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Abstract: In this paper we investigate the inorganic hole and electron transport layer of FTO/TiO2/CH3NH3PbI3/CuI/Ni 

structure solar cells through the SCAPS-1D software program. It consists of the absorber layer CH3NH3PbI3, electron 

transport material TiO2, and hole transport material which is CuI in addition to front and back electrodes FTO, and Ni, 

respectively. The study included the effect of several factors such as changes in thickness and band gap for the active layer, 

ETM, HTL., and thickness for back electrode Ni on the efficiency of the solar cell. All studies were under a constant 

temperature of 300k. Finally, the efficiency of the proposed cell was tested under a range of different temperatures. We 

found the optimum values of photovoltaic parameters including, Fill factor (FF), Short circuit current density (Jsc), Open 

circuit voltage (Voc), and power conversion efficacy () for solar cells.  The efficiency of the proposed solar cell is 20.63% 

and Voc = 2.012 V, Jsc = 26.653 mA/cm2, and FF= 38.33%. 

Keywords: lead halide, perovskite, TiO2, CuI, Solar cell.   

1 Introduction  

One of the most significant renewable and green energy 

sources, solar energy is also a significant source of 

renewable and environmentally friendly energy. It provides 

energy solutions for sustainable development. Applications 

for concentrated solar power and solar photovoltaics are 

always being developed to suit our energy needs. [1]. 

Perovskite solar cells (PSCs) are the most promising 

technology to be commercially available in the market 

among the third generation of photovoltaic (PVs) for their 

distinctive properties. Significant improvements in 

efficiency and stability have been observed in lab 

environments [2][3]. The perovskite layer is sandwiched 

between electrodes , commonly used as an oxide 

Transparent that conducts charge carriers (FTO) and a 

Metal, and two charge transportation layers [ETL] and  

[HTL][4][5]. 

There have been instances of a wide range of organic-

inorganic hybrid metal iodide perovskites with the general 

formula AMI3, where A is the methylammonium 

(CH3NH3+) or formamidinium (HC(NH2)2+) cation. and 

M is tin (1 and 2) or lead (3 and 4) are reported. Based on 

optical absorption tests, 1-4 shows the properties of direct-

gap semiconductors, with energy band gaps dispersed 

between 1.25 and 1.75 eV. At room temperature, the 

compounds show an intense near-IR photoluminescence 

activity in the 700–1000 nm region (1.1–1.7 

eV)[6][7].  One M metal cation that has been employed is 

lead (Pb). However, because lead is hazardous it's 

prevented from being available commercially   [8].  shown 

that while tin may substitute lead, it reduces the solar cell's 

performance conversion efficiency[9].CH3NH3PbI3 

becomes a superb light harvester because of its outstanding 

characteristics, which include a variable band gap, long 

diffusion length, perfect band gap, broad absorption 

spectrum, and good carrier transport mechanisms. It is also 

easy to produce on a flexible substrate.  The lead halide 

perovskite has high qualities making it promising to employ 

in the creation of perovskite solar cells and increasingly an 

effective substitute for the conventional silicon 

material[10]. 

Titanium oxide has been acknowledged as a fundamental 

ETL in PSCs over the past decade because of its low 

processing temperature, improved stability, and appropriate 

optoelectronic properties. shown to be the best [ETM] ,with 

a 4.1 eV [CBM], Its [VBM] is at a very low location, and 

its CBM is marginally lower than that of CH3NH3PbI3, 

ensuring electron injection from perovskite absorber to 

ETL by direct contact[11][12]. TiO2 is a significant 

semiconductor that has drawn interest in photochemical 

synthesis solar cells. It is inexpensive, non-toxic, and 

environmentally friendly. With extremely distinctive 

chemical, physical, and material features, it is one of the 

most plentiful materials on Earth. Its exceptional optical 

transmittance in the visible and near-infrared wavelengths, 

high dielectric constant, and photocatalytic activity are only 

a few of its special qualities. Its 3.2 eV band gap is rather 

wide. Its large energy band gap makes it a useful material 

in the ultraviolet. TiO2 is an extremely intriguing substance 

for many areas of scientific study, industrial use, renewable 

energy, and environmental protection because of these 

unique features[13][14][15]. 
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CuCl, CuBr, and CuI are copper halides that are of special 

