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Abstract 

The primary objectives are to thoroughly examine the CsMI3 (M = Mg, Ga) lead-free 

perovskite materials for photovoltaic and optoelectronic applications using first-principle 

calculations. This study observed the mechanical, electrionic, optical, thermal, and structural 

aspects while also verifying the stability of the cell. The calculated results are compared with 

experimentally synthesized similar perovskite compound CsPbI3. The computed formation 

energies of the compounds as follows: CsMgI3(-1.81 eV/atom)  CsPbI3(-1.624 eV/atom)  

CsGaI3(-1.326 eV/atom) and negative results are represented the mechanically stability of the 

compounds. Since there was no negative frequency, the phonon research demonstrated the 

compound’s dynamic stability. The computed  values support the CsMI3 (M= Pb, Ga) 

compounds possess pure ductility, whereas the CsMgI3 compounds lie on the ductile-brittle 

transition line. The bandgap (Eg) is calculated and found to be in the range of 1.63 to 3.26 eV 

that makes them potential candidate to be used as absorbance materials in solar cell 

applications. The Eg is further tuned to achieve more appropriate range for the solar cell 

applications by doping into the CsMg(I1-xBrx)3 where x = (0, 0.25, 0.50, 0.75, 1). The Eg is 

found to be 1.12 to 1.87 eV and  increase due to doping that makes them more apposite for 

the suggested range of absorbance materials in the solar cell. The best combination 

CsMg(I0.75Br0.25)3 shows Eg  1.4 eV that is well agreement with the optimum band gap 

suggested the Shockley-Queisser limit in a single layer solar cell absorbance material to be 

shown highest efficiency. 
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বিমূর্ত  

প্রাথমিক উদ্দেশ্য হল CsMI3 (M = Mg, Ga) সীসা-িুক্ত পেদ্দ াভস্কাইট উোদানগুমলদ্দক প্রথি-নীমিগি গণনা ব্যব্হা  কদ্দ  

ফদ্দটাদ্দভালটাইক এব্ং অেদ্দটাইদ্দলক্ট্রমনক অযামিদ্দকশ্নগুমল  জনয েুঙ্খানুেুঙ্খভাদ্দব্ ে ীক্ষা ক া । এই গদ্দব্ষণায় mechanical, 

electronic, optical, thermal, and structural এব্ং structural stability যাচাই ক া হদ্দয়দ্দে। গণনা ক া ফলাফলগুমল 

ে ীক্ষািূলকভাদ্দব্ সংদ্দেমষি অনুরূে পেদ্দ াভস্কাইট পযৌগ CsPbI3 এ  সাদ্দথ িুলনা ক া হয় । মনম্নরূে পযৌগগুমল  গণনাকৃি 

formation energy: CsMgI3(-1.81 eV/atom)  CsPbI3(-1.624 eV/atom)  CsGaI3(-1.326 

eV/atom) এব্ং negative ফলাফলগুমল যামিকভাদ্দব্ পযৌমগক মিমিশ্ীলিা  প্রমিমনমিত্ব কদ্দ ৷ পযদ্দহিু পকান negative 

মিদ্দকাদ্দয়মি মেল না, পফানন গদ্দব্ষণা পযৌদ্দগ  dynamical stability প্রদশ্শন কদ্দ দ্দে। গণনা ক া  িানগুমল CsMI3 (M= 

Pb, Ga) পযৌগগুমলদ্দক সিথশন কদ্দ  যা pure ductility িা ণ কদ্দ , পযখাদ্দন CsMgI3 পযৌগগুমল নিনীয়-ভঙু্গ  রূোন্ত  

লাইদ্দন  উে  থাদ্দক। ব্যান্ডগযাে (Eg) গণনা ক া হয় এব্ং 1.63 পথদ্দক 3.26 eV-এ  িদ্দিয োওয়া যায় যা িাদ্দদ  পসৌ  পকাষ 

অযামিদ্দকশ্নগুমলদ্দি absorbance material মহসাদ্দব্ ব্যব্হা  ক া  সম্ভাব্য প্রাথী কদ্দ  পিাদ্দল । CsMg(I1-xBrx)3 পযখাদ্দন x 

= (0, 0.25, 0.50, 0.75, 1) প ামেং কদ্দ  পসৌ  পকাষ অযামিদ্দকশ্দ্দন  জনয আ ও উেযুক্ত েম স  অজশ দ্দন  জনয 

উদাহ ণটিদ্দক আ ও টিউন ক া হদ্দয়দ্দে । উদাহ ণটি 1.12 পথদ্দক 1.87 eV এব্ং   প ামেংদ্দয়  কা দ্দণ বৃ্মি োওয়া যায় যা 

পসৌ  পকাদ্দষ পশ্াষণকা ী েদাদ্দথশ  প্রস্তামব্ি েম সদ্দ   জনয িাদ্দদ  আ ও উেযুক্ত কদ্দ  পিাদ্দল । পস া সংমিশ্রণ 

CsMg(I0.75Br0.25)3 পদখায় পযিন  Eg  1.4 eV যা সদ্দব্শাত্তি ব্যান্ড গযাদ্দে  সাদ্দথ ভালভাদ্দব্ একিি যা সদ্দব্শাচ্চ দক্ষিা 

পদখাদ্দনা  জনয একটি একক স্তদ্দ   পসৌ  পকাষ absorbance material Shockley-Queisser limit ে ািশ্শ পদয় । 
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Because of the rapid changes in the global economic and social landscape, the more energy 

is required than traditional fossil fuels can provide. Solar energy will undoubtedly offer a 

variety of benefits, like being renewable and pollution-free, given that it is destined to be the 

primary energy source in the 4IR. In nature, metal halide perovskites (MHP) are commonly 

accessible and reasonably priced. Consequently, solar cells based on these materials would 

be more economical and efficient than silicon-based photovoltaic (PV) technology [1,2]. Due 

to their remarkable opto-electronic properties which include a tunable bandgap, high optical 

absorption, broad absorption spectrum, small carrier effective mass, long charge diffusion 

length, and high charge carrier mobility [1,3–12], the MHPs have recently attracted a great 

deal of attention from the scientific community. In recent times, there has been a significant 

increase in the power conversion efficiency (PCE) of lead (Pb)-based metal halide perovskite 

solar cells (MHPSCs) from 3.8% to 25.5% [13–15]. Additionally, a significant number of 

MHPSCs have successfully passed a test of the 1,000-hour operational stability benchmark 

[16,17].  Lead halide perovskites have been used to create devices with the power conversion 

efficiency of about 22% [18], which is comparable to materials used in conventional solar 

cells such as cadmium telluride (CdTe), copper indium gallium selenide (CIGS), and single-

crystal Si [13]. CH3NH3PbI3, a typical hybrid organic-inorganic halide perovskite, features a 

bandgap that is close to the Shockley–Queisser optimum, [19,20] significant visible spectrum 

absorption, [21,22] long carrier lives, [23,24] high charge carrier mobilities, [25–27] and long 

carrier lifetimes. As a result, in a solar cell, CH3NH3PbI3 can function as a charge-

transporting layer that is both effective and light-absorbing. On the other hand, poisoning of 

lead is a significant environmental hazard. Because lead perovskites tend to break down in 

ambient circumstances and release toxic chemicals like PbI2, using lead is especially 

hazardous [28]. These Pb-based high-efficiency PSCs [MAPbI3, FAPbI3, Cs0.05 FA0.85 MA0.10 

Pb (I0.97 Br0.03)3] do, however, have certain inevitable drawbacks, namely, that lead is a 

poisonous element that is difficult for organisms and the environment to remove from the 

body. According to research, lead ion poisoning of soil and water sources is persistent and 

has a highly severe effect on plant, animal, and human survival [29–31]. Because lead may 

enter the body, attach to an enzyme, and then build up through blood circulation in soft tissues 

and bones such as the brain, liver, kidney, and spleen. The afflicted person's neurological, 
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digestive, and circulatory systems gradually develop functional problems as a result of lead 

poisoning. Most people usually start showing symptoms of lead poisoning when their daily 

lead consumption hits 0.5 mg [30,31]. Thus, various non- or low-toxic metal ions must be 

selected to substitute lead as PSC perovskite absorbers in order to guarantee that the natural 

environment for people is safe and pollution-free [32–35].  

ABX3, where X is a halogen anion, B is a metal cation, and A is an organic cation, is the 

general chemical formula for metal halide perovskites [36–39]. Here, the halogen anion is 

often made up of Cl, Br, I, or their mixture, while the organic cation is typically composed 

of methylammonium (MA), formamidinium (FA), Cs, or their mixture. Regarding B, prior 

research has demonstrated that less hazardous ions such as Sn2+, Bi3+, Ge2+, Sb3+, Mn2+, and 

Cu2+ may be substituted for Pb2+ in perovskites to create a novel lead-free structure 

[12,40,41]. The addition of these metal cations improves PSCs' ecologically beneficial 

qualities while also broadening the variety of perovskite species. It is crucial to look for novel 

B metals and their solid solutions as well as opto-electronic properties in order to create 

highly efficient solar cells based on Pb-free MHPSCs. Furthermore, MHP solar cells would 

be more economical and efficient than photovoltaic (PV) technology based on silicon. Due 

to these remarkable properties, this family of semiconductors may be used in light-emitting 

diodes, photodetectors, and solar-to-fuel energy conversion devices, among other electronic 

devices, in addition to solar cells [1,4,11,12]. In order to forecast a particular device 

application and advancements, a more profound and basic comprehension of the 

semiconductor features is required. Furthermore, an examination of a material's optical 

functions can reveal information about how it responds to light. Therefore, for a material to 

be employed in real-world optoelectronic devices like solar cells, diodes, lasers, etc., a 

detailed understanding of the optical characteristics is required. When choosing a certain 

perovskite material to utilize as the absorbance/active layer in the solar cell construction, 

metrics such as the energy (wavelength) dependent absorption coefficient, shallow acceptor 

density (NA), shallow donor density (ND), etc., are crucial to know. To determine the 

efficiency, these factors must be entered into a simulation of the solar cell structure. However, 

only a few investigations have been done on the perovskite compounds' optical 

characteristics. The regular and frequent modelling of perovskite-based solar cells, which is 

crucial to the advancement of the cell like the well-known CdTe or CIGS based solar cell 

structure, was hampered by the lack of perovskite material properties. Based on the low 
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electron effective mass, which is caused by exceptionally dispersive conduction bands, and 

band gap tuning between 0.9 and 1.7 eV (1.7 eV for CsMgI3, 1.5 eV for CH3NH3MgI3, and 

0.9 eV for CH(NH2)2MgI3), ten compounds out of 248 candidates have been identified for 

potential solar cell applications with high-throughput screening [42]. In order to make these 

compounds suitable for optoelectronic and photovoltaic applications, certain proposed lead-

free perovskites (M = Mg, Ga, Ca, Ba and Sr) with Mg, Ca, Ba, and Sr being alkaline-earth 

metals were tuned here to predict their optoelectronic characteristics [42,43]. 

In this context, Pb-free inorganic MHP compounds have been examined using first-principles 

density functional theory (DFT) to comprehend their overall properties. The main objective 

of this study is to explore new material(s) that may be considered as the alternative of lead-

based solar cell materials in terms of properties and performance. To do this, the structural 

features, mechanical, thermodynamic, electronic, and optical properties of Pb-free MHPs, 

CsMI3 (M = Mg, Ga, Ca, Ba, and Sr) have been investigated. It is found that CsMgI3 could be 

a potential alternative to CsPbI3 for photovoltaic applications. 

 

Perovskite materials 

In recent years, the creation of inexpensive, highly efficient solar cells has taken center stage. 

A promising type of solar cells called perovskite solar cells (PSCs) have gotten a lot of 

attention in the last ten years. This is because they have a high absorption coefficient, good 

bipolar charge mobility, a long carrier diffusion length, low exciton binding energy, low trap 

state density, and a tunable bandgap. This image shows some organic and inorganic halide 

perovskite compounds. The general chemical formula for metal halide perovskites is 

typically ABX3, where X is a halogen anion, B is a metal cation, and A is an organic cation. 

Cl, Br, I, or their mixture often form the halogen anion, while methylammonium (MA), 

formamidinium (FA), Cs, or their mixture typically compose the organic cation. The B cation 

has been the subject of numerous previous studies. Here the B elements, which can be found 

in the highlighted portions of the cubic phases perovskite materials and are shown in the 

1.1 Background 
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periodic table of Fig. (1.1). Fig (1.1) using different colours, are the building blocks of all 

B elements for cubic phases perovskites.  

 

 

Figure 1.1: All currently known cubic phase perovskites are composed of B elements. 

Possible replacement elements for lead (Pb). The periodic chart  [44] displays the orange 

coloring of the screened elements by Filip et al. that can substitute Pb. Researchers have 

also computed or demonstrated that the blue coloration of transition metal elements and 

the green shading of heterovalent elements in the VA group can serve as substitutes for 

lead. 

 

Perovskites, which have the generic chemical formula ABX3, have a cubic structure. The 

idealized cubic structure places "A" cations at the cube corner, "B" cations at the body center, 

and halogen atoms at the face center. The idealized shape is a seldom-found cubic structure 

(space group PM3m, no. 221). The type "A" atom is positioned at cube corner position (0, 0, 

0) in the idealized cubic unit cell of this compound; the type "B" atom is positioned at body-

center position (1/2, 1/2, 1/2); and the halogen atoms are positioned at face-centered locations 

(1/2, 1/2, 0), (1/2, 0, 1/2), and (0, 1/2, 1/2).  

 

1.2 Crystal structures of Perovskite compounds 
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Figure 1.2: Unit cell of a perovskite structure (cubic). 

 

 

Figure 1.3: Classification of perovskites, according to anion X. 

 

The perovskites can be classified as the following compound types (Fig. 1.3). Inorganic oxide 

perovskites, including intrinsic perovskites and doped perovskites in terms of chemical 

elements on their specific sites. The oxygen vacancies in perovskite oxides are easily 

manipulated by doping. Halide perovskite, including alkali halide perovskites and 

organometal halide perovskites. Halide perovskites structured with the general formula 

ABX3 (where A=Cs, B= Pb, Sn, X=Cl, Br and I) gained remarkable attention because of the 

superior optical properties.  

1.3 Perovskite materials classification 

M 

X 

A 
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Some details of the applications are presenting in the following (Fig. 1.4). 

 

 

Figure 1.4: Possible Perovskite phase applications. [Communications Materials ISSN 

2662-4443 (online)] 

 

To recommend a compound for technological applications, conceptually thorough 

research of the physical properties of materials is needed. Among these, a material's 

suitability for practical application can be determined by performing a dynamical stability 

and mechanical stability examination. Furthermore, it has been important to consider the 

materials as the foundation of many industrial applications that can be determined readily by 

the thermodynamic properties because of the compounds' resilience at high temperatures and 

pressures. For instance, the materials' considerable energy dependence on the refractive index 

and absorption coefficient as a result of these features is crucial for optoelectronic devices. 

Furthermore, the reflectivity is a crucial quality to mention when selecting coating materials 

to reduce solar heating [45]. Investigation of various CsMI3 (M = Pb, Mg, Ga) Perovskite 

phase characteristics is therefore anticipated.  

1.4 Context 
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As a result, we plan to look at optoelectronic analysis, solid solution analysis and 

supercell analysis in addition to the material properties of considered compounds. We found 

that the majority of papers focused on the optoelectronic and elastic properties of the 

Perovskite phase. Vickers hardness, thermodynamic properties have not been taken into 

consideration. 

Numerous studies of the Perovskite phases have been conducted, both theoretically and 

experimentally, but only a handful have been completed. There are many investigations on 

the compound CsMgI3 and a few investigations on compound CsGaI3 and CsMg(I1-xBrxClx)3 

combination with Cl and Br created by solid solution or super cell. Despite their technological 

importance. CsGaI3 has not yet been synthesized or thoroughly researched, unlike the phases 

CsPbI3 and CsMgI3, which have both already been created. 

The physical qualities of a compound must be thoroughly investigated theoretically in 

order to recommend it, particularly for technological applications. The study of a material's 

dynamical stability is crucial for practical application under high pressure and temperature 

circumstances. Additionally, the thermodynamic properties offer significant additional data 

about how materials behave under high pressures and temperatures, which is thought to be 

the foundation of many industrial applications [46]. The electronic characteristics of 

materials, which display the electronic reaction of the materials exposed to radiation, are 

intimately related to the optical properties. In order to develop very efficient solar cells and 

other optoelectronic devices, it is important to study carefully a set of physical characteristics 

such as optical and mechanical properties. Energy band morphology, which has several 

physical characteristics including the band structure and density of states are necessary for 

an effective development of photovoltaic as well as optoelectronic devices. Also, information 

on light-absorption capacity, reflectivity spectra and photoconductivity are required for 

efficient performance of device. 

Secondly, it will be useful to investigate other properties including strength of failure mode 

(comprised of brittleness-ductility and elastic anisotropic behavior) thermal characteristics 

so that the full potential use in photovoltaic and optoelectronics applications is understood. 

