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Abstract 

 
In this work, a solar cell capacitance simulator (SCAPS-1D) was used in the 

modeling and simulationof sandwiched perovskite solar cells (PSCs) with a planar 

hetero-junction structure in the arrangement of the sandwiched model 

(FTO/CdS/CH3NH3SnI3/HTM). The energy band diagram, I-V characteristics and 

other parameters were constructed. The configuration for better performance was 

then determined, from whichfurther simulations were carried out. Results shows an 

overall efficiency of 24.06%, FF of 83.72%, JSC of 31.15mA/cm
2
, VOC of 0.92V was 

obtained andthe electron affinity of the HTL has a great influence on the 

performance parameters of the solar cells with a PCE of 21.64% at 3.0eV. Tin PSC 

has advantage over lead free PSC because lead free is unstable due to the toxicity 

from lead-basedPSC which does not have lead in its architecture. Hence, the p-type 

carrier doping concentration of tin based perovskite could improve the PCE of the 

device because of an enhanced built in electric field.  
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I.0  Introduction 

The development of modern trends of energy demands promising new technologies and even new physical and chemical processes for 

the establishment and operation of efficient systems to generate, transform and transport of energy. Today there is nothing more 

important than energy, since the lack of energy means a significant obstacle to the present civilization. Although global fossil fuel 

resources such as coal, petroleum and natural gas have not yet been exhausted, the negative social, health and environmental impacts to 

our current society but becoming harmful especially to the environment (environmental pollution). These permit large-scale alternative 

methods of producing the vast quantities of energy needed to sustain and enhance our standard of living.  

To find an effective alternative for silicon-based solar cells which is the third generation solar cells, researchers in this area generally 

aims to provide higher efficiency at lower cost of electricity generated.  The challenges vary from solar cells to solar cells, be it organic 

or inorganic solar cells. Basically, semiconducting materials are made from organic molecules and they possess some similarities from 

the first-generation and second-generation solar cells, in function but different in material. In solving the problem of organic solar cells, 

SCAPS-1D has been used in many simulation-based perovskite solar cells (PSCs). 

Till date researchers have made efforts in contributing to the development of perovskite semiconducting materials which has led to the 

rise of low cost and high efficiency with respect to simulation of the solar cell capacitance simulator-one dimension (SCAPS). In 2016, 

[1] talks about the device simulation of lead-free CH3NH3SnI3perovskite solar cells with high efficiency. He found out that during 

simulation, the solar cell performance can be improved to some extend by adjusting the doping concentration of the perovskite absorption 

layer and the electron affinity of the buffer and HTM, while the reduction of the defect density of the perovskite absorption layer 

significantly improves the cell performance. By further optimizing, they obtained results of the PCE to be 23.36%, JSC of 31.59mA/cm2, 

VOC of 0.92V and FF of 79.99% [1]. In 2017, high stability and reproducibility by Seok and co-workers who introduced an approach to 

reduce defects in the perovskite layer by using an intra-molecular exchanging process, which is favourable in reducing the defects 

concentration, and they obtained an efficiency of over 22% [2].In 2018, a Comparative Study of Different ETMs in Perovskite Solar Cell 

with Inorganic Copper Iodide as HTM was carried out indicating Lead-based perovskite solar cell (CH3NH3PbI3 PSC) with CuI as HTM, 

TCO, IDL and different ETMs (TiO2, CdS, ZnSe, ZnO, ZnOS) are studied by SCAPS Simulation which show that CuI as alternate HTM 

has the potential to be used with perovskite absorber and can replace the Spiro-OMETAD which is expensive and suffers from 

degradation. The highest PCE achieved is 23.47%. The thickness of the layers has a great influence on the performance parameters of the 

solar cells. After optimizing the thickness of all the layers, we get a PCE of 26.11%. [3]. 

Cadmium sulphide (CdS) may be good alternative when used with CH3NH3SnI3 absorber and cuprous oxide (Cu2O), hole transporting 

material.  
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From literatures which provides an overview and highlight the gap that the study seeks to fill, the related simulation work provides basic 

knowledge to develop this model [4–8]. In this architecture, we studied and analyzed the effect of thickness and doping concentration 

(NA) of the absorber layer and the effect of the electron affinity of HTM and ETM on the performance of the device. 
 

