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Abstract: The methylammonium lead halide solar cell has attracted a great deal of attention due to 

its lightweight, low cost, and simple fabrication and processing. Despite these advantages, these 

cells are still far from commercialization because of their lead-based toxicity. Among lead-free per-

ovskites, cesium-titanium (IV) bromide (Cs2TiBr6) is considered one of the best alternatives, but it 

faces a lack of higher PCE (power conversion efficiency) due to the unavailability of the matched 

hole and electron transport layers. Therefore, in this study, the ideal hole and electron transport 

layer parameters for the Cs2TiBr6-based solar cell were determined and discussed based on a simu-

lation through SCAPS-1D software. It was observed that the maximum PCE of 20.4% could be 

achieved by using the proper hole and electron transport layers with optimized parameters such as 

energy bandgap, electron affinity, doping density, and thickness. Unfortunately, no hole and elec-

tron transport material with the required electronic structure was found. Then, polymer NPB and 

CeOx were selected as hole and electron transport layers, respectively, based on their closed elec-

tronic structure compared to the simulation results, and, hence, the maximum PCE was found as 

~17.94% for the proposed CeOx/Cs2TiBr6/NPB solar cell.  
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1. Introduction 

It is unanimously accepted that the solar cell has the full potential to not only replace 

but also fulfill the enormous future demand for energy to sustain our existing commercial 

and industrial growth [1–3]. Currently, silicon solar cells are the most commercially avail-

able photovoltaic devices, but their cost is high compared to conventional energy re-

sources. The requirement of cleanroom processing technology for Si is the main barrier to 

reducing their inherent cost for photovoltaic applications [4,5]. On the other hand, perov-

skite materials for solar cells have shown excellent performance at very low costs and 

their PCE has jumped from a few percent to >25% within a very short interval of time, and 

these materials can be processed even at room temperature [6]. 

Among these perovskites, the lead-based metal halide is an attractive perovskite with 

the highest reported PCE. However, at the same time, lead is a very toxic material as its 

presence in perovskite signifies a risk to human health, as well as green environmental 

life, which is a serious concern for their commercial applications [7]. Therefore, research-

ers are paying a lot of attention to proposing and investigating a lead-free perovskite for 

high-efficiency solar cells [8]. Among these materials, some lead-free perovskites such as 

the cesium titanium (IV) bromide (Cs2TiBr6) compound has shown promising photovol-

taic responses, but its PCE is still not comparable with methylammonium lead halide per-

ovskite solar cells [9]. 

The direct-energy-bandgap perovskite compound Cs2TiBr6 is a promising material 

that has very good optical, electrical, and photovoltaic properties and may replace me-

thylammonium lead halide perovskite for next-generation photovoltaic applications [9–
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11]. On the other hand, robust titanium (Ti) makes Cs2TiBr6 a tolerable and stable perov-

skite semiconductor [12]. In this regard, the pioneering work was carried out by Chen and 

co-authors, and they investigated the photovoltaic response of the Cs2TiBr6-based solar 

cell, where TiO2/C60 was used as an electron transport layer and P3HT was used as a hole 

transport layer for PCEs up to 3.12% [9]. Table 1 summarizes some photovoltaic responses 

of the reported Cs2TiBr6-based solar cell with a given hole and electron transport layer. 

The data demonstrate that the Cs2TiBr6-based reported solar cells are still in the primitive 

stage and there is much room for further improvement of their photovoltaic responses. 

Table 1. Summary of the published photovoltaic responses of Cs2TiBr6-based perovskite solar cell. 

Year Device Study HTL ETL Jsc Voc FF PCE Ref 

2018 FTO/TiO2/Cs2TiBr6/P3HT/Au Experimental P3HT TiO2 /C60 3.87 0.89 59.5 2.15 [9] 

2018 FTO/TiO2/C60/Cs2TiBr6/P3HT/Au Experimental P3HT TiO2  5.75 0.99 54.9 3.12 [9] 

2019 CuSCN/ Cs2TiBr6/CdS/Si Simulation CuSCN CdS 8.9 – – 6.68 [13] 

2020 Glass/FTO/TiO2/Cs2TiBr6/Cu2O/A Simulation Cu2O TiO2  25.82 1.1 51.7 14.68 [14] 

2021 Ag/BCP/PCBM/Cs2TiBr6/NPB/ITO Simulation NPB BCP/PCBM 16.66 1.29 78.1 16.85 [15] 

2021 Au/PEDOT:PSS/Cs2TiBr6/TiO2/AZO Simulation PEDOT:PSS TiO2  18.2 1.38 71% 17.83 [16] 

The active Cs2TiBr6 as an absorber plays a vital role in absorbing the falling photons 