importance because of their competitive characteristics 

when compared to II-VI and III-nitrides. Large direct band 

gaps [for CuCl = 3.3 eV, CuBr =2.91 eV f, and CuI =2.95 

eV-3.1 eV], a significant temperature dependency. and 

height exciton binding energies {190 meV for CuCl, 108 

meV for CuBr, and 63 meV for CuI}. Because of their large 

range of densities of holes (1016 - 1020 cm3), transparent 

copper(I) halides, such as CuI, have significant hole 

mobility equal to [44 
𝐶𝑚2

𝑉.𝑆
]. P-type conduction which arrive 

280 
𝑆

𝑐𝑚
 [16]. When compared to Cu(I)-based oxides, CuI 

exhibits superior electrical performance for two reasons: 

(A) the electronegativity of iodine is smaller than that of 

oxygen [2.66 against 3.44 on the Pauling scale], allowing 

for more delocalized holes above the VBM. and (B) the 

large I− radius of 220 pm and the spatially spread three 

outermost p-orbitals can achieve sufficient orbital overlap 

for fast hole transport[17]. and organic-lead-halide 

perovskite solar cells, which primarily owe their 

exceptional performance to CuI 's high hole mobility. 

Recently, studies on CuI thin films as a transparent p-type 

semiconductor for transparent electronics applications have 

also been started[18][19].  Due to CuI's many special 

qualities, including its high hole mobility, low cost of 

manufacture, ease of deposition, and superior chemical 

stability[20]. 

As a result, it is suitable for highly efficient perovskite solar 

cells. The CH3NH3pbI3-based PSCs 

FTO/PCBM/CH3NH3PbI3/PEDOT: PSS/Ag was done 

using a Solar Cell Capacity Simulator (SCAPS). the results 

as follows; PCE= 31.77%, Jsc = 25.60 mA/cm2 ,Voc= 1.52V, 

FF= 81.58% [10]. In a different simulation-based 

investigation (SCAPS), TiO2 and CuI were utilized. Within 

the solar cell model Glass/TiO2/ZnO: Al/CH3NH3SnI 

3/CuI/Au. It showed the following results PCE= 

25.91%,Jsc= 31.77mA/cm2,Voc = 1.04V,FF= 78.18% [21]. 

Using a simulation(SCAPS) the model 

TCO/MoS2/CH3NH3PbI3/TiO2/Ag showed the following 

results PCE= 20.43%,Jsc= 26.24mA/cm2,Voc = 0.93V,FF= 

83% [22]. 

These Manuscripts suggested the optimum structure 

FTO/TiO2/CH3NH3pbI3/CuI/Ni. The projected consumes 

are designed and inspected by the simulation software 

program SCAPS-1D. At the University of Gent at 

Belgium's Department of Electronics and Information 

Systems. to simulate solar cells, the Solar Cell Capacitance 

Simulator One-Dimensional program was created. For the 

free electrons and holes in the conduction and valence 

bands, Poisson's equation and the continuity equation are 

included, numerical simulations can be credited to its single 

blend of accuracy, versatility, operative sociability, open-

source nature, and the active provision from its communal 

of users and developers[23]. 

So, we current the SCAPS-1D examine numerical modeling 

of the inorganic hole and electron transport layer of 

FTO/TiO2/CH3NH3PbI3/CuI/Ni. Usually, the effect 

changes the thickness and band gap for both the active, 

electron and hole transport layer. In addition to the effect of 

temperature on the solar cell's fundamental parameters. Our 

modelled outcome will be a step forward should be 

investigation the ideal conditions for achieving high 

efficiency solar cells. 

2 Materials and methods 

2.1 Solar cell structure.  Figure 1 shows a schematic 

representation of the solar cell structure that was employed 

in the simulation. Normally, N-TiO2 was used as ETM, P-

CuI was employed as the hole transport layer (HTL), while 

i-CH3NH3pbI3 was used as the active layer for our 

configuration n–i–p solar - cells. Transparent conductive 

oxide [FTO] and Nickel [Ni] Used as metal electrodes 

(front and back) of the device. 

