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With the dawning of 21st century, governments faced three urgent challenges, global 
economic crisis, energy crisis and global warming. So, the research goals have directed on 
developing novel renewable-energy technologies as suitable alternative sources of the 
traditional energy that addresses these problems. Photovoltaic based solar cells technology 
gives sustainable solutions and depends on inorganic materials with specific properties. 
Among this family, halide perovskites (MBX3) have been investigated during the last five 
years. Besides studying their unique properties as flexible structures, high stability, tunable 
semiconductor band-gap (Eg < 2.50 eV), high charge-carrier mobility and large optical 
absorption, research also seek for promising and multifaceted electroptical applications 
that give an amazing power efficiency (~24.0 %) in photovoltaic technology. The current 
challenge is to synthesis MBX3 materials provide suitable properties, include notable 
chemical stability at high temperatures, high electrical power efficiency, broad emission 
and tunable semiconducting Eg. Motivated by the site substitution effect, we extended this 
concept to build a series of cesium-metalloid MBX3 (M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = 
Cl, Br, I), and investigate their structural, stability and optoelectronic properties. We 
expect these investigations will provide inspiration for an innovation of such MBX3 
materials in photovoltaic applications. 
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1. Introduction 
 
Currently, world's population and government officials face urgent challenges represented 

by the economic collapse, traditional fuel crisis, global warming and environment problems. 
Therefore, intensive efforts have been directed by scientists to find effective and rapid solutions to 
these challenges, especially the energy crisis. Also, to provide a sustainable solution to the 
problem of increasing demand for cheap and clean energy sources, research interest has focused on 
developing novel electrical sources that serve renewable energy technology. They are considered 
as appropriate and alternative sources instead of traditional energy sources, fossil fuels which 
exhaust economy and their emissions cause global warming [1-3]. For these reasons, it is an 
essential requirement to develop alternative energy technologies that preserve the local economies, 
environment and public health. Amongst, photovoltaics (PV) based solar cells technology is 
sustainable solution and offers a set of benefits, such as it helps prevent the global warming and 
protects the environmental, reduces the financial spending on energy manufacture, and supports 
the local economies [1,4]. The manufacturing process of photovoltaic PV solar cells depends 
chiefly on certain organic-inorganic, mixed organic and pure inorganic materials having specific 
physical and chemical characteristics. 
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During the last five years, various materials, among this family, consist of complete 
inorganic metal halide perovskite compounds (chemical formula MBX3) have been produced and 
investigated their properties in detail. Many research studies have mainly to investigate the unique 
characteristics of MBX3 materials, such as flexible crystal structure, high structural stability, 
tunable semiconducting band gap, high mobility of charge carrier and great optical absorption [5-
8]. In addition, research works within these MBX3 compounds search for multi-faceted and 
promising electroptical and thermoptical applications provide remarkable efficiency of power 
conversion process. The above characteristics make halide perovskite compounds promising 
materials for photovoltaics PV solar cells technology [9-16]. The recent challenge is the synthesis 
of novel MBX3 materials that have distinct properties and are suitable for photovoltaics PV 
applications. Various properties have reported in some halide perovskite semiconductors MBX3 
materials, such as notable structural stability at high temperature ranges, tunable band gap, high 
electrical efficiency of power conversion, broad optical absorption and large emission [17].  

In this research work, motivated by the effect of M, B and B sites replacement on 
properties of MBX3, we have extended this concept to build a series of related inorganic halide 
perovskites MBX3. Besides examining the effect of site substitution (M1+ = Cs; B2+ = Si, Ge, Sn, 
Pb; X– = Cl, Br, I), we investigated the structural, electronic and optical properties of these 
materials. Several theoretical and experimental researches have been carried out on cubic 
compounds in MBX3 family by replacing M, B and X sites with three different atoms. The cubic 
structure (Pm-3m; #221) is the majority crystal symmetry in solid state physics, solid state 
chemistry and materials science. Thus, due to the complete possibility of replacement the three 
atoms in M, B and X positions of parent compound MBX3 by suitable metal, metalloid and 
halogen atoms, respectively, these halide perovskites MBX3 can offer numerous multifunctional 
properties make them promising candidate materials for novel photovoltaic PV, solar cells, 
optoelectronic and other technologies [18-20]. Thus, certain compounds with MBX3 structure can 
provided amazing performances in many future fields of materials applications such as in 
photovoltaics PV, solar cells technology [1], memory devices, sensors tools, diode apparatus [3,7], 
electrodes equipment [19]. Also, they show properties suitable for classical applications; 
piezoelectricity, ferroelectricity, superconductivity and so on [14]. The above properties and 
applications have attracted the attention of scientists, researchers and engineering to devote 
colossal efforts on metal halide perovskites MBX3 materials to investigate and discover novel and 
functional properties for future applications [5,12,15,18]. 

The main objective of the present study is to search for tunable semiconductor materials 
among the complete metal halide perovskite MBX3. To achieve this goal, we investigate the 
chemical structure and physical properties of a series contain twelve related compounds of metal-
metalloid halide perovskite MBX3. Three sites of MBX3 are selected as: M is an alkali-metal, i.e. 
Cesium atom (M = Cs1+), B is metalloid and post-transition atoms (B = Si2+, Ge2+, Sn2+, Pb2+) and 
X is a halogen atom (X = Cl–, Br–, I–). This paper presents detailed results of halide perovskites, 
which have not been predicted theoretically and experimentally, and could be contribution to the 
novel materials science for the development these compounds with desirable properties. Our 
contribution and main goal in this domain is to examine the effect of site substitution in B2+ and X– 
positions (B = Si2+, Ge2+, Sn2+, Pb2+) and (X = Cl–, Br–, I–), respectively, on the structural and 
electroptical properties of MBX3. The key purpose of selecting of metalloid and post-transition 
atoms, Silicon (Si), Germanium (Ge), Tin (Sn) and Lead (Pb), in this series is due to their similar 
electronic configuration of 5s and 5p orbitals. Si (Z = 14; [Ne] 3s2 3p2), Ge (Z = 32; [Ar] 3d10 4s2 
4p2), Sn (Z = 50; [Kr] 4d10 5s2 5p2) and Pb (Z = 82; [Xe] 5d10 6s2 6p2). Also, these atoms share 
amalgamated position within the p-block, in group XIV of the international Periodic Table of 
elements.  

In this study, we will provide first-principles density functional theory (DFT) bases to 
recognize the physical properties of inorganic halide perovskites MBX3 (M1+ = Cs; B2+ = Si, Ge, 
Sn, Pb; X– = Cl, Br, I) and their dependence on the nature of B2+ and X– sites. Here, all DFT 
investigations were performed by using the generalized gradient approximation (GGA-PBE), to 
investigate the structural, electronic and optical properties of MBX3. As a result of these DFT 
investigations and based on the obtained properties, we expect that these halide perovskite 
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semiconductors MBX3 can be candidate materials for photovoltaics PV, solar cells, photodiodes, 
photodetectors and new related applications. 