and converting them into electron-hole pairs as free carriers. These free carriers are ex-

tracted from the absorber and then transported through the electron transport layer (ETL) 

and hole transport layer (HTL) to reach their respective electrodes [15,17]. The most im-

portant criteria for the selection of the electron transport and hole transport layer depend 

on the electronic structure compatibility with the absorber layer. For effective hole as well 

as electron extraction, the valence-band/conduction-band offset (∆E) between the absorber 

(e.g., perovskite) and hole/electron transport layer must be such that it also blocks the 

opposite electron/hole injection at the same interfaces [18]. The interactions of free carriers 

with interfaces as well as the respective transport materials are very complex and require 

comprehensive optimization for efficient solar cell applications [19–22]. The power con-

version efficiency of Cs2TiBr6-based perovskite solar cells can further be improved by us-

ing the properly optimized parameters for both hole transport and electron transport lay-

ers, respectively. Now, a question arises about the ideal parameters for the best-suited 

electron and hole transport layer for the Cs2TiBr6-based solar cell. Once these ideal param-

eters are known, it will be helpful to select the most suitable from the available list of 

materials for both transport layers for highly efficient Cs2TiBr6-based perovskite solar 

cells. The important parameters that can easily be tuned for efficient photovoltaic re-

sponse are listed as energy bandgap (Eg), electron affinity (EA), electron and hole doping 

density (Nd and Na), and thickness of the hole and electron transport layer. Detailed infor-

mation about the importance of these parameters for photovoltaic response can be found 

in the given references [22–25]. Simulating a solar cell through SCAPS-1D is one of the 

simple methods to estimate these tunable parameters. The simulation software approach 

is very quick and useful to determine the effects of thickness, doping density, tempera-

ture, spectral intensity, defects, and recombinational losses on the overall performance of 

a solar cell [24,26].  

This study is also a part of our current work regarding the design of novel Cs2TiBr6-

based lead-free perovskite solar cells [15,16]. Based on our previous results, as listed in 

Table 1, the ideal parameters of the hole transport layer and electron transport layer were 

estimated through SCAPS-1D software for highly efficient Cs2TiBr6-based perovskite solar 

cells. These parameters provide the framework for the selection of suitable hole and elec-

tron transport materials compatible with Cs2TiBr6 for efficient lead-free perovskite solar 

cells. 
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2. Simulation Methodology and Material Parameters 

2.1. Simulation Methodology 

As stated earlier, SCAPS 1D (version 3.3.07) simulation software was used to deter-

mine the most suitable hole and electron transport parameters for the highly efficient 

Cs2TiBr6-based perovskite solar cell [16,26]. The SCAPS-1D is a one-dimensional simula-

tion software that uses the combination of well-defined mathematical equations such as 

the Poisson equation (Equation (1)), electron continuity equation (Equation (2)), hole con-

tinuity equation (Equation (3)), total charge transport equation (Equation (4)), total charge 

transport equation for the electron (Equation (5)), total charge transport equation for the 

hole (Equation (6)), and optical absorption coefficient equation (Equation (7)) to define the 

photovoltaic response of a solar cell. Detailed information about these equations can be 

found elsewhere [16,23–26]. The model equations are 

𝑑2∅(𝑥)

𝑑𝑥2
=  

𝑞

∈𝑜∈𝑟

 (𝑝(𝑥) − 𝑛(𝑥) +  𝑁𝐷 − 𝑁𝐴  + 𝜌𝑝 − 𝜌𝑛) (1) 

𝑑𝐽𝑛

𝑑𝑥
= G −  R (2) 

dJp

dx
= G −  R (3) 