Thus, we intend to perform a detailed study on the Lead-free metal halide perovskite CsMI3  

(X= Mg and Ga)  compounds respects to the structural, electronic, optical, and mechanical 
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properties. We will also focus on their thermal properties to learn more about how they could 

be applied in coating technology.  

  Therefore, both from research and an application standpoint, it is desirable to explore 

these physical characteristics of CsMI3 (M = Mg, Ga) Cubic phases to replace lead (Pb).   

 We feel compelled to thoroughly explore CsMI3 (M = Mg, Ga) Cubic phases' 

dynamical stability, thermodynamics, and optical properties for the first time. In addition, the 

structural, elastic, and electronic properties are discussed along with charge density mapping 

and solid solution as well as supercell combination with Cl and Br of CsMgI3 compound.  

Aim: 

The goal of this study is to provide a detailed analysis of the lead-free metal halide 

perovskite CsMI3 (M= Mg, Ga) compounds where CsPbI3 is a mother compound covering 

their structural characteristics as well as electronic properties, optical features, mechanical 

parameters, stability and thermal aspects. First of all, it is necessary to assess the feasibility 

of using these compounds in photovoltaic and optoelectronic applications as well as solar 

cell application. The primary goal is a detailed study of their properties to find out the 

appropriate applicants to substitute Lead (Pb). 

Objectives: 

• Employ DFT-based CASTEP for studying the crystal structure, and find out lattice 

parameters of CsMI3 perovskite compounds. 

• Analyze the phase stability, electronic band structure and density of states along with 

the band gap anomaly of CsMI3 compounds to determine their utility in visible light 

absorbing semiconductor materials. 

• Optical properties of the perovskite compounds, such as light absorption capability 

and reflection spectra should be analyzed to determine their suitability in 

optoelectronic applications. 

• Assess the mechanical properties of CsMI3 compounds, such as hardness, mode of 

failure (brittleness/ductility), and elastic anisotropic nature to determine structural 

integrity and reliability. 

1.5 Aim and objectives  
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• Discuss the thermodynamic properties of CsMI3 compounds such as thermal 

conductivity, coefficient of linear expansion and thermal stability to grasp their 

behavior under different temperature environments and application in coating 

technology. 

• Discuss about the lead-free solid solution of CsMg(I1-xClx)3 and CsMg(I1-xBrx)3; 

where (x= 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 1) along with mechanical and 

electronic properties. 

• Carry out an analysis of the lead-free supercell CsMg(I1-xBrx)3 where (x= 0, 0.25, 

0.50, 0.75, 1) along with mechanical, electronic as well as optical properties. 

 

• Go through an analysis of the collected data and make conclusions about CsMI3 lead-

free perovskite compounds for photovoltaic and optoelectronic applications. 

• Chapter 1: Introduction, challenges, and potential applicability of solar energy in 

addressing global energy demand with the structure, classification, history and 

application of perovskite materials. 

• Literature Review will be discussed in chapter 2.  

• Chapter- 3: Computational methods in details will be discussed in this chapter. 

• Chapter-4: Results and discussion of the studied compounds will be discussed in this 

chapter.  

• Conclusions: Summary of the findings of the research will be discussed concisely in 

this chapter. 

 

 

 

 

 

1.6 Thesis Outline: 

Chapter 2: LITERATURE   REVIEW 

2.1 Literature review of the previous works 
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Solar power, which goes by the name of solar energy as well, makes up only 2% of 

the world’s total energy supply and consumption. However, this paltry percentage informs 

us of something great – if we can address the most significant problems in that sector a 

massive opportunity is waiting to be unleashed. 

Because of the rapid changes in the global economic and social landscape, now 

require more energy than traditional fossil fuels can provide. Solar energy will undoubtedly 

offer a variety of benefits, like being renewable and pollution-free, given that it is destined 

to be the primary energy source in the 4IR. In nature, metal halide perovskites (MHP) are 

commonly accessible and reasonably priced. Consequently, solar cells based on these 

materials would be more economical and efficient than silicon-based photovoltaic (PV) 

technology[1,47]. Due to their remarkable opto-electronic properties—which include a 

tunable bandgap, high optical absorption, broad absorption spectrum, small carrier effective 

mass, long charge diffusion length, and high charge carrier mobility [8,48] the MHPs have 

recently attracted a great deal of attention from the scientific community. ‘’The power 

conversion efficiency (PCE) of PSCs based on lead (Pb) perovskites has been dramatically 

improved from the initial 3.8% to recently certified value of 25.2% ‘’[14,49] ‘’Devices based 

on lead halide perovskites have reached power conversion efficiencies of >22%, [18] 

rivalling established solar cell materials including cadmium telluride (CdTe), copper indium 

gallium selenide (CIGS), and single-crystal Si’’. ‘’The archetypal hybrid organic-inorganic 

halide perovskite, CH3NH3PbI3, has a bandgap near the Shockley-Quessier optimum [18,50] 

strong absorption in the visible spectrum’’[21,22] ‘’long carrier lifetimes’’, [24] and ‘’high 

charge carrier mobilities ‘’. Consequently, CH3NH3PbI3 can act both as a light absorber and 

as an efficient charge transporting layer in a solar cell. One of the major concerns, however, 

is the toxicity of lead. “The use of lead is particularly problematic because lead perovskites 

tend to decompose in ambient conditions, releasing harmful compounds such as PbI2 [28]”. 

However, there exist unavoidable shortcomings in these Pb-based high-efficiency PSCs (e.g., 

MAPbI3, FAPbI3, Cs0.05 FA0.85 MA0.10 Pb (I0.97 Br0.03)3), that is, the element lead is toxic to 

the environment and organisms and difficult to discharge from the body. “Research indicates 

that the contamination of lead ions to soil and water sources is permanent and generates a 

very serious negative impact on human, animal, and plant survival [30,31,50] (Since lead can 

enter a person's body, bind with an enzyme, and then accumulate in soft tissues and bones 
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like the spleen, kidney, liver, and brain through blood circulation”. “Lead poisoning 

eventually causes functional abnormalities in the nervous, digestive, and circulatory systems 

of the affected person. Typically, most persons begin to exhibit signs of lead toxicity when 

their daily lead intake reaches 0.5 mg [30,31]”. Therefore, in order to ensure that the natural 

environment for humans is secure and free from pollution, certain non- or low-toxic metal 

ions must be developed to replace lead as PSC perovskite absorbers [32,51]. 

“The general chemical formula for metal halide perovskites is typically ABX3, where 

X is a halogen anion, B is a metal cation, and A is an organic cation [38,52] [40,42,53,97]. 

Here, the organic cation usually includes methylammonium (MA), formamidinium (FA), Cs, 

or their mixture, and the halogen anion consists of Cl, Br, I or their mixture. For B, previous 

work has showed that less toxic ions like Sn2+, Bi3+,,Ge2+, Sb3+, Mn2+, and Cu2+ could be used 

as an alternative ion to Pb2+ in perovskites to constitute a new lead-free perovskite structure 

[12]”. 

The addition of these metal cations improves PSCs' ecologically beneficial qualities 

while also broadening the variety of perovskite species. This study summarizes the 

theoretical basis of current work and focuses mostly on several lead-free perovskite materials 

and associated solar cell applications. We used first-principles Density Functional Theory 

(DFT) to look at Pb-free inorganic metal halide perovskite compounds and figure out what 

their general properties are. The main purpose of this study is to compare the mechanical, 

electronic, optical, thermodynamic, and structural features of CsMI3 (M=Mg, Ga) metal 

halide perovskites that don't contain lead to those that do contain lead in CsPbI3. We have 

selected the elements Mg and Ga to replace Pb due to their similar chemical composition and 

vacancy in the periodic chart. 

Furthermore, these materials are inexpensive and abundant in the natural world. As a 

result, solar cells made of these materials would be more economical and effective than 

photovoltaic (PV) technology based on silicon. These remarkable properties enable the use 

of this semiconductor family not only in solar cells but also in light-emitting diodes, 

photodetectors, and solar-to-fuel energy conversion devices, among other electronic devices 

[1,5,11,12]. In order to forecast a specific device application and advancements, a more 

profound and basic understanding of the semiconductor features is required. It is therefore 
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crucial to research the mechanical, optical, and electronic aspects as well as comprehend the 

system's general features.  

               To gain a deeper comprehension of the electronic properties of materials, it is 

imperative to investigate the optical properties of solids. The way a material reacts to light 

can also be found out by studying its optical functions. Therefore, a thorough understanding 

of the optical parameters is necessary for a material to be used in practical optoelectronic 

devices like solar cells, diodes, lasers, etc. However, very few studies have been conducted 

on the optical properties of the considered perovskite compounds. In particular the optical 

properties of CsMI3 where (M=Mg and Ga) materials are still unexplored in detail. Predicting 

the significance of these materials for industrial applications also requires an understanding 

of their mechanical characteristics, such as their ductility, rigidity, and mechanical stability. 

To the best of our knowledge, the elastic constants and moduli of the Pb-free CsGaI3 

compound is still not reported. In order to obtain appropriate Pb-free perovskites for solar 

cells and other optoelectronic devices, we have thus taken into consideration a few metal 

halide perovskite compounds and examined their structural, electronic, optical, 

thermodynamic, and mechanical properties using first-principles Density Functional Theory 

(DFT). “Ten compounds out of 248 candidates have been identified for possible solar cell 

applications with high-throughput screening [44]. They could be able to tune band gap 

between 0.9 and 1.7 eV (1.7 eV for CsMgI3, 1.5 eV for CH3NH3MgI3 and 0.9 eV for 

CH(NH2)2MgI3) and low electron effective mass, which is caused by exceptionally dispersive 

conduction bands. Some suggested lead-free Perovskites (M=Mg and Ga) where Mg is 

alkaline- earth metal and Ga is p-block element were optimized here for the predictability of 

optoelectronic properties for making these compounds acceptable for optoelectronic and 

photovoltaic application[53]”. 

                  In this study, we aimed to detail study of the structural, electronic, mechanical, 

optical and thermal properties of Pb-free inorganic metal halide cubic perovskites CsMI3 (M= 

Mg and Ga) for optoelectronic and photovoltaic applications by First-principle calculation. 

This development signifies a significant step forward in solar energy technology, promising 

enhanced renewable energy conversion capabilities [54]. 



13 
 

                  In 2009, Kojima et al. introduced yet another highly efficient solar cell, utilizing 

the perovskite semiconductor based on lead (Pb), which increased power conversion 

efficiency (PSCs) from 3.8% to 25.2%. This progress highlights the continuous advancement 

in 

Table 2.1: Summary of some Perovskite compounds and their band gap. 

 

Compounds Experimental Band Gap  Band Gap (eV) (using DFT) 

CsPbI3 1.73 [42] 1.475 [This], 1.51 (PBE) [55] 

CsPbBr3 2.3 [56] 2.07 (PBE)[55] 

CsSnI3 1.31 [57] 0.59 (PBE)[55] 

CsSnBr3 1.75 [57] 0.64 (PBE) [55] 

CsGeI3 1.53 [58] 1.17 (PBE) [55] 

CsGeBr3 2.32 [58] 1.48 (PBE) [55] 

 

renewable energy technology, potentially making solar power more practical and impactful 

in our energy lands[59]. 

Table 2.1 presents the findings of previous investigations into perovskite compounds. It is 

evident that in the majority of cases, their band gaps fall within the visible range. This 

characteristic renders chalcopyrite highly suitable for photovoltaic application.  

This specific attribute underscores their potential to serve as efficacious semiconductors for 

absorbing visible light. As a result, these materials emerge as compelling candidates with 

promising applications in the realm of optoelectronics. 

Now the landmark progresses on efficiency evolution of perovskite solar cells are presenting 

below in Fig. 2.3 [60]. 
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Figure 2.1: The landmark of PSC.  

 

Table 2.2: Summary of the previous studies of CsMI3 (M= Pb, Mg and Ga). 

 

Compound Structural Mechanical Stability Optical Thermal Electronic Ref. 

CsPbI3 Yes Yes No Yes No Yes [61] 

CsMgI3 Yes Yes No Yes No Yes [62] 

CsGaI3 No No No No No No [33] 

 

Moreover, being characterized by lower thermal conductivity, perovskite serves the 

purpose of heat transfer restrain and offer better insulation properties. The unique 

combination of good optoelectronic properties and excellent thermal insulating ability makes 

perovskite promising candidates for a variety of applications as advanced materials beyond 

their basic capabilities in optical and electronic. 

Therefore, this expedition of discovery and trial has revealed that we can do many 

things with light. Scientists are discovering better materials and patterns to capture sunlight 

and convert it into energy. It is like a gigantic puzzle and every new discovery brings us 

nearer to the use of solar power in incredible ways. 
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Prior research by this work has focused on the goal to perfect solar energy conversion 

and identify novel perovskite compounds, particularly exploring cubic crystalline structures 

of CsMI3 semiconductors. The goal is to improve solar cell performance by utilizing their 

peculiarities, particularly the appropriate band gap for light absorption at visible wavelengths. 

First, the structural, electronic and optical properties could be studied elaborately in order to 

check the suitability of these materials as an absorbing material. Furthermore, the 

mechanical, thermal and stability properties could also study to broaden the applicability of 

perovskite materials beyond energy harvesting. Their low thermal conductivity, which 

implies potential for use in TBC systems to improve insulation and thermal protection. This 

work seeks to achieve sustainable material applications by harnessing the merged optical and 

thermals qualities of perovskite materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Motivation for the present work 
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Chapter 3: Computational methodology  

3.1 Introduction 

 

Compared to other methods, ab initio calculations can produce high-quality 

quantitative predictions for a variety of systems. In order to investigate structural and 

electronic properties, calculations were made using the ab initio plane wave pseudo potential 

(PW-PP) method within the framework of density functional theory (DFT) [63] implemented 

in CASTEP code [64]. The present chapter goes into great detail about these exacting 

mathematical processes used in ab initio approaches. 

3.2 Ab initio method  

The phrase "ab initio" means "from the beginning" and is derived from the Latin words 

"ab" (from) and "initio," an ablative of initium (beginning).  

The most common categories of ab initio techniques are: Hartree-Fock (HF) method [65–67] 

and DFT [63,68]. We are concentrated only for DFT in this study. 

3.2.1 Density functional theory (DFT)  

  The two theorems that Hohenberg and Kohn proved in 1964 [69] and the 

computational scheme that Kohn and Sham (KS) proposed the following year [70] form the 

foundation of density functional (DF) techniques. They demonstrated how the electron 

density affects the overall energy. This means that the essential concept in density functional 

theory. Electron density are must be understood instead of the challenging many electron 

wave function.  
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Theorem 1 (Uniqueness): The exact ground state electron density o(r) is a unique 

functional of the ground state expectation value of any observable. This indicates that it is 

possible to compute all of the system's properties in the ground state if the electron density 

and functional are known. In particular, the ground state energy Eo[ o(r) can be calculated. 

Theorem 2: The principle of variation the total energy functional E [ ]. is minimized by (r). 

Thus, with a specific external potential generated by a set of nuclear charges, the second 

theorem offers a variational condition for calculating o(r) and Eo [ ] jointly. e.g.

 𝑉(𝒓) = − ∑
𝑍𝑗

|𝑟𝑖−𝑹𝑗|

𝑁𝑒𝑙 𝑁𝑎𝑡

𝑖,𝑗=1
 

E0 is found by minimizing an expression of the form [20]:  

𝐸[𝜌(𝒓)] = ∫ 𝜌(𝒓)𝑉(𝒓)𝑑𝒓 +
1

2
∫

[𝜌(𝒓)𝜌(𝒓′]

|𝒓 − 𝒓′|
𝑑𝒓𝑑𝒓, 

+∫ 𝜌(𝒓) g(r;[𝜌]) dr+∑
𝑍𝑖𝑍𝑗

|𝑹𝑖−𝑹𝑗|

𝑁𝑎𝑡 𝑁𝑎𝑡

𝑖,𝑗=1
 

 = 𝐸𝑒𝑥𝑡 + 𝐸𝑗+ 𝐸𝑘𝑥𝑐 + 𝐸𝑅𝑒𝑝𝑁𝑢𝑐 (3.1) 

with regard to an arbitrary function, r, which stands for the density of n electrons. The self-

consistent field (SCF) method is used in the Kohn and Sham (KS) method to determine the 

ground state energy as follows:  

1. For the one-electron effective Hamiltonian, the n/2 lowest eigen values and related 

Eigen functions (orbitals) are discovered: 

2.  ℎ𝑒𝑓𝑓
^ 𝜓𝑖(𝒓) ≡ [−

1

2
∇2 + 𝑉𝑒𝑓𝑓(𝒓)] 𝜓(𝒓) = 𝜀𝑖𝜓𝑖(𝒓) (3.2) 

1. The calculation of density, ρ(r):  
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𝜌(𝒓) = 2 ∑|Ψ𝑖(𝒓)2|

𝑖

 

2. The re-calculation, Veff as a function of the density, ρ(r):  

𝑉𝑒𝑓𝑓(𝒓)   𝑉(𝒓) + ∫
𝜌(𝒓′

|𝒓 − 𝒓′𝑑𝒓′ + 𝜇𝑥𝑐(𝒓; [𝜌])                                  (3.3) 

 Where µxc(r;[ ρ]) is the exchange-correlation potential.  