 
 
2. Calculations methods 
 
First-principles density functional theory (DFT) [21] investigations are used to find out the 

ground states and physical properties of the studied compounds of Ce-based halide perovskites 
MBX3 (M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I). The calculations are carried out by using 
the wonderful computational capabilities of the 2019 version of Wien2k package [22]. Wien2k 
code utilizes the method of full-potential linearized augmented plane-wave (FPLAPW) based on 
Kohn-Sham (KS) methodology [23]. Further, the Perdew-Burke-Ernzerhof functional [24] within 
FPLAPW which employ the generalized gradient approximation (PBE-GGA) method [27] is used 
to modulate the chemical structures and physical properties of these MBX3 materials. We also 
performed non spin-polarized version of DFT calculations to acquire the appropriate results of 
these properties. In PFLAPW approximation, the crystal space of the MBX3 unit cell contains two 
major regions; the first region of which is a spherical region or muffin-tin (MT) region, hence the 
local potential is likely to be have spherical symmetry. The spherical region is specified by the 
values of muffin-tin radii RMT as (r ≤ RMT). In DFT calculations, the muffin-tin radii RMT for the 
individual atoms in MBX3, i.e. M, B and X, are selected differently as follow: [RMT (M) = 2.2 a.u., 
RMT (B) = 2.0 a.u. and RMT (X) = 1.8 a.u.]. Here, the solution of the Schrödinger equation (SE) is 
described by multiplying radial function and spherical harmonic in this region of muffin-tin MT. 
The second region outside muffin-tin atoms or interstitial region (IR) in which the electric 
potential value is believed to be constant (r > RMT), and its Schrödinger equation SE is solved by 
plane wave function (PLW). The ground state energy per unit cell of MBX3 is obtained by setting 
the convergence criteria as (ε = 0.0001 Ry) and charge density as (ρ = 0.001 e). The total number 
of (kpoints = 1000) in the first Brillouin zone (BZ) with a cutoff value (RMTKmax = 8.0) have been 
opened. RMT refers to the smallest muffin-tin MT radius whereas Kmax represents the largest 
reciprocal lattice vector [22]. The structural optimizations of halide perovskites MBX3 are 
performed as an initial step; the energy per unit cell (E) has been calculated as a function of the 
variation of unit cell volume (V). 

 
 
3. Results and discussion 
 
3.1. Structural optimization properties  
As a first stage, the structural optimizations for all compounds of halide perovskites MBX3 

(M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I) are carried out by using the practical capabilities of 
GGA-PBE method based on the Wien2k code. Then, we extracted the equilibrium results of 
structural parameters like ground state energy (𝐸𝐸0), unit cell volume (𝑉𝑉0), lattice constants (𝑎𝑎0), 
bulk modulus (𝐵𝐵), and first pressure derivative of bulk modulus 𝐵𝐵 (𝐵𝐵′). All these results of MBX3 
are expected by fitting the variation of the total energy (𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇) per unit cell as a function of the 
corresponding unit cell volume (𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶), as expressed by the Murnaghan's equation of state: 

 

𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐸𝐸0 =
𝐵𝐵0𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐵𝐵0′
−

𝐵𝐵0𝑉𝑉0
(𝐵𝐵0′ − 1)

+
𝐵𝐵0𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐵𝐵0′
(𝑉𝑉0/𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)𝐵𝐵0′

(𝐵𝐵0′ − 1)
                                              (1) 

 
Figs. 1-4 show the obtained curves of total energy (E) versus unit cell volume (V) for the 

structures of halide perovskites MBX3 optimized by using the PBE method within PBE-GGA 
method. From these (E vs. V) optimizations curves we extracted the structural parameters of 
MBX3 and summarized them in (Table 1). Accordingly, we can conclude that all compounds of 
MBX3 show nonmagnetic (NM) state. Also, we can see that the value of lattice constant 𝑎𝑎0 
increases with the increase in the number of valence electrons per unit cell for MBX3. Thus, the 
atomic number of the two cations (M1+ = Cs) and (B2+ = Si, Ge, Sn, Pb), and anion (X– = Cl, Br, I) 
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have major effect on these results. The enhancement in values of lattice constant 𝑎𝑎0 of MBX3 is 
due principally to the increase in atomic radii and electronic charges of p-block cation B2+ starting 
from (B = Si; Z = 14) to (B = Ge; Z = 32) to (B = Sn; Z = 50) to (B = Pb; Z = 82). Similar trend 
have been distinguished in previous reports of theoretical DFT studies on analogous halide 
perovskites MBX3, where (M1+ = K, Rb, Cs; B2+ = Ge, Sn; X– = Cl, Br, I) [28,29].  

In addition, it can see that the value of bulk modulus 𝐵𝐵 decreases sequentially (𝐵𝐵𝑆𝑆𝑆𝑆 >
𝐵𝐵𝐺𝐺𝐶𝐶 > 𝐵𝐵𝑆𝑆𝑆𝑆 > 𝐵𝐵𝑃𝑃𝑃𝑃) by changing the B2+ atom in unit cell of MBX3, see (Table 1). The obtained 
results of bulk modulus 𝐵𝐵 also confirm that there is enhancement in the values of stiffness 
properties for MBX3 structures. This indicates that more rigidity and less compressible properties 
can be got by changing the B2+ atom within the series (B2+ = Ge, Sn, Pb). The present calculations 
are in a good agreement with the previous PBE-GGA reports that have studied similar metal-based 
halide perovskite semiconductors MBX3 with (M1+ = K, Rb, Cs; B2+ = Ge; X– = F, Cl, Br) [29]. 
Furthermore, we display the results of optimized atomic distances and positions in the cubic 
structure of unit cell for halide perovskites MBX3 (from Fig. 5) respectively in Tables 2 and 3. 

 

    
 

 
 

Fig. 1. Total energy (E) as a function of unit cell volume (V) of CsSiX3 (X- = Cl, Br, I). 
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Fig. 2. Total energy (E) as a function of unit cell volume (V) of CsGeX3 (X- = Cl, Br, I). 

 
 

    
 

 
Fig. 3. Total energy (E) as a function of unit cell volume (V) of CsSnX3 (X- = Cl, Br, I). 
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Fig. 4. Total energy (E) as a function of unit cell volume (V) of (X- = Cl, Br, I). 
 
 

Table 1. The structural parameters of the unit cell for the halide perovskites MBX3 (M1+ = Cs; B2+ 
= Si, Ge, Sn, Pb; X– = Cl, Br, I). 

 
MBX3 
compound 

𝑎𝑎0 (Å) 𝑉𝑉0 (Å3) 𝐵𝐵 (GPa) 𝐵𝐵′ (GPa) 

CsSiCl3 5.246 144.4 28.06 4.211 
CsSiBr3 5.497 166.1 23.75 4.278 
CsSiI3 5.877 203.0 19.29 4.917 
CsGeCl3 5.359 153.9 27.73 4.729 
CsGeBr3 5.617 177.3 22.88 4.8036 
CsGeI3 5.997 215.7 17.90 4.2721 
CsSnCl3 5635 179.0 23.27 4.9250 
CsSnBr3 5.894 204.7 19.72 4.6468 
CsSnI3 6.277 247.3 15.72 4.3785 
CsPbCl3 5.732 188.3 22.64 5.3110 
CsPbBr3 5.999 215.9 19.05 4.7705 
CsPbI3 6.386 260.4 15.04 5.0021 
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Table 2. The optimized atomic distances in the unit cell of halide perovskites MBX3  
(M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I). 