2.2 Numerical simulation and parameters of materials 

In our present research, SCAPS-1D software is a powerful 

and valuable numerical simulation tool to recognize and 

clarify the physical phenomena arising in photovoltaic 

devices[24]. The numerical simulation software called 

SCAPS-1D was developed by researchers from the 

University of Gent's Electronics and Information Systems 

(ELIS) Department. It makes use of the Poisson equation 

and the continuity equation for electrons and holes in 

steady-state conditions. Free electrons and holes in the 

conduction and valence bands are treated using Poisson's 

and continuity equations.[25]. allows up to seven 

heterojunction layers to be designed and simulated. The 

following are the continuity equations for electrons and 

holes[26][23]: 

− ( 
1

𝑞
)

𝑑𝑗𝑛

𝑑𝑥
− 𝑈𝑛  + 𝐺 =

𝑑𝑛

𝑑𝑡
                                                 (1) 

− ( 
1

𝑞
)

𝑑𝑗𝑝

𝑑𝑥
− 𝑈𝑝  + 𝐺 =

𝑑𝑝

𝑑𝑡
          (2) 

where G is the generation rate, Jn and Jp are the current 

densities for electrons and holes, respectively. The Poisson 

formula is as follows:  

𝑑2

𝑑𝑥2 𝜓(𝑥)   =
𝑒

𝜖𝑜𝜖𝑟
( 𝜌(𝑥) − 𝑛(𝑥) + 𝑁𝐷 − 𝑁𝐴 + 𝜌𝑝 − 𝜌𝑛)  (3) 

where e is the electrical charge, εr is the relative, ε0 is the 

vacuum permittivity, ψ is the electrostatic potential, p and n 

are the concentrations of holes and electrons, respectively , 

NA and ND are the charge impurities of the acceptor and 

donor types, respectively, and ρp and ρn are the distributions 

of holes and electrons, respectively. In this research 

succeeding the standard test conditions (STC), the spectrum 

used in all simulations was the AM1.5G spectrum, the 

incident light power was set at 1000 W/m2, and the 

temperature was set at 300 K. The parameters of CuI, 

CH3NH3pbI3, TiO2, FTO utilized to carry out our numerical 
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simulations are listed in Table 1 based on 

References.[27][21][28][29][30][31]. 

 

 

 

Scheme 1: Schematic illustration of simulated devices. (a) 

The basic schematic diagram of the 

FTO/TiO2/CH3NH3pbI3/CuI/Ni perovskite solar cell device 

structure. (b) energy band diagram of materials used. 

Table 1: The initial parameters employed in our 

simulations of FTO/TiO2/CH3NH3pbI3/CuI/Ni. 
CuI CH3NH3pbI3 TiO2 FTO Material parameter 

0.1 3 0.05 0.25 Thickness(µm) 

2.98 1.55 3.2 3.5 Band gap, Eg (eV) 

2.1 3.9 4.26 4 Electron affinity, χ (eV) 

6.5 10 50 9 Permittivity (Relative), εr 

110+19 2.7810+18 110+21 210+18 CB density of states (cm-3) 

110+19 3.910+18 110+20 1.810+19 VB density of states (cm-3) 

1.6910-4 10 610-3 20 Mobility (Electron), µn 

(cm2 /Vs) 

1.6910-4 10 610-3 8 Mobility (Hole), µh (cm2 

/Vs) 

110+18 0 0 0 Acceptor density (cm-3) 

0 110+19 510+19 210+19 Donor density (cm-3) 

0 110+14 0 0 Defect density (cm-3) 

3 Results and Discussion 

3.1 Impact of changing thickness, Band Gap for HTL 

Figure [1,2] shows the impact of the thickness hole layer 

and band gap on solar- cell performance metrics, such as, 

short circuit current density (JSC), open circuit voltage 

(VOC), fill factor (FF), and power conversion efficiency 

(PCE). 