2.0 Modeling of Perovskite Solar Cell  

A simple model for a planar perovskite solar cell of n-i-p device structure is used. The cross-section of this model is shown in Figure 2.1a 

and 2.2b.The back contact is made of silver. The cuprous oxide layer acts as the HTM and is located on top of the back contact. A p-type 

doped perovskite (CH3NH3SnI3) active layer is sandwiched between the n-type material (CdS) and the p-type cuprous oxide layer.  CdS 

is used as ETM with Fluorine doped Tin Oxide (FTO) on top. 

Figure 2.1a: Schematic diagram of tin perovskite solar cell    Figure 2.1b: Structure of perovskite solar cell 

 

HTM/CH3NH3SnI3 andCH3NH3SnI3/ETM interface defect layer (IDL) are also considered to take into account the interface 

recombination due to interface defect density, the energy band diagram as shown in figure 2.2 indicates the conduction band offset is 

+0.01eV at CdS/CH3NH3SnI3 interface. +0.01eV signifies that the position of cadmium sulphide (ETM) layer is higher than that of the 

perovskite layer, which makes the electrons to migrate to the anode which is the front contact electrode. The valence band offset is 

+0.1eV at CH3NH3SnI3/Cu2O interface, signifies that as the position of the perovskite layer is higher than that of cuprous oxide (HTM) 

layer which will enable high device performance and the rate of energy loss will be reduced and holes migrate to the cathode which is 

back-metal contact in order to avoid their recombination 

Figure 2.2: Energy band diagram 

 

The values of device and material parameters used inSCAPS-1D for simulation that is adopted from theories and experimental data [6] 

are summarized in Tables 2.1 and 2.2. The work function of the cathode electrode (Ag) is 4.74eV [7] which serve as the back contact for 

holes transport. All the simulations will operate under the scanning voltage from 0V to 1.3V.During the simulation absorption coefficient 

was not used which means transmission is zero because absorption coefficient is used for optical properties and not for electrical 

properties. Using the optimum values of different electrical parameters found through simulation, the device performance parameters was 

simulated such as short-circuit current density JSC, open-circuit voltage Voc, fill factor FF, and power conversion efficiency PCE for 

different HTM-based perovskite solar cell and the final result is shown in Table 4. 
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Table 2.1: Device simulation parameters 

Parameters    FTO CdS CH3NH3SnI3 Cu2O 

Thickness (µm) 0.4 0.05 0.7   0.15 

Bandgap, Eg(eV) 3.5 2.4 1.3 2.17 

Electron affinity (eV) 4.0                  4.18                        4.17 3.2 

Relative dielectric permittivity (Er) 9.0 10 6.5 7.11 

Effective conduction band density, Nc (cm-3) 2.2x1018                2.2x1018                1.0x1018                2.2x1018                

Effective valence band density, Nv (cm3) 2.2x1018                1.9x1019   1.0x1019   2.2x1018                

Electron thermal velocity (cm/s) 107 107 106 107 

Hole thermal velocity (cm/s) 107 107 106 107 

Electron mobility, µn (cm2v-1s-1) 20 100 1.6 80 

Hole mobility, µp (cm2v-1s-1) 10 25 1.6 80 

Donor concentration, ND (cm-3) 1019 1.0x1018                  0 0 

Acceptor concentration, NA (cm-3) 0 0 3.2x1015 1018 

Defect type    Neutral    Neutral    Neutral    Neutral    

Capture cross section electrons (cm²)    10-15                       2.0x10-14 2.0x10-14 10-15                       

Capture cross section holes (cm²) 10-15                       2.0x10-14 2.0x10-14 10-15                       

Energetic distribution    Gauβ Gauβ Gauβ Gauβ 

Reference for defect energy level Et Above Ev Above Ev Above Ev Above Ev 

Energy level with respect to Reference (eV) 0.600             0.600             0.650 0.600             

Characteristic energy (eV) 0.100            0.100            0.100            0.100            

Defect density, Nt (cm-3) 1015                       1015                       1014  1015                       

 

The defect layer parameter for the interface is between CdS/CH3NH3SnI3[8] and CH3NH3SnI3/Cu2O [8] is summarized in Table 2.2 

below. 