 
MBX3 
compound 

Cs+–B3+ (Å) Cs+–X- (Å) B2+–X- (Å) 

CsSiCl3 4.543 3.709 2.623 
CsSiBr3 4.769 3.887 2.749 
CsSiI3 5.090 4.156 2.938 
CsGeCl3 4.641 3.790 2.680 
CsGeBr3 4.865 3.972 2.809 
CsGeI3 5.194 4.241 2.999 
CsSnCl3 4.880 3.985 2.818 
CsSnBr3 5.104 4.168 2.947 
CsSnI3 5.436 4.438 3.138 
CsPbCl3 4.964 4.053 2.866 
CsPbBr3 5.195 4.242 2.999 
CsPbI3 5.530 4.515 3.193 

 
 

Table 3. The atomic sites, Wyckoff positions and coordinates (x, y, z) in the cubic unit cell  
(Pm-3m; Z = 2) of the halide perovskites MBX3 (M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I). 

 
Site  Wyckoff 

position 
Atomic coordinates 
x y z 

M1+-cation 1a 0 0 0 
B2+-cation 1b ½ ½ ½ 
X--anion 3d ½ 0 0 

0 ½ 0 
0 0 ½ 

 
 
3.2. Structural stability properties  
Halide perovskite compounds MBX3 share two essential properties that decide their 

suitability as viable materials for photovoltaic PV solar cells applications: stability and efficiency. 
In order to estimate the crystallographic stability of the individual materials that composed the 
halide perovskites MBX3 (M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I), the empirical criterion is 
accepted by calculating the tolerance factor (TF) of these crystals [35]. The ration of tolerance 
factor TF can be calculated through the geometric equation: 

 

𝑇𝑇𝐹𝐹 = 0.707
(𝑅𝑅𝑀𝑀 + 𝑅𝑅𝑋𝑋)
(𝑅𝑅𝐵𝐵 + 𝑅𝑅𝑋𝑋)                                                                                   (2) 

 
where, RM, RB and RX represent the ionic radii of atoms (M1+ = Cs), (B2+ = Si, Ge, Sn, Pb) and (X– 
= Cl, Br, I) in crystal structures of MBX3, respectively. We used the values RM

1+
 = 2.02 Å (M1+ = 

Cs) in the XII-coordinate arrangement, RB
2+ = 0.64 Å (B2+ = Si), RB

2+ = 0.87 Å (B2+ = Ge), RB
2+ = 

0.89 Å (B2+ = Sn) and RB
2+ = 0.92 Å (B2+ = Pb), and RX

– = 1.67 Å (X– = Cl), RX
– = 1.82 Å (X– = 

Br) and RX
– = 2.06 Å (X– = I), in the VI-coordinate arrangement [36].  

In general, the ration value of tolerance factor TF takes fluctuating values around the ideal 
value (TF = 1.0) and it depends on to the size of atoms M, Band X that makeup the compound of 
perovskite MBX3. A deviation of tolerance factor TF value from the ideal TF = 1.0 can be a 
measure of mismatch of the crystal structure perovskite MBX3. This mismatch appears because 
there is small difference in the ionic radii, RM

1+, RB
2+ and RX

–, of the component atoms M1+, B2+ 
and X–, respectively. Frequently, the distortion in crystal structure of MBX3 is escorted by 
mechanical compression and tension in the internal bonds of MBX3, (M1+– X–) and (B2+– X–), due 
to the difference that recompensed by the crystal rotation and tilting in MX6 and BX6 octahedra 
[29]. As a result, the structural symmetry of perovskite MBX3 lowers from the cubic structure 
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(Pm-3m; #221) causing a small deviation of the core angle in MBX3 from the ideal (B+–X––B+ = 
180˚). Thus, four general canons for such halide perovskites MBX3 can be adopted; (0.980 < TF < 
1.01) confirms the cubic structure (Pm-3m) and is the most probable. (TF > 1.110) validate for 
hexagonal symmetry (P63/mmc) in MBX3 structure, and (0.97 < TF < 1.05) predicts the tetragonal 
symmetry (I4/m). While, (TF < 0.97) indicates that the compound of MBX3 crystallizes in 
orthorhombic symmetry (Pnma; Pbnm) or in monoclinic structure (P21/n) [29,37-41]. From the 
above cases, it can see that the studied compounds of halide perovskites MBX3 show values of 
tolerance factor TF match with the cubic Pm-3m symmetry (Table 4). The minor variations in these 
values are due to the small difference in the ionic radius of B2+ atoms (RB

2+). 
Also, there is an additional factor can used to measure the stability of crystal structure for 

halide perovskites MBX3, i.e. octahedral factor (OF). This factor can be applied to estimate the 
fitting of the B2+-cations into their octahedra network [B2+X6]. It can be evaluated via the ratio 
between the ionic radii of the cations B2+ (B2+ = Si, Ge, Sn, Pb) and anions X– (X– = Cl, Br, I) in 
their corresponding bonds (B2+– X–) [38,41], as follow: 

 
𝑂𝑂𝐹𝐹 =

𝑅𝑅𝐵𝐵2+
𝑅𝑅𝑋𝑋−

× 100%                                                                                   (3) 

 
From the calculated values of this octahedral factor OF, as displayed in (Table 4), we note 

that all crystal structures of halide perovskites MBX3 show more stability properties. This is 
because the values of the octahedral factor OF are within the stability range (OF = 44% – 90%) 
[38,41]. 

 
3.3. Thermodynamic stability properties  
Formation energy (∆𝐸𝐸𝐹𝐹), which represent the chemical energy required to dissociate the 

solid compounds into their individual elements, is a useful factor that can measure the 
thermodynamic stability of these materials. Also, the formation energy ∆𝐸𝐸𝐹𝐹 examines the strength 
of internal bonding in crystal structures. Here, we calculated the formation energy ∆𝐸𝐸𝐹𝐹 of the 
studied compounds of halide perovskites MBX3 (M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I). 
The value of formation energy ∆𝐸𝐸𝐹𝐹 is calculated through the energy difference (∆𝐸𝐸) between the 
value of energy per unit cell MBX3 and the value of energy per atom of three constructed atoms, 
M1+, B2+ and X–. The following equation calculates this energy [29,42]: 

 
∆𝐸𝐸𝐹𝐹 =

1
𝛼𝛼 + 𝛽𝛽 + 𝛾𝛾

��𝐸𝐸𝑀𝑀𝐵𝐵𝑋𝑋3
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶� − �𝛼𝛼𝐸𝐸𝑀𝑀

(𝑠𝑠) + 𝛽𝛽𝐸𝐸𝐵𝐵
(𝑠𝑠) + 𝛾𝛾𝐸𝐸𝑋𝑋

(𝑠𝑠)��                                                 (4) 

 
where, 𝐸𝐸𝑀𝑀𝐵𝐵𝑋𝑋3

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶 stands for the total energy per unit cell of MBX3, and 𝐸𝐸𝑀𝑀
(𝑠𝑠), 𝐸𝐸𝐵𝐵