In this study, we changed the CuI layer's thickness from 

0.1µm to 1µm as shown in Figure 1(a) most of the 

photovoltaic parameters had a drop on the change in 

thickness of the CuI layer. The Voc decreased from about 

1.35 V at a thickness of 0.1 µm to about 0.97 eV at a 

thickness of 1µm. while the Jsc values are nearly constant 

for every CuI thickness which varied from 0.1 toward 1µm. 

While varying the hole thickness from 0.1 μm to 1  μm, the 

FF increases from 55.52% to 70.40% then it drops to 

70.21% at 1µm, and efficiency decreases from 16.21% to 

14.79%.  

These results could be explained as the thickness increases, 

Additionally, the decrease in [PCE] with increasing 

thickness is connected with the speeding up of electron-

hole pair recombination due to an increase in the path for 

the hole that reduces the probability of passing it through 

the thicker layers. This causes an increase in series 

resistance causing a reduction in Voc and Jsc[26]. As a result, 

the full factor increases, while the efficiency decreases 

according to the following equations[28]: 

𝐹𝐹 =
𝐽𝑚𝑎𝑥.𝑉𝑚𝑎𝑥

𝐽𝑠𝑐.𝑉𝑜𝑐
            (4) 

𝜂 =
𝐽𝑆𝐶×𝑉𝑂𝐶×𝐹𝐹

𝑃𝑖𝑛
           (5) 

Thereby, the thickness of HTL(CuI) is taken to be 0.1µm 

for the optimized solar cell structure. 

Figure 2 shows the variations of the solar cell output 

parameters Voc, Jsc, FF, and η. energy band gap for CuI. 

Here, the energy band gap varies from 2.95eV to 3.03eV. 

the Voc increases dramatically from 1.48 V to 7.62 V. 

Almost constant Jsc values can be observed for every 

CuI energy band gap which is 24.69 mA/cm2. the FF 

decreased from 51.14% to 10.43%. the PCE(η) increases 

significantly from 18.73% to 19.64%. Through the 

study, it was found the band gap for Cul wide. It’s well-

suited for effective hole transport. The valence band of 

CuI is energetically aligned with the valence band of the 

perovskite, facilitating efficient hole transfer from the 

perovskite to the CuI HTL. This alignment minimizes 

energy loss during hole transport, improving the overall 

efficiency of the solar cell. Therefore, an HTL(CuI) 

energy band gap of 3.03eV is considered to be the 

optimal solar cell structure. 

b 

a 
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Fig. 1: The variation of Voc(v), Jsc(mA.cm-2), FF (%), 

PCE(η) (%) with thickness layer of CuI in(μm). 

 

Fig. 2: The variation of Voc(v), Jsc(mA/cm2), FF (%), 

PCE(η) (%) with energy band gap for CuI. 

3.2 Study Thickness and Band gap of the active layer  

Figure [3,4] provides a depiction of the influence of the 

thickness absorber layer and band gap on solar cell output 

performance. 

We increase the thickness as shown in the fig.3 which 

varies from 0.25 μm to 3 μm. Here, the Voc decreases from 

4.05V at 0.25µm to 1.35V at 3µm. As for Jsc increases from 

18.85 mA/cm2 at 0.25µm to 24.68 mA/cm2  at 1µm then 

decreases to 21.51 mA/cm2 at 3µm. the FF increases 

significantly from 19.47% at 0.25 µm to 55.52% at 3µm. 

While PCE(η) rise from 14.89% at 0.25µm to19.03% at 

1µm then drop to 16.21% at 3µm. This may be because 

when electron-hole pairs are created in a solar cell's 

absorber layer upon light incident. The solar cell must 

function properly so that these pairings reach every 

electrode without recombining. In cases when the 

perovskite absorber layer thickness is overly thick  ,it 

lengthens the time needed for light energy to be absorbed 

and converted, which causes recombination, which would 

lower the current density (Jsc), and voltage (Voc). which 

leads to increased FF and decreased PCE according to the 

equations (4,5). On the other hand, a perovskite absorber 

layer that is too thin may prevent light from being 

absorbed.[26] 

Figure 4 shows the solar cell output parameters Voc, Jsc, FF, 

and η with variations of energy band gap for CH3NH3pbI3. 

