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Abstract: Mathematical modelling can offer the physical intuitions about the charge 

transport process inside a solar cells and provide the various elements affecting their 

performance. In the present paper, (CH3NH3Pb(I1-xBrx)3 based various perovskite solar cells 

have been mathematically simulated deploying SCAPS simulator. Various Hole Transport 

layers (HTLs) based on thickness, total defect density and donor density of mixed halide 

perovskite have been compared using Cd1-xZnxS as an Electron Transport Layer (ETL). 

Amongst the proffered HTLs, P3HT [Poly(3-hexylthiophene)] executed better and exhibited 

the PCE of 28.28%. During the simulation, mixed halide perovskite layer with thickness of 

700 nm has been found suitable for the effective solar cell design. These mathematically 

simulated outcomes indicate the optimum efficiency of the solar cell that may further be 

prompted to design the extremely high efficient solar cells. 

 

Keywords: Mixed Halide PSCs, Perovskite Layer (Active/ absorber layer), SCAPS 1-D, 
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1. INTRODUCTION 

The exploitation of energy has been escalated enormously. Thus, betting on conventional 

energy resources should not be the only criteria to fulfil the expanding energy requirement. 

Solar cells exhibiting improved efficiency are desirable contender to fulfil the essential 

electrical energy demand in order to produce maximum electric power as output, exploiting 

solar energy as input. In this regard, Perovskite solar cells (PSCs) are the one of the most 

optimistic participant because of their exceptional power conversion capabilities in addition 

to improved light absorption, lesser electron-hole binding energy, direct band gap and 

inexpensive fabrication in moderate conditions. A viable PSC must have exaggerated 

magnitude of FF, JSC, VOC and PCE for converting ample amount of solar energy to electrical 

energy using photovoltaic effect. For this, a standard PSC has versatile configuration 

consisting of a Perovskite Layer (Active/ absorber layer), Hole Transport Layer (HTL) and 

Electron Transport Layer (ETL). Practically, it is an expensive and time consuming task to 

fabricate various layers of a multi-layered PSC. Therefore, computational modelling and 

simulation studies are first and foremost steps to follow prior actual fabrication of different 

layers of PSC as these are helpful in identifying appropriate materials required for processing 

different layers of PSCs. 

An absorber layer of a PSC incorporates perovskite structure having general formula CDX3 

where C denotes organic cation viz formamidinium (NH=CHNH3
+) or methyl ammonium 

(CH3NH3
+), D denotes inorganic cation viz Sn2+ and Pb2+ and X denotes halide ion viz Cl-, Br-  

or I-. Methyl ammonium lead iodide (MAPbI3) is the most common perovskites used in PSCs 

while MAPbI3-xClx, MAPb(I1-xBrx)3, MAPbSnI3, MAPbI3, FASnI3 are the other perovskite 

materials used as absorber layers for constitution of perovskite solar cell [1-5]. Various 

perovskites & non perovskites material are also examined & numerically simulates for further 

utilization as active absorber material in multilayer PSC. In addition, pure organic perovskite 

materials have also been explored & found suitable for absorber layer in PSCs. 



Performance of the perovskite layer can be improved by utilization of an appropriate ETM 

which withdraws the photoelectron produced by the absorber material & the HTM which 

promotes the formation of holes. TiO2, ZnO, CdZnS and SnO2 are the materials used as ETLs 

[6-10] while CuI, CuO, P3HT, Spiro-OMeTAD, Cu2O, CuSCN CuSbS2 are the materials 

used as HTLs [11-13]. The stability & efficiency of perovskite solar cells are eminently 

relying on characteristics & genre of these layers. It has been observed that PSC exhibits 

maximum efficiency when rutile crystalline phase of TiO2 is used as ETM. This phase of 

TiO2 requires high annealing temperature for processing which restricts its use in perovskite 

solar cells. In the same way, most common HTMs viz PEDOT:PSS & SpiroMeTOD are 

expensive & less stable, which restricts their use in perovskite solar cells. Hence, various 

researches on the optimization of solar cell performance by using different ETM & HTMs 

have been carried out. A perovskite solar cell exhibits an efficiency of 24.32% while using 

MASnI3, TiO2 & CuSCN as absorber layer, ETM & HTM respectively. Other perovskite 

solar cells exhibits efficiency of 24.17%, 24.50% & 25.36% while using MASnI3 as absorber 

materials, ZnO as ETM, & SpiroMeTOD, PEDOT:PSS, & Cu2O as HTMs respectively. 

However, perovskite solar cell with CuI as HTM, ZnO as ETM & MASnI3 as perovskite 

layer exhibits as efficiency of 24.82%. The influence of back contact material is also studied 

on efficiency of PSC. Remarkably, perovskite solar cells that came into existence in 2009 

exhibited efficiency of 3.8 % which further have been enhanced to 25.6 % in 2021[14-17]. 

