PSC 1.36 19.75 0.86 23.02 

20 Bottom CZTSSe solar cell 0.70 15.38 0.86 9.26 

 4T tandem solar cell - - - 32.28 

 Top PSC 1.36 19.33 0.86 22.56 

60 Bottom CZTSSe solar cell 0.7 15.75  0.86 9.50  

 4T tandem solar cell - - - 32.06 

 Top PSC 1.36 19.59 0.86 22.85 

100 Bottom CZTSSe solar cell 0.70 15.75 0.86 9.50 

 4T tandem solar cell - - - 32.35 

 Top PSC 1.36 18.47 0.86 21.53 

140 Bottom CZTSSe solar cell 0.70 15.55 0.86 9.37 

 4T tandem solar cell - - - 30.90 

 Top PSC 1.36 18.33 0.85 21.37 

180 Bottom CZTSSe solar cell 0.70 15.30 0.86 9.21 

 4T tandem solar cell - - - 30.58 
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Table S2 Parameters of subcells and 4T tandem solar cell under different 

Spiro-OMeTAD thickness condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spiro-OMeTAD  

thickness (nm) 
Configuration Voc (V) Jsc (mA/cm2) FF PCE (%) 

 Top PSC 1.36 19.26 0.87 22.84 

10 Bottom CZTSSe solar cell 0.70 16.29 0.86 9.84 

 4T tandem solar cell - - - 32.68 

 Top PSC 1.36 19.59 0.86 22.85 

50 Bottom CZTSSe solar cell 0.7 15.75 0.86 9.50 

 4T tandem solar cell - - - 32.35 

 Top PSC 1.36 18.97 0.84 21.72 

90 Bottom CZTSSe solar cell 0.70 14.59 0.86 8.76 

 4T tandem solar cell - - - 30.48 

 Top PSC 1.36 18.87 0.83 21.72 

130 Bottom CZTSSe solar cell 0.70 13.71 0.85 8.20 

 4T tandem solar cell - - - 29.40 
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Table S3 Parameters of subcells and 4T tandem solar cell under different CZTSSe 

thickness condition. Thickness of CsPbI3 is 600nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CZTSSe 

thickness (nm) 
Configuration Voc (V) Jsc (mA/cm2) FF PCE (%) 

 Top PSC 1.36 20.15 0.85 23.43 

1000 Bottom CZTSSe solar cell 0.70 15.16 0.86 9.03 

 4T tandem solar cell - - - 32.58 

 Top PSC 1.36 20.63 0.85 23.99 

2000 Bottom CZTSSe solar cell 0.7 15.01 0.86 9.03 

 4T tandem solar cell - - - 33.03 

 Top PSC 1.36 20.14 0.85 23.42 

3000 4T tandem solar cell 0.70 13.48 0.83 7.84 

 Bottom CZTSSe solar cell - - - 31.26 

 Top PSC 1.36 20.14 0.85 23.42 

4000 Bottom CZTSSe solar cell 0.70 15.24 0.86 9.20 

 4T tandem solar cell - - - 32.62 



15 
 

 

Table S4 Parameters of subcells and 4T tandem solar cell under different CZTSSe 

thickness condition. Thickness of CsPbI3 is 700nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CZTSSe 

thickness (nm) 
Configuration Voc (V) Jsc (mA/cm2) FF PCE (%) 

 Top PSC 1.36 20.93 0.85 24.28 

1000 Bottom CZTSSe solar cell 0.70 12.75 0.83 7.41 

 4T tandem solar cell - - - 31.68 

 Top PSC 1.36 21.47 0.85 24.90 

2000 Bottom CZTSSe solar cell 0.7 14.31 0.86 8.58 

 4T tandem solar cell - - - 33.49 

 Top PSC 1.36 20.93 0.85 24.27 

3000 4T tandem solar cell 0.70 14.39 0.86 8.66 

 Bottom CZTSSe solar cell - - - 32.93 

 Top PSC 1.36 21.77 0.85 25.28 

4000 Bottom CZTSSe solar cell 0.70 14.47 0.86 8.71 

 4T tandem solar cell - - - 33.99 
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Table S5 Parameters of subcells and 4T tandem solar cell under different CZTSSe 

thickness condition. Thickness of CsPbI3 is 800nm. 

 

CZTSSe 

thickness (nm) 
Configuration Voc (V) Jsc (mA/cm2) FF PCE (%) 

 Top PSC 1.36 21.52 0.85 24.88 

1000 Bottom CZTSSe solar cell 0.70 12.21 0.83 7.09 

 4T tandem solar cell - - - 31.97 

 Top PSC 1.36 21.51 0.85 24.88 

2000 Bottom CZTSSe solar cell 0.7 13.51 0.85 8.07 

 4T tandem solar cell - - - 32.95 

 Top PSC 1.36 21.50 0.85 24.87 

3000 4T tandem solar cell 0.70 13.74 0.86 8.24 

 Bottom CZTSSe solar cell - - - 33.11 

 Top PSC 1.36 21.51 0.85 24.88 

4000 Bottom CZTSSe solar cell 0.70 13.51 0.85 8.07 

 4T tandem solar cell - - - 32.95 