(𝑠𝑠) (B2+ = Si, Ge, Sn, 
Pb) and 𝐸𝐸𝑋𝑋

(𝑠𝑠) (X– = Cl, Br, I) denote the partial chemical energies of the individual atoms in solid 
state phase (s) in the unit cell. The integer values 𝛼𝛼, 𝛽𝛽 and 𝛾𝛾 represent the numbers of the atoms 
M1+, B2+ (B2+ = Si, Ge, Sn, Pb) and X– (X– = Cl, Br, I) in the unit cell MBX3. Based on the above 
formula, the obtained values of formation energy ∆𝐸𝐸𝐹𝐹 for these halide perovskites MBX3 within 
the PBE-GGA calculations are summarized in (Table 4). As displayed in (Table 4), the values of 
formation energies ∆𝐸𝐸𝐹𝐹 for all these compounds are found to be negative. It is well known that 
chemical compound possessing smaller formation energy ∆𝐸𝐸𝐹𝐹 is more favorable in experimental 
synthesizing [42]. As a consequence, the obtained results of formation energy ∆𝐸𝐸𝐹𝐹 with small 
negative values indicate that all the compounds of halide perovskites MBX3 are 
thermodynamically stable and can be synthesis experimentally in solid state phase according to the 
mechanochemical mixture (MX + BX2 = MBX3) [29,43]. 
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Table 4. The calculated results of tolerance factor 𝑇𝑇𝐹𝐹 , octahedral factor 𝑂𝑂𝐹𝐹  and formation energy ∆𝐸𝐸𝐹𝐹  
per unit cell of  MBX3 (M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I). 

 
MBX3 
compound 

𝑇𝑇𝐹𝐹  𝑂𝑂𝐹𝐹  % ∆𝐸𝐸𝐹𝐹  
(𝑒𝑒𝑉𝑉) 

CsSiCl3 1.129 38.32 –1.895 
CsSiBr3 1.104 35.16 –1.852 
CsSiI3 1.069 31.08 –1.786 
CsGeCl3 1.027 52.10 –1.720 
CsGeBr3 1.009 47.80 –1.675 
CsGeI3 1.009 42.23 –1.621 
CsSnCl3 1.019 53.29 –1.579 
CsSnBr3 0.998 48.90 –1.493 
CsSnI3 0.992 43.20 –1.481 
CsPbCl3 0.978 55.09 –1.452 
CsPbBr3 0.991 50.55 –1.438 
CsPbI3 1.007 44.66 –1.398 

 
 
3.4. Electronic charge density  
In the following subsections, we illustrate a comprehensive depiction for the electronic 

properties of the studied halide perovskites MBX3 (M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I). 
The charge density, electronic band gaps, total density of states (TDOS) and partial density of 
states (PDOS) are calculated and discussed in detail.  

First, in order to draw a deep insight into the electronic structures, the charge density in 
(100) plane of the unit cell for halide perovskites MBX3 compounds is calculated by using the 
PBE-GGA method, and represented parallel with the crystal structures in Fig. 5. The 2D charge 
density plot and its contour lines allow visualizing the nature of the chemical bonds between the 
atoms in unit cell. Also, they elucidate the transfer mechanisms of charge carriers through these 
bonds. From the plot of 2D charge density for halide perovskites MBX3 with (M1+ = Cs), (B2+ = Si, 
Ge, Sn, Pb) and X– = Cl, Br, I), plus their corresponding partial density of states PDOSs that 
represented in Figs. 6-17, respectively, it can see that there are orbital hybridizations between the 
B2+-p states of the cations Si2+-3p Ge2+-4p, Sn2+-5p and Pb2+-6p, and the anions X–-4p. The 
formation of these orbital hybridizations indicates that the nature of the chemical bonding between 
cations B2+ and anions X– (B2+–X–) is the covalent bond, which confirmed by the condensed 
contour lines around both the ions of cations B2+ and anions X– (Fig. 5). While, the form of other 
bonds, i.e. (M1+–X–) and (X––B2+), show an ionic bond nature with minor contour lines. As a 
result, it is clear from all these 2D plots of charge density that the three ions of cation-anion bonds, 
M1+, B2+ and X–, in halide perovskites MBX3 show a covalent-ionic mixture in their chemical 
bonding (M1+–X–) and (B2+–X–). 
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Fig. 5. The crystal structure and electronic charge density in (100) plane of the unit cells for the 

halide perovskite CsGeBr3 in cubic symmetry (space group Pm-3m; No. 221) as example for MBX3 
(M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I). 

 
 
3.5. Electronic band-gap  
In order to study the main electronic features of halide perovskites MBX3 (M1+ = Cs; B2+ = 

Si, Ge, Sn, Pb; X– = Cl, Br, I), the electric band gaps (Eg) are calculated using PBE-GGA method. 
They are extracted from the calculations of self consistent field (scf), along the high cubic 
symmetry points within the first Brillouin zone.  Table 5 summarizes the calculated results of band 
gaps Eg for the studied compounds MBX3. These results enable us to compare and evaluate the 
differences in the values of band gaps (Eg) as a result of substituting the B2+ atom in the MBX3 unit 
cells. The obtained results reveal that the PBE-GGA method gives band gaps Eg very close to the 
previous results of experiments and DFT calculations [28-34]. As a consequence, all the cubic 
halide perovskites MBX3 (M1+ = Cs; B2+ = Si, Ge, Sn, Pb) show semiconductor properties with 
direct band gaps Eg. also, by comparing the obtained results and examine the effect of substitution 
of B2+ atom, the band gap Eg values as a function of B2+ atom, we can see that the core remark 
here, higher values of band gap Eg are observed in the unit cell of halide perovskite MBX3 with 
(B2+ = Pb) and then it decrease from (B2+ = Ge) to (B2+ = Sn) to (B2+ = Si) due to the increasing 
number and energy of total free electrons provide by B2+ atoms, Si: [Ne] 3s2 3p2, Ge: [Ar] 3d10 4s2 
4p2, Sn: [Kr] 4d10 5s2 5p2 and Pb: [Xe] 5d10 6s2 6p2, in conduction bands close to the Fermi level 
(EF). 
 
 

Table 5. The band gap (Eg) and equilibrium energy per unit cell of halide perovskites  
MBX3 (M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I). 

 
MBX3  
compound 

Eg  
(eV) 

E0  
(keV) 

CsSiCl3 0.557 -257.6 
CsSiBr3 0.635 -432.7 
CsSiI3 0.632 -801.0 
CsGeCl3 1.497 -306.8 
CsGeBr3 1.237 -481.9 
CsGeI3 1.120 -850.3 
CsSnCl3 1.367 -417.8 
CsSnBr3 1.071 -592.9 
CsSnI3 0.929 -961.3 
CsPbCl3 2.429 -819.2 
CsPbBr3 2.022 -994.3 
CsPbI3 1.736 -1362.6 
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3.6. Electronic density of states 
Moreover, in order to evaluate the atomic contribution to the electronic total density of 

states TDOSs properties and the physical nature of atomic bonding for the compounds of halide 
perovskites MBX3 (M1+ = Cs; B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I), the following calculations of 
total density of states (TDOS) and partial density of states (PDOS) are performed using the PBE-
GGA method, and plotted in Figs. 6-17. The first observation here, is that all TDOSs show an 
energy gap (Eg) around the EF, with TDOS = 0.0 State/eV, which predict the semiconducting 
behavior of our MBX3 perovskites. This prediction confirms the obtained PBE-GGA results from 
band structures in the previous subsection.  