Their efficiencies are still on progressive phase with an unpredictable upper threshold. 

In this paper, the CH3NH3PbI3-xClx based perovskite solar cell (existing) with Cd1-xZnxS and 

CuI as ETL and HTL respectively, exhibiting efficiency of 25.68%, are compared with 

various (CH3NH3Pb(I1-xBrx)3 based perovskite solar cells that have been mathematically 

simulated deploying SCAPS simulator where different HTLs viz Cu2O, CuSbS2, CuO and 

P3HT [Poly(3-hexylthiophene)] (proposed) are used separately using Cd1-xZnxS as an ETL. 

Amongst the abovementioned proposed perovskite solar cells, cell with P3HT [Poly(3-

hexylthiophene)] as HTL executed better and exhibited the PCE of 28.28%. Interestingly, 

P3HT is an organic material and is cheaper than the other organic HTL SpiroMeOTAD. 

2. PROPOSED DEVICE SIMULATION 

In this paper, design simulation in respect of the mixed halide perovskite solar cells has been 

executed on SCAPS 1D software. The device design figured for the simulation is glass/ TCO/ 

Cd1-xZnxS (buffer layer or ETL)/ DL I/ active layer (CH3NH3Pb(I1-xBrx)3)/ DL II/ HTL/ back 

contact. The proposed cell has been simulated independently using various HTLs viz CuI, 

Cu2O, CuSbS2, CuO and P3HT. From the discrete simulations, it is found that solar cell with 

P3HT as HTL has displayed maximum efficiency of 28.28%. A simple configuration with 

respect to this is revealed in Fig. 1(a).  SCAPS 1D software used for the simulation is 

administered by Poisson and Continuity equation. 
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where n(x) and p(x) denotes concentration of negative and positive charge carriers 

respectively; Gn(x) and Gp(x) denotes rate of photogeneration; and Rn(x) and Rp(x) signify 



the recombination of negative and positive charge carriers, respectively. E(x), D and µ  in 

Eqs. 1 and 2 denotes electric field inside perovskite layer, diffusion constant and carrier 

mobility respectively [18]. A systematic model is established within the perovskite layer 

followed by calculation of respective values for the parameters using Poisson and Continuity 

equation. The leading parameters of individual layers are tabulated in Table 1. 

The defects existing in the device structure highly influence the performance of cell. 

Shockley-Read-Hall (SRH) recombination model applicable to regulate the defect 

concentration in a solar cell is mathematically expressed as [19-20]- 𝑅 = 𝜏𝑛,𝑝−1 (𝑛𝑝−𝑛𝑖2)𝑛+𝑝+2𝑛𝑖𝑐𝑜𝑠ℎ(𝐸𝑡−𝐸𝑖𝑘𝑇 )                                                    (3) 

where, τn,p = the relaxation time of charge carriers 

               n, p = density of electron and hole respectively 

               ni = intrinsic density 

               Ei = intrinsic energy level  

               Et = energy level of the trap defects 

Thermal velocity for negative and positive charge carriers in every layer is held steady at 107 

cm/s. 
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𝜏n, p shown in Eq. 4 represents the relaxation time of negative and positive moving charged 

particles. Nt, and σn, p are density and captured area of cross-section pertaining to defects, 

respectively.  

Diffusion length (l) in respect of mobile charged particles is expressed as -  

Dl                                                                        (5) 

Here, it is the diffusion constant that is represented by D which can be find using below 

mentioned relation 

q

kT
D


                                                                      (6) 

Various parameters can be estimated using above cited equations. The calculated values are 

found to be much closer to the simulated results.  

The planned design of solar cell for the simulation is shown in Fig. 1(b). In addition, the band 

diagram (Energy diagram) in respect of planned cell configuration is shown in Fig. 2. 

The absorption coefficient (α)can be estimated by- 



2/1

)( EghvA                                                         (7) 

where Aα is 105. 

Table 1. shows the optimized parameters which is further analysed to construct an effective 

Perovskite solar cell. 
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Fig. 1. (a) Block diagram of perovskite solar cell (b) Simulated device structure. 