Table 2.2: Absorber and interfaces defect parameters 

Parameters CH3NH3SnI3 CdS/CH3NH3SnI3        CH3NH3SnI3/Cu2O 

Defect type Neutral Neutral Neutral 

Capture cross section electrons (cm²) 2x10-14 2x10-15 1x10-18 

Capture cross section holes (cm²) 2x10-14 2x10-15 1x10-16 

Energetic distribution Gaussian Single  Single  

Energy level with respect to Reference (eV) 0.65 0.65 Above the highest Ev 

Characteristic energy (eV) 0.1 0.1 0.050 

Total density, Nt (cm-3) 1x1014-1x1019 1x1018 1x1012 

 

III. Results and discussions 

3.1. Performance of initial device parameters 

This simulation result provide evidence to prove that CdS is a probable material to be used as electron transport material which has wide 

bandgap of 2.4eV and the simulated device performance is consistent with the experimental results of tin based PSCs [9].Cuprous oxide 

has very high hole mobility, the hole mobility enhances the efficiency of CdS.Figure 3.1 shows simulated J-V curves for a CH3NH3SnI3 

based device in the planar electron-absorber-hole (n-i-p) configuration with Cu2O as HTM and CdS as ETM. Cu2O/CdS cell has high 

power conversion efficiency (PCE) of 17.78% with a high open circuit voltage (VOC) of 0.86V, short circuit current density (JSC) of 30.94 

mA/cm2 and high fill factor (FF) of 66.32% which is the performance for the initial device respectively. 

Figure 3.1: J-V curves with initial device parameters 
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Figure 3.2 shows the quantum efficiency (QE) of the cell featured with a high platform between 300nm and 910nm with the 

maximum of 94% at 700nm. In SCAPS, QE is the external quantum efficiency (EQE). The reason for this curve from 66% 

to 94% at 350nm to 540nm is as a result of the movement of charge carriers was not stable due to less photo sensitivity at 

that particular point.QE is the ratio of the number of carriers collected by the device (solar cell) to the number of photons of 

a given incident energy on the device. Figure 3.2: QE curves of PSC with initial parameters 

 

3.2. Influence of thickness of absorbermaterial 

To confirm the optimum thickness of absorber layer, simulation has been carried out in the range of 0.03 to 1.5µm while 

other parameters are kept constant.Absorber layer thickness variation affects the diffusion length of carriers because if the 

absorber layer thickness is too low, absorption rate decreases, ultimately efficiency also decreases. Similarly, if the absorber 

layer thickness is too high, then the charge carriers may not travel up to the charge collection layers which result to 

decrease in the efficiency at 1.2µm as shown in table 3.2. Table 3.2 shows that an increase in thickness of absorber layer 

means we are increasing the light absorbed which could result in an increase in PCE and JSC but FF decreases resulting to 

increase in charge carriers and increase in JSC which could improves the PCE gradually while VOC increases gradually but 

decrease at 0.88V from the thickness of 1.2µm since more charge carriers will not be far away from the surface which is a 

recombination site. The simulated parameters such as PCE, FF, JSC, VOC of the CH3NH3SnI3 solar cells, with varying 

perovskite thickness as shown in figure 3.3a, figure 3.3b, figure 3.3c and figure 3.3d. The maximum PCE of 19.82%,with 

JSC of 32.91mA/cm
2
, FF of 67.44%, VOC of 0.89V is achieved when the thickness reaches 0.9μm. 

 

Figure 3.3b: Variation of output circuit voltage with Absorber thickness 
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Figure 3.3c: Variation of fill factor with Absorber thickness 

 

Figure 3.3d: Variation of efficiency with Absorber thickness 

 

Figure 3.4: Variation in J-V curves of PSC with Absorber thickness 
 

Table 3.1: Dependence of solar cell performance on absorber material 

Absorber thickness (µm)     JSC (mA/cm
2
) VOC(V) FF (%)   PCE (%) 

0.03 8.87 0.76 74.99 5.08 

0.09 16.76 0.80 74.53 10.11 

0.2 24.73 0.84 72.11 15.15 

0.5 31.32 0.89 68.29 19.08 

0.7 32.44 0.89 67.77 19.65 

0.9 32.91 0.89 67.44 18.82 

1.2 33.16 0.89 67.08 19.81 

1.5 33.23 0.88 66.77 19.71 
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3.3. Influence of electron affinity of ETM 

The electron affinity of CdS (ETM) has been varied from 3.8eV to 4.24eV. The band offset can be adjusted because the 

critical factor between CdS/absorber layers is band offset as shown in figure 2.2 energy band diagram which determines the 

rate of carrier recombination at the interface and determines the open circuit voltage (VOC). In table 3.2 the variation of 

electron affinity with the solar cell parameters results to decrease in JSC, VOC, FF and PCE due to the proper selection of an 

ETM with suitable electron affinity restrains the rate of carriers recombination to enable good performance of the cell. 