 

3. If self-consistency is not reached, go to step 1.  

4. At self-consistency, ρ(r)= ρ0(r) (GS density) and the ground state energy can be 

calculated by the following equation,  

𝐸0 = 𝐸𝑘𝑝𝑠 + ∫ 𝜌0(𝒓)𝑉(𝒓)𝑑𝒓 +
1

2
∫

𝜌0(𝒓)𝜌0(𝒓′)

|𝒓 − 𝒓′|
𝑑𝒓 𝑑𝒓 

   +𝐸𝑥𝑐 + 𝐸𝑅𝑒𝑝𝑁𝑢𝑐      

 where the pseudo-kinetic energy, Ekps is defined by,  

(3.4) 

                𝐸𝑘𝑝𝑠 =  ∑ ∫ 𝜓𝑖𝑖 (𝒓)∗ (−
1

2
∇2) 𝜓𝑖(𝒓)𝑑𝒓 (3.5) 

and the exchange-correlation energy, Exc is expressed as,  

  = 𝐸𝑒𝑥𝑡 + 𝐸𝑗+ 𝐸𝑘𝑥𝑐 + 𝐸𝑅𝑒𝑝𝑁𝑢𝑐      (3.6) 

 

The Effective Core Potential (ECP) can be calculated by the following equation [71]:  

𝐸𝐷𝐹𝑇 = ∫ 𝜀𝐷𝐹𝑇(r)dr                            (3.7)  
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is a precise integration that must be used to determine the electron-electron interaction's 

contribution to energy in the periodic density functional theory (DFT) within the linear 

combination of atomic orbitals (DFT-LCAO) approach [72]. 

3.2.2 Local density approximation (LDA)  

Typically, an LDA for the exchange-correlation energy in a spin-unpolarized system is 

expressed as, 

 𝐸𝑥𝑐
𝐿𝐷𝐴[𝜌] = ∫ 𝜌(𝒓)𝜖𝑥𝑐(𝜌)𝑑𝒓 (3.8) 

Where ρ is the electronic density and ∊xc, the exchange-correlation energy density, is a 

function of the density alone. The exchange-correlation energy is decomposed in to 

exchange and correlation terms linearly,  

 𝐸𝑥𝑐= 𝐸𝑥+ 𝐸𝑐 (3.9) 

so that separate expressions for Ex and Ec are sought.  

3.2.3 Generalized gradient approximation (GGA)  

The Generalized Gradient Approximation (GGA) has been used in this study's DFT 

calculations. Local density approximation is less effective than the generalized gradient 

approximation (GGA). The GGA has shown to outperform LDA in systems where the 

charge density is slowly changing. It also applies to the inhomogeneous electron gas system. 

The exchange-correlation energy Exc is a function of the spin density and their gradients [72] 

and can thus produce the more relevant results.   

[𝜌𝛼, 𝜌𝛽] = ∫[𝜌𝛼(𝒓), 𝜌𝛽(𝒓), ∇𝜌𝛼(𝒓), ∇𝜌𝛽(𝒓)]𝑑𝒓                                                (3.10) 

The introduction of GGA is intended to greatly raise the caliber of LDA results. 
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3.3 Pseudopotentials 

What is the pseudopotential? It tries to replace the complicated effects of the motion of an 

atom's core (i.e., non-valence) electrons and its nucleus with an effective potential, or 

pseudopotential. This way, the Schrödinger equation will show the modified effective 

potential term instead of the Columbic potential term for core electrons that is normally 

there. Hans Hellmann developed the pseudopotential approximation in the 1930s. 

There are two types of Pseudo potentials:   

1. Norm-conserving pseudopotential  

2. Ultrasoft pseudopotential  
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3.4 CASTEP code  

The current DFT [73] -based computations were performed using the CAmbridge 

Serial Total Energy Package (CASTEP) algorithm by the Materials Studio 8.0 module. This 

method has proven to be one of the most accurate methods for the calculation of electronic 

structures [74]. For all computations, the pseudopotential of Vanderbilt type [75] was utilized 

to handle the electron-ion interaction. Using the generalized gradient approximation (GGA) 

of Perdew-Berke-Ernzerhof  (PBE) [76], the exchange-correlation energy was calculated. 

The Broyden–Fletcher–Goldfarb–Shanno (BFGS) [77] minimization approach was applied 

in order to maximize the crystal structure and determine the ground state energy. The finite  

Figure 3.1: The pseudo-potentials and all-electron potentials, together with their corresponding 

radius, rc—the separation between the two potentials—are depicted in the diagram. 
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strain theory [78], which was implemented within the CASTEP module, was used to derive 

elastic constants. By varying the M cations, all of the characteristics of CsMI3 (M = Pb, Mg, 

and Ga) were calculated. For all cubic CsMI3 computations, the electronic wave function with 

a cutoff energy of 500 eV was utilized. The irreducible Brillouin zone was sampled using 11 

× 11 × 11 k-point grids following the Monkhorst-Pack technique [79]. The current 

computations were conducted with the following convergence limits: 1 × 10−6 eV/atom for 

total energy, 0.03 eV/Å for maximum force on atoms, 0.001 Å for maximum atom 

displacements, and 0.05 GPa for maximum stress. The flow chart for the solving Kohn-

Shams equation as follows: 

 

 

 

Figure 3.2: Self consistency in Khon-Sham Scheme. 
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We have examined the system's ground state electron density. With the aid of additional 

potentials, this density is utilized to compute the effective potential (Veff), also known as the 

Kohn-Sham potential. In order to compute the Kohn-Shams equation for non-interacting 

particles, the Veff is added to the Hamiltonian. Our program is finished if the newly computed 

electron density satisfies our requirement; if not, it will continue to calculate until 

convergence is reached. Whenever we achieve final energy where the system is converged, 

we would be able to calculate other properties of the system.   

In this study, we constructed 2 × 2 × 2 nonstoichiometric supercells of CsMg(I1-xBrx)3 where 

X= (0, 0.25, 0.50, 0.75, 1) with 40 non-equivalent atoms as well as defect structures with 

Iodine and Bromine vacancy using Pm3m (no. 221) space group. After optimization there 

appears a triclinic distortion in the structure 2 × 2 × 2 CsMg(I1-xBrx)3 supercell. For different 

combination of   2 × 2 × 2 supercell, results vary with different values in lattice parameter 

and in unit cell volume. Fig. 3.2 shows a supercell with 40 atoms. Once the vacancies are 

generated, the structure were fully relaxed to the equilibrium configuration.   

 

 

3.5 Supercell 

Figure 3.3: Slightly distorted triclinic structure of supercell CsMg(I1-xBrx)3 ;(x=0, 

0.25, 0.50, 0.75, 1). 
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4.1.1 Structural properties 

The CsMI3 (M = Pb, Mg and Ga) compounds crystallize in the cubic system with space group 

Pm3m (no. 221). As seen in Fig. 4.1, the material's unit cell is made up of five atoms with a 

single formula unit. Within the structure, the Cs atom is positioned in the corner with a 1a 

Wyckoff site and (0, 0, 0) fractional coordinates; M is positioned in the body center with a 

1b Wyckoff site and (1/2, 1/2, 1/2) fractional coordinates; and the I atom is positioned in the 

face center with a 3c Wyckoff site and (0, 1/2, 1/2) fractional coordinates. Ray [43] also 

reported the orthorhombic phase of stoichiometric CsMI3 (M = Pb, Mg and Ga), but the cubic 

phase has been considered in this study using the available refinement data. The lattice 

parameters and internal coordinates were completely loosened in order to improve the 

geometry by switching the M site cation. PBE functional is used to compute the optimal 

lattice parameters and cell volume of CsMI3 substances, as seen in Fig. 4.2. The hybrid DFT 

functionals, like HSE06, can correctly predict some experimentally measured band gaps in 

some materials but the structural properties, like lattice parameters are significantly deviated 

from the experimental values. It is well known that the calculation of the accurate lattice 

parameter is one of the key factors to predict the physical properties using DFT calculations 

accurately [80]. However, it is found that the properties of the HSE06 functional differed 

from those of other functionals, like PBE, PBEsol, GGA, and LDA. Because of this, PBE is 

used as a benchmark in the calculations to account for the correctness of the results.  

It should be noted that CsPbI3 is calculated for comparison of our studied samples as this is 

well known and detail studied system. 

 

 

 

Chapter 4:    RESULTS AND DISCUSSION 

4.1 Structural properties and phase stability 



25 
 

 

 

 

 

 

 

 

 

5.8

6.0

6.2

6.4

CsGaI3CsMgI3

 Lattice parameter (A)

 Cell volume (A°
3
)

 

Materials

L
a
tt

ic
e
 p

a
ra

m
e
te

r 
(A

)

Exchange correletion functional PBE

CsPbI3

200

220

240

260

C
e
ll

 v
o

lu
m

e
 (

A
3

)

 

 

Figure 4.2: Lattice parameter (Å) and cell volume (Å3) of the metal halide perovskites 

(MHP) crystal structure of CsMI3 (M= Pb, Mg and Ga). 

 

 

 

 

 

 

Figure 4.1: Cubic crystal structure of CsMI3 metal halide perovskite compounds, 

(M= Pb, Mg and Ga). 
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4.1.2 Dynamical stability 
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Figure 4.3: Phonon dispersion curves and phonon density of states (DOS) of (a) CsPbI3 (b) 

CsMgI3 and (c) CsGaI3 compounds. 
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Comprehending the behavior of phonons is critical to describe mechanical, 

thermodynamic properties dynamic spectroscopic and acoustic characteristics in a crystal at 

finite temperatures. As shown in Fig. 4.3, we have presented phonon dispersion curves for 

some selected high symmetry directions that represent the vibrational nature of the 

compound. The present study is the first on this particular compound (CsMgI3 and CsGaI3) 

those have not been analyzed previously due to its vibrational properties. Hence, the 

predicted results provide an invaluable perspective about vibrational dynamics of these 

compound. 

Dynamic stability of a material is an important criterion for assessing its 

appropriateness in real-world settings involving time-varying external stimuli. It is likely that 

materials that are formed at any temperature will not always be stable. For example, materials 

formed at high temperatures could not be stable when brought to a lower temperature. The 

phonon frequency is dependent on the temperature of the crystal lattice. To confirm the 

stability of the synthesized perovskite at low temperature, the phonon dispersion curve (PDC) 

is calculated in the ground state using the density functional perturbation theory (DFPT) 

finite-displacement approach. The phonon frequency that is used to evaluate stability over 

the whole Brillouin Zone (BZ) is displayed in Fig. 4.3 (a-c) for compounds CsMI3 (M = Pb, 

Mg and Ga) PDC. Negative frequencies at any k-point indicate the instability of the 

compounds, whereas positive frequencies indicate their stability[81,82]. Fig. 4.3(a-c) shows 

that none of the compounds exhibit imaginary or negative frequencies, indicating that they 

are dynamically stable. This finding aligns with the section on structural attributes, which 

states that all phases under study have a negative formation energy. This suggests that the 

compounds might potentially be produced by experimentation. Five atoms make up the unit 

cells of the perovskite phases, leading to 15 phonon branches, 12 of which are optical modes 

and 3 of which are acoustic modes. Acoustic modes stay at the bottom of the phonon 

dispersion curves, whereas optical modes make up the top branch. Acoustic branches are 

created by in-phase vibrations of atoms in a lattice outside of their balance position.  The 

calculated total phonon density of states (PHDOS) for CsMI3 is shown in Fig. 4.3 (a - c). The 

sources of the PHDOS peaks include the bands' general flat appearance and the fact that the 

overall DOS peak is lower in lower bands because of their dispersive nature. 
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One interesting result of this work is that there are no soft modes in any one of the 

phonon branches covering the Brillouin zone. This observation implies that the compounds 

should be thermally and mechanically stable in a dynamic nature. The fact that there are no 

soft modes in the phonon spectra means that the compound does not change its structure, 

undergoes phase transition due to thermal fluctuations or weak external effects. 

So, a combined analysis of phonon DOS and PDC allows us to obtain a complete 

picture of the lattice dynamical properties in our compounds under study. 

 

4.1.3 Thermodynamic stability 

The chemical stability of CsMI3 can be confirmed by analyzing their formation 

energies. The subtraction of the total energies of pure constituent atoms from the total energy 

of the materials in their stable structures determines the formation energy (Ef). The following 

expression is used to estimate the formation energy of CsMI3 [83]: 

𝐸𝑓(𝐶𝑠𝑀𝐼3) = [𝐸𝑡𝑜𝑡(𝐶𝑠𝑀𝐼3) − 𝐸𝑠(𝐶𝑠) − 𝐸𝑠(𝑀) − 3𝐸𝑠(𝐼)]   (4.1)   

Here, Etot (CsMI3)fu represents the total energy per formula unit and is given by Etot (CsMI3)fu 

= 1/N[𝐸𝑡𝑜𝑡(CsMI3)cell],  where N denotes the number of formula units per unit cell. Es(Cs), 

Es(M), and Es(I)  are the total energies per atom of the pure elements Cs, M, I, respectively, 

in their ground-state solid phases. So, the 𝐸𝑓(𝐶𝑠𝑀𝐼3) per atom is given by 

𝐸𝑓(𝐶𝑠𝑀𝐼3)fu/Nt, where Nt denotes the total number of atoms in one formula unit, gives the 

desired parameter. The calculated formation energies of perovskites CsMI3 are found to be 

CsMgI3(-1.81 eV/atom)  CsPbI3(-1.624 eV/atom)  CsGaI3(-1.326 eV/atom). The values are 

negative indicating the compounds are energetically stable to be synthesized. The particulars 

are presented Table- 4.1 that are used to calculate the formation energies of CsMI3 (M = Pb, 

Mg and Ga) compounds. 
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Table 4.1: Some particulars to calculate formation energy Ef. 

 

Phase ID Space Group F.E(eV) No. of atom F.E(eV/atom) 

Cs mp-639727 P63/mmc(194) -0.044 4 -0.011 

Cs mp-1183694 14/mmm(139) -0.02 2 -0.01 

Cs mp-1 Im3m(229) -0.02 2 -0.01 

Cs mp-1055940 Fm3m(225) -0.164 4 -0.041 

Cs mp-573579 Cmce(64) -0.864 16 -0.054 

Pb mp-20483 Fm3m(225) 0 4 0 

Pb mp-20745 P63/mmc(194) -0.04 2 -0.02 

Pb mp-22692 Pm3m(221) -0.04 2 -0.02 

Mg mp-153 P63/mmc(194) 0 2 0 

Mg mp-110 Pm3m(221) -0.08 2 -0.04 

Mg mp-1056351 14/mmm(139) -0.076 2 -0.038 

Ga mp-142 Cmce(64) 0 8 0 

Ga mp-569423 143d(220) -1.2 12 -0.1 

Ga mp-140 14/mmm(139) -0.256 2 -0.128 

I mp-639751 Immm 0 2 0 

I mp-601148 14/mmm(139) -0.138 2 -0.069 

I mp-684663 Im3m(229) -0.79 2 -0.395 

CsPbI3 - Pm3m(221) -8.12 5 -1.624 

CsMgI3 - Pm3m(221) -9.05 5 -1.81 

CsGaI3 - Pm3m(221) -6.63 5 -1.326 

 

The negative values of the calculated formation energies (shown in Table 4.1) also confirm 

that CsMI3 compounds are thermodynamically stable. Interestingly, only the calculations of 

formation energy with respect to the convex hull are exclusively used for defect 

systems. Considering the calculated values (shown in Table 4.1), we may state that CsMI3 is 

thermodynamically stable. 

Fig. 4.4 illustrates all formation energy values are below the critical line starts from 0, 

confirming the phase/chemical stability of our calculated compounds. 
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Figure 4.4: Formation energies Ef of CsMI3 (M = Pb, Mg and Ga) compounds. 

 

For industrial applications of engineering materials, the research of various physical 

properties such as elastic anisotropy, brittle and ductile nature, and elastic moduli is essential. 

The linear finite stress-strain method in the CASTEP algorithm yields the elastic constants 

Cij [78]. Table 4.2 shows the three independent elastic constants for cubic CsMI3 that were 

calculated: C11, C12, and C44. The Born stability criteria, which are frequently expressed in 

terms of Cij and therefore based on free energy considerations, may be used to derive the 

elastic constants, which are crucial to forecasting the mechanical stability of a crystal [84]. 

The spinodal, shear, and Born conditions for mechanical stability of a cubic crystal are C11 + 

2C12 > 0, C11 − C12 > 0, and C44 > 0, respectively. It is analogous to requiring a positive bulk 

modulus, B, to apply the spinodal criteria. Therefore, for a cubic crystal to be mechanically 

stable, its phases must have positive values for the elastic constants B, C11 – C12, and C44, as 

shown in Table 4.2.  An elastic material's propensity to deform non-permanently in various 

directions when subjected to stress is determined by this feature. Information regarding the 

bonding behavior of solids is also provided by the elastic constants. The elasticity along the 

axial length is given by the elastic constant C11. Therefore, the value of C11 may be used to 

represent the elastic stiffness of materials against the ⟨100⟩ uniaxial strain of the (100) plane. 

