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Abstract 

Full inorganic cesium lead iodide (CsPbI3) HTL free transport layer is investigated and 

simulated using SCAPS. The aim of the study is to investigate the optimum performance of the 

device structure. Using DFT study, the optical refractive index and reflectivity of CsPbI3 are 

calculated. Further investigation of the device performance with changing parameters like 

metal back contact, absorber thickness, acceptor density, and defect density. The solar cell 

device has the optimum performance with Selenium as a back contact. The solar cell device 

structure of (FTO/ZnO/CsPbI3/Se) with Voc of 1.34 V, Jsc of 19.75 mA/cm2, an FF of 87.5%, 

and PCE of 23.25% are acquired for the proposed HTL-free CsPbI3-based PSC. The simulation 

study will be a guide in fabricating low cost highly efficient HTL free inorganic CsPbI3 solar 

cells. 
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1. Introduction 

The supply of energy is one of the most targeted goals for sustainable development. The traditional sources of energy are 

based on burning fuels which results in harmful carbon gases evolution and global warming climate change. Renewable energy 

like solar energy is considered an effective energy source candidate. Converting solar energy to electricity, solar cell device is 

a such condensed research area. Perovskites are emerging materials in photovoltaic applications. Perovskite materials have the 

ability to capture solar light efficiently and their bandgap can be tuned [1–3]. The first time used perovskite material is 

inorganic-organic metal halide CH3NH3PbI3 and CH3NH3PbBr3 as a photosensitizer [4]. After that, metal halide perovskites 

are used in solar cell devices. The problem with organic-metal halide-based perovskite materials are the organic compound like 

CH3NH3
+ (MA)+or HC(NH2)2 (FA)+ which are degradable and this affects the stability of the cell  [5,6]. The organic cation can 

be replaced by metal cations like Cs+ or Rb+ [7,8]. Recently, caesium lead tri-iodide CsPbI3 material received a lot of attention. 

CsPbI3 is a perovskite material with bandgap of ~1.7 eV [9]. The material is extensively studied theoretically and experimentally 

[9–15]. For the solar device scale, the conventional planar perovskite solar cell is composed of Fan TO layer followed by ETL, 

the main perovskite layer, and an HTL layer. The commercialization of PSC faces many obstacles. One of these is the high 

expensive most used conventional spiro-OMeTAD HTL material. Spiro-OMeTAD is a highly expensive material for solar cell 

devices. Also, Spiro-OMeTAD material is an organic degradable material and affects the stability of the device [16]. Regular 

TiO2 ETL material has the problem of decreasing solar cell device stability, as TiO2 is sensitive to ultra-violet light of the 

spectrum and high annealing temperature[17,18]. The formation of CsPbI3 on the TiO2 ETL layer is at a temperature of 190° 

C [18]. On the other hand, ZnO material has many advantages as an ETL material for CsPbI3. ZnO has high electron mobility, 

a good lattice match with CsPbI3, and allows for low-temperature preparation with CsPbI3 at 120° C [19]. A carbon-based 

perovskite solar cell offers a cost-effective solution for the PSC. The C-PSC is a solar cell structure that will be 

FTO/ETL/Perovskite/Carbon.  

In this study, a DFT study is carried out on CsPbI3 cubic perovskite. The aim of the DFT study is to explore the additional 

optical and electronic properties of the material. A theoretical investigation, for the first time, of the optical refractive index, 

reflectivity, and loss function is done. CsPbI3 hole-free based perovskite solar cell device is optimized by numerical simulation 



 

 

using SCAPS-1D. The ETL material is ZnO. The impact of metal back contact work function, CsPbI3 thickness, concentration 

doping, and defect density on PCE are studied. The results offer a guide for designing high-performance HTL-free based 

inorganic CsPbI3 perovskite solar cells. 

2. Computational study 

DFT study is carried out on cubic perovskite CsPbI3 (Pm-3m, 221) structure. The study aims to calculate the band structure, 

density of states, and the optical properties like (refractive index, reflectivity, and absorption spectrum versus solar spectrum). 

