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Abstract  

Efforts to replace the lead-based perovskite have gain significant improvements in the last decade. Lead free 

double halide perovskite are being considered to replace the toxic lead-based perovskite materials for solar cell 

applications. Density functional theory (DFT) and linear response time-dependent density functional theory 

(TDDFT) are used in this study to simulate and investigate the effect of vacancy in the Indium (In) site of lead-

free double halide perovskite A2BB′X6 (A = Cs; B = In, B′ = Sb; X = Cl) on the structural, electronic, and optical 
properties for possible solar cell application. On the structural properties, the total bond length of the material 

Cs2InSbCl6 was found to be 30.3848 Å and the creation of the indium vacancy raises the value to 30.594 Å. The 

bulk modulus of Cs2InSbCl6 was calculated to be 28.44 Gpa and 26.22 Gpa for Cs2In-xSbCl6. The calculated band 

structure for Cs2InSbCl6 reveals semiconducting behavior with a direct energy band gap of 0.99 eV along 𝛤 point 

symmetry while the created indium vacancy band structure reveals metallic behavior with an overlap of electronic 

states along the Γ - W – Γ symmetry. The result of the optical properties calculations shows that the material 

Cs2InSbCl6 has higher absorption coefficient, low refractive index, low reflectivity and higher conductivity when 

compared to the created indium vacancy material. 
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1.0  INTRODUCTION 

The lead-free halide double perovskite has the 

general formula of the form A2BB’X6 where B is a 

monovalent and B’ is a trivalent cation, whereas 
A and X are monovalent cation and halide anion 

respectively. They have attracted significant 

attention and are considered excellent candidate to 

replace the toxic lead-based perovskite materials. 

Halide double perovskite such as Cs2InBiCl6 and 

Cs2InSbCl6 are predicted to be promising 

photovoltaic solar cell absorber material [1] due to 

their large absorption coefficient [2], low 

manufacturing cost [3], close-to optimal band gap, 

etc. [4]. They have numerous technological 

applications, such as light  emitting diodes, solar 

cell absorbers, high efficiency thin film 

transistors, laser diodes, high density optical 

memories, etc. [5], this makes them attract vast 

interests owing to their current and potential future 

applications. These materials are recognized with 

great promise for photovoltaic because of their 

excellent quantum efficiency and high light 

sensitivity. First principle DFT calculation was 

used in this work to study the effect of Indium 

vacancy (Cs2In-xSbCl6) point defect to control the 

REDOX reaction in Cs2InSbCl6 for potential solar 

cell application. 

 

2.0  COMPUTATIONAL DETAILS 

The first principle calculations were carried out within 

the frame work of DFT [6] and TDDFT [7] by the use 

of plane-wave (Pw) pseudopotential technique as 

implemented in quantum ESPRESSO suite [8]. 

Generalized gradient approximation (GGA) was used 

as exchange-correlation functional formulated by 

Perdew Burke Ernzerhof (PBE) [9]. The structural 

parameters (lattice parameters and internal atomic 

coordinate) were optimized and fully relaxed using 

Nigerian Journal of Technology (NIJOTECH) 

Vol. 41, No. 5, September, 2022, pp.854 - 861 

www.nijotech.com 

 

Print ISSN: 0331-8443 

Electronic ISSN: 2467-8821 
       http://dx.doi.org/10.4314/njt.v41i5.5

http://www.nijotech.com/


 855 Magaji et al. (2022) 

 

 

Nigerian Journal of Technology (NIJOTECH)  Vol. 41, No. 5, September 2022 

Broyden-Flectcher-Goldfarb-Shanno (BFGS) quasi-

Newton algorithm [10]. 60 and 240 Ry were set for the 

convergence test of the kinetic energy cut-off for wave 

function and charge densities respectively. For 

defecting in the indium atomic site, an indium atom (x 

= 0.25) was forcefully removed from it atomic 

position and coordinate leaving a vacancy in the 

indium atomic site of the compound.  The supercell 

dimensions are kept fixed throughout the calculations. 

The Monkhorst-pack k-point mesh sampling of 

Brillouin zone integration was set as 6 x 6 x 6 and a 

denser k-point mesh of 12 x 12 x 12 for density of state 

(DOS).  10-7 was set as the convergence threshold for 

self-consistent-field (SCF) iteration. Equation (1) was 

used to calculate the bulk modulus of the materials. 