The elastic constants C12 and C44 stand for the pure shear stress in the (110) plane along the 

⟨110⟩ direction and the shear stress in the (010) plane along the ⟨001⟩ direction, respectively. 

4.2 Mechanical Properties 



31 
 

Table 4.2 shows that, in comparison to the other compounds, CsPbI3 has the highest value of 

C11. The computed value of C11 for all perovskites is greater than C12, which is noteworthy 

because it suggests that the bonding strength in CsMI3 is stronger along the ⟨100⟩ direction 

than it is along the ⟨110⟩ direction. Table 4.2 provides an overview of the different elastic 

characteristics, which are computed from the single-crystal zero-pressure elastic constants 

using established relationships [85]. These values include the bulk modulus, B, shear 

modulus, G, Young's modulus, Y, and Poisson's ratio, v. Rakita et al.  found the elastic moduli 

experimentally for CsPbI3 [86]. The bulk modulus determines the average bond strength of 

the component atoms in a material [87]. Through observation of the bulk modulus of 101 

GPa, Rahaman et al. recently found moderate bonding strength in LiCuBiO4 [83]. However, 

the bulk moduli of 190 GPa and 171 GPa, respectively, indicated significant bonding strength 

in ScIrP and ScRhP, according to Nasir et al. [88]. As a result, the computed values of B in 

the 19.65 – 11.39 GPa range (Table 4.2) may indicate that the atoms in CsMI3 have weak 

bonding strengths, and these are soft materials in nature. Table 4.2 also shows that changing 

the cations from Pb to Mg increases the bulk modulus, however it decreases for the Ga. The 

cationic size increases the bulk modulus of CsMI3 by decreasing the compounds' 

compressibility and creating a dense solid. The necessary resistance to volume deformation 

under external pressure is also provided by the binding strength of atoms. On the other hand, 

the G measures how a solid change in form, and it shows a significant correlation with the 

hardness of the material. As the value of G increases, the material gets stiffer. The solid 

matter's resistance to heat shock is influenced by Young's modulus, Y. In relation to Y, the 

critical thermal shock coefficient changes inversely [61]. The better the thermal shock 

resistance, the higher the value of the thermal shock coefficient. Thermal shock resistance is 

a determining factor in the selection of a material for a thermal barrier coating (TBC). 

Because of its notably reduced Young's modulus, CsMI3 may be a good choice for a TBC 

material. Higher values of G and Y denote stiffness, whereas the computed value of Y (28.24 

– 12.20 GPa) suggests that CsMI3 is moderately flexible [89–91]. In addition to being helpful 

in explaining the mechanical characteristics of solids, the moduli of elasticity, such as G, B, 

and Y, are also a reliable way to gauge the hardness. Of the measured elastic constants, C44 

is the most accurate in predicting the hardness of materials. Furthermore, among the moduli 

of elasticity, the shear modulus (G) is thought to be the most accurate indicator of hardness. 

Table 1 makes it clear that CsMgI3 is more durable than the other compounds examined in 
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this investigation. The hardness calculations using Chen's formula [92] support these claims. 

Table 1 presents the estimated values of macro and micro hardness, which are in line with 

previous predictions based on C44 and G values. Mazhnik and Oganov [93] show favorable 

agreement between the theoretical and experimental hardness values of various materials 

computed using Chen's formula. It is commonly known that superhard materials such as 

diamond (HV = 96 GPa), BC2N (HV = 76 GPa), and BC5 (HV = 71 GPa) are utilized 

extensively [93]. Therefore, the fact that CsMI3 has a substantially lower hardness than 

superhard materials verifies that the compounds under study are not hard materials. Vickers 

hardness, however, is primarily a measure of the material's resistance to plastic deformation. 

A knowledge of a solid's hardness can lead to the prediction of many significant applications 

for useful devices.  Additionally, a thorough comprehension of the mechanical behavior may 

be attained by examining the connection between hardness and elastic polycrystalline 

modules. Table 1 shows the assessed Vickers hardness values for CsMI3 (M = Pb, Mg, Ga, 

Ca, Ba, and Sr). This table makes it very evident that CsMgI3 is less hard than CsPbI3 and that 

CsGaI3 is tougher than CsPbI3. Even so, compared to the most stiff materials (Vickers hardness 

70 to 150 GPa) [94], the hardnesses of the titled compounds are low. Because of this, all 

CsMI3 compounds show signs of being soft and flexible, which qualify them for thin-film 

fabrication. The cutting capacity of a compound, the maximum financial level of machine 

operation, and plastic strain—which are essential for industrial applications—are represented 

by the machinability factor of the materials under investigation, which is calculated by the 

formula UM = B/C44 [95]. With the exception of CsMgI3, which indicates better lubricating 

characteristics and lower frictions and has important applications in a variety of industries, 

all UM values are more than 2. In addition, failure mode research—that is, determining 

whether a material is brittle or ductile—is crucial for technology. The Pugh's ratio (B/G) 

value indicates if a material is ductile ( 0.75) or brittle ( 0.75) [96]. Table 4.2 displays all 

titled compounds as ductile materials, with the exception of CsMgI3, which is characterized 

as being near the ductile−brittle transition line. Frantsevich et al., however, also suggested a 

critical value of Poisson’s ratio (ν ∼0.26) for distinguishing between the brittle and ductile 

nature of solids [97], as illustrated in Fig. 4.5. 
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Figure 4.5: Pugh’s and Poisson's ratio of the perovskites and the horizontal red dashed line 

distinguish the brittle and ductile materials. 

 

The calculated values of ν (Fig. 4) again confirm that the CsMI3 compounds are purely 

ductile except CsMgI3 because of its position below the ductile-brittle transition line. 

However, the Cauchy pressure, defined as C12 – C44, is another indicator of failure mode of 

materials [98]. If the Cauchy pressure is negative, then the material is expected to be brittle; 

otherwise (having a positive Cauchy pressure), it is a ductile one [98]. Hence, in this study, 

all CsMI3 compounds are assumed to be ductile in accordance with the aforementioned three 

indicators. The Kleinman parameter (ξ) measures the ease of bond bending to bond 

stretching. In general, the value of ξ can be between 0 and 1 (0 ≤ ξ ≤ 1) and is estimated using 

the following expression [99]:  

                                                 ξ = 
𝐶11+8𝐶12

7𝐶11+2𝐶12
                    (4.2)         

Kleinman reported that the upper limit corresponds to minimize the bond bending term, and 

the lower limit corresponds to a minimized bond stretching term [100]. The calculated values 

of ξ for CsMI3 compounds are shown in Table 4.2. The estimated value of ξ of ∼0.50 for 

CsMI3 compounds is in good agreement with the previously reported value of ξ of ∼0.55 for 

perovskite LaAlO3 [101]. The calculated value of ξ suggests the strong bonding nature of 

CsMI3, which is dominated by both bond bending and bond stretching contributions. 
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Table 4.2: The Elastic constants, Cij (GPa), Bulk Moduli, B (GPa), Shear Moduli, G (GPa), 

Young’s Moduli, Y (GPa), Pugh’s ratio, Poisson’s ratio, Kleinman Parameter (ξ), Cauchy 

pressure, Machinability index UM, and shear anisotropy (A). 

 

Parameter CsPbI3 CsMgI3 CsGaI3 References 

C11 

39.54 

34.23 
34.81 29.22 

This work 

[35] 

C12 

6.68 

4.46 
12.07 7.05 

This work 

[35] 

C44 

5.34 

4.24 
11.09 2.24 

This work 

(64) 

B 

17.64 

14.38 

23 

19.8 

14.4 

19.65 14.44 

This work 

[35] 

[102] 

[103] 

[104] 

G 

8.55 

6.30 

7.9 

11.2 4.53 

This work 

[35] 

[104] Exp. 

Y 

22.07 

14.49 

20.1 

28.24 12.31 

This work 

[35] 

[104] Exp. 

B/G 2.06 1.75 3.19 This work 

 
0.29 

0.33 
0.26 0.36 This work [104] Exp. 

Kleinman Parameter (ξ). 0.32 0.49 0.39 This work 

Cauchy Pressure (GPa) 1.34 0.98 4.81 This work 

UM = B/C44 3.3 1.77 6.45 This work 

A 0.67 0.20 0.60 This work 
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The values of C44 are related to shear anisotropy factor (Zener ratio) A, that is defined by the 

following formula [105]  

 

The value of A, as illustrated in Table 4.2, designates the anisotropic nature of the compounds 

with the possibility of deformation and the appearance of microcracks. The value of A is 

unity for completely isotropic material, and any deviation from unity (smaller or greater) 

denotes the degree of anisotropy. The computed values of A (Table 4.2) indicate the 

anisotropic nature of the compounds under study. 

 

4.3.1 Electronic Band Structures  

The electronic band structure of the compounds provides insight into the electronic 

characteristics of solids. Fig. 4.6 (a-c) shows the electronic band structures of CsMI3 

compounds that have been computed using the GGA-PBE potential. Note that a hybrid 

potential such as HSE (Heyd-Scuseria-Ernzerhof) [80] might provide more accurate estimate. 

However, deviation has been discovered for some compounds, thus it is not ideal. As a result, 

determining a suitable potential to forecast the theoretical electronic band gap for this system 

of materials remains difficult. The electronic structures of CsPbI3 and CsGaI3, compounds 

show direct band gaps at the R, M, and  points of the Brillouin zone and remaining CsMgI3 

has illustrated indirect band gaps. The high symmetry paths of k-points in the Brillouin zone 

are selected as X-R-M-G-R. In the instance of GGA-PBE, it is till obtained an enhanced band 

gap of 1.48 eV, 1.12 eV and 1.74 eV for CsPbI3, CsMgI3 and CsGaI3 respectively, with 

respect to the band gap range that is suitable for solar cells. The zero-energy level in Fig. 4.6 

(a-c) is selected to be the Fermi energy, EF. It is noted that thinner devices are possible  

4.3 Electronic properties 

𝐴 =
𝐺

𝑌/[2(1 +  𝜈)]
=

2𝐶44

𝐶11 − 𝐶12
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Figure 4.6: Band structures of (a) CsPbI3 (b) CsMgI3 and (c) CsGaI3 compounds. 
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because photovoltaic materials with direct band gaps absorb light more easily than those with 

indirect gap. However, compared to indirect bandgap materials, direct bands also experience 

greater rates of radiative recombination. Therefore, optimizing the absorption properties 

along with the direct or indirect nature and suppression of radiative recombination of material 

is important for solar cell applications as absorbance or active materials [106].  

 

In order to obtain a more detailed understanding of the type of compounding nature 

of the compounds we have showed the total and partial DOS in Fig. 4.7. In addition, 

combined DOS analysis demonstrates the specific atomic and orbital contributions to the 

electronic structure of CsMI3 (M= Pb, Mg and Ga). This data is especially helpful for 

determining atomic interactions and bonding types in the compound, as well as predicting 

and explaining its physical properties.  

The partial density of states (PDOS), total density of states (DOS), and atomic 

contributions to the band formation of CsMI3 compounds have all been computed for a better 

understanding. The calculated DOS of the studied sample CsMI3 (M= Pb, Mg, Ga) 

compounds are represented in Fig. 4.7 (a, b), where they are almost identical. The DOS makes 

it clear that every compound has n-type carriers with a distinct peak for the electron crossing 

at EF. Because it is metallic, CsGaI3 has a particularly negative class of carriers among them. 

Figure 4.7 (a, b) show that for the compounds from left to right, the total DOS below the EF 

increases. Conversely, this value decreases for the compounds in ascending order. 

Furthermore, the p orbital of the halogen atom is the primary source of the total DOS below 

the EF. Furthermore, Pb-6p, Mg-2p, and Ga-4p, were the major contributors from the p orbital 

of M atoms to the total DOS below the EF. The EF is thought to be at 0 eV in DFT, however 

due to calculation errors and a very little shift to the left side (valence band edge) rather than 

the right side (conduction band), it appears that there is a DOS at the EF. 

 

4.4 The density of states (DOS) 
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Figure 4.7: Total and partial densities of states of perovskites (a) CsPbI3 and (b) CsMgI3 

and (c) CsGaI3. 

 

4.4.1 The Charge Density 

To see how the overall electronic charge density is spread out in CsMI3 compounds, look at 

Fig. 4.8, which displays the charge density maps of valence electrons. The scale to the right 

displays the electron density and intensity. The color blue indicates a low electron density, 

whereas the color red indicates a high electron density. Figure 4.8 makes it clear that the 

charge density distribution surrounding each and every atom in CsMI3 compounds is almost 
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spherical. This result suggests that CsMI3 molecules are ionic. The compounds' metallic 

properties also have an impact on their ionic properties. 

 

Figure 4.8: Charge Density Mapping of CsMI3 perovskite compounds where (M= Pb, Mg 

and Ga). 

 

An essential optical constant that sheds light on how a substance absorbs light over a 

specific distance is the absorption coefficient [107]. The absorption behavior is contingent 

upon several elements, including the molecular structure and band gap of the crystal. 

Specifically, optical absorption occurs when photon frequency entering the material is equal 

to the frequency of electronic transition in the material. Materials may selectively absorb 

photons at particular frequencies due to the variation in the absorption coefficient with 

frequency. Electronic transitions within the full states of the highest valence band and the 

empty states of the lowest conduction band are what cause the selective behavior. Efficiency 

in conversion is provided by the materials' absorption of photons. The absorption coefficient 

() may be computed using the subsequent formula: 

 () = [√1
  2() + 2

  2() − 1()]

1

2
    (4.3) 

Crystalline materials' optical characteristics can be characterized by the complex dielectric 

function, ε(ω) = ε1(ω) + iε2(ω); where ε1(ω) and ε2(ω) which has real and imaginary 

components, respectively. 

 

 

 

4.5 Optical properties 
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Figure 4.9: Photon energy dependent absorption (a) and refractive index (b) of the CsMI3 

(M= Pb, Mg and Ga) perovskite. (c) Comparison of the static refractive index, n at 1.55 eV 

of CsMI3 with some other well-known ceramic and optical wave guide materials. 

Fig.  4.9 (a) displays the absorption coefficient with photon energy. In addition to 

explaining how incident light is absorbed by a material, the α(ω) also clarifies how emergent 
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light decays through the medium, providing information on the attenuation of 

electromagnetic radiate [108,109]. It also provides information on the ideal solar energy 

conversion efficiency, which is crucial for the practical use of a material in solar cells. 

Additionally, for the compounds CsPbI3 the value of α(ω) is zero at 0 eV, but it is non-zero 

for CsGaI3 and CsMgI3. Because all of the light will pass through zero absorbance substances 

(at 0 eV), they will be optically transparent in the areas where there is no light absorption. Of 

the three compounds that might be substituted for the Pb, CsMgI3 exhibits absorbance in the 

visible range, with a value of 7.0 ×103 cm-1 at 2.36 eV. 

 

The propagation of an electromagnetic beam or light through a compound may be 

explained from the behavior of N(ω) = n(ω) + ik(ω), where n(ω) represents the real refractive 

index and k(ω) is the extinction coefficient. For each compound, the n(ω) curve is shown in 

Fig.  4.9(b). It provides further details on how much incident light is bent or refracted as it 

travels through a material medium [109,110]. At 1.55 eV, the refractive indices for CsPbI3, 

CsMgI3, and CsGaI3 are 2.3, 2.2 and 2.6, respectively. The n(ω) values begin to decrease 

after the peak positions, suggesting less interaction with the photons. Additionally, it is 

evident that the n(ω) curve and the ε1(0) spectra have similar natures due to their strong 

correlation, as shown by the formula n (0) = √ ε1(0) [108]. 

 

The complex dielectric function, ε(ω) = ε1(ω) + iε2(ω), which represents the real and 

imaginary parts of the dielectric function, respectively, may be used to explain the optical 

characteristics of crystalline solids. To compute further optical constants, one must know the 

imaginary portion of the dielectric function [111]. Using the selection rules [112], we can 

figure out the imaginary part of the dielectric function by looking at the momentum matrix 

elements for the occupied and unoccupied wave functions. It can be expressed as follows:  

            ε2(ω) =
2𝜋𝑒2

𝛺𝜀0
 ∑ ⎹

𝑘,𝑣,𝑐
⟨ 𝜓𝑘 

𝑐 ⎹ 𝑢. 𝑟⎹𝜓𝑘
𝑣⟩|2𝛿(𝐸𝑘

𝑐 − 𝐸𝑘
𝑣 − 𝐸)                (4.4)   

A given k is used to find the phonon frequency (ω), electronic charge (e), volume (Ω), unit 

vector (𝒖) along the polarization of the input electric field (Ω), and wave functions 𝜓𝑘
𝑐  and 

𝜓𝑘
𝑣 . By applying the Kramers-Kronig relations, we can infer the real component of the 

dielectric function from the imaginary component. The remaining optical functions, as listed 

in the literature [113], can be obtained by using the real and imaginary parts of the dielectric 
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functions ε1(ω) and ε2(ω). These functions include the refractive index n (ω), extinction 

coefficient k (ω), absorption coefficient α (ω), energy-loss function L (ω), optical 

conductivity σ (ω), and reflectivity R (ω). If we look at Fig. 4.10(a,b), it can be seen the real 

ε1(ω) and imaginary ε2(ω) dielectric functions of three metal halide perovskites [M = Pb, Mg, 

and Ga]. 