Cambridge Sequential Total Energy Package (CASTEP)[20] was used in the DFT study. The exchange correlation between 

electrons for the CsPbI3 cubic structure is studied by the Generalized Gradient Approximation – Perdew Burke Ernzerhof 

(GGA-PBE) functional [21]. GGA-PBE is a time saving function however it estimated the band gap of CsPbI3 close to 

experimental. Ultra-soft pseudopotential is used with a Brillion k-point set of 3×3×3 and cut-off energy of 700 eV. To relax the 

CsPbI3 structure, the Boryden fletcher Goldfarb shanno (BFGS) algorithm is used. A medium convergence tolerance was used 

with an energy of 2×10-5 eV/atom, the maximum force of 0.05 eV/A° and the maximum displacement of 0.002 A°. The 

optimization steps were set to not exceed 1000 iterations. The self-consistent field (SCF) tolerance is set to 2×10-6 eV/atom. 

 

Table 1 shows the calculated values of lattice constant, bandgap and real refractive index of CsPbI3 material using GGA-

PBE functional versus experimental values. The calculated and experimental values of the lattice constant of CsPbI3 are 6.3 A 

and 6.4 A, respectively. The calculated band gap of CsPbI3 equals to 1.6 while the experimental equals to1.67. The real part of 

the refractive index n at wavelength of 435 nm (2 calculated and 2.46 for experimental measures). The calculated values with 

GGA-PBE are with agreement with experimental one. 

 

Table 1 Calculated lattice constant, bandgap, and real part of refractive index parameters of cubic CsPbI3 (Pm-3m, 221) perovskite using 

GGA-PBE functional versus experimental values 

 GGA-PBE Experimental 

Lattice constant  6.3 6.4[22] 

Bandgap (eV) 1.6 1.67[23] 

Real refractive index n at 435 nm  2 2.46[23] 

 

Figure 1 (a) shows the calculated band structure of CsPbI3. The material is a direct bandgap semiconductor with 

calculated bandgap value of of 1.6 eV using GGA-PBE functional. The total density of states (DOS) and partial density 

of states (PDOS) calculations are shown in figure 1 (b). It is shown that, the valence band dominance is by p states from 

Pb-I states. The dominance in the conduction band s states for Cs and p states for Pb-I states.  

 

 
Figure 1 The calculation of CsPbI3 (Pm-3m, 221) cubic perovskite (a) band structure (b) DOS using GGA-PBE functional 

(a) (b) 



 

 

Figure2 (a) shows the optical refractive index as a function of wavelength (real n and imaginary k). It is shown that, the 

CsPbI3 perovskite material has relatively low values of refractive index compared to other semiconductor materials, like Si and 

GaAs [24,25]. These lower values of n are advantageous for the device scale fabrication by avoiding losing light by reflection. 

The k (extinction coefficient) values of CsPbI3 material is relatively higher than those of the organic metal halide perovskite 

such as CH3NH3PbBr3 in the visible range of light [26,27]. This means that, the CsPbI3 is relatively opaque to light in this 

range of light.  

Figure 2 (b) shows the reflectivity versus wavelength for the CsPbI3 perovskites. The reflectivity is used to study the surface 

properties of a material, which is equal to the ratio of the reflection to the incident power. These materials show low reflectivity 

in the first half of the spectrum, but for lambda > 550 nm the reflectivity increases.  

 
Figure 2 The optical properties of CsPbI3 (a) real and imaginary refractive index, (b) reflectivity  

2.1 Device structure numerical simulation study 

All simulations are done using SCAPS-1D simulator [28]. As shown in Figure 3(a) CsPbI3 HTL-free PSC consists of 

FTO/ETL/CsPbI3/HTL/Carbon. The bandgap alignment between CsPbI3 and ZnO is shown in Figure 3(b) The physical 

parameters of used materials are shown in Table 1. which are collected from experimental and theoretical studies 

previously published. In the table, NC and NV correspond to effective conduction and valence band density, Eg denotes 

band gap, NA and ND denote acceptor and donor density, μp (μn) represents hole (electron) mobility, Nt is the defect 

density, χ represents electron affinity and εr represents relative permittivity. In this study, the initial defect density of 

CsPbI3 absorber is assumed as 8 × 1019 cm−3, which gives carrier diffusion length of 1 μm, which is a similar value to the 
reported work 

 

 

(a) (b) 



 

 

 

Figure 3(a) The device structure of FTO/ZnO/CsPbI3/Back contact HTL-free solar cell (b) Bandgap alignment of CsPbI3 with ZnO ETL [1] [2] 