J =  Jn  +  Jp (4) 

Jn =  Dn  
dn

dx
+ μn n

d∅

dx
 (5) 

Jp =  Dp  
dp

dx
+ μp p

d∅

dx
 (6) 

α (λ) = (𝐴 +  
𝐵

ℎ𝜈
) √ℎ𝜈 − 𝐸𝑔 (7) 

Where ∅(𝑥) is the electrostatic potential, q is the electrical charge with a typical value of 

1.602 × 10-19 C, ∈𝑜  and ∈𝑟 are the absolute permittivity of vacuum and relative permit-

tivity of a semiconductor, respectively, ρp is the hole defect density, ρn is the electron defect 

density, NA is the shallow acceptor doping density, ND is the shallow donor doping den-

sity, p(x) is the hole carrier density as a function of a thickness (x), n(x) is the electron 

carrier density as a function of a thickness (x), G is the carrier generation rate of free car-

riers, R is the total carrier recombination rate, Jp is the hole current density, Jn is the electron 

current density, J is the total current density, Dp is the free hole diffusion coefficient, Dn is 

the free electron diffusion coefficient, µp is the free hole carrier mobility, and µn is the free 

electron carrier mobility. Finally, α (λ), h, 𝜈, Eg, A, and B are the absorption coefficient as 

a function of wavelength, plank constant, optical frequency, energy bandgap, and arbi-

trary constant, respectively. All the simulations were carried out at the temperature of 300 

K with the AM.1.5 standard illumination condition. 

2.2. Device Structure 

Generally, there are two device structures for perovskite solar cells reported such as 

a (a) mesoporous and (b) planar photovoltaic device structure. The planar device structure 

can further be classified into two groups, either a standard (noninverted) n-i-p or inverted 

p-i-n device structure [27]. A planar and noninverted n-i-p device structure was used for 

this study. As we are mainly interested in determining both hole and electron transport 

layer parameters for efficient Cs2TiBr6-based perovskite solar cells, the cell structure used 

in this study was kept very simple (ETL/Cs2TiBr6/HTL), as shown in Figure 1. 
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Figure 1. Schematic cross-section of perovskite solar cell, where absorber (Cs2TiBr6) is sandwiched 

between hole transport layer (HTL) and an electron transport layer (ETL). 

2.3. Simulation Flow Chart 

Figure 2 demonstrates a flow chart used in this study to estimate the ideal HTL and 

ETL properties for Cs2TiBr6-based perovskite solar cells. The simulation is divided into 

five phases. In the first phase, EA is optimized for the HTL and then the ETL, followed by 

Eg optimization for each transport layer in the second phase. In the third and fourth 

phases, the doping density and thickness are optimized for each HTL and ETL, respec-

tively. Meanwhile, in the final phase, the most suitable HTL and ETL materials are se-

lected from Tables 2 and 3 based on the simulation output, and their photovoltaic re-

sponses are compared with the ideal ETL/Cs2TiBr6/HTL perovskite solar cell. 

 

Figure 2. Flowchart used in this study to estimate the ideal hole transport layer (HTL) and electron 

transport layer (ETL) properties for Cs2TiBr6-based perovskite solar cell. 
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Table 2. Energy bandgap and electron affinity for commonly reported hole transport layer materi-

als. 

Transport Layer Material 
Energy band gap 

(Eg, eV) 

Electron Affinity 

(EA, eV) 
Reference 

Cu2O 2.17 3.2 [13] 

Spiro-OMeTAD 3.2 2.1 [28] 

PEDOT:PSS 1.6 3.5 [16] 

NPB 3 2.4 [15] 

P3HT 1.85 3.1 [29] 

CuSCN 3.4 1.9 [29] 

NiO 3.6 1.46 [28] 

CZTS 1.5 4.5 [30] 

CuI 2.98 2.1 [29,31] 

CuO 1.3 4 [32] 

MoO3 3 2.5 [29] 

NiO 3.8 1.46 [29] 

CuSbS2 1.58 4.2 [33] 

Table 3. Energy bandgap and electron affinity for commonly reported electron transport layer 

materials. 