Here, the energy band gap varies from 1.25eV to 1.55eV. 

the Voc increases dramatically from 0.82V to 7.62V. The 

Jsc values decrease with the change energy band gap from 

34.16mA/cm2 to 24.69mA/cm2. the FF values increase from 

50.93% to 75.61% at 1.4eV then it decreases to 10.43% at 

1.55eV. the PCE(η) increases significantly from 14.38% to 

20.38% then it decreases to 19.64% at 1.55eV. The local 

collection efficiency of light absorption as the energy band 

gap rises, quickening the rate of carrier creation and rises 

the Voc according to the equation[23]: 

𝑉𝑜𝑐 =
 𝐾𝐵𝑇

𝑞
ln (1 +

𝐼𝑝ℎ

𝐼0
)         (6) 

In this work, the thickness and energy band- gap of the 

absorber- layer were chosen at 1 μm and 1.5 eV, 

respectively, which are the ideal values for the proposed 

solar cell. 
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Fig. 3: Impact of absorber layer [CH3NH3pbI3] thickness on 

Voc(volt), Jsc(mA/cm2), FF (%), and PCE (%). (a) Impact of 

absorber layer CH3NH3pbI3 thickness on Voc(volt) and 

Jsc(mA/cm2). (b) Impact of absorber layer CH3NH3pbI3 

thickness on FF (%) and PCE (%). 

 

Fig. 4: Impact of absorber layer [CH3NH3pbI3] energy band 

gap on Voc(volt), Jsc(mA/cm2), FF (%), and PCE (%). (a) 

Impact of absorber layer CH3NH3pbI3 energy band gap on 

Voc(volt) and Jsc(mA/cm2). (b) Impact of absorber layer 

CH3NH3pbI3 energy band gap on FF (%) and PCE (%). 

3.3 Effect of ETM (TiO2) Thickness and Band gap. 

Figure [5,6] shows the variation of photovoltaic parameters 

concerning the ETL thickness and its energy band gap. 

TiO2 is used as the first material to be exposed to incoming 

light in the n-i-p structure as an [ETL] material. TiO2 

thickness optimization is crucial for the initial device 

manufacturing. Consequently, the impact of altering the 

layer thickness from 0.01 toward 1 μm on the parameter of 

the solar cell was studied. As shown in Fig. (5), the PCE(η) 

values remain constant for each TiO2 thickness, while the 

Voc, Jsc, and FF values change slightly. These results can 

be explained by the nature of TiO2 which has high mobility 

and fewer defects therefore the electron is not affected 

much by increasing the thickness of TiO2. 

The band gap of the ETL is essential for creating solar cells 

with high efficiency. The effect of the ETL band gap on 

solar output characteristics is depicted in Figure (6). The 

TiO2 band gap in the ETL changes from 2.96 eV to 3.3 eV. 

When the energy band gap of the ETL changes fro-m 2.96 

eV to 3.3 eV, we find that PCE (η) 20.38%, FF 45.73%, Jsc 

26.633 mA/cm2, and Voc 1.673 V are almost constant due 

to the small change in energy gap does not affect the 

configuration alignment of solar cells. 

The ETL optimal thickness and energy band gap for the 

suggested solar cell are 0.05μm and 3eV, respectively, 

which were selected in this study. 
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Fig. 5: Impact of ETL [TiO2] thickn-ess on Voc(volt), 

Jsc(mA/cm2), FF (%), and PCE (%). (a) Impact -of ETL 

TiO2 thickness on Voc(volt) and Jsc(mA/cm2). (b) Impact 

of ETL TiO2 thickness on FF (%) and PCE (%). 

 

Fig. 6: Impact of ETL [TiO2] energy band gap on Voc(volt), 

Jsc(mA/cm2), FF (%), and PCE (%). (a) Impact of ETL TiO2 

energy band gap on Voc(volt) and Jsc(mA/cm2). (b) Impact 

of ETL TiO2 energy band gap on FF (%) and PCE (%).                                                                                                                                                         

3.4 Effect of electrode layer (Ni) Thickness. 

Figure [7] shows the variation of photovoltaic parameters 

concerning the electrode layer’s thickness Ni, the work 

function of Nickel 5.22eV. 