The position of the real component of the dielectric function's peak is related to electron 

excitation in this study, and interband transitions are the main source of the peak. It is 

generally known that for metallic systems, intraband changes from the conduction electrons, 

particularly in the low-energy infrared region, dominate the real component of the dielectric 

function. However, due to the semiconductor character of CsMI3 in the current work, 

interband transitions determine the dielectric function. The real component of dielectric 

function ε1(ω) for CsPbI3, CsMgI3, and CsGaI3 compounds exhibits two peaks and a shoulder 

in Fig.  4.10(a). For CsGaI3, CsPbI3, CsMgI3 the static real dielectric constant values [at zero 

energy or ε1(0)] are 6.8, 4.8, and 4.4 correspondingly. The ε1(ω) value of CsMgI3 is nearly 

constant in the visible range (1.58–3.26 eV), as can be seen in the figure. The values of ε1(ω) 

are found to be 7.6, 6.2 and 7.1 at 2.7, 4.8 and 0.92 eV for CsPbI3, CsMgI3 and CsGaI3. In the 

higher energy range, ε1(ω) gradually decreases after reaching its apex. Additionally, it turns 

negative for all of the perovskites at around 9 eV, indicating that they resist strong plasmonic 

stimulation and behave like metals in this area. The imaginary dielectric function [Fig. 10(b)] 

provides insight into the state transitions that occur from occupied VB to empty CB 

[109,110]. Furthermore, the UV regime is where the highest values and a few additional 

lesser peaks are also reached. The peaks of ε2(ω) seen at those specific energy levels can be 

attributed to the interband electronic transitions from the valence to conduction bands. In the 

high energy (more than 16 eV) region, the imaginary part of the dielectric function 

approaches zero. Conversely, as the dielectric function's real part approaches unity at high 

energies, it indicates that the materials become transparent and absorb relatively little high-

energy input photons. 
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Figure 4.10: Calculated real part (a) and Imaginary part (b) of dielectric function of 

perovskites CsMI3 (M= Pb, Mg and Ga) respectively. 

 

The plot of the compounds' optical conductivity, σ(ω), is depicted in Fig.  4.11(a), 

and it closely matches the spectra of ε2(ω) and α(ω). The conductance by the compounds 

produced during optical stimulation brought on by incident photons of electromagnetic 

radiation is shown by optical conductivity. For CsPbI3, CsMgI3, and CsGaI3, respectively, 

the σ(ω) values are also zero until about 1.5 eV, 1.2 eV, and 0 eV, after which they rise to 

greater levels. It is noted that zero bandgap is obtained for the CsGaI3 compound using PBE 

potential, whereas it is 1.74 eV using HSE06, all properties are calculated using PBE 

potential in this study. Therefore, CsGaI3 shows conductivity at 0 eV in Fig. 4.11 (a). Since 
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zero σ (ω) denotes the lack of optical excitations, it may be explained that there is little 

interaction between the compound's electrons and photons from the incident EM beam within 

that photon energy range. In the UV range, it reaches its maximal values for CsMgI3 at 9 eV 

and for CsPbI3 at 4 eV. In addition to these highest peaks, there are other notable peaks that 

are limited to the ultraviolet region. The results indicate that the majority of the compounds 

under consideration exhibit strong conductivity and high absorption in the energy range of 

4–16 eV, with a peak seen at around 4 eV. Additionally, it is found that, in comparison to 

Pb-based compounds, Mg-based compounds yield the highest levels of photoconductivity 

and photon absorption. It is also evident from the conductivity at zero photon energy that the 

compounds are semiconducting by nature.  

Fig.  4.11 (b) shows the plot of electron energy loss spectra, or EELS [L(ω)]. It 

explains how an incoming electromagnetic beam might cause a compound's electrons to lose 

energy. In reality, electronic excitations cause energy loss; the L(ω) spectra provide 

information on these plasmonic excitations [114]. The UV region, which has the largest peaks 

for all perovskite compounds, is where the bulk of losses are found, according to the EELS 

plots.  
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Figure 4.11: Calculated optical conductivity (a) and energy loss function (b) of perovskites 

CsMI3 (M = Pb, Mg and Ga).  

 

 

Thermodynamic characteristics, including melting temperature (Tm), Debye 

temperature (θD), minimum thermal conductivity (Kmin), lattice thermal conductivity (Kph), 

and Grüneisen parameter (γ), have been examined in order to comprehend the behavior of 

CsMI3 compounds at high temperatures and pressures. In order to explain several intriguing 

physical phenomena, including phonons, specific heat, melting temperature, thermal 

conductivity, etc., θD is a crucial characteristic of solids [115]. The following equation [115] 

may be used to approximate the value of θD based on average sound velocity: 

4.6 Thermodynamic Properties 
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                                 𝛳𝐷 =
ℎ

𝑘𝐵
[ 

3𝑚

4𝜋
 (

𝜌𝑁𝐴

𝑀
)]

1/3

 𝜈𝑚             (4.5) 

where kB and h denote the Boltzmann and Planck constants, respectively. ρ is the density, 

and NA is Avogadro’s number. V, m, and M are the volume of a unit cell, the number of 

atoms within a unit cell, and molecular weight, respectively. vm implies the average sound 

velocity in the crystal, which is calculated using the following equation: 

                     𝑉𝑚 = [ 
1

3
 (

2

𝑣𝑡
3 +

1

𝑣𝑙
3)]

−1/3

                                        (4.6) 

Here, vt and vl denote the transverse and longitudinal sound velocities, respectively. The 

following expressions can be used to calculate vl and vt using the crystal density, , shear 

modulus, G, and the bulk modulus, B: 

                            𝜈l =(
𝐵+34𝐺

𝜌
)      and    𝜈t = [

𝐺

𝜌
]

1/2

                           (4.7) 

The melting temperature, Tm, of the CsMI3 compounds has also been calculated via the 

following empirical formula using elastic constants, Cij [116]: 

𝑇𝑚 = [553𝐾 + (
5.91𝐾

𝐺𝑃𝑎
) 𝐶11]  ± 300𝐾                          (4.8) 

Additionally, thermal conductivity is computed, a crucial quantity that is used to examine a 

material's ability to transfer heat. It is commonly known that temperature directly affects the 

minimum thermal conductivity. A material's conductivity steadily increases with temperature 

and then gradually declines to a limiting value [117]. Although there are other comparable 

formulas available for predicting the lowest thermal conductivity, the Clarke expression  [63] 

was used in this report's calculation of Kmin, the minimum thermal conductivity, which has 

the following definition: 

                                    Kmin = 𝑘𝐵 𝜈𝑚
 ((𝑀/𝑛𝜌𝑁𝐴)−2/3             (4.9) 

Where kB is the Boltzmann constant, 𝜈𝑚 is the average sound velocity, M is the molecular 

mass, n is the number of atoms per molecule, and NA is Avogadro’s number. 
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The lattice thermal conductivity can be used to determine the amount of heat energy 

transferred by lattice vibrations owing to the temperature gradient in a material (Kph ). Slack 

[118] proposed the following empirical formula to calculate the Kph: 

                                     Kph = A(γ)
𝑀𝑎𝑣𝛳𝐷

3 𝛿

𝛾2𝑛2/3 𝑇
                                    (4.10)                                                                                       

                                  With  

                                   𝛾 =
3(1+𝜐)

2(2−3𝜐)
   and   𝐴(𝛾) =

4.85628×107

2(1−
0.514

𝛾
+

0.228

𝛾2 )
          (4.11) 

The average atomic mass per atom in a compound is denoted by Mav, the absolute 

temperature is denoted by T, the number of atoms in a unit cell is represented by n, and the 

Grüneisen parameter is represented by γ. A function of γ is A(γ). Table 4.3 displays the values 

of kph that are computed at 300 K. A lower value of kph is obtained because of the smaller ΘD 

[119,120]. For the 211 MAX phases, the value of kph fell between 2.5 (W/mK) and 36 

(W/mK). Additionally, Table 4.3 displays the value of the Grüneisen parameter (γ), which 

indicates the phonons' anharmonicity. Materials with low γ values indicate that harmonic 

benefaction is present, and as a result, they have high phonon thermal conductivity [86,121]. 

The crucial parameter for the materials to employ in the high-temperature zone is the 

minimum thermal conductivity, Kmin. 

The Grüneisen parameter (γ) provides information regarding anharmonic effects, i.e., 

the temperature-dependent phonon damping as well as the thermal expansion effects. The 

Grüneisen parameter can be expressed as:    

                                                γ(𝜔𝑛) = 
𝑑 𝑙𝑛(𝜔𝑛) 

𝑑 (𝑙𝑛(𝛷) ) 
             (4.12)  

where ωn and Φ are the angular frequency and the packing fraction of crystals, respectively.  

The calculated values of Debye temperature, θD, along with different sound velocities (vl, vt, 

and vm), melting temperature, Tm, the Grüneisen parameter, γ, and minimum thermal 

conductivity, Kmin, lattice thermal conductivity Kph of CsMI3 under study are listed in Table 

4.3. In general, a higher Debye temperature is associated with a higher phonon thermal 

conductivity and vice-versa. The relatively low values of, Kmin, and Kph of CsMI3 imply low 

thermal conductivity, and they might be suitable for use as thermoelectric devices. 
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Table 4.3: The calculated density, (𝝆), Debye temperature, (ϴD), longitudinal, transverse, 

and average sound velocities (Vl, Vt, Vm), minimum thermal conductivity (Kmin), lattice 

thermal conductivity (Kph) at 300 K, and melting temperature (Tm) of CsMI3 compound 

 

Compound ρ(Kg/m3) Vl  

(km/s) 

Vt 

(Km/s) 

Vm 

(km/s) 

ΘD 

(k) 

Kmin 

(W/m 

K) 

K*
ph 

(W/m 

K) 

ꓬ Tm 

(K) 

CsPbI3 9130 1.78 0.97 1.48 109 0.231 0.844 1.71 787 

CsMgI3 8572 2.01 0.04 1.80 143 0.327 1.51 1.59 759 

CsGaI3 8905 1.52 0.02 1.06 83 0.181 0.162 2.22 726 

CsCaI3 7663 1.92 0.03 1.66 126 0.276 1.13 1.60 754 

CsBaI3 6980 1.59 0.81 1.17 81 0.163 0.266 1.90 719 

CsSrI3 7371 1.63 0.87 1.31 95 0.2 0.438 1.77 721 

 

4.6.1 Heat Capacities and Thermal Expansion Coefficient 

The thermodynamic properties, including heat capacity (Cp, CV) and thermal expansion 

coefficient (TEC), have been calculated using the results from phonon dispersion and 

following the quasi-harmonic approximation. These temperature-dependence properties at 

zero pressure are calculated using the following equations [122]: 

𝐹 = 3𝑛𝑁𝐴𝐾𝐵𝑇 ∫
𝜔𝑚𝑎𝑥

0

𝑙𝑛 {2𝑠𝑖𝑛ℎ (
ħ𝜔

2𝐾𝐵𝑇
)} 𝑔(𝜔)𝑑𝜔 

𝐸 = 3𝑛𝑁𝐴

ħ

2
∫

𝜔𝑚𝑎𝑥

0

𝜔𝑐𝑜𝑡ℎ (
ħ𝜔

2𝐾𝐵𝑇
) 𝑔(𝜔)𝑑𝜔 

𝑆 = 3𝑛𝑁𝐴𝐾𝐵 ∫
𝜔𝑚𝑎𝑥

0

[
ħ𝜔

2𝐾𝐵𝑇
𝑐𝑜𝑡ℎ (

ħ𝜔

2𝐾𝐵𝑇
) − 𝑙𝑛 {2𝑠𝑖𝑛ℎ (

ħ𝜔

2𝐾𝐵𝑇
)}] 𝑔(𝜔)𝑑𝜔 

                                          𝐶𝑣 = 9𝑛𝑁𝐴𝐾𝐵 (
𝑇

𝜃𝐷
) ∫

𝑥𝐷

0

𝑥4𝑒𝑥

(𝑒𝑥−1)2       (14) 

Fig.  4.12 (a, b) displays the predicted values of Cp and Cv in the temperature range of 0–

1000 K. Materials may be described using their specific heat under a variety of 

thermodynamic constraints. Heat capacity provides us with important details about the 
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materials, such as energy band structure, density of state, and lattice vibration. It also 

describes the material's capacity to retain heat. The concepts of heat capacity at constant 

pressure (Cp) and heat capacity at constant volume (Cv) are covered here. The phonon 

contribution dominates Cv and Cp as a function of temperature. The findings show that the 

specific heat Cv and Cp of CsMI3 match the Debye model [123]. This model provides an 

accurate prediction of the temperature dependency of the heat capacity at constant volume at 

low temperatures. CsMI3 exhibits a considerable increase in heat capacity (Cv and Cp) at 

temperatures as high as 200 K. Furthermore, it has been discovered that elevated 

temperatures allow for the reinstatement of the Dulong-Petit law. Scientists are interested in 

disseminating information about the application at high temperatures. By analyzing the 

thermal characteristics defining factors like Debye temperature (ΘD), phonon thermal 

conductivity (kph), minimum thermal conductivity (Kmin), Grüneisen parameter (γ), and 

melting temperature (Tm), one may comprehend the uses of these materials as thermoelectric 

power generator.  The discrepancy between Cp and Cv is due to the thermal expansion of 

materials, which is brought on by the anharmonicity in the lattice dynamics. 
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Figure 4.12: Calculated heat capacity at constant pressure, Cp (a) and heat capacity at 

constant volume, Cv (b), and estimated TEC values (c) of Perovskites CsMI3 (M = Pb, Mg, 

and Ga) using PBE potential. 

 

The thermal expansion coefficient (TEC) is calculated by the following equation [124]: 

TEC  =
𝛾𝐶𝑣

3𝐵𝑇𝜈𝑚
   (15) 

Where 𝛾 = Grüneisen parameter, 𝐶𝑣 = specific heat at constant volume, 𝐵𝑇 = isothermal bulk 

modulus, and 𝑣𝑚 = molar volume. The variation of TEC with temperature is presented in Fig.  

4.12(c) for the compounds under study. The values are found to be 1.12 × 10-6, 1.24 × 10-6, 

and 2.24 × 10-6 (with unit K-1) at temperature 300 K for the CsMI3 (M = Pb, Mg, and Ga) 

compounds, respectively. These values are comparable with the reported values for the Ti2SC 
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211 MAX phase system [125]. The values of Cp are calculated using 𝐶𝑝 = 𝐶𝑣[1 + 𝛼𝛾𝑇] and 

values are found to be26.97, 28.99, and 28.49 (with unit J/mol.K) for the CsMI3 (M = Pb, Mg, 

and Ga) compounds at temperature 300 K, respectively [121].  

It is seen from previous discussion that CsMgI3 shows highest absorption among the 

candidates of Pb replacement due to environmental hazard and toxicity issues. Then we tried 

to tune the bandgap of CsMgI3 for more efficient and suitability check in solar cell 

applications optimized bandgap and secure the Shockley-Queisser criteria. We have 

performed the solid solution of CsMgI3 (data are represented in appendix Table -1 and 

Appendix Fig. 1 and Fig. 2), but optical properties could not get from solid solution, then we 

have formed supercell and calculated the optical properties, the following section we will 

present the supercell properties of CsMgI3.   

The key characteristics of the studied perovskite materials are illustrated in Table 4.4. 

It is seen that CsMgI3 has higher absorption coefficient compared to others and it is suitable 

for optical device application.  

 

Table 4.4: The key properties are summarized to predict perovskites. 

 

 

 

 

4.7 Lead Free Perovskites (Supercell of CsMg(I1-xBrx)3, x= 0 to 1 in step of 0.25)  

Traits CsPbI3 CsMgI3 CsGaI3 

Optical Absorption Less High High 

Photoconductivity Less High Medium 

Ductility Highly Ductile Brittle- Ductile Border line Highly Ductile 

Dynamically stable Yes Yes Yes 

Band Gap (eV) 

(using PBE-potential) 

1.48 1.12 0 

Reflectivity High High Medium 

Formation Energy Negative Negative Negative 
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Table 4.4 summarizes the essential characteristics of the metal halide perovskites 

CsMI3. As can be seen in Fig. 4.9 (a), the CsGaI3 displays high absorbance; yet, using the PBE 

potential, it is proven that Eg= 0 eV. Since the CsGaI3 exhibits metal properties, it might not 

be a good choice for solar applications. It should be mentioned that CsGaI3 shows a non-zero 

bandgap when utilizing the HSE06 potential, but a 0 eV bandgap when using PBE. PBE 

potential was employed in this investigation to examine every compound's characteristic. 