Transport Layer Material 
Energy band gap 

(Eg, eV) 

Electron Affinity 

(EA, eV) 
Reference 

TiO2 3.26 4.26 [13,16] 

ZnO:Al 3.3 4.6 [16,30] 

IGZO 3.05 4.16 [29] 

ZnO  3.2 4.26 [34] 

SnO2 3.5 4 [35] 

In2S3 2.8 4.7 [30] 

CeOx 3.5 4 [28] 

PCBM 1.9 3.9 [15] 

BCP 3.5 3.7 [15] 

CdS 2.4 1.8 [31] 

Eg: min: 1.9, max: 3.5, median: 3.23. 

2.4. Physical Parameters 

The physical parameters for the Cs2TiBr6 as an absorber layer used in this simulation 

were selected from published results, which are listed in Table 4, while for the hole and 

electron transport layer, we classified their physical parameters as tunable and standard 

parameters. For tunable, we used a random value (randomly selected within a practical 

range) for just initialization in the first stage, and in the later stage, these parameters were 

updated according to the converged results in each simulation phase. These tunable pa-

rameters were energy bandgap, electron affinity, electron and hole doping density (Nd 

and Na, respectively), and thickness of the hole and electron transport layer, while the 

standard parameters for the hole and electron transport layer were reasonably estimated 

(median reported values were selected) according to the well-reported published results. 

Similarly, the bulk density of defect tolerance (1015 cm-3) was introduced in the absorber 

layer, as well as the hole and electron transport layer, as shown in Table 4. 
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Table 4. Physical parameters of Cs2TiBr6 and hole and electron transport layer used in the simula-

tion. 

Physical Parameters Symbol Unit HTL Cs2TiB6 ETL 

Thickness Th nm 250 200 250 

Energy Band Gap Eg eV 2 1.8 2 

Electron Affinity χ eV 4.5 4.47 4 

Dielectric Permittivity (Relative) ε - 10 10 10 

Effective Density of States at Valence Band NV cm-3 1 x 1020 6 x 1019 1 x 1019 

Effective Density of States at Conduction Band NC cm-3 1 x 1020 2 x 1019 1 x 1019 

Hole Thermal Velocity Ve cm/s 1 x 107 1 x 107 1 x 107 

electron Thermal Velocity Vh cm/s 1 x 107 1 x 107 1 x 107 

Electron Mobility μe cm2/V.s  0.01 4.4 1 

Hole Mobility μh cm2/V.s  0.1 2.5 0.1 

Uniform Shallow Donor Doping Nd cm-3 0 1 x 1019 1 x 1018 

Uniform Shallow Acceptor Doping Na cm-3 1 x 1018 1 x 1019 0 

Defect Density Nt cm-3 1 x 1015 1 x 1015 1 x 1015 

References     Random [9,10,13] Random 

3. Results 

3.1. Optimization of Electron Affinity for Hole and Electron Transport Layer 

In the first phase of the simulation, the optimized value of electron affinity for the 

hole transport layer was determined from the simulation and then updated in the physical 

parameters list of SCAPS 1D for further simulations. The electron affinity is directly re-

lated to the lowest unoccupied molecular orbital (LUMO) of the hole/electron transport 

layer and can be defined as the amount of energy (expressed in eV) needed to raise the 

free electron from the lowermost of the LUMO (or conduction band for conventional sem-

iconductor) to the vacuum level. The matched electron affinity with its suitable energy 

bandgap leads to the efficient highest-occupied molecular orbital (HOMO) level, which, 

in turn, improves the hole/electron injection/blocking from the perovskite to the hole/elec-

tron transport layer [36,37]. However, before starting the simulation, it is important to 

determine the numerical range of electron affinity values from the reported hole transport 

layer for practical purposes; otherwise, nonrealistic physical parameters can be obtained 

from the output of the simulation results. Tables 2 and 3 show the relevant electronic pa-

rameters (energy bandgap and electron affinity) for the most reported hole transport layer 

and electron transport layer, respectively.  