Upon optimizing the values of electron affinity of ETM at 3.8eV,JSC of 31.80mA/cm
2
, VOCof 0.91V, FF of 68.51% and PCE 

of 19.96% were obtained as shown in figure 3.5a, figure 3.5b, figure 3.5c and figure 3.5d. 

 

Figure 3.5a: Variation of short circuit current density with ETM electron affinity 

Figure 3.5b: Variation of output circuit voltage with ETM electron affinity 
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Figure 3.5c: Variation of fill factor with ETM electron affinity 

Figure 3.5d: Variation of efficiency with ETM electron affinity 

 

Figure 3.6: Variation in J-V curves of PSC with CdS electron affinity 
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Table 3.2: Dependence of solar cell performance on ETM 

  

CdS electron affinity (eV) JSC (mA/cm
2
) VOC(V) FF (%)   PCE (%) 

3.8 31.80 0.91 68.51 19.96 

4.0 31.60 0.90 68.39 19.59 

4.4 30.49 0.68 58.02 12.03 

4.12 31.22 0.88 67.62 18.75 

4.18 30.94 0.86 66.32 17.78 

4.20 30.85 0.85 65.5 17.32 

4.22 30.79 0.84 64.92 16.88 

4.24 30.73 0.83 64.13 16.37 

 
3.4. Influence of electron affinity of HTM 

The electron affinity of Cu2O (HTM) has been varied from 2.4eV to 3.6eV. The band offset can be adjusted because the critical factor 

between absorber/Cu2O layers is band offset as shown in figure 2.2 energy band diagram which determines the rate of carrier 

recombination at the interface and determines the open circuit voltage (VOC).When the variation of electron affinity of HTM is at 2.4eV, 

VOC, FF and PCE are unstable but JSCincreases and decreases from 3.4eV.Due to the proper selection of an HTM with suitable electron 

affinity restrains the rate of carrier recombination to enable good performance of the cell. Upon optimizing the values of electron affinity 

of HTM at 3.0eV, JSC of 30.97mA/cm2, VOCof 0.86V, FF of 80.76% and PCE of 21.64% were obtained as shown in table 3.3. 

Figure 3.7a: Variation of short circuit current density with HTM electron affinity 
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Figure 3.7b: Variation of output circuit voltage with HTM electron affinity 

 

Figure 3.7c: Variation of fill factor with HTM electron affinity 

 

Figure 3.7d: Variation of efficiency with HTM electron affinity 

Figure 3.8: Variation in J-V curves of PSC with Cu2O electron affinity 

Table 3.3: Dependence of solar cell performance on HTM 

Cu2O electron affinity (eV)     JSC (mA/cm
2
)        VOC (V)         FF (%)              PCE (%) 

2.4 30.08 0.34 61.24 6.36 

2.5 30.33 0.44 66.71 9.00 

2.6 30.52 0.54 70.18 11.67 

2.8 30.79 0.74 75.13 17.23 

3.0 30.97 0.86 80.76 21.64 

3.2 30.94 0.86   66.32        17.78 

3.4 30.77 0.77 50.79 12.10 

  3.6 30.49  0.57 37.58 6.61 
 

3.5. Influence of doping concentration (NA) of absorber material 

To enhance the performance of solar cell doping is very important. When the doping concentration of the absorber layer is 

varied from 3.2x10
10

cm
-3

- 3.2x10
17

cm
-3

,JSCincreases from 29.67mA/cm
2
 to 31.54mA/cm

2
but decreases to 31.41mA/cm

2
, 

VOCdecreases, FF was unstable and PCE increases from 16.15% – 17.80% but decreases to 14.58% because the p-type 

carrier doping concentration of tin perovskite improve the PCE of the device due to an enhanced built in electric field. 