Consequently, further insight into the CsGaI3 characteristics may be gained. Then, the Mg-

based compounds, in contrast to Pb-containing compounds, exhibit high optical absorbance 

and optical conductivity, indicating that Mg might be a more suitable substitute for lead. 

Furthermore, because CsMgI3 has the maximum absorption and photoconductivity in the solar 

spectrum, It may be assumed that it would be a superior lead-free perovskite material for 

solar cell application. However, the issue with CsMgI3 is that it remains at the boundary 

between brittleness and ductility. However, brittleness can be reduced by combining Br and 

Cl with CsMgI3 in a solid solution [126]. This will increase the likelihood of obtaining a more 

lead-free, magnesium-based perovskite compound with a better band gap and better 

optoelectronic characteristics for use in solar cells. The mechanical characteristics and 

electronic band gap of solid solutions CsMg(I1-xBrx)3 have been computed in order to identify 

a ductile lead-free perovskite. Fig. 4.13 shows the Pugh's ratio with Poisson's ratio for various 

combinations of I and Br. The results show that in CsMg(I1-xBrx)3, the highest ductility is 

located at x = 0.25. The results indicate that CsMg(I0.75Br0.25)3 is more ductile than CsMgI3. 

Additionally, the material is soft and mechanically stable (Appendix Table-2), and it can be 

readily fabricated as a thin film. A supercell of CsMg(I1-xBrx)3 is produced where x = 0, 0.25, 

0.50, 0.75, and 1 in order to better understand absorption and optical conductivity. The 

electronic band gap of CsMg(I0.75Br0.25)3 is determined to be 1.4 eV. For applications that 

need ductility, the optimum Pb-free perovskite would be CsMg(I0.75Br0.25)3. The electronic 

band gap value is graphically presented with the lattice parameter in appendix Fig. 1 (a,b), 

indicating that CsMg(I1-xBrx)3 is a superior combination. 
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Figure 4.13: Variation of Pugh’s ratio with Poisson’s ratio of the perovskites with different 

compositions in supercell of CsMg(I1-xBrx)3. The red dashed line separates the ductile 

materials from the brittle. 

 
 

4.7.1 Opto-electronic of lead-free perovskites (supercell of CsMg(I1-xBrx)3, x = 0, 0.25, 

0.50, 0.75, 1): 

Despite having acceptable mechanical stability and ductility qualities, the 

CsMg(I0.6Br0.4)3 solid solution does not exhibit the optical properties necessary to get a 

desired band gap value of 1-1.8 eV for use in solar cell applications.  To get a deeper 

knowledge of the electronic band gap and more suitable optoelectronic characteristics, a 

supercell of 40 CsMg(I1-xBrx)3 atoms, with x = 0, 0.25, 0.50, 0.75 has been constructed and 

1; the structural property section has already covered x-values. 24 I atoms in the CsMgI3 

supercell have undergone successive changes to produce the desired mixture of 25%, 50%, 

75%, and 100% Br in the molecule. Fig.4.14 displays the electronic band gap of the supercell 

CsMg(I1-xBrx)3, with x = (0, 0.25, 0.50, 0.75, and 1). 
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Figure 4.14: Variations of band gap of the perovskites with different composition [CsMg(I1-

xBrx)3 supercell]. 

 

According to the findings (Appendix Table-1), the CsMg(I0.75Br0.25)3 compound is 

more ductile than the CsMgI3 material. It is also soft and mechanically stable, making it easy 

to form into thin films. Appendix Table 2 indicates that these composite compounds exhibit 

a modest phase change from cubic to triclinic, as well as 21 positive stiffness constants that 

all fulfill stability requirements. It is discovered that CsMg (I0.75Br0.25)3 has a band gap of 

1.35 eV and favorable optical characteristics, indicating that it is a favorable candidate for 

lead-free perovskite. However, the CsMg(I1-xBrx)3 compound exhibits an expected band gap 

of 1.87 eV for x = 0.50 and 0.75. However, the Shockley-Queisser limit indicates that a 

reasonable band gap for a single solar cell is 1.4. 

For considered lead-free perovskite compounds CsMg(I1-xBrx)3, where x = 0, 0.25, 

0.75, 0.50, 1, the detailed optical properties, including the real and imaginary parts of 

dielectric functions, refractive index, extinction coefficient, absorption spectra, reflectivity, 

and photoconductivity, are investigated up to the photon energy of 20 eV to reveal the 

response of the materials in solar and high energy radiation [Appendix Fig. 2 (a-e)]. The 

amount of light at a given wavelength (energy) that enters a material before it is absorbed is 

measured by the substance's optical absorption coefficient [125]. Additionally, it provides 

details on the ideal solar energy conversion efficiency, which is crucial for a material's actual 

use in solar cells. Fig. 15 (a) shows the computed optical absorption spectra of the compounds 
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under consideration for the visible range. Its values are nearly identical to the bare CsMgI3, 

and it varies greatly in the visible range. 
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Figure 4.15: (a) Variations of absorption coefficient as a function of photon energy (b) 

refractive index for different compositions of CsMg(I1-xBrx)3 supercell. 

 

The calculated refractive index, n, is shown in Fig. 4.15 (b), where n can be varied 

from 2.10 – 2.24 in the range of visible range for x = 0.25. It is consistent with its bare CsMgI3 

compound that is comparable with its commercially available counterpart (Fig. 4.9c). The 

remaining optical properties of the supercell, i.e., dialectic constant, conductivity, and loss 

function, have been represented in the supplementary section.  All these findings reveal that 

CsMg(I0.75Br0.25) is a better replacement for lead-free perovskite for solar cell applications. 
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This chapter summarizes the results and main conclusions obtained from a large-scale 

research study on perovskite CsMI3 compounds’ properties. The investigation probed 

structural, elastic, electronic and optical thermal elements to reveal the complexity uncovered 

in these materials as well as their promising uses. 

First principles We have studied the structural, electronic, optical, mechanical, and 

thermodynamic characteristics of the Pb-free inorganic metal halide cubic perovskites CsMI3 

(M = Mg and Ga) using DFT simulations. We have contrasted these substances with lead-

based compounds. The compounds demonstrated their chemical and structural stability 

through the negative formation energy, all positive frequencies in the phonon dispersion 

curve, and the fulfilment of stability criteria by elastic constants. From this study, it seems 

that switching the M= (Mg and Ga) atoms in the CsMI3 compound for Pb atoms might change 

the electronic band gap value and other building blocks. These are the primary features of 

the materials intended for use in optoelectronic devices and solar cells. The examined 

perovskite compounds have a low bulk modulus, which makes them easily produced into 

thin films and mechanically stable. The Mg atom appears to be preferable to Pb for the 

inorganic perovskites under consideration, based on the investigation of both optical and 

electronic characteristics, as Mg-based compounds, such as CsMgI3, exhibit better optical 

absorption and optical conductivity than Pb-based compounds. Replacing I with Br in 

CsMgI3 significantly improves the photovoltaic characteristics, increasing the band gap from 

1.12 to 1.87 eV and the absorption coefficient. The increase in Eg and γ caused by doping 

into CsMg (I0.75Br0.25) makes them suitable for use in solar cell materials. Based on the 

Shockley-Queisser limit, the optimal combination, CsMg(I0.75Br0.25)3, has an Eg of 1.4 eV, 

making it the ideal band gap for the maximum efficiency of a single solar cell. 

 

Chapter 5: CONCLUSIONS  

5.1 General 

5.2 Key Findings 
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Although this work gives an insight into the physical properties of CsMI3(M = Pb, Mg and 

Ga) compounds, it is very necessary to note its shortcomings. Although the study mainly 

deals with theoretical calculations, experiments should be done to ensure that those results 

obtained are real and applicable in nature. 

To continue the improvement in our knowledge and use of compounds CsMI3, some really 

good options for further investigations are available. In the light of optoelectronic and 

thermal behaviors, experimental studies that could validate such theoretical findings will help 

to make a lot sense. Moreover, the research into the modification of these compounds through 

techniques such as alloying and also doping could lead to new materials with superior 

performance. The use of the two applications, photovoltaic and thermal barrier in practical 

tests will also help to determine their strengths for different industries. 

In this research, we have summarized the intricate nature of perovskite CsMI3 compounds to 

provide a way forward for their practical utilization in the various areas. The research 

findings hold great potential for benefiting the fields of material science, electronics, and 

sustainable energy. Our investigation strongly recommends conducting experimental 

synthesis to further enhance understanding and applications in these domains. 

The current DFT-based investigation on CsMI3 (M = Pb, Mg and Ga) perovskite 

semiconductors have a great importance in the numerous technological fields. The calculated 

band gaps for CsPbI3, CsMgI3 and CsGaI3 are 1.48 eV, 1.12 eV, and 1.74 eV respectively. It 

is worth noting that the spectrally distributed band gaps lie within the visible and near-IR, 

providing the possibility of sunlight absorption over IR, visible, and even some UV 

wavelengths which is one of the most remarkable results. The value of absorption coefficient 

(~105 cm-1) of the studied compounds is almost comparable with that of the commercialized 

compound. This knowledge establishes an important starting point for the possible use of 

CsMgI3 compounds in high-tech applications, mainly in optoelectronics, solar energy 

5.3 Limitation of the Study 

5.4  Recommendation for Further Study 

5.5 Impact of the present research 
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conversion, and material engineering. The beneficial thermodynamics properties and low 

lattice thermal conductivity in CsMgI3 makes it a potential form for the applications in thermal 

barrier coatings (TBC). 
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Appendices  

Appendix Table-1: The calculated elastic constants Cij (GPa), bulk modulus B (GPa), shear 

modulus G (GPa), Young’s modulus Y (GPa), Pugh’s ratio (B/G) and Poisson’s ratio v of 

perovskites solid solutions CsMg(I1-xBrx)3. 

Phase C11 C12 C44 B G Y B/G ν 

CsMgI3 34.81 12.08 11.09 19.65 11.20 28.24 1.754 0.261 

CsMg(I0.9Br0.1)3 33.86 11.70 11.35 19.09 11.24 28.19 1.70 0.254 

CsMg(I0.8Br0.2)3 32.91 12.35 11.75 19.20 11.14 28.00 1.724 0.260 

CsMg(I0.7Br0.3)3 35.58 13.33 12.56 20.75 11.97 30.11 1.734 0.260 

CsMg(I0.6Br0.4)3 46.93 16.55 15.13 26.67 15.15 38.22 1.76 0.261 

CsMg(I0.5Br0.5)3 36.73 13.66 13.27 21.35 12.54 31.47 1.70 0.254 

CsMg(I0.4Br0.6)3 38.15 13.70 13.87 21.85 13.19 32.94 1.66 0.250 

CsMg(I0.3Br0.7)3 39.22 14.55 14.16 22.77 13.40 33.61 1.70 0.254 

CsMg(I0.2Br0.8)3 39.73 14.20 14.43 22.71 13.74 34.30 1.65 0.250 

CsMg(I0.1Br0.9)3 41.45 15.33 14.70 24.038 14.023 35.24 1.71 0.256 

CsMgBr3 42.59 15.55 15.20 24.56 14.50 36.95 1.69 0.253 
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Appendix  Fig.  1: Variations of band gap values with different lattice parameters for 

different compositions of perovskites [solid solutions of CsMg(I1-xBrx)3 and CsMg(I1-xClx)3]. 
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Appendix Fig.2: Variations of Pugh ratio and Poisson ratio of solid solution CsMg(I1-xBrx)3. 

Appendix Table 2: The calculated elastic constants Cij (GPa), machinability indices (B/C44) 

and Cauchy pressures [(C12 - C44)] (GPa) of supercell CsMg(I1-xBrx)3 perovskite compounds. 

Parameters CsMg(I1-xBrx)3 

x=0 

CsMg(I1-xBrx)3 

x =0.25 

CsMg(I1-xBrx)3 

x =0.50 

CsMg(I1-Brx)3 

x =0.75 

CsMg(I1-xBrx)3 

x =1.00 

C11 31.990 34.595 37.386 40.239 43.921 

C22 32.148 35.689 37.464 41.235 43.670 

C33 32.163 35.651 37.393 20.844 43.920 

C44 10.350 11.759 13.444 13.183 15.731 

C55 10.351 13.925 13.441 13.028 15.743 

C66 10.352 9.730 13.426 12.818 15.765 

C12 11.071 13.767 14.110 15.760 16.083 

C13 11.074 13.412 14.124 18.088 16.170 

C14 0.027 0.223 0.025 0.255 0.078 

C15 0.037 0.196 0.023 0.588 0.050 

C16 0.055 0.621 0.015 0.052 0.389 

C23 11.150 12.396 14.123 10.450 16.084 

C24 0.032 0.080 0.023 0.198 0.080 

C25 0.039 0.116 0.028 0.231 0.050 

C26 0.057 0.635 0.005 0.075 0.452 

C34 0.032 0.085 0.027 0.117 0.077 

C35 0.033 0.065 0.025 0.414 0.049 

C36 0.057 0.394 0.018 2.844 0.464 

C45 0.001 0.003 0.001 0.278 0.003 

C46 0.000 0.036 0.000 0.107 0.059 

C56 0.002 0.219 0.002 0.048 0.005 

B/C44 1.75 1.74 1.63 1.22 1.61 

(C12-C44) 0.721 2.008 0.666 2.577 0.352 

                    

Optical properties of supercell of CsMg(I1-xBrx)3: 
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Appendix Fig.  3(a-e): Variation of real (a) and imaginary (b) part of dielectric function, 

refractive index (c), photoconductivity (d) and extinction coefficient (e) of the supercell 

CsMg(I1-xBrx)3 perovskites. 
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A B S T R A C T

The prime objective of this study is to understand the lead-free CsMI3 (M = Pb, Mg, Ga, Ca, Ba, Sr) perovskites
for photovoltaic and optoelectronic applications using first-principle calculations. This study considered the
structural aspects along with the mechanical, electrical, optical, and thermal properties. The formation energy,
phonon dispersion curve, and elastic constants were calculated to check the structural stability of the com-
pounds. The computed Poisson ratios (ν) support the CsMI3 compounds' ductility; only the CsMgI3 compounds lie
on the ductile-brittle transition line. However, the compounds' ductility is confirmed by the Cauchy pressure,
which also reflects the materials' mechanism of mechanical failure. The band structure calculations confirmed
the energy band gap, Eg, in the range of 1.63–3.26 eV, which makes them suitable for absorbing materials in solar
cell applications. The optical properties calculations revealed strong photoconductivity, low reflectivity, and
high absorption coefficient, all of which show photovoltaic properties given the materials use in the solar cell ap-
plication. Among the titled compounds, CsMgI3 will be the best replacement of Pb-based perovskites for photo-
voltaic and optoelectronic appliances. The substitution of I by Br in the CsMgI3 causes a significant improvement
(band gap is increased from 1.12 to 1.87 eV; absorption coefficient is also increased) in the photovoltaic proper-
ties. The Eg and α further increase due to doping into the CsMg(I1-xBrx)3 where x = (0.25) makes them apposite
for solar cell materials. The best combination, CsMg(I0.75Br0.25)3, shows Eg ∼ 1.4 eV, which may be considered as
the optimum band gap for the highest efficiency of a single solar cell according to the Shockley-Queisser limit.

1. Introduction

Because of the rapid changes in the global economic and social land-
scape, the more energy is required than traditional fossil fuels can pro-
vide. Solar energy will undoubtedly offer a variety of benefits, like be-
ing renewable and pollution-free, given that it is destined to be the pri-
mary energy source in the 4IR. In nature, metal halide perovskites
(MHP) are commonly accessible and reasonably priced. Consequently,
solar cells based on these materials would be more economical and effi-
cient than silicon-based photovoltaic (PV) technology [1,2]. Due to
their remarkable opto-electronic properties which include a tunable
bandgap, high optical absorption, broad absorption spectrum, small
carrier effective mass, long charge diffusion length, and high charge
carrier mobility [1,3–12], the MHPs have recently attracted a great deal
of attention from the scientific community. In recent times, there has
been a significant increase in the power conversion efficiency (PCE) of
lead (Pb)-based metal halide perovskite solar cells (MHPSCs) from 3.8

% to 25.5 % [13–15]. Additionally, a significant number of MHPSCs
have successfully passed a test of the 1,000-hour operational stability
benchmark [16,17]. Lead halide perovskites have been used to create
devices with the power conversion efficiency of about 22 % [18], which
is comparable to materials used in conventional solar cells such as cad-
mium telluride (CdTe), copper indium gallium selenide (CIGS), and sin-
gle-crystal Si [13]. CH3NH3PbI3, a typical hybrid organic-inorganic
halide perovskite, features a bandgap that is close to the Shock-
ley–Queisser optimum, [19,20] significant visible spectrum absorption,
[21,22] long carrier lives, [23,24] high charge carrier mobilities,
[25–27] and long carrier lifetimes. As a result, in a solar cell,
CH3NH3PbI3 can function as a charge-transporting layer that is both ef-
fective and light-absorbing. On the other hand, poisoning of lead is a
significant environmental hazard. Because lead perovskites tend to
break down in ambient circumstances and release toxic chemicals like
PbI2, using lead is especially hazardous [28]. These Pb-based high-
efficiency PSCs [MAPbI3, FAPbI3, Cs0.05 FA0.85 MA0.10 Pb (I0.97 Br0.03)3]
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do, however, have certain inevitable drawbacks, namely, that lead is a
poisonous element that is difficult for organisms and the environment
to remove from the body. According to research, lead ion poisoning of
soil and water sources is persistent and has a highly severe effect on
plant, animal, and human survival [29–31]. Because lead may enter the
body, attach to an enzyme, and then build up through blood circulation
in soft tissues and bones such as the brain, liver, kidney, and spleen. The
afflicted person's neurological, digestive, and circulatory systems grad-
ually develop functional problems as a result of lead poisoning. Most
people usually start showing symptoms of lead poisoning when their
daily lead consumption hits 0.5 mg [30,31]. Thus, various non- or low-
toxic metal ions must be selected to substitute lead as PSC perovskite
absorbers in order to guarantee that the natural environment for people
is safe and pollution-free [32–35].