It is observed from the table that the maximum electron affinity is 4.7 eV, and the 

minimum electron affinity is 1.46 for the hole/electron transport layer. Thus, the maxi-

mum practical range of electron affinity for the simulation lies from 1.0 to 5 eV for both 

transport layers. We calculated the photovoltaic parameters by varying the electron affin-

ity from 1.0 to 5 eV and determining the most optimum electron affinity of the hole/elec-

tron transport layer for the Cs2TiBr6-based solar cell, and the results such as open-circuit 

voltage, short-circuit current, fill factor, and power conversion efficiency are shown in 

Figure 3a,b, respectively. The figure demonstrates that the photovoltaic parameters such 

as open-circuit voltage, short-circuit current, and fill factor lead to the maximum PCE (~ 

8.0%) of the cell at 3.0 eV of the electron affinity of the hole transport layer. Then, the new 

electron affinity value of the hole transport layer is updated in the software and the elec-

tron affinity of the electron transport layer for the given range (1 to 5 eV) is then estimated 

from photovoltaic parameters such as open-circuit voltage, short-circuit current, fill factor, 

and power conversion efficiency, as shown in Figure 3c,d. It is also observed from the 

figure that the electron affinity of the electron transport layer improves the open-circuit 

voltage, short-circuit current, fill factor, and hence, PCE (~11.1%) up to 4.6 eV of electron 

affinity and then starts to decrease. Thus, the SCAPS-1D parameters were updated with 
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the optimized value of electron affinity at approximately 3 and 4.6 eV of the hole and 

electron transport layer, respectively, which improved the photovoltaic response for 

Cs2TiBr6-based solar cells. 

 

Figure 3. (a) Open-circuit voltage, short-circuit current, (b) fill factor, and power conversion 

efficiency of hole transport layer as a function of electron affinity. (c) Open-circuit voltage, short-

circuit current, (d) fill factor, and power conversion efficiency of electron transport layer as a 

function of electron affinity for Cs2TiBr6-based solar cell. 

3.2. Optimization of Energy Bandgap for Hole and Electron Transport Layer 

In the second phase of the simulation, the optimized values of the energy bandgap 

for both hole and electron transport layers were explored. The energy bandgap of the 

charge transport layer fixes the HOMO level of both transport layers. For the hole 

transport layer, the higher HOMO level concerning the perovskite absorber helps the ef-

ficient extraction of the hole, and the lower LUMO level assists electron blocking from the 

absorber for perovskite solar cells and vice versa for the electron transport layer. From 

Table 2, it can be observed that the minimum, maximum, and median energy band gap 

values for the hole transport layer are 1.3, 3.8, and 2.98, respectively. Similarly, from Table 

3, the minimum, maximum, and median energy band gap values for the electron transport 

layer are found as 1.9, 3.5, and 3.23, respectively. Thus, the optimized values of the energy 

bandgap are estimated within the practical range of 1 to 4 eV for both hole and electron 

transport layers. Therefore, the energy bandgap for the hole transport layer was calculated 

from the simulated photovoltaic response such as open-circuit voltage, short-circuit cur-

rent, fill factor, and power conversion efficiency and the results are shown in Figure 4a,b, 

respectively. All these photovoltaic parameters show very similar responses. In the early 

stage, photovoltaic parameters and especially PCE is nearly zero up to 2 eV, and then PCE 

rises to reach a maximum of 3 eV of Eg and then starts to decrease. Similarly, Figure 4c,d 

show the simulated photovoltaic response of open-circuit voltage, short-circuit current, 

fill factor, and power conversion efficiency as a function of ETL energy bandgap (Eg). All 
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photovoltaic parameters increase as a function of energy bandgap, especially PCE, and 

become nearly saturated at 4 eV. Thus, it can be justified that the optimum values of the 

energy bandgap for the hole and electron transport layers are at 3.0 (PCE ~ 11.8%) and 4.0 

eV (PCE ~ 12.8%), respectively.  

 

Figure 4. (a) Open-circuit voltage, short-circuit current, (b) fill factor, and power conversion effi-

ciency of HTL as a function of electron affinity. (c) Open-circuit voltage, short-circuit current, (d) fill 

factor, and power conversion efficiency of ETL as a function of energy bandgap for Cs2TiBr6-based 

solar cell. 