Table 5 summarizes the Eg values for MBX3 compounds; the extending of their Eg 
significantly different with values ranging from Eg = 0.557 eV to 2.429 eV. Equivalent to that 
detected in band structures, the value of Eg increases also from B2+ = Si to B2+ = Ge to B2+ = Sn to 
B2+ = Pb due principally to the increasing number of energetic electrons of B2+ states in MBX3. 
Practically, this prediction gives complete confidence of the tenability to develop such the 
proposed compounds as promising candidate materials for novel optoelectronic and photovoltaic 
technologies. Besides, since the value of Eg for the MBX3 compounds can be simply tuned by 
applying the PBE-GGA method or through replacing the B2+-site completely or partially by 
metalloid and post-transition atoms (B2+ = Si, Ge, Sn, Pb), the obtained semiconductor perovskites 
can also be exploited in the light-emitting diodes technology [37,44].  

The second point, the PDOS curves, Figs. 6-17, confirm that the valence bands (VBs) of 
all MBX3 compounds look similar and formed mainly by the hybridization of B2+-s/p and X-p 
states, Si-3s/3p–X-p, Ge-4s/4p–X-p, Sn-5s/5p–X-p and Pb-6s/6p–X-p, appear between -5.0 eV 
and EF. While their corresponding conduction bands (CBs) are generally dominated also by the 
hybridization of energetic 3p, 4p, 5p and 6p states in B2+-p and X-p atoms. The top of the VBs 
beyond EF is dominated mainly by partial B2+-s and X-p electronic states, Si-3s–X-p, Ge-4s–X-p, 
Sn-5s–X-p and Pb-6s–X-p, whereas the bottom of CBs in the energy range in front of the EF is 
majority occupied by B2+-p states hybridize with tiny X-p, and there is no contribution come from 
Cs-5p and Cs-4d states, which locate after +3.50 eV away from EF. 
 

      
 

      
 

Fig. 6. The electronic TDOS per unit cell of CsSiCl3 and its PDOS per atom of Cs, Si and Cl. The Fermi 
level (dash line) sets to zero (EF = 0.0 eV). 
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Fig. 7. The electronic TDOS per unit cell of CsSiBr3 and its PDOS per atom of Cs, Si and Br. The Fermi 
level (dash line) sets to zero (EF = 0.0 eV). 

 

    

    
Fig. 8. The electronic TDOS per unit cell of CsSiI3 and its PDOS per atom of Cs, Si and I.  

The Fermi level (dash line) sets to zero (EF = 0.0 eV). 
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Fig. 9. The electronic TDOS per unit cell of CsGeCl3 and its PDOS per atom of Cs, Ge and Cl. The Fermi 
level (dash line) sets to zero (EF = 0.0 eV). 

 

    

    
Fig. 10. The electronic TDOS per unit cell of CsGeBr3 and its PDOS per atom of Cs, Ge and Br.  

The Fermi level (dash line) sets to zero (EF = 0.0 eV). 
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Fig. 11. The electronic TDOS per unit cell of CsGeI3 and its PDOS per atom of Cs, Ge and I.  
The Fermi level (dash line) sets to zero (EF = 0.0 eV). 

 

    

    
Fig. 12. The electronic TDOS per unit cell of CsSnCl3 and its PDOS per atom of Cs, Sn and Cl.  

The Fermi level (dash line) sets to zero (EF = 0.0 eV). 
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Fig. 13. The electronic TDOS per unit cell of CsSnBr3 and its PDOS per atom of Cs, Sn and Br.  
The Fermi level (dash line) sets to zero (EF = 0.0 eV). 

 

    

    
Fig. 14. The electronic TDOS per unit cell of CsSnI3 and its PDOS per atom of Cs, Sn and I.  

The Fermi level (dash line) sets to zero (EF = 0.0 eV). 
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Fig. 15. The electronic TDOS per unit cell of CsPbCl3 and its PDOS per atom of Cs, Pb and Cl.  

The Fermi level (dash line) sets to zero (EF = 0.0 eV). 
 

    

    
Fig. 16. The electronic TDOS per unit cell of CsPbBr3 and its PDOS per atom of Cs, Pb and Br.  

The Fermi level (dash line) sets to zero (EF = 0.0 eV). 
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Fig. 17. The electronic TDOS per unit cell of CsPbI3 and its PDOS per atom of Cs, Pb and I.  
The Fermi level (dash line) sets to zero (EF = 0.0 eV). 

 
 
3.7. Optoelectronic properties  
As it is known that when high-energy light incidents on the surface of certain solid 

materials, a photoelectric interaction occurs between the crystal structures of these materials and 
photons of electromagnetic light. From the interaction outcomes it is possible to measure and 
quantify the photoresponse of materials. In this subsection, to evaluate this photoresponse and to 
obtain the main optical parameters, the optical properties of halide perovskites MBX3 (M1+ = Cs; 
B2+ = Si, Ge, Sn, Pb; X– = Cl, Br, I) are calculated. Herein, the details calculations of real part and 
imaginary part of the dielectric function, absorption coefficient, optical conductivity, refractive 
index, extinctive index, optical reflectivity and energy loss function have been carried out by using 
the PBE-GGA method. The results of optical parameters of MBX3 compounds are represented in 
Figs. 18 (B2+ = Si), 19 (B2+ = Ge), 20 (B2+ = Sn) and 21 (B2+ = Pb), and discussed in detail. This 
examination is initiated by calculating the key optical parameter; i.e. the dielectric function (𝜀𝜀), as 
a function of the photon energy (𝜔𝜔) that can be described by the complex equation: 

 
𝜀𝜀(𝜔𝜔) = 𝜀𝜀1(𝜔𝜔) + 𝑗𝑗𝜀𝜀2(𝜔𝜔)                                                                           (5) 

 
The Kramers-Kronig transformation (KKT) [38,39] expresses the real part 𝜀𝜀1(𝜔𝜔) and 

imaginary part  𝜀𝜀2(𝜔𝜔) of the dielectric function 𝜀𝜀(𝜔𝜔) as: 
 

𝜀𝜀1(𝜔𝜔) = 1 +
2𝑃𝑃
𝜋𝜋
�
𝜔𝜔′𝜀𝜀2(𝜔𝜔′)
𝜔𝜔′2 − 𝜔𝜔2

∞

0

𝑑𝑑𝜔𝜔′                                                                (6) 

 

𝜀𝜀2(𝜔𝜔) =
8

2𝜋𝜋𝜔𝜔2�|𝑃𝑃𝑆𝑆𝑆𝑆′(𝑘𝑘)|2

𝑆𝑆𝑆𝑆′

𝑑𝑑𝑆𝑆𝑘𝑘
∇𝜔𝜔𝑆𝑆𝑆𝑆′(𝜔𝜔)

                                                       (7) 
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where, 𝑃𝑃 = the principle part of integral, 𝜔𝜔𝑆𝑆𝑆𝑆′  = energy difference between the energies 𝜔𝜔 and 𝜔𝜔′ 
of the states 𝑛𝑛 and 𝑛𝑛′, respectively, 𝑃𝑃𝑆𝑆𝑆𝑆′(𝑘𝑘) = the electric-dipole matrix element between states 𝑛𝑛 
and 𝑛𝑛′, and 𝑑𝑑𝑆𝑆𝑘𝑘 = the energy surface. However, dielectric function 𝜀𝜀(𝜔𝜔) is defined as an energy 
tensor that leads to three components along the coordinates directions, x, y and z, and for cubic 
crystal structure, it is enough to calculate and study the optical parameters only along the x 
direction. 