ABX3, where X is a halogen anion, B is a metal cation, and A is an
organic cation, is the general chemical formula for metal halide per-
ovskites [36–39]. Here, the halogen anion is often made up of Cl, Br, I,
or their mixture, while the organic cation is typically composed of
methylammonium (MA), formamidinium (FA), Cs, or their mixture. Re-
garding B, prior research has demonstrated that less hazardous ions
such as Sn2+, Bi3+, Ge2+, Sb3+, Mn2+, and Cu2+ may be substituted
for Pb2+ in perovskites to create a novel lead-free structure [12,40,41].
The addition of these metal cations improves PSCs' ecologically benefi-
cial qualities while also broadening the variety of perovskite species. It
is crucial to look for novel B metals and their solid solutions as well as
opto-electronic properties in order to create highly efficient solar cells
based on Pb-free MHPSCs. Furthermore, MHP solar cells would be
more economical and efficient than photovoltaic (PV) technology
based on silicon. Due to these remarkable properties, this family of
semiconductors may be used in light-emitting diodes, photodetectors,
and solar-to-fuel energy conversion devices, among other electronic de-
vices, in addition to solar cells [1,4,11,12]. In order to forecast a partic-
ular device application and advancements, a more profound and basic
comprehension of the semiconductor features is required. Furthermore,
an examination of a material's optical functions can reveal information
about how it responds to light. Therefore, for a material to be employed
in real-world optoelectronic devices like solar cells, diodes, lasers, etc.,
a detailed understanding of the optical characteristics is required.
When choosing a certain perovskite material to utilize as the ab-
sorbance/active layer in the solar cell construction, metrics such as the
energy (wavelength) dependent absorption coefficient, shallow accep-
tor density (NA), shallow donor density (ND), etc., are crucial to know.
To determine the efficiency, these factors must be entered into a simu-
lation of the solar cell structure. However, only a few investigations
have been done on the perovskite compounds' optical characteristics.
The regular and frequent modelling of perovskite-based solar cells,
which is crucial to the advancement of the cell like the well-known
CdTe or CIGS based solar cell structure, was hampered by the lack of
perovskite material properties. Based on the low electron effective
mass, which is caused by exceptionally dispersive conduction bands,
and band gap tuning between 0.9 and 1.7 eV (1.7 eV for CsMgI3,

1.5 eV for CH3NH3MgI3, and 0.9 eV for CH(NH2)2MgI3), ten com-
pounds out of 248 candidates have been identified for potential solar
cell applications with high-throughput screening [42]. In order to make
these compounds suitable for optoelectronic and photovoltaic applica-
tions, certain proposed lead-free perovskites (M = Mg, Ga, Ca, Ba and
Sr) with Mg, Ca, Ba, and Sr being alkaline-earth metals were tuned here
to predict their optoelectronic characteristics [42,43].

In this context, Pb-free inorganic MHP compounds have been exam-
ined using first-principles density functional theory (DFT) to compre-
hend their overall properties. The main objective of this study is to ex-
plore new material(s) that may be considered as the alternative of lead-
based solar cell materials in terms of properties and performance. To do
this, the structural features, mechanical, thermodynamic, electronic,
and optical properties of Pb-free MHPs, CsMI3 (M = Mg, Ga, Ca, Ba,
and Sr) have been investigated. It is found that CsMgI3 could be a poten-
tial alternative to CsPbI3 for photovoltaic applications.

2. Computational methodology

The current DFT [44] -based computations were performed using
the CAmbridge Serial Total Energy Package (CASTEP) algorithm by the
Materials Studio 8.0 module. This method has proven to be one of the
most accurate methods for the calculation of electronic structures [45].
For all computations, the pseudopotential of Vanderbilt type [46] was
utilized to handle the electron-ion interaction. Using the generalized
gradient approximation (GGA) of Perdew-Berke-Ernzerhof (PBE) [47],
the exchange-correlation energy was calculated. The Broy-
den–Fletcher–Goldfarb–Shanno (BFGS) [48] minimization approach
was applied in order to maximize the crystal structure and determine
the ground state energy. The finite strain theory [49], which was imple-
mented within the CASTEP module, was used to derive elastic con-
stants. By varying the M cations, all of the characteristics of CsMI3 (M
= Pb, Mg, Ga, Ca, Ba, and Sr) were calculated. For all cubic CsMI3 com-
putations, the electronic wave function with a cutoff energy of 500 eV
was utilized. The irreducible Brillouin zone was sampled using 11 × 11
× 11 k-point grids following the Monkhorst-Pack technique [50]. The
current computations were conducted with the following convergence
limits: 1 × 10−6 eV/atom for total energy, 0.03 eV/Å for maximum
force on atoms, 0.001 Å for maximum atom displacements, and
0.05 GPa for maximum stress. The electronic band gaps of the studied
compounds have been further estimated with the help of Quantum
ESPRESSO suite of software [51].

3. Results and discussion

3.1. Structural properties

The CsMI3 (M = Pb, Mg, Ga, Ca, Ba, and Sr) compounds crystallize
in the cubic system with space group Pm3m (no. 221). As seen in Fig. 1,
the material's unit cell is made up of five atoms with a single formula
unit. Within the structure, the Cs atom is positioned in the corner with a

Fig. 1. Cubic crystal structure of CsMI3 metal halide perovskite compounds (M= Pb, Mg, Ga, Ca, Ba, Sr).
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1a Wyckoff site and (0, 0, 0) fractional coordinates; M is positioned in
the body center with a 1b Wyckoff site and (1/2, 1/2, 1/2) fractional
coordinates; and the I atom is positioned in the face center with a 3c
Wyckoff site and (0, 1/2, 1/2) fractional coordinates. Ray [43] also re-
ported the orthorhombic phase of stoichiometric CsMI3 (M = Pb, Mg,
Ga, Ca, Ba, and Sr), but the cubic phase has been considered in this
study using the available refinement data. The lattice parameters and
internal coordinates were completely loosened in order to improve the
geometry by switching the M site cation. PBE functional is used to com-
pute the optimal lattice parameters and cell volume of CsMI3 sub-
stances, as seen in Fig. 2. The hybrid DFT functionals, like HSE06, can
correctly predict some experimentally measured band gaps in some ma-
terials, but the structural properties, like lattice parameters, signifi-
cantly deviate from the experimental values. It is well known that the
calculation of the accurate lattice parameter is one of the key factors es-
timating in the physical properties using DFT calculations accurately
[52]. However, it is found that the properties of the HSE06 functional
differed from those of other functionals, like GGA-PBE. Because of this,
PBE is used as a benchmark in the calculations to account for the cor-
rectness of the results.

3.2. Stability of the structures

3.2.1. Formation energy (Ef)
The chemical stability of CsMI3 can be confirmed by analyzing their

formation energies. The subtraction of the total energies of pure con-
stituent atoms from the total energy of the materials in their stable
structures determines the formation energy (Ef). The following expres-
sion is used to estimate the formation energy of CsMI3 [53]:

(1)

Here, Etot (CsMI3)fu represents the total energy per formula unit and
is given by Etot (CsMI3)fu = 1/N (CsMI3)cell where N denotes the
number of formula units per unit cell. Es(Cs), Es(M), and Es(I) are the to-
tal energies per atom of the pure elements Cs, M, and I, respectively, in
their ground-state solid phases. So, the per atom is given
by fu/Nt, where Nt denotes the total number of atoms in one
formula unit, gives the desired parameter. The calculated formation en-
ergies of perovskites CsMI3 are found to be CsBaI3 (-2.254 eV/atom) >
CsCaI3 (-2.249 eV/atom) > CsSrI3 (-2.239 eV/atom) > CsMgI3(-
1.81 eV/atom) > CsPbI3(-1.624 eV/atom) > CsGaI3(-1.326 eV/atom).
The energy required (or released) to generate a configuration is under-
stood to be its formation energy. Consequently, endothermic and
exothermic processes can occur during the creation of a structure. Ac-

Fig. 2. Lattice parameter (Å) and cell volume (Å3) of the metal halide per-
ovskites (MHP) crystal structure of CsMI3 (M= Pb, Mg, Ga, Ca, Ba, Sr).

cording to [54], a sheet's structure is more stable when its creation en-
ergy is lower. That sort of denotes a sheet's energy (thermal) stability.
The chemicals can be produced since the values are negative, suggesting
that they are stable energetically. The particulars are presented in the
supplementary Table-1 that are used to calculate the formation energies
of CsMI3 (M = Pb, Mg, Ga, Ca, Ba, Sr) compounds.

3.2.2. The dynamical stability
The dynamic stability of a material is an important criterion for as-

sessing its appropriateness in real-world settings involving time-varying
external stimuli. It is likely that materials that are formed at any tem-
perature will not always be stable. For example, materials formed at
high temperatures could not be stable when brought to a lower temper-
ature. The phonon frequency is dependent on the temperature of the
crystal lattice. To confirm the stability of the synthesized perovskite at
low temperatures, the phonon dispersion curve (PDC) is calculated in
the ground state using the density functional perturbation theory
(DFPT) finite-displacement approach. The phonon frequency that is
used to evaluate stability over the whole Brillouin Zone (BZ) is dis-
played in Fig. 3(a,b), and supplementary Fig. 1(a-d) displays the re-
maining compounds CsMI3 (M = Ga, Ca, Ba, Sr) PDC. Negative fre-
quencies at any k-point indicate the instability of the compounds,
whereas positive frequencies indicate their stability [55,56]. Fig. 3(a, b)
shows that none of the compounds exhibit imaginary or negative fre-
quencies, indicating that they are dynamically stable. This finding
aligns with the section on structural attributes, which states that all
phases under study have a negative formation energy. This suggests
that the compounds might potentially be produced by experimentation.
Five atoms make up the unit cells of the perovskite phases, leading to
15 phonon branches, 12 of which are optical modes and 3 of which are
acoustic modes. Acoustic modes stay at the bottom of the phonon dis-
persion curves, whereas optical modes make up the top branch.
Acoustic branches are created by in-phase vibrations of atoms in a lat-
tice outside of their balance position. The calculated total phonon den-
sity of states (PHDOS) for CsMI3 is shown in Fig. 3(a,b). The sources of
the PHDOS peaks include the bands' general flat appearance and the
fact that the overall DOS peak is in lower bands because of their disper-
sive nature.

3.3. Mechanical properties

For industrial applications of engineering materials, the research of
various physical properties such as elastic anisotropy, brittle and duc-
tile nature, and elastic moduli is essential. The linear finite stress-strain
method in the CASTEP algorithm yields the elastic constants Cij [49].
Table 1 shows the three independent elastic constants for cubic CsMI3
that were calculated: C11, C12, and C44. The Born stability criteria,
which are frequently expressed in terms of Cij and therefore based on
free energy considerations, may be used to derive the elastic constants,
which are crucial to forecasting the mechanical stability of a crystal
[57]. The spinodal, shear, and Born conditions for mechanical stability
of a cubic crystal are C11 + 2 C12 > 0, C11 − C12 > 0, and C44 > 0, re-
spectively. It is analogous to requiring a positive bulk modulus, B, to ap-
ply the spinodal criteria. Therefore, for a cubic crystal to be mechani-
cally stable, its phases must have positive values for the elastic con-
stants B, C11 – C12, and C44, as shown in Table 1. An elastic material's
propensity to deform non-permanently in various directions when sub-
jected to stress is determined by this feature. Information regarding the
bonding behavior of solids is also provided by the elastic constants. The
elasticity along the axial length is given by the elastic constant C11.
Therefore, the value of C11 may be used to represent the elastic stiffness
of materials against the 〈100〉 uniaxial strain of the (100) plane. The
elastic constants C12 and C44 stand for the pure shear stress in the (110)
plane along the 〈110〉 direction and the shear stress in the (010) plane
along the 〈001〉 direction, respectively. Table 1 shows that, in compari-
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Fig. 3. (a,b): Phonon dispersion curves and PHDOS of CsMI3 (M = Pb, Mg) compounds.

son to the other compounds, CsPbI3 has the highest value of C11. The
computed value of C11 for all perovskites is greater than C12, which is
noteworthy because it suggests that the bonding strength in CsMI3 is
stronger along the 〈100〉 direction than it is along the 〈110〉 direction.
Table 1 provides an overview of the different elastic characteristics,
which are computed from the single-crystal zero-pressure elastic con-
stants using established relationships [58]. These values include the
bulk modulus, B, shear modulus, G, Young's modulus, Y, and Poisson's
ratio, v. Rakita et al. found the elastic moduli experimentally for CsPbI3
[59]. The bulk modulus determines the average bond strength of the
component atoms in a material [60]. Through observation of the bulk
modulus of 101 GPa, Rahaman et al. recently found moderate bonding
strength in LiCuBiO4 [61]. However, the bulk moduli of 190 GPa and
171 GPa, respectively, indicated significant bonding strength in ScIrP
and ScRhP, according to Nasir et al. [62]. As a result, the computed val-
ues of B in the 19.65 – 11.39 GPa range (Table 1) may indicate that the
atoms in CsMI3 have weak bonding strengths, and these are soft materi-
als in nature. Table 1 also shows that changing the cations from Ba to
Mg increases the bulk modulus. The cationic size increases the bulk
modulus of CsMI3 by decreasing the compounds' compressibility and
creating a dense solid. The necessary resistance to volume deformation
under external pressure is also provided by the binding strength of
atoms. On the other hand, the G measures how a solid change in form,
and it shows a significant correlation with the hardness of the material.
As the value of G increases, the material gets stiffer. The solid matter's
resistance to heat shock is influenced by Young's modulus, Y. In relation
to Y, the critical thermal shock coefficient changes inversely [63]. The
better the thermal shock resistance, the higher the value of the thermal
shock coefficient. Thermal shock resistance is a determining factor in
the selection of a material for a thermal barrier coating (TBC). Because

of its notably reduced Young's modulus, CsMI3 may be a good choice for
a TBC material. Higher values of G and Y denote stiffness, whereas the
computed value of Y (28.24 – 12.20 GPa) suggests that CsMI3 is moder-
ately flexible [64–66]. In addition to being helpful in explaining the
mechanical characteristics of solids, the moduli of elasticity, such as G,
B, and Y, are also a reliable way to gauge the hardness. Of the measured
elastic constants, C44 is the most accurate in predicting the hardness of
materials. Furthermore, among the moduli of elasticity, the shear mod-
ulus (G) is thought to be the most accurate indicator of hardness. Table
1 makes it clear that CsMgI3 is more durable than the other compounds
examined in this investigation. The hardness calculations using Chen's
formula [67] support these claims. Table 1 presents the estimated val-
ues of macro and micro hardness, which are in line with previous pre-
dictions based on C44 and G values. Mazhnik and Oganov [68] show fa-
vorable agreement between the theoretical and experimental hardness
values of various materials computed using Chen's formula. It is com-
monly known that superhard materials such as diamond (HV =
96 GPa), BC2N (HV = 76 GPa), and BC5 (HV = 71 GPa) are utilized ex-
tensively [68]. Therefore, the fact that CsMI3 has a substantially lower
hardness than superhard materials verifies that the compounds under
study are not hard materials. Vickers hardness, however, is primarily a
measure of the material's resistance to plastic deformation. A knowl-
edge of a solid's hardness can lead to the prediction of many significant
applications for useful devices. Additionally, a thorough comprehen-
sion of the mechanical behavior may be attained by examining the con-
nection between hardness and elastic polycrystalline modules. Table 1
shows the assessed Vickers hardness values for CsMI3 (M = Pb, Mg, Ga,
Ca, Ba, and Sr). This table makes it very evident that CsMgI3 is less hard
than CsPbI3 and that CsGaI3 is tougher than CsPbI3. Even so, compared
to the most stiff materials (Vickers hardness 70–150 GPa) [69], the
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Table 1
The Elastic constants, Cij (GPa), Bulk Moduli, B (GPa), Shear Moduli, G (GPa),
Young’s Moduli, Y (GPa), Pugh’s ratio, Poisson’s ratio, Kleinman Parameter
(ξ), Cauchy pressure, Machinability index UM, Macro, Micro hardness and
shear anisotropy (A).
Parameter CsPbI3 CsMgI3 CsGaI3 CsCaI3 CsBaI3 CsSrI3 References

C11 39.54
34.23

34.81 29.22 34.06 28.07 28.39 This work
[35]

C12 6.68
4.46

12.07 7.05 7.67 3.049 4.03 This work
[35]

C44 5.34
4.24

11.09 2.24 6.63 2.008 3.15 This work
(64)

B 17.64
14.38
23
19.8
14.4

19.65 14.44 16.46 11.39 12.15 This work
[35]
[77]
[78]
[79]

G 8.55
6.30
7.9

11.2 4.53 8.76 4.62 5.62 This work
[35]
[79] Exp.