3.3. Optimization of Doping Density for Hole and Electron Transport Layer 

In the third phase of the simulation, the acceptor/donor doping density (Na/Nd) of 

the hole/electron transport layer was optimized by incorporating the optimized electron 

affinity and energy bandgap of both transport layers. Generally, the charge transportation 

and collection process of the hole and electron transport layer improves by doping, and it 

may be due to the reduction in both layers’ resistance for the formation of ohmic contacts 

to the respective electrodes [38–40]. It not only affects the charge transport and charge 

collection efficiency but also helps to manage the light-harvesting, and hence, it affects the 

overall device performance. At the same time, the doped hole and electron transport lay-

ers also cause an increase in the leakage current [41]; therefore, the doping optimization 

of both transport layers is very crucial for perovskite solar cells. Figure 5a,b shows the 

open-circuit voltage, short-circuit current, fill factor, and power conversion efficiency as a 

function of doping density of the hole transport layer, while Figure 5c,d show the open-

circuit voltage, short-circuit current, fill factor, and power conversion efficiency as a func-

tion of doping density of the electron transport layer. The acceptor doping of the hole 

transport layer shows the increasing trend for all photovoltaic parameters, and especially 

PCE, and reaches the maximum (18.8%) at 1020 cm-3 for acceptor doping density. Corre-

spondingly, donor doping of the electron transport layer shows a constant trend 
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(approximately) for open-circuit voltage and PCE. Figure 5d shows that the PCE slightly 

increases and reaches a maximum (18.85%) at 1016 cm-3 and then follows a decreasing trend 

with a very low rate of PCE concerning donor doping density. Thus, it can be inferred 

from the above discussion that 1020/1016 cm-3 is the most optimum doping density of the 

hole and electron transport layer, respectively, for Cs2TiBr6-based perovskite solar cells. 

  

Figure 5. (a) Open-circuit voltage, short-circuit current, (b) fill factor, and power conversion 

efficiency of HTL as a function of electron affinity. (c) Open-circuit voltage, short-circuit current, (d) 

fill factor, and power conversion efficiency of ETL as a function of doping density for Cs2TiBr6-

based solar cell. 

3.4. Optimization of Thickness for Hole and Electron Transport Layer 

In the second-to-last phase of the simulation, the thickness of the hole and electron 

transport layer was optimized for the Cs2TiBr6 solar cell by incorporating the already op-

timized electron affinity, energy bandgap, and doping density for both transport layers. 

The thickness of the transport layer is another very important factor required to optimize 

for efficient Cs2TiBr6-based perovskite solar cells [42,43]. 

Thus, we first optimized the thickness of the hole (see Figure 6a,b) and then the elec-

tron transport layer (see Figure 6c,d) by using the optimized thickness of the hole 

transport layer. Figure 6a,b demonstrate that the open-circuit voltage, short-circuit cur-

rent, fill factor, and power conversion efficiency increase as a function of hole transport 

layer thickness, but with different rates. The most important parameter PCE (see Figure 

6b) increases (17.45%) up to a certain thickness (250 nm) and then becomes almost con-

stant concerning HTL thickness. On the other hand, for the electron transport layer, the 

parameters such as open-circuit voltage, short-circuit current, fill factor, and power con-

version efficiency linearly decreases as a function of a thickness (Figure 6c,d) and gives 

the maximum PCE (20.4%) at 25 nm. This thickness may be the result of the interplay 

optimization between the higher optical transmittance, efficient electron charge transport, 
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and low leakage current with a small recombination rate for Cs2TiBr6-based perovskite 

solar cells. 

 

Figure 6. (a) Open-circuit voltage, short-circuit current, (b) fill factor, and power conversion 

efficiency of HTL as a function of electron affinity. (c) Open-circuit voltage, short-circuit current, (d) 

fill factor, and power conversion efficiency of ETL as a function of film thickness for Cs2TiBr6-based 

solar cell. 