 

 

 

Fig. 2. Energy Band Diagram 

Table 1 Design Simulation Parameters 

Parameters TCO 

(SnO2:F) 

[21] 

ETM 

(Cd1-

xZnxS) 

[21] 

IDL I 

[21] 

Absorber 

Layer 

(CH3NH3Pb(I1-

xBrx)3 [22] 

IDL II 

[21] 

HTM 

(P3HT) 

[23] 

HTM 

(Cu2O) 

[24] 

 

HTM 

(CuSbS2) 

[25] 

 

HTM 

(CuO) 

[23] 

 

Thickness (nm) 500 50 10 700 10 350 350 350 350 

Band gap Eg 

(eV) 

3.5 3.25 1.55 1.61 1.55 1.7 2.17 1.58 1.5 

Electron 

Affinity (eV) 

4 4.08 3.9 3.86 3.9 3.5 3.2 4.2 4.07 



Relative 

Permittivity (εr) 

9 9 6.5 6.5 6.5 3 7.5 14.6 18.1 

Effective 

Conduction 

Band Density, 

NC (cm-3) 

2.2×1018 2.2×1018 2.2×1018 2.2×1018 2.2×1018 2×1018 2×1018 2×1018 2.2×1019 

Effective 

Valence Band 

Density (cm-3) 

1.8×1018 1.8×1018 1.8×1018 1.8×1019 1.8×1018 2×1019 1.8×1018 1×1019 5.5×1020 

Electron/Hole 

thermal 

velocity (cms-1) 

1×107 1×107
 1×107

 1×107
 1×107

 1×107
 1×107

 1×107
 1×107

 

Electron/Hole 

Mobility, µn/µp 

(cm2V-1s-1) 

20/10 340/50 2/2 2/2 2/2 1.8×10-

3/ 

1.8×10-2 

20/80 49/49 1×102/ 

1×10-1 

Donor/Acceptor 

Concentration, 

ND/NA (cm-3) 

2×1019 1×1016 1013 1013 1013 1018 1018 1.38×1018 1015 

Defect Density, 

Nt (cm-3) 

1015 1018 1010 2.5×1012 1010 1014 1014 1014 1013 

 

3. RESULTS AND DISCUSSIONS 

 

Effect of Thickness of Mixed Halide Perovskite Layer 

In this paper, mixed halide perovskite layers have been analysed with varying thickness from 

300nm to 1300nm. It has been observed that thin perovskite layers lead to lower current 

density (Jsc) and lower efficiency () values due to meagre light absorption which is not 

advantageous for a solar cell. On the other side, perovskite layers with higher thickness 

results in higher recombination due to instigation of a critical path for the movement of 

electrons and holes. Consequently, it is necessary to select a perovskite layer of optimum 

thickness to design an efficient solar cell.  Experimentally, it has been found that mixed 

halide perovskite shows optimum efficiency between thickness range 400-800 nm. The 

existing perovskite cell with CH3NH3PbI3-xClx as perovskite layer at 330nm thickness 

exhibits the PCE of 25.68% [21]. Utilizing CH3NH3Pb(I1-xBrx)3, against existing 

CH3NH3PbI3-xClx, as a perovskite layer with a thickness of 700nm, the proposed device has 

exhibited the optimum PCE of 28.28% corresponding to VOC=1.4207 V, JSC=23.472 mA/cm2, 

FF=84.80% is tabulated in Table 2. The performance begins to fall gradually after that due to 

escalated rate of recombination. Due to the variation within diffusion length and absorption 

depth of mobile charged particles, they recombine prior reaching to the interface. 

Consequently, these is steady decline in Voc and FF values along with decrease in PCE as 

shown in Fig.3. 

Table 2 Comparison between existing device and proposed device 

Sr. No. Parameters Existing Device [21] Proposed Device 

1 Solar Cell Efficiency (PCE), ղ (%) 25.68 28.28 

2 Fill factor, FF (%) 84.11 84.80 

3 Current (Short Circuit), JSC (mA/cm2)  25.33 23.472 



4 Voltage (Open Circuit), VOC (V) 1.21  1.4207  

 

 

 

          



 

        

Fig.3. Graphical representation of cell parameters of existing [21] and proposed device w.r.t varying thickness 

of active layer 

 

Impact of Total Defect Density (Defect Concentration) in Mixed Halide Perovskite  



Defect density is a significant factor that plays a very crucial role in determining the 

performance of perovskite solar cell. The photo generated charge carriers produced in 

perovskite layer gets parted way under the effect of electric field and migrate towards 

corresponding ETL and HTL. The quality of mixed halide perovskite layer straightway 

influences the device performance which can be disrupted view substantial amount of defects 

existed in the layer. These existing defects result in early recombination of holes and 

electrons therefore restricting their active involvement. Further, Gaussian defect states have 

greater influence on hole and electrons trapping than that of Urbach tail which finally 

influences the cell performance [26]. The variations in various device parameters by varying 

total defect density is represented through graphs in Fig.4. From the graphs, it is seen that 

there is decline in cell parameters - defect density curves in the range of 108 - 1015 cm-3. The 

device is extremely efficacious at the least defect density value of 108 cm-3 which indicates 

the fineness of perovskite layer with minimum defects [22, 27-29]. Nonetheless, it is 

herculean task to synthesize such a fine, smooth and immaculate surface. The existing solar 

device with CH3NH3PbI3-XClX as perovskite layer exhibits optimized value of device 

parameters (Power Conversion Efficiency = 25.58%, Fill Factor = 84.11%, Short Circuit 

Current = 25.33 mA/cm2) with defect density 1013 cm-3[21]. In comparison to existing one, 

the proposed device with defect density 1012 cm-3 in mixed halide perovskite i.e. 