 

Table 2 Material parameters for SCAPS simulator 

 FTO [29] ZnO [30] CsPbI3 [31],[32] 

Eg (eV) 3.5 3.3 1.67 

χ (eV) 4 4 3.95 

εr 9 9 4 

µn (cm2/V.S) 20 100 16 

µp (cm2/V.S) 10 25 16 

Nt (cm-3) 1015 1015 2×1014 

NA (cm-3) - - 1015 

ND (cm-3) 1018 1018 - 

Nc (cm-3) 2.2×1018 2.2×1018 1.1×1020 

Nv (cm-3) 1.8×1019 1.8×1019 8×1019 

 

3. Results and Discussion  

3.1 Verification of the proposed CsPbI3 HTL-free solar cell 

To begin the numerical simulation study, a verification of the CsPbI3 HTL free solar cell structure parameters are performed. 

The proposed solar cell device structure is consisted of FTO/ZnO/CsPbI3/Carbon. Figure 4(a) shows the simulated J-V 

characteristics diagram. The solar cell parameters simulation values are near the experimental values done by Zhang et al [19] 

as shown in the embedded table. This structure is used as a reference for the study to further performance evaluation and 

investigation. 



 

 

 

Figure 4 The simulated J-V of FTO/ZnO/CsPbI3/C solar cell structure  

 

3.2 Impact of different metal back contact 

 

Different metals are simulated as back contact to study the performance of solar cell device. The work functions of 

metals are carbon C (5 eV), gold Au (5.1 eV), platinum Pt (5.65 eV) and selenium Se (5.9 eV). Figure 5 (a) shows the J-V 

diagram of the solar cell structure with different metals. The Voc values increased with work function increase. A small increase 

in Voc from 0.6 V for carbon back metal to 0.7 V for using Au as a back metal. Using Pt and Se back metal has a big increase 

in the Voc values. Selenium has the best solar cell device performance with Voc 1.21 V and considered as an abundant material 

rather than Au and Pt. Jsc values are close with different metal contact. The PCE values of the solar cell structure with different 

metal back contacts are shown in figure 5(b). Using C and Au as a back contact has the lowest PCE values, while Pt and Se 

with higher work function values, the solar cell PCE values are 16% and 17%, respectively. The suggested optimized structure 

of CsPbI3 HTL free is FTO/ZnO/CsPbI3/Se. 

 



 

 

 

Figure 5 The simulated different back contacts of  FTO/ZnO/CsPbI3/back metal solar cell (a) J-V diagram, (b) PCE 

 

3.3 Impact of CsPbI3 thickness  

 

The engineering of perovskite layer thickness has an impact on solar cell device performance. The layer thickness of CsPbI3 

is varied from 200 nm to 1000 nm to measure the J-V, quantum efficiency (QE) diagrams and solar cell parameters. Figure 6(a) 

shows the J-V diagram of FTO/ZnO/CsPbI3/Se structure. The solar cell parameters increase with thickness from 200 to 800 

nm. After that, the recombination rate of carriers increases and cause decrease of current density and a slight increase in Voc 

and PCE values. the QE is shown in figure 6(b). QE values are increased gradually until 800 nm thickness of CsPbI3, which is 

because of the increased photon absorption. The QE values saturates for thickness larger than 800 nm. The 800 nm thickness 

of CsPbI3 is the best value of perovskite layer thickness for performance and cost.  
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Table 3 solar cell parameters of FTO/ZnO/CsPbI3/Se with different CsPbI3 thickness 

Thickness Voc (Volt) Jsc (mA/cm2) FF % PCE % 

200 1.23 13.3 86 14 

400 1.20 17.5 85 18 

600 1.18 19 85 19.4 

800 1.17 20 86 20.1 

1000 1.16 20.4 86 20.3 

 