3.5. Device Energy Level and Electric Field Distribution of ETL/Cs2TiBr6/HTL 

Figure 7 shows the electronic energy level diagram for the optimized 

ETL/Cs2TiBr6/HTL solar cell. The figure depicts that the HOMO (-6.0 eV) and LUMO (-3.0 

eV) level of the hole transport layer support the efficient injection of the hole and blocking 

of an electron concerning the Cs2TiBr6 absorber layer. Similarly, the HOMO (-8.6 eV) and 

LUMO (-4.6 eV) level of the electron transport layer helps the efficient injection of elec-

trons and blocking of the hole concerning the Cs2TiBr6 absorber layer. Therefore, the en-

ergy level alignment of the hole and electron transport layer with the Cs2TiBr6 perovskite 

absorber offers the basic electronic structure framework for highly efficient 

ETL/Cs2TiBr6/HTL-based perovskite solar cells. 
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Figure 7. Energy level alignment for Cs2TiBr6 cell with highly suitable band structure of hole 

transport and electron transport layer for an efficient photovoltaic response. 

The electric field distribution inside an electronic structure of a perovskite solar cell 

plays a very crucial role to define the overall carrier transport, recombination, and, hence, 

PCE of the perovskite solar cell. It is a direct function of the electrical nature of materials 

(HTL, ETL, and perovskite), doping density, band alignment, and interface parameters.  

In our case, both HTL (1020 cm-3) and ETL (1016 cm-3) are unequally doped, while the 

thickness of the HTL (250 nm) is much larger than that of the ETL (25 nm). Therefore, an 

asymmetric electric field profile at HTL/Cs2TiBr6 and Cs2TiBr6/ETL is observed, as shown 

in Figure 8, which is responsible for the high open-circuit voltage and, hence, PCE. Thus, 

when photons fall on the Cs2TiBr6 layer, they are optically absorbed, and many excitons 

are generated with low binding energy, as well as high diffusion length. When these ex-

citons reach their respective interfaces, they are dissociated into the free carrier due to the 

high interface electric field and are passed to either the HTL or ETL depending on the 

nature of the free carrier. 
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Figure 8. Electric field distribution inside ETL (25 nm)/Cs2TiBr6 (200 nm)/HTL (250 nm) solar cell. 

3.6. Selection of Hole and Electron Transport Layer 

From the above discussion, it can be concluded that the proper selection of the hole 

transport layer with these physical parameters (electron affinity = -3 eV, energy band gap 

= 3 eV, Na = 1020 cm-3, and thickness =250 nm), as well as the use of an appropriate electron 

transport layer with physical parameters (electron affinity = -4.6 eV, energy band gap = 4 

eV, Nd =1016 cm-3, and thickness = 25 nm), can give a maximum PCE up to 20.41% for the 

Cs2TiBr6-based perovskite solar cell. Unfortunately, not a single hole transport layer and 

electron transport layer material were available, as shown in Table 2 and Table 3, respec-

tively, having a similar energy bandgap and electron affinity to fulfill the requirements 

for maximum PCE. Just for practical purposes, NPB as a hole transport layer material and 

CeOx as an electron transport layer materials were selected as their energy bandgap, and 

the activation energy is very close compared to the other materials listed in Table 2 and 

Table 3, respectively. Although SnO2 has a good electronic structure and shows more ef-

ficient performance as an ETL, the major issue with SnO2 as the ETL is that it offers some 

limitations for thin-film deposition and deteriorates at high temperatures during fabrica-

tion processes [44]. Therefore, we selected cerium oxide (CeOx) as the best ETL from Table 

3. CeOx as an ETL has a very similar electronic structure compared to SnO2. It is a wide-

bandgap semiconductor that has high conductivity, chemical and thermal stability, trans-

parency in the visible range, and a good dielectric constant [28]. The physical parameters 

for NPB and CeOx were taken from the published results and are displayed in Table 5 

[15,45,46]. The photovoltaic response of the proposed device as CeOx/Cs2TiBr6/NPB was 

simulated and compared with the photovoltaic response of an ideal ETL/Cs2TiBr6/HTL 

solar cell, and the output results are shown in Figure 9. The figure shows that the proposed 

solar cell performs well, and its PCE is ~17.9%, which is less than that of the ideal (PCE is 

20.4%) solar cell. The simulated photovoltaic parameters such as open-circuit voltage, 

short circuit current, fill factor, and PCE of both solar cells are tabulated in the inset of 