Based on the obtained values of real part 𝜀𝜀1(𝜔𝜔) and imaginary part 𝜀𝜀2(𝜔𝜔) of the dielectric 
function 𝜀𝜀(𝜔𝜔), we can calculate the value of refractive index 𝑁𝑁(𝜔𝜔) as a sum of the real part 𝑛𝑛(𝜔𝜔) 
and imaginary part 𝑘𝑘(𝜔𝜔) of refractive index through the equations:  

 
𝑁𝑁(𝜔𝜔) = [𝜀𝜀(𝜔𝜔)]

1
2                                                                                    (8) 

 

𝑁𝑁(𝜔𝜔) = [𝜀𝜀1(𝜔𝜔) + 𝑗𝑗𝜀𝜀2(𝜔𝜔)]
1
2                                                                     (9) 

 
𝑁𝑁(𝜔𝜔) = 𝑛𝑛(𝜔𝜔) + 𝑗𝑗𝑘𝑘(𝜔𝜔)                                                                       (10) 

 
The refractive index 𝑛𝑛(𝜔𝜔) and extinctive index 𝑘𝑘(𝜔𝜔) are respectively calculated using the 

following two equations: 
 

𝑛𝑛(𝜔𝜔) = �𝜀𝜀1(𝜔𝜔) + �
𝜀𝜀12 (𝜔𝜔) + 𝜀𝜀22 (𝜔𝜔)

4
�

1
2
�

1
2

                                                   (11) 

 

𝑘𝑘(𝜔𝜔) = �−𝜀𝜀1(𝜔𝜔) + �
𝜀𝜀12 (𝜔𝜔) + 𝜀𝜀22 (𝜔𝜔)

4
�

1
2
�

1
2

                                                  (12) 

 
Using the value of extinctive index 𝑘𝑘(𝜔𝜔) and equation 12, the absorption coefficient 𝛼𝛼(𝜔𝜔) 

can calculate using the equation: 
 

𝛼𝛼(𝜔𝜔) = 2𝜔𝜔𝑘𝑘(𝜔𝜔)                                                                        (13) 
 

𝛼𝛼(𝜔𝜔) = �−𝜀𝜀1(𝜔𝜔) + 4𝜔𝜔�
𝜀𝜀12 (𝜔𝜔) + 𝜀𝜀22 (𝜔𝜔)

4
�

1
2
�

1
2

                                       (14) 

 
The materials with very weakly optical absorbing have lesser value of absorption 

coefficient 𝛼𝛼(𝜔𝜔). Then from equations 11, 12, 13 and 14, it can be expected that the value of 
extinctive index 𝑘𝑘(𝜔𝜔) is also very small, and this situation gives the values: 

 
𝑛𝑛(𝜔𝜔) = [𝜀𝜀1(𝜔𝜔)]

1
2                                                                   (15) 

 

𝑘𝑘(𝜔𝜔) =
𝜀𝜀2(𝜔𝜔)
2𝑛𝑛(𝜔𝜔)                                                                    (16) 

 
Furthermore, there are other important optical parameters; i.e. the reflection coefficient 

𝑅𝑅(𝜔𝜔), which characterizes the part of energy reflected from the interface of the crystal structure. 
This coefficient can expressed using the values of refractive index 𝑛𝑛(𝜔𝜔) and extinctive index 
𝑘𝑘(𝜔𝜔), as: 

 

𝑅𝑅(𝜔𝜔) =
[𝑛𝑛(𝜔𝜔) − 1]2 + [𝑘𝑘(𝜔𝜔)]2

[𝑛𝑛(𝜔𝜔) + 1]2 + [𝑘𝑘(𝜔𝜔)]2                                                              (17) 
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Or by using the equation of dielectric function 𝜀𝜀(𝜔𝜔):  
 

𝑅𝑅(𝜔𝜔) = �
[𝜀𝜀(𝜔𝜔)]

1
2 − 1

[𝜀𝜀(𝜔𝜔)]
1
2 + 1

�

2

                                                                   (18) 

 
The optical conductivity 𝜎𝜎(𝜔𝜔), equals to: 
 

𝜎𝜎(𝜔𝜔) = −𝑗𝑗
𝜔𝜔
4𝜋𝜋

𝜀𝜀(𝜔𝜔)                                                                     (19) 
 

𝜎𝜎(𝜔𝜔) =
𝜔𝜔
4𝜋𝜋

𝜀𝜀2(𝜔𝜔)                                                                     (20) 

 
The static values of the important optical parameters such as real part of the dielectric 

function 𝜀𝜀1(𝜔𝜔) and refractive index 𝑛𝑛(𝜔𝜔) are listed in Table 6. They can be calculated at zero 
energy (𝜔𝜔 = 0), as:  

 
𝑛𝑛𝑠𝑠(0) = [𝜀𝜀1(0)]

1
2                                                                        (21) 

 
In the following designs (Figs. 18-21) we plotted the calculated optical spectra as a 

function of photon energy 𝐸𝐸(𝜔𝜔) for the cubic halide perovskites MBX3 (M1+ = Cs; B2+ = Si, Ge, 
Sn, Pb; X– = Cl, Br, I), respectively, where the variation in photon frequency (𝜔𝜔) is sketched in 
terms of energy range from (E = 0.0 eV to 15.0 eV). These spectra plots comprise the real part and 
imaginary part of dielectric function 𝜀𝜀(𝜔𝜔), i.e. 𝜀𝜀1(𝜔𝜔) and 𝜀𝜀2(𝜔𝜔) respectively, the absorption 
coefficient 𝛼𝛼(𝜔𝜔), the optical conductivity 𝜎𝜎(𝜔𝜔), the refractive index 𝑛𝑛(𝜔𝜔), the extinctive index 
𝑘𝑘(𝜔𝜔) and the optical reflectivity 𝑅𝑅(𝜔𝜔). Generally, it can clearly see that the X– atoms (X– = Cl, Br, 
I) give similar optical spectra for their corresponding compounds of halide perovskites MBX3 with 
minor differences from the optical curves that obtained when (X– = Br). 

First note, from the spectra of real part of the dielectric function 𝜀𝜀1(𝜔𝜔) for halide 
perovskites MBX3 in (Figs. 18-21(a)), we can clearly see that there is an increase in the average 
values of the static dielectric function at zero energy (𝜔𝜔 = 0). Also, the positive curves of real part  
𝜀𝜀1(𝜔𝜔) start from zero point with energy 𝜔𝜔 = 0 and then increase to maximum values and final 
decrease with increasing in photonic energy (𝜔𝜔 > 0). While in high energy range, the real part 
𝜀𝜀1(𝜔𝜔) curves decline to negative values. This means that the electromagnetic light are majority 
reflected from the medium of crystal structures of MBX3 and their photon beam is totally reduced 
in this optical medium, which indicates that these crystal structures exhibit a metallic property in 
this photonic energy range. For that reason, these halide perovskites can be candidate materials for 
the protective shields against the electromagnetic light in the above specific energy range [28,34]. 
Within the energy range E = 0.0 eV to 10.10 eV, the substitution of B2+ atom through the series 
(B2+ = Si, Ge, Sn, Pb) does not affect the shape of optical curves as well as the values of real part 
𝜀𝜀1(𝜔𝜔). While, for high values (𝐸𝐸 (𝜔𝜔) > 10 𝑒𝑒𝑉𝑉) the main peaks of real part 𝜀𝜀1(𝜔𝜔) are shifted to 
toward higher energy.  