We observe that increasing the back electrode thickness 

(Ni) has a clear influence on the solar cell parameter, as 

shown in Figure 7, Variation layer thickness from 0.1 to 1 

μm. The Voc ranges from 1.35V at 0.1µm to 3.52V at 1µm. 

Jsc remains mostly constant as thickness varies. The FF 

drops from 55.44% at 0.1µm to 22.35% at 1µm. PCE(η) 

increased from 18.58% at 0.1µm to 19.48% at 1µm. These 

results can be explained through a Schottky diode, where 

the metal and a semiconductor material are combined to 

create a diode there will be a transition in which some 

electrons from the metal enter the semiconductor and others 

from the semiconductor enter the metal. More electrons 

will transit from the semiconductor into the metal than in 

the revised way because there is a greater barrier preventing 

transit electrons from the metal. Which consists of two 

solar cells one of them perovskites and the other is Schottky 

diode solar cells which create tandem solar cells, yielding 

higher overall efficiency[32]. The optimum thickness of the 

back electrode of the proposed solar cell was chosen at 

0.5µm.  
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Fig. 7: Impact of back electrode [Ni] thick-ness on 

Voc(volt), Jsc(mA/cm2), FF (%), and PCE (%). (a) Impact of 

back electrode (Ni) thickness on Voc(volt) and 

Jsc(mA/cm2). (b) Impact of back electrode (Ni) thickness 

on FF (%) and PCE (%). 

3.5 Effect of Working Temperature on solar cell 

performance 

The operating temperature of a solar cell device influences 

its performance. Higher working temperatures of 

photovoltage devices improve hole and electron mobilities, 

as well as material carrier concentrations. The temperature 

was changed from 253 K - to 318 K to determine its effect 

on solar cells and the following outcomes can be seen in 

Figure (8). The Voc increases from 1.026V at 253k to 

2.019V at 318k. such results might be explained using Eq. 

(6), in which the reverse saturation current (Io) reduces, as 

does the recombination probability for the charge carriers 

as temperature increases, And so the VOC grows with higher 

temperatures[24]. In contrast, the values of Jsc show a small 

rise from 26.564 mA/cm2 to 26.653 mA/cm2 with rising 

operating temperatures, owing to the increase in the 

creation of electron-hole pairs[33]. The results indicate a 

variation in the FF value from 71.51% to 38.33% and the 

PCE (η) value from 19.5% to 20.63% with the temperature 

change. This can be explained by Eq. [4,5]. 

These findings demonstrate that the suggested solar cell 

performs well over a wide range of temperatures and with 

excellent efficiency. 

 

Fig. 8: The variation of Voc(v), Jsc(mA/cm2), FF (%), 

PCE (η) (%) with different temperature. 

4 Conclusion 

This work employed simulation to analyze the device 

structure of (FTO/TiO2/CH3NH3pbI3/CuI/Ni) while 

studying the band gap and thickness of the absorber layer, 

hole transport layer CuI, as well as the electron transport 

layer TiO2. In addition to study electrode (Ni) thickness. 

Furthermore, the working temperature is adjusted between 

253K and 318K by using SCAPS-1D. 

Based on our modeling, we found that the ideal thickness 

and band gap for the active material CH3NH3pbI3 are 1μm 

and 1.5eV, respectively. Furthermore, the ideal values for 

the CuI layer at 0.1µm and 3.03 eV, and the ideal values for 

the TiO2 layer at 0.05µm and 3eV. Finally, we obtained the 

ideal electrode thickness at 0.5µm. After examining the 

temperature variation, we discovered that the cell operates 

more efficiently at higher temperatures. Accordingly, the 

cell parameters at 318k are: Voc=2.019v, 

Jsc=26.653mA/cm2, FF=38.33%, PCE(η)=20.63%. 

This illustrates the possibility of designing environmentally 

friendly beneficial, lead-based perovskite solar cells with 

excellent efficiency.  
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