Moreover, when the p-type semiconductor is doped with acceptors the Fermi energy (EF) is pulled down to the valence 

energy (EV) where we get more hole but less electrons, reverse is the case for an n-type carrier.By maximizing the carrier 

mobility within the active perovskite, the optimum cell performance withJSCof 31.54mA/cm
2
, VOCof 0.84V, FF of 66.79% 

and PCE of 17.80% is obtained as shown in table 3.4. 
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Figure 3.9a: Variation ofshort circuit current density with Absorber doping concentration 

Figure 3.9b: Variation of output circuit voltage with Absorber doping concentration 

 

Figure 3.9c: Variation of fill factor with Absorber doping concentration 
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Figure 3.9d: Variation of efficiency with Absorber doping concentration 

Figure 3.10: Variation in J-V curves of PSC with absorber material doping concentration 

 

Table 3.4: Dependence of solar cell performance on absorber material 

Absorber doping concentration (cm
-3

)     JSC (mA/cm
2
)        VOC (V)         FF (%)              PCE (%) 

  3.2E+10 29.67 0.86 62.71 16.15 

3.2E+11 29.67 0.86 62.71 16.15 

  3.2E+12 29.67 0.86 62.72 16.15 

3.2E+13 29.70 0.86 62.82 16.19 

3.2E+14 29.93     0.86 63.74 16.55 

3.2E+15 30.94 0.86   66.32        17.78 

  3.2E+16 31.54 0.84 66.79 17.80 

  3.2E+17 31.41   0.74 62.41 14.58 

 

3.6 Performance of optimized parameters 

The thickness, electron affinity and doping concentration (NA) was considered as the following factors by which we obtain 

JSC of 31.15mA/cm
2
, VOC of 0.92V, FF of 83.72% and PCE of24.06%. The final optimized parameters and optimized J-V 

curve are shown in table 3.5andfigure 3.11 respectively. We compared our simulated results with the experiment work 

published by other researchers and the related data is summarized in table 3.6. The best power conversion efficiency of 

6.09% has been achieved for PSCs with spiro-OMeTAD as HTM in the literature despite Cu2O as HTM was use in this 

research. This could be achieved by further improving the film morphology and crystalline quality of both the absorber and 

spiro-OMeTAD layer. Doping of spiro-OMeTAD by replacing it with other element might or can further modify the charge 

carrier concentration and mobility of HTM which was done using Cu2O in this work. 
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Table 3.5: Optimized parameters of the device      

Optimized parameters                  ETM (CdS)    Absorber (CH3NH3SnI3)    HTM (Cu2O 

Thickness (µm)                                   ---   0.900 --- 

Electron affinity (eV)  3.8 --- 3.0 

Doping concentration, NA (cm
-3

)        ---- 3.2E+16  --- 

Figure 3.11: J-V curves of PSC with optimized parameters 

 

Table 3.6: Using SCAPS to report the photovoltaic parameters of cuprous oxide based perovskite solar cells, 

experimental work in the literature and simulated results.  

Simulation JSC (mA/cm
2
)        VOC (V)         FF (%)              PCE (%) 

  Initial 30.94 0.86 66.32 17.78 

Optimized µm of absorber 32.91 0.89 67.44            19.82 

Optimized EA of ETM 31.80 0.91    68.51    19.96 

Optimized EAof HTM 30.97    0.86 80.76      21.64 

OptimizedNAof absorber 31.54     0.84 66.79 17.80 

Final optimization 31.15 0.92 83.72 24.06 

Experimental parameters 18.67 0.68 47.43 6.09 

  Experimental parameters 31.59 0.92 79.99 23.36 

 
4.0 Conclusion 

In conclusion, the contribution of this study is to explore ways in which the efficiency of Sn-based perovskite can be improved. A 

numerical simulation approach will be used to study the characteristics of tin-based perovskite solar cells that are relevant for their 

performance improvement by adjusting parameters such as the thickness of absorber layer, electron affinity of ETM and HTM and 

doping concentration of absorber layer using SCAPS-1D.  The results show that Cu2O as HTM has the potential to be used with 

perovskite absorber and can replace the Spiro-OMeTAD which is expensive and suffers from degradation .CdS as an ETM can also be 

used to replace TiO2which is expensive. The highest PCE achieved is 24.06%, FF of 83.72%, JSC of 31.15mA/cm2, VOC of 0.92V which 

is the final optimized device. The electron affinity of the HTM has a great influence on the performance parameters of the solar cells with 

a PCE of 21.64% at 3.0eV. 
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