Compared the spectra of imaginary part of the dielectric function 𝜀𝜀2(𝜔𝜔) for MBX3 
compounds of halide perovskites MBX3 in (Figs. 18-21 (b)) with their electronic dynamic in total 
densities of states TDOSs (Figs. 6-17), it can note that the behavior of spectrum for imaginary part 
𝜀𝜀2(𝜔𝜔) characterize the absorptive power and they are closely linked with the electronic transitions 
from the occupied states in the valence bands (VBs) of M1+, B2+ and X–crystal structures to 
unoccupied states in the conduction bands (CBs). Also, the edge values of imaginary part 𝜀𝜀2(𝜔𝜔) 
spectra for MBX3 match well with the optical gaps of these compounds and are in complete 
agreement with the values of band gaps Eg that obtained from the total densities of states TDOSs 
results (Table 5). 

Second note, the spectra of optical conductivity 𝜎𝜎(𝜔𝜔), as shown in (Figs. 18-21 (c)), stay 
constant at energy (𝜔𝜔 = 0) and then start to rise around energies correspond to the band gap Eg 
values for all compounds of MBX3, and then increase as the photon energy increases to form the 
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conductivity spectrum. The highest values of maximum conductivity 𝜎𝜎(𝜔𝜔) is that of compounds 
with (B2+ = Si) and (B2+ = Ge) as a compared to other two ones, (B2+ = Sn) and (B2+ = Pb). The 
conductivity 𝜎𝜎(𝜔𝜔) decreases as on move from (B2+ = Si to Ge to Sn and Pb) in MBX3 compounds. 
However, all spectra involve four main peaks, which correspond to the small different transitions 
between symmetry points in the crystal structures of MBX3, as they predicted in the electronic 
properties. 

Third note, we plotted the corresponding photon energy dependent absorption spectra 
𝛼𝛼(𝜔𝜔), similar to conductivity 𝜎𝜎(𝜔𝜔) spectra, for the compounds of halide perovskites MBX3 in 
(Figs. 18-21(d)). Absorption parameter 𝛼𝛼(𝜔𝜔) measures the electromagnetic light penetration 
through the crystal structures before it decaying totally. The values of absorption 𝛼𝛼(𝜔𝜔) indicate 
that the optical absorption of the halide perovskite semiconductors MBX3 are connected with the 
optoelectronic interactions occur between the photons of electromagnetic light and electrons in 
crystal structures. This because only the incident photons of light are responsible for the 
excitations of those electrons which carry high energy exceeding the values of band gaps Eg in 
their crystal structures, otherwise transmissions phenomena will occur through these crystal 
structures. It is clear that the absorption 𝛼𝛼(𝜔𝜔) spectra of MBX3 compounds show an increase of 
the absorption above the threshold frequency (𝐸𝐸 (𝜔𝜔) > 𝐸𝐸𝑔𝑔), in the energy range (E = 2.0 eV – 14.0 
eV) and then continuous to reach their maximum peaks due to the incoming photon light causing 
optoelectronic transitions. There are four step values of absorption 𝛼𝛼(𝜔𝜔) spectra arise at certain 
energies. Consequently, the instant shift in imaginary part 𝜀𝜀2(𝜔𝜔) spectra represents the first direct 
optical transition and is equal to the optical gaps of MBX3 compounds. The extending of these 
optical gaps closely relates to the detected values of band gaps Eg, signifying similar forms of the 
energy band contributions in the optoelectronic transitions. The optical gaps expand similarly 
within all compounds of MBX3 as spotted from the semiconductor distributions of total densities 
of states TDOSs; however, the substitution of halide atom X– X– = Cl, Br, I) shows no significant 
variation than others. The crystal structures of MBX3 show significant values of optical spectra of 
absorption 𝛼𝛼(𝜔𝜔) among the range of Visible–UV light, however, the (B2+ = Ge) based crystal 
structures show highest absorption within the UV region (Table 6). Unfortunately, the absorption 
value decreases in (B2+ = Sn) and (B2+ = Pb) based crystal structures in the Visible as well as in 
UV range by small amount. Here, the predicted range of photon energy (E = 10 – 14 eV) agrees 
with the wavelength range (λ ≈ 916 – 1230 Å) that belongs to the extreme UV light range, which 
make these compounds of halide perovskites MBX3 promising materials for photoelectronics 
applications such as used in detectors, sensors and photoelectron spectroscopy [28,34,45]. The 
compounds of halide perovskites MBX3 can be developed experimentally as thin-films solar cells 
materials since they have useful mechanical properties include high structural stability, high 
ductility and low elasticity. Furthermore, the wide range of energy for absorption 𝛼𝛼(𝜔𝜔) spectra of 
MBX3 that extends from Visible to UV domain, indicates the possibility of utilizing these 
compounds for various optoelectronics applications like photovoltaic solar cells, and physical 
detectors and sensors operating in Visible and UV range, respectively [34,46-48]. 

Fourth note, the refractive index 𝑛𝑛(𝜔𝜔) spectra for halide perovskites MBX3 with (M1+ = 
Cs), (B2+ = Si, Ge, Sn, Pb) and (X– = Cl, Br, I) are shown in (Figs. 18-21(e)), respectively. Also, 
the calculated and static values of refractive index 𝑛𝑛 𝑛𝑛(0) are listed in (Table 6). From these 
spectra and results, it is clear that the values of calculated refractive index 𝑛𝑛(0) and static 
refractive index 𝑛𝑛𝑠𝑠(0) match exactly and increases slightly by utilizing the PBE-GGA method for 
all MBX3 compounds. Conversely, the behavior of the extinctive index 𝑘𝑘(𝜔𝜔) as a function of the 
photon energy is shown in (Figs. 18-21(f)). Spectra of extinctive index 𝑘𝑘(𝜔𝜔) start around energy 
values correspond to the band gaps Eg, as for conductivity 𝜎𝜎(𝜔𝜔) spectra, and then increase to reach 
their maximum values above (E = 11.0 eV). The real and imaginary parts of reflectivity spectra 
𝑅𝑅(𝜔𝜔), which shown in (Figs. 18-21 (g)) and (Figs. 18-21 (h)), respectively, are consistent with the 
observed behavior of absorption 𝛼𝛼(𝜔𝜔) spectra, the reflectivity 𝑅𝑅(𝜔𝜔) decreases in the sequence 
(B2+ = Si, Ge, Sn, Pb) for MBX3 with (M1+ = Cs) and (X– = Cl, Br, I). The maximum values of 
reflectivity 𝑅𝑅(𝜔𝜔) correspond to the negative values of real part of the dielectric function 𝜀𝜀1(𝜔𝜔) at 
the range (𝐸𝐸 (𝜔𝜔) > 10 𝑒𝑒𝑉𝑉), where the percentages of reflectivity 𝑅𝑅(𝜔𝜔) for these crystal structures 
are found to be nearly similar and about 56.5%, 50.4% and 50.3%, respectively, within PBE-GGA 
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method. The calculated and static values of various optical parameters for MBX3 (B2+ = Si, Ge, Sn, 
Pb) at zero energy (𝜔𝜔 = 0), as well as the estimation of their key optical absorption 𝛼𝛼(𝜔𝜔) and 
optical conductivity 𝜎𝜎(𝜔𝜔),  are listed in (Table 6). The increase of absorption 𝛼𝛼(𝜔𝜔) spectra at 
around (E = 1.0 eV – 3.0 eV) indicates the application of solar light within the VL–UV range, and 
this nature is very beneficial for photovoltaics PV, solar cells and optoelectronics technology. 