 

 

𝐵0=−𝑉𝑑𝑣
𝑑𝑝

=𝐵1+𝐵2, 𝐵1=−𝑉1(𝑣1−𝑣2)
(𝑝1−𝑝2), 𝐵2=

−𝑉1(𝑣1−𝑣3)
(𝑝1−𝑝3)                                                                       (1) 

 

Where 𝐵0 is the bulk modulus, 𝑉 is the volume of the  

 

structure, and 𝑝 is the pressure (stress) 

 

3.0  RESULT AND DISCUSSION 

3.1  STRUCTURAL PROPERTIES 

The Cs2InSbCl6 is a face-centered-cubic (FCC) lattice 

structure belonging to the space group Fm-3m. The 

simple primitive cell contains 10 atoms. However, a 

super cell of 40 atoms was used throughout the course 

of this work. The optimized crystal lattice parameters 

obtained are a = b = c = 11.342 Å and α = β = γ = 900. 

The value obtained is in agreement with the 

experimental value 11.32 Å [1]. The defect raises the 

value of the crystal lattice parameters. Generally, 

energy gap is inversely proportional to the interatomic 

distance. The defect reduces the bond length between 

the Cs site (1) and the 3 In atoms sites from 2.4653 Å 

to 2.4586 Å, Cs site (1) and the 3 Cl atoms sites from 

2.9474 Å to 2.8767 Å, Cs atom site (1) and Sb atoms 

sites from 4.3045 Å to 4.1015 Å. It thus increases the 

bond length between the Cs atom site (1) and 3 Cs 

atom sites from 2.8957 Å to 2.9222 Å. Decrease in 

bond length improves atomic bonding [11].  

 

 

Figure 1:  Crystal Structure of (a) Cs2InSbCl6  (b) Cs2In-xSbCl6

The bulk modulus often defines material 

characteristics such as compressibility or flexibility, 

strength, hardness. The ability of a material to resist 

deformation under applied stress is often defined by 

its bulk modulus [12].The result of the calculated bulk 

modulus obtained using equation (1) reveals that the 

Cs2InSbCl6 has a bulk modulus value of 28.44 Gpa 

while Cs2In-xSbCl6 has 26.22 Gpa, 2.22 Gpa lesser 

than the reference material. The result indicates that 

the material Cs2In-xSbCl6 is more compressible and 

less hard [13]. Hence, the material could be suitable 

for applications where more flexible material is 

required such as in flexible solar cell [14]. 

 

3.2  ELECTRONIC PROPERTIES 

The electronic band structure of Cs2InSbCl6 and Cs2In-

xSbCl6was calculated as shown in Figure 1(a) and 1(b) 

respectively using the projected augmented wave 

(PAW) within DFT-GGA functionals. The high 

symmetry directions (X - Γ - W - Γ - L) of the Brillouin 

zone were used throughout the calculation. It is 

observed that the parent material demonstrates 

semiconducting behavior. It clearly reveals the 

(a) 
(b) 
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of the optoelectronics material will be improved [14]. 

The result obtained for Cs2InSbCl6 (Figure 4(a)) 

shows that the value of the imaginary part (𝜀2) 
becomes zero at about 12.5 eV. This means that the 

material becomes transparent above 12.5 eV [17]. 

Generally, the value of 𝜀2 becomes nonzero once 

absorption starts. It can be seen that for 𝜀2 the main 

peaks are located 1.5 eV, 4 eV, and 6.5 eV (Figure 

4(a)). An important remark to make from the real part 

(𝜀1) plot is that 𝜀1 decreases to negative values. The 

negative values of (𝜀1)  indicates that at the particular 

energy level, there is mostly rejection of the incidence 

electromagnetic waves from the medium, as such the 

material exhibit metallic behavior [17]. As such it 

serves as protective means from radiations in the 

energy region. Comparing the result with the vacancy 

created compound (Cs2In-xSbCl6) Figure 4(b) shows 

that the vacancy created material will absorb 

radiations up to about 9 eV which is lower than the 

initial compound (12.5 eV). This is in line with the 

difference in the electronic band nature obtained from 

the band structure (Figure 2(a) and (b)). Also, the high 

peaks of the imaginary part were located at 3 eV, 4 eV, 

and 4.5 eV respectively. This means that there will be 

higher absorption in a bit higher energy region when 

compared to the initial compound. The simulated 

result suggest that the material has a high transparency 

and hence less absorption in the high energy region 

(above 9 eV). 

 

 

Figure 3:  (a) Density of State for Cs2InSbCl6 (b) Density of State for Cs2In-xSbCl6 (c) Partial Density of state  

for Cs2In-xSbCl6 
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range. An important remark to make is that, the 

compound (Cs2In-xSbCl6) with high reflectivity in the  

 

high energy region can be used as a good coating 

material to avoid solar heating [17]. 

   

 
Figure 5:  (a) Absorption Coefficient, (b) Electron Energy Loss Spectra, (c) Reflectivity, (d) Conductivity, 

(e) Refractive Index 

(b) 

(c) 

(d) 

(a) 

(e) 
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