3.4 Impact of CsPbI3 doping concentration 

In the present investigation, the acceptor density (NA) in CsPbI3 is varied from 1015 to 1018 cm−3. The J-V curves and PCE 

with varying NA are exhibited in Figure 7. As shown, the Jsc values are identical under for acceptor densities from (1015 cm-3 

to 1019 cm-3). However, when the NA is 1020 cm−3, the JSC decreases and VOC increases. The Voc values are increased gradually 

with higher doping NA. This can be explained as, increasing of NA produces high electric field across the CsPbI3 material. This 

allows for the separation and collection of carriers to generate electric field. However, under a high NA such as1020 cm−3, the 

depleted region became small and the electric field is compressed to the interface between CsPbI3 and ETL. This became as an 

obstacle to carrier collection and separation and in turns lowers the Jsc value. The increment in Voc can be explained by 

Equations (1) and (2) as follows 𝐼0 = 𝑞 𝑛𝑖2 ( 𝐷𝑛𝐿𝑛 𝑁𝐴 + 𝐷𝑝𝐿𝑝 𝑁𝐷)                         (1) 

 𝑉𝑜𝑐 =  𝑘𝑇𝑞 ln(𝐼𝑙𝐼0 + 1)                                   (2) 

 

 Increasing NA decreases the saturation current I0 and Jsc. The decrement of I0 improve the Voc values. The optimum NA 

value of the best device performance, As shown in Figure 7(b), a maximum conversion efficiency of 23% can be obtained when 

NA is 1019 cm−3. 

(a) 
(b) 

Figure 6 (a) J-V characteristics diagram of FTO/ZnO/CsPbI3/Se, (b) QE with different CsPbI3 thickness 



 

 

 

 

3.5 Effect of CsPbI3 defect density variation 

The impact of absorber defect density Nt is simulated and shown in Figure 8. The J-V characteristic diagram shown in 

Figure 8 (a). The Nt values has no impact on Jsc but has an impact on Voc values. The decrease of Nt values cause increase 

of Voc values which affects the PCE of the cell.  Figure 8(b) shows the relationship between PCE and different defect 

densities. As can be seen, when Nt is lower than 2×1012 cm−3, the PCE shows few changes. However, when Nt goes beyond 

2×1015 cm−3, the PCE becomes small. Therefore, controlling the Nt under ~1012 cm−3 may enhance the PCE of CsPbI3 HTL-

free PSCs. At this Nt value, optimized PCE of 23.25% can be achieved for FTO/ZnO/CsPbI3(800 nm)/Se all-inorganic 

PSCs.  

 

 

 

 

(a) (b) 

Figure 7 The simulation measurements of FTO/ZnO/CsPbI3/Se solar cell structure with different doping concentration of CsPbI3 (a) J-V, (b) PCE 



 

 

 

Figure 8 The simulation measurements of FTO/ZnO/CsPbI3/Se solar cell structure with different defect density concentration of CsPbI3 (a) J-

V diagram of, (b) PCE 

 

3.6 The simulated optimized structure  

  

The optimized structure of CsPbI3 HTL free based perovskite solar cell can be assumed from the simulation study as: 

FTO/ZnO/CsPbI3 (800 nm)/Se. The doping acceptor concentration of CsPbI3 layer can be estimated to be 1019 cm-3 and the 

best defect density concentration levels Nt of 2×1012 cm-3. Figure 9 (a) shows the J-V characteristics diagram of the solar cell. 

The device short circuit current density (Jsc) of 19.78 mA/cm2, open circuit voltage (Voc) of 1.34 volts, power conversion 

efficiency (PCE) of 23.25 % and fill factor (FF) of 87.5%. Figure 9 (b) shows the QE values which are high all over the 

spectrum. 

 

(a) (b) 



 

 

 

Figure 9 Optimized structure of CsPbI3 hole free perovskite solar cell simulation (a) J-V diagram, (b) QE 

Conclusion 

In this work, a hybrid DFT and numerical simulation studies are carried on CsPbI3 based perovskite solar cell. The DFT 

study confirms the experimentally measured optical refractive index. The CsPbI3 material has advantage of minimum reflection 

of light. The reference simulated solar cell device structure is based on ZnO as an ETL layer and carbon as a back contact. The 

SCAPS 1D numerical simulator shows that the replacement of metal back contact with low-cost abundant Se gives the device 

the optimum PCE. The best performance solar cell structure is (FTO/ZnO/CsPbI3/Se) with PCE of 23.25%. The numerical 

simulation optimization results shows that the optimum thickness of CsPbI3 is 800 nm with acceptor concentration of 1019 cm-

3 and the best defect density concentration is 2×1012 cm-3. 
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