Figure 9. The inset table depicts that the open-circuit voltage and fill factor of the proposed 

solar cell are nearly the same as those of the ideal one. The short-circuit current is the main 

parameter that causes a lowering of the PCE of the proposed solar cell compared to the 

ideal solar cell. The short-circuit current is directly dependent on the electronic structure 

of both transport layers [47]; therefore, it is highly recommended to tailor the electronic 

structure of both transport layers according to the simulation results for the highly 
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efficient photovoltaic response. Different strategies are being reported in the literature to 

fabricate the hole transport and electron transport layers for the required electronic struc-

ture for efficient solar cells. Broadly speaking, these strategies can be classified into the 

following types: (i) chemical tailoring [48], (ii) solvent treatment [49], and (iii) using an 

interface buffer layer [50,51]. Anyone or a combination of these techniques can be applied 

successfully for the fabrication of hole and electron transport layers for efficient Cs2TiBr6-

based perovskite solar cells. 

Table 5. Physical parameters of Cs2TiBr6 and NPB (HTL) and CeOx (ETL) were used in the simu-

lation. Both NPB and CeOx are selected based on the closeness of the energy bandgap and electron 

affinity with the simulation results. 

Physical Parameters Symbol Unit NPB (HTL) Cs2TiB6 CeOx (ETL) 

Thickness  Th nm 250 150 25 

Energy Band Gap Eg eV 2.4 1.8 3.5 

Electron Affinity χ eV 3 4.47 4.4 

Dielectric Permittivity (Relative) ε - 3 10 9 

Effective Density of States at Valence Band NV cm-3 1 x 1021 6 x 1019 1x 1020 

Effective Density of States at Conduction 

Band 
NC cm-3 1 x 1021 2 x 1019 2 x 1021 

Hole Thermal Velocity Ve cm/s 1 x 107 1 x 107 1 x 107 

electron Thermal Velocity Vh cm/s 1 x 107 1 x 107 1 x 107 

Electron Mobility μe cm2/V.s  6 x 10-6  4.4 100 

Hole Mobility μh cm2/V.s  6.1 x 10-4  2.5 25 

Uniform Shallow Donor Doping Nd cm-3 0 1 x 1017 1 x 1016 

Uniform Shallow Acceptor Doping Na cm-3 1 x 1020 1 x 1017 0 

Defect Density Nt cm-3 1 x 1014 1 x 1015 1 x 1015 

References     [15,45] [9,10,13,14] [46] 
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Figure 9. Photo current-voltage response of ETL/Cs2TiBr6/HTL and CeOx/Cs2TiBr6/NPB solar cells. 

The inset lists the photovoltaic parameters such as short-circuit current, open-circuit voltage, fill 

factor, and PCE for both solar cells. 

4. Conclusions 

Due to the toxic nature of methylammonium lead halide, many other lead-free per-

ovskite materials have been heavily investigated and reported for photovoltaic applica-

tions. Among these, cesium-titanium (IV) bromide (Cs2TiBr6) is considered one of the best 

alternatives, but it still faces a lack of higher PCE due to the unavailability of the matched 

hole and electron transport layers. Therefore, for the highly efficient photovoltaic re-

sponse, the physical parameters such as electron affinity, energy bandgap, doping den-

sity, and film thickness of ideal hole and electron transport layers were determined for the 

Cs2TiBr6-based solar cell through SCAPS-1D simulation. It was observed that the proper 

hole transport layer (electron affinity = -3 eV, energy band gap = 3 eV, Na =1020 cm-3, and 

thickness = 250 nm), as well as using the appropriate electron transport layer (electron 

affinity = -4.6 eV, energy band gap = 4 eV, Nd =1016 cm-3, and thickness = 25 nm), can give 

a maximum PCE up to 20.41% for Cs2TiBr6-based perovskite solar cells. Unfortunately, 

not a single hole and electron transport material with the required electronic structure was 

found. However, NPB and CeOx were selected as hole and electron transport layers, re-

spectively, based on the closed electronic structure compared to the simulation results, 

and the simulated maximum PCE was found as ~17.9% for the CeOx/Cs2TiBr6/NPB solar 

cell. We believe that the outcome of this study will help the development and fabrication 

of highly efficient lead-free perovskite solar cells.  
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