 
 

Table 6. The maximum values of real part 𝜀𝜀1(𝜔𝜔) and refractive index 𝑛𝑛 (𝜔𝜔) at zero energy (𝜔𝜔 = 0), the 
static values 𝑛𝑛𝑠𝑠(0) are calculated using equation (21), for halide perovskites MBX3 (M1+ = Cs; B2+ = Si, 
Ge, Sn, Pb; X– = Cl, Br, I). Also, the evaluation of the key optical properties for the absorption 𝛼𝛼(𝜔𝜔) and 

conductivity 𝜎𝜎(𝜔𝜔), (H = High, M = Medium and L = Less). 
 

MBX3 
compound 

𝜀𝜀1(0)  𝑛𝑛(0)  𝑛𝑛𝑠𝑠(0)  𝛼𝛼(𝜔𝜔)  𝜎𝜎(𝜔𝜔)  

CsSiCl3 6.746 2.599 2.597 H M 
CsSiBr3 8.377 2.896 2.894 H M 
CsSiI3 10.54 3.249 3.247 H M 
CsGeCl3 4.928 2.220 2.220 H M 
CsGeBr3 6.142 2.478 2.478 H M 
CsGeI3 8.160 2.857 2.857 H M 
CsSnCl3 4.474 2.115 2.115 M L 
CsSnBr3 5.595 2.366 2.365 M L 
CsSnI3 7.204 2.685 2.684 M L 
CsPbCl3 3.497 1.870 1.870 L L 
CsPbBr3 4.260 2.064 2.064 L L 
CsPbI3 5.484 2.342 2.342 L L 
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Fig. 18. The photon energy-dependent parameters: (a) real part of dielectric function 𝜀𝜀1(𝜔𝜔), (b) 
imaginary part of dielectric function 𝜀𝜀2(𝜔𝜔), (c) optical conductivity 𝜎𝜎(𝜔𝜔), (d) absorption coefficient 

𝛼𝛼(𝜔𝜔), (e) refractive index 𝑛𝑛(𝜔𝜔), (f) extinctive index 𝑘𝑘(𝜔𝜔), (g) real reflectivity 𝑅𝑅(𝜔𝜔) and (h) 
imaginary reflectivity 𝑅𝑅(𝜔𝜔) of halide perovskites CsSiX3 (X– = Cl, Br, I). 
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Fig. 19. The photon energy-dependent parameters: (a) real part of dielectric function 𝜀𝜀1(𝜔𝜔), (b) 
imaginary part of dielectric function 𝜀𝜀2(𝜔𝜔), (c) optical conductivity 𝜎𝜎(𝜔𝜔), (d) absorption coefficient 

𝛼𝛼(𝜔𝜔), (e) refractive index 𝑛𝑛(𝜔𝜔), (f) extinctive index 𝑘𝑘(𝜔𝜔), (g) real reflectivity 𝑅𝑅(𝜔𝜔) and (h) 
imaginary reflectivity 𝑅𝑅(𝜔𝜔) of halide perovskites CsGeX3 (X– = Cl, Br, I). 
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Fig. 20. The photon energy-dependent parameters: (a) real part of dielectric function 𝜀𝜀1(𝜔𝜔), (b) 
imaginary part of dielectric function 𝜀𝜀2(𝜔𝜔), (c) optical conductivity 𝜎𝜎(𝜔𝜔), (d) absorption coefficient 

𝛼𝛼(𝜔𝜔), (e) refractive index 𝑛𝑛(𝜔𝜔), (f) extinctive index 𝑘𝑘(𝜔𝜔), (g) real reflectivity 𝑅𝑅(𝜔𝜔) and (h) 
imaginary reflectivity 𝑅𝑅(𝜔𝜔) of halide perovskites CsSnX3 (X– = Cl, Br, I). 
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Fig. 21. The photon energy-dependent parameters: (a) real part of dielectric function 𝜀𝜀1(𝜔𝜔), (b) 
imaginary part of dielectric function 𝜀𝜀2(𝜔𝜔), (c) optical conductivity 𝜎𝜎(𝜔𝜔), (d) absorption coefficient 

𝛼𝛼(𝜔𝜔), (e) refractive index 𝑛𝑛(𝜔𝜔), (f) extinctive index 𝑘𝑘(𝜔𝜔), (g) real reflectivity 𝑅𝑅(𝜔𝜔) and (h) 
imaginary reflectivity 𝑅𝑅(𝜔𝜔) of halide perovskites CsPbX3 (X– = Cl, Br, I). 
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4. Conclusions  
 
In this study, we have performed a detailed investigation on the structural, electronic and 

optical properties of cesium-metalloid halide perovskites MBX3 with (M1+ = Cs; B2+ = Si, Ge, Sn, 
Pb; X– = Cl, Br, I). Density functional theory (DFT) calculations based on the FPLAPW method 
are carried out. The method PBE within the generalized gradient approximation (GGA) has been 
used in all calculations. The optimized and calculated results of crystal structures show stability 
properties of the cubic structure (Pm-3m; No. 221) for the studied compounds. The results of 
calculated density of states by PBE-GGA method show that the present halide perovskites MBX3 
with (M1+ = Cs), (B2+ = Si, Ge, Sn, Pb) and (X– = Cl, Br, I) exhibit nonmagnetic phase and 
semiconductor properties with proper band gaps. The obtained results show the dependence of 
value for these band gaps Eg essentially on the variation of B2+ atom, allowing easily modifying 
and tuning the value of band gap Eg by applying this technique to be useful in possible applications 
of tunable optoelectronics and photovoltaic PV solar cells.  

Moreover, the calculated optical spectra by PBE-GGA method reveal that the crystal 
structures of MBX3 have good optical absorption and conductivity, and the (B2+ = Si) and (B2+ = 
Ge) based halide perovskites show higher values than the compounds with (B2+ = Sn) and (B2+ = 
Pb). In addition to the mechanical stability of halide perovskites MBX3 and their suitable values of 
direct band gap Eg, the wide range of optical absorption, which matches to the energy within the 
Visible–UV light range, indicates the possibility of using these halide perovskites MBX3 for the 
flexible optoelectronics applications, such as photovoltaic PV solar cells, photodetectors, 
photodiodes and other photovoltaic PV devices operating in this range of electromagnetic light. 
Finally, we advise that the studied compounds of halide perovskites MBX3 (M1+ = Cs; B2+ = Si, 
Ge, Sn, Pb; X– = Cl, Br, I) can be synthesized as thin films solar cells materials due to their 
functional properties. 
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