CH3NH3Pb(I1-xBrx)3, the optimized values of various parameters achieved using different 

HTLs are tabulated below in Table 3. 

 

Table 3 Various parameters achieved using different HTLs 

Sr. 

No. 

Various HTLs used 

separately in 

proposed solar cells 

Efficiency (), 

% 

Short 

Circuit 

Current 

(JSC),       

mA/cm2 

Open Circuit 

Voltage 

(Voc), V 

Fill factor 

(FF), % 

1. P3HT 28.28 23.472 1.420 84.80 

2. Cu2O 28.20 23.379 1.422 84.83 

3. CuSbS2 25.43 23.629 1.215 88.54 

4. CuO 19.02 23.207 1.035 79.10 

     



         

 

 



   

 

 

    



Fig.4. Graphical representation of solar cell parameters wrt total defect density of active layer 

 

Effect of Donor Density of Mixed Halide Perovskite Layer 

Figure 5 demonstrates that the proposed perovskite solar cell with donor density of 1013 cm-3 

in active layer CH3NH3Pb(I1-xBrx)3 having P3HT as HTL displays an optimized efficiency of 

28.28% which is much higher than the optimized efficiency of existing solar cell, having 

same donor density in active layer CH3NH3PbI3-XClX, including CuI as HTL. The values of 

other device parameters of proposed solar cell are Voc = 1.42V, Jsc =23.47 mA/cm2 and fill 

factor = 84.80%. Deviation in donor density straightway influences the potential of solar cell. 

An increment in donor density level boosts the built-in electric field which finally results lift 

up the device performance. 

 

    

         

 



 

 

           

 



 

Fig.5. Graphical representation of cell parameters w.r.t donor density of active layer 

 

Effect on Recombination Rate due to Defect Density of CH3NH3Pb(I1-xBrx)3 Layer  

The influence of defect density of perovskite layer on cell operation can be easily obtained 

using Shockley-Read-Hall (SRH) recombination model by ascertaining the influence of 

defect density onto recombination rate [18-20]. Graph sought between rate of recombination 

and depth from surface at varying defect density is illustrated through Fig. 6. A surge in 

recombination rate can be observed by raising the volume of defect density. Consequently, 

output of solar cell parameters fall with increase in defect density as depicted through Fig. 7. 



 

Fig. 6. Graphical representation of rate of recombination against different depths from surface w.r.t different 

defect densities

From equation 4, it is seen that relaxation time of mobile charged particles is inversely 

proportional to defect density. Also, from equation 3, it is visible that recombination rate in 

inversely proportional to relaxation time of mobile charged particles. The abovementioned 

equations mathematically confirm that with increase in defect density, relaxation time of 

mobile charged particles reduces and finally recombination rate increases.  

The relaxation time of charge carriers is also useful in conveying diffusion length (l). From 

equation 5, it is confirmed that higher value of mobility of charge carriers results in larger 

diffusion length. Therefore, a low recombination rate and large diffusion length results in 

higher efficiency of 28.28 %.  Energy diagram in respect of planned solar cell is illustrated by 

Fig.3. 

4. CONCLUSION 

In the last, it is summarised that with the help of SCAPS-1D simulator, optimization of 

perovskite solar cell with perovskite layer CH3NH3Pb(I1-xBrx)3 is exhaustively examined. The 

effect of different HTLs on the solar cell performance is analysed to obtain maximum 

efficiency. From the simulation, it has been noticed that perovskite solar cell comprising of 

Cd1-xZnxS as ETL and P3HT as HTL exhibits higher efficiency than the other combinations. 

During simulation, effect of various properties viz doping concentration, thickness, and total 

defect density on perovskite layer CH3NH3Pb(I1-xBrx)3 using different HTLs is investigated in 

order to enhance the cell performance. Interestingly, it is witnessed that alternation in HTL 

thickness shows negligible effect on solar cell performance. Further, doping in perovskite 

layer immensely influences the cell performance. This paper elaborates that the proposed 

perovskite solar cell with active layer CH3NH3Pb(I1-xBrx)3 and P3HT as HTL displays an 

optimized efficiency of 28.28% which is much higher than the optimized efficiency (25.68%) 

of existing solar cell, having active layer CH3NH3PbI3-XClX, and CuI as HTL. This prototype 



of solar cell may potentially assist the researchers for subsequent investigation towards 

practical realisation of mixed halide perovskite solar cells. 
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