Y 22.07
14.49
20.1

28.24 12.31 22.33 12.2 14.61 This work
[35]
[79] Exp.

B/G 2.06 1.75 3.19 1.88 2.47 2.16 This work
ν 0.29

0.33
0.26 0.36 0.27 0.32 0.3 This work

[79] Exp.
Kleinman

Parameter
(ξ).

0.32 0.49 0.39 0.38 0.26 0.29 This work

Cauchy
Pressure
(GPa)

1.34 0.98 4.81 1.04 1.041 0.88 This work

UM = B/C44 3.3 1.77 6.45 2.48 5.67 3.86 This work
Hmacro 0.01 1.26 1.75 0.40 1.30 0.77 This work
Hmicro 1.20 1.80 0.42 1.35 0.55 0.75 This work
A 0.67 0.20 0.60 0.50 0.16 0.26 This work

hardnesses of the titled compounds are low. Because of this, all CsMI3
compounds show signs of being soft and flexible, which qualify them
for thin-film fabrication. The cutting capacity of a compound, the maxi-
mum financial level of machine operation, and plastic strain—which
are essential for industrial applications—are represented by the
machinability factor of the materials under investigation, which is cal-
culated by the formula UM = B/C44 [70]. With the exception of CsMgI3,
which indicates better lubricating characteristics and lower frictions
and has important applications in a variety of industries, all UM values
are more than 2. In addition, failure mode research—that is, determin-
ing whether a material is brittle or ductile—is crucial for technology.
The Pugh's ratio (B/G) value indicates if a material is ductile (> 0.75)
or brittle (< 0.75) [71]. Table 1 displays all titled compounds as ductile
materials, with the exception of CsMgI3, which is characterized as being
near the ductile−brittle transition line. Frantsevich et al., however, also
suggested a critical value of Poisson’s ratio (ν ∼0.26) for distinguishing
between the brittle and ductile nature of solids [72], as illustrated in
Fig. 4.

The calculated values of ν (Fig. 4) again confirm that the CsMI3 com-
pounds are purely ductile except CsMgI3 because of its position below
the ductile-brittle transition line. However, the Cauchy pressure, de-
fined as C12 – C44, is another indicator of failure mode of materials [73].
If the Cauchy pressure is negative, then the material is expected to be
brittle; otherwise (having a positive Cauchy pressure), it is a ductile one
[73]. Hence, in this study, all CsMI3 compounds are assumed to be duc-
tile in accordance with the aforementioned three indicators. The Klein-
man parameter (ξ) measures the ease of bond bending to bond stretch-
ing. In general, the value of ξ can be between 0 and 1 (0 ≤ ξ ≤ 1) and is
estimated using the following expression [74]:

(2)

Fig. 4. : Pugh’s and Poisson's ratio of the perovskites and the horizontal red
dashed line distinguish the brittle and ductile materials.

Kleinman reported that the upper limit corresponds to minimize the
bond bending term, and the lower limit corresponds to a minimized
bond stretching term [75]. The calculated values of ξ for CsMI3 com-
pounds are shown in Table 1. The estimated value of ξ of ∼0.50 for
CsMI3 compounds is in good agreement with the previously reported
value of ξ of ∼0.55 for perovskite LaAlO3 [76]. The calculated value of ξ
suggests the strong bonding nature of CsMI3, which is dominated by
both bond bending and bond stretching contributions.

The values of C44 are related to shear anisotropy factor (Zener ratio)
A, that is defined by the following formula [80]

The value of A, as illustrated in Table 1, designates the anisotropic
nature of the compounds with the possibility of deformation and the ap-
pearance of microcracks. The value of A is unity for completely
isotropic material, and any deviation from unity (smaller or greater) de-
notes the degree of anisotropy. The computed values of A (Table 1) in-
dicate the anisotropic nature of the compounds under study.

3.4. Electronic properties

3.4.1. Electronic band structures
The electronic band structure of the compounds provides insight

into the electrical characteristics of solids. The electronic band struc-
ture of the CsPbI3 compound has been initially estimated under PBE,
PBE + spin-orbit coupling (SOC), HSE06, HSE06+SOC level of theo-
ries and the results are shown in Fig. 5. From Fig. 5, all the level of theo-
ries shows direct band gap at high-symmetry point R for the CsPbI3 sys-
tem. The band gap values of the compound, as attained from PBE,
PBE+SOC, HSE06 and HSE06+SOC level of theories, are estimated to
be ~ 1.48, 0.24, 1.76 and 0.49 eV respectively. Interestingly, the band
gap value of CsPbI3, so obtained from the HSE06 functional without in-
clusion of SOC, very closely matches with the experimental band gap
(~ 1.73 eV, [36]) and another theoretical result as reported elsewhere
[36,81]. Although, the inclusion of SOC is found to underestimate the
band gap of the studied compound, the band gaps, so estimated from
PBE+SOC and HSE06+SOC level of theory, closely match with the
available theoretical results as reported elsewhere [81,82]. So for the
present case, the HSE06 functional can be considered here as the most
effective level of theory which can closely reproduce the band gap of
CsPbI3 compound in agreement with the experimental results. Nonethe-
less, when comparing the band structure computed using the PBE and
HSE06 approaches (Fig. 5, 6), we see that they are quite similar. HSE06
determines the band gap close to the experimental value, in line with
earlier research results; however, PBE underestimates the band gap. Ac-
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Fig. 5. : Electronic band structures of perovskites CsPbI3 as obtained from PBE, PBE+SOC, HSE06 and HSE06+SOC level of theories [The zero-energy level in Fig. 5
(a-f) is selected to be the Fermi energy, EF].

cording to the literature, PBE calculates attributes that are more precise
and require less time to complete [81,83,84]. As a result, the PBE com-
putation serves as the foundation for all of the subsequent research in
this study.

Thus, the electronic band structures of other perovskites CsMI3 (M
= Mg, Ga, Ca, Ba, Sr) have also been computed using the HSE06 func-
tionals. The results are illustrated in Fig. 6(b-f) and Table 2. From Fig.
5, 6 and Table 2, it is observed that the HSE06 functional suggests
CsMI3 (M = Pb, Mg, Ga) systems as important materials for photo-
voltaic applications. The results provide a theoretical reference for fu-
ture experiments. In addition, the band structures of CsMI3 (M = Mg,
Ga, Ca, Ba, Sr) computed using PBE functional are illustrated in
supplementary Fig. 2.

Moreover, a tuneable lattice parameter is shown in supplementary
Fig. 3, and an exception is noted when Pb is substituted by Mg, Ga, Ca,
Ba, or Sr. The HSE06 electronic band structures [Fig. 6] of CsPbI3 and
CsGaI3 compounds show direct band gaps at the R and M points of the
Brillouin zone, and the remaining CsMgI3, CsBaI3, CsCaI3, and CsSrI3
have illustrated indirect band gaps. The high symmetry paths of k-
points in the Brillouin zone are selected as X-R-M-G-R. It is noted that
thinner devices are possible because photovoltaic materials with direct
band gaps absorb light more easily than those with indirect gap. How-
ever, compared to indirect bandgap materials, direct bands also experi-
ence greater rates of radiative recombination. Therefore, optimizing the
absorption properties along with the direct or indirect nature and sup-
pression of radiative recombination of material is important for solar
cell applications as absorbance or active materials [85]. Interestingly,
Fig. 5 and 6 depict that some of the Eg is in the suitable range as well as

visible spectrum range (1.63–3.26 eV) for the absorbance materials in
solar cell applications.

3.4.2. Density of states (DOS)
The partial density of states (PDOS), total density of states (DOS),

and atomic contributions to the band formation of CsMI3 compounds
have all been computed for a better understanding. The DOS of the re-
maining CsMI3 compounds are in the supplemental materials; they are
represented in Fig. 7(a,b), where they are almost identical. Fig. 7(a, b)
and supplementary Fig. 4 shows that for the compounds from left to
right, the total DOS below the EF increases. Conversely, this value de-
creases for the compounds in ascending order. It implies that when Pb is
replaced by Mg, Ga, Ca, Ba, and Sr, the opposite pattern is shown. Fur-
thermore, the p-orbital of the halogen atom is the primary source of the
total DOS below the EF. Furthermore, Pb-6p, Mg-2p, Ga-4p, Ca-3p, Ba-
5p, and Sr-4p electronic states were the major contributors from the p-
orbital of M atoms to the total DOS below the EF. Although the com-
pounds under study are semiconductors by nature (Fig. 5), it appears
that there is a value of DOS at the EF [Fig. 7(a,b)]. The EF is thought to
be at 0 eV in DFT; however, due to calculation errors and a very little
shift to the left side (valence band edge) rather than the right side (con-
duction band), it appears that there is a DOS at the EF.

3.5. Optical properties

3.5.1. Absorption coefficient
An essential optical constant that sheds light on how a substance ab-

sorbs light over a specific distance is the absorption coefficient [87].
The absorption behavior is contingent upon several elements, including
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Fig. 6. (a-f): Electronic band structures of perovskites CsMI3 (M = Pb, Mg, Ga, Ca, Ba, Sr) as obtained from HSE06 functional. [The zero-energy level is selected to be
the Fermi energy, EF].

Table 2
Band gaps of the CsMI3 (M = Pb, Mg, Ga, Ca, Ba, Sr) compounds as esti-
mated using HSE06 functional.
Compounds
Name

Band Gap (eV)
(GGA-PBE)

Band Gap (eV)
(HSE06)

Experimental value Band
Gap (eV)

CsPbI3 1.48 1.760 1.73 [36]
CsMgI3 1.12 2.067 1.70 [86]
CsGaI3 0 1.740 -
CsCaI3 2.30 5.132 -
CsBaI3 3.514 4.826 -
CsSrI3 3.62 4.783 -

the molecular structure and band gap of the crystal. Specifically, optical
absorption occurs when photon frequency entering the material is
equal to the frequency of electronic transition in the material. Materials
may selectively absorb photons at particular frequencies due to the
variation in the absorption coefficient with frequency. Electronic transi-
tions within the full states of the highest valence band and the empty
states of the lowest conduction band are what cause the selective be-
havior. Efficiency in conversion is provided by the materials' absorption
of photons. The absorption coefficient α(ω) may be computed using the
subsequent formula:

Fig. 7. : Total and partial densities of states of perovskites CsPbI3 (a) and CsMgI3 (b) as estimated from HSE06 functional. [Zero energy corresponds to Fermi energy
level (EF)].
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Moreover, the optical properties of crystalline solids can be de-
scribed by the complex dielectric function, ε(ω) = ε1(ω) + iε2(ω);
where ε1(ω) and ε2(ω) are the real and imaginary parts of the dielectric
function, respectively (in section 6.3).

Fig. 8(a) displays the absorption coefficient with photon energy. In
addition to explaining how incident light is absorbed by a material, the
α(ω) also clarifies how emergent light decays through the medium, pro-
viding information on the attenuation of electromagnetic radiation [88,
89]. It also provides information on the ideal solar energy conversion
efficiency, which is crucial for the practical use of a material in solar
cells. Additionally, for the compounds CsPbI3, CsMgI3, CsCaI3, CsBaI3,
and CsSrI3, the value of α(ω) is zero at 0 eV, but it is non-zero for
CsGaI3. Because all of the light will pass through zero absorbance sub-
stances (at 0 eV), they will be optically transparent in the areas where
there is no light absorption. Of the five compounds that might be substi-
tuted for the Pb, CsGaI3 and CsMgI3 exhibit absorbance in the visible
range, with a value of 3.4 ×104 cm−1 and 7 ×103 cm−1 at 2.6 and
2.36 eV, respectively.

3.5.2. Refractive index
The propagation of an electromagnetic beam or light through a com-

pound may be explained from the behavior of N(ω) = n(ω) + ik(ω),
where n(ω) represents the real refractive index and k(ω) is the extinc-
tion coefficient. For each compound, the n(ω) curve is shown in Fig. 8
(b). It provides further details on how much incident light is bent or re-
fracted as it travels through a material medium [89,90]. At 1.55 eV, the

refractive indices for CsPbI3, CsMgI3, CsGaI3, CsCaI3, CsBaI3, and CsSrI3
are 2.3, 2.2, 2.6, 1.3, 1.8, and 1.9, respectively. The n(ω) values begin to
decrease after the peak positions, suggesting less interaction with the
photons. Additionally, it is evident that the n(ω) curve and the ε1(0)
spectra have similar natures due to their strong correlation, as shown
by the formula n (0) = √ ε1(0) [88].

3.5.3. Real and imaginary part of dielectric function
The optical properties of crystalline solids can be described by the

complex dielectric function, ε(ω) = ε1(ω) + iε2(ω); where ε1(ω) and ε2
(ω) are the real and imaginary part of the dielectric function, respec-
tively. The imaginary part of the dielectric function is essential to calcu-
late other optical constants [91]. The imaginary part of the dielectric
function can be calculated from the momentum matrix elements related
to the occupied and unoccupied wave functions in accordance with the
selection rules [92] and can be represented as:

(4)

In the above formula, ω is the phonon frequency, e is the electronic
charge, Ω is the volume of a unit cell, u is the unit vector along the po-
larization of the incident electric field and and are respective
wave functions for conduction and valence band electrons at a particu-
lar k. The imaginary part of the dielectric function may be used to de-

Fig. 8. : Photon energy dependent absorption (a) and refractive index (b) of the CsMI3 perovskite. (c) Comparison of the static refractive index, n at 1.55 eV of
CsMI3, with some other well-known ceramic and optical waveguide materials [The photon energy scale in Fig. (a) is set to 1–4 eV to closely observe the absorp-
tion coefficient and refractive index in the visible region ranging from 1.55 to 3.44 eV].
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duce the real part using the Kramers-Kronig relations. These real and
imaginary parts of the dielectric functions ε1(ω) and ε2(ω) can be used
to obtain the other remaining optical functions, which include the re-
fractive index n(ω), extinction coefficient k(ω), absorption coefficient α
(ω), energy-loss function L(ω), optical conductivity σ(ω), and reflectiv-
ity R(ω), as described in the literature [56]. Fig. 9(a,b) displays the
computed real ε1(ω) and imaginary components ε2(ω) of the dielectric
functions of six metal halide perovskites [M = Pb, Mg, Ga, Ca, Ba, and
Sr]. The position of the real component of the dielectric function's peak
is related to electron excitation in this study, and interband transitions
are the main source of the peak. It is generally known that for metallic
systems, intraband changes from the conduction electrons, particularly
in the low-energy infrared region, dominate the real component of the
dielectric function. However, due to the semiconductor character of
CsMI3 in the current work, interband transitions determine the dielec-
tric function. The real component of dielectric function ε1(ω) for CsPbI3,
CsMgI3, and CsGaI3 compounds exhibits two peaks and a shoulder in
Fig. 9(a), while compounds for CsCaI3, CsBaI3, and CsSrI3 compounds
show one peak and a shoulder. For CsGaI3, CsPbI3, CsMgI3, CsCaI3,
CsSrI3, and CsBaI3, the static real dielectric constant values [at zero en-
ergy or ε1(0)] are 6.8, 4.8, 4.4, 3.7, 3.4, and 3 correspondingly. The ε1
(ω) values for CsMgI3, CsCaI3, CsSrI3, and CsBaI3 are nearly constant in
the visible range (1.58–3.26 eV), as can be seen in the figure. The
largest ε1(ω) value for CsMgI3 is 6.25 and happens at 5 eV, whereas the

maximum value for CsPbI3 is 7.6 and happens at 2.5 eV. In the higher
energy range, ε1(ω) gradually decreases after reaching its apex. Addi-
tionally, it turns negative for all of the perovskites at around 9 eV, indi-
cating that they resist strong plasmonic stimulation and behave like
metals in this area. The imaginary dielectric function [Fig. 9(b)] pro-
vides insight into the state transitions that occur from occupied VB to
empty CB [89,90]. Furthermore, the UV regime is where the highest
values and a few additional lesser peaks are also reached. The peaks of
ε2(ω) seen at those specific energy levels can be attributed to the inter-
band electronic transitions from the valence to conduction bands. In the
high energy (more than 16 eV) region, the imaginary part of the dielec-
tric function approaches zero. Conversely, as the dielectric function's
real part approaches unity at high energies, it indicates that the materi-
als become transparent and absorb relatively little high-energy input
photons.

3.5.4. Optical conductivity and loss function
The plot of the compounds' optical conductivity, σ(ω), is depicted in

Fig. 10(a), and it closely matches the spectra of ε2(ω) and α(ω). The con-
ductance by the compounds produced during optical stimulation
brought on by incident photons of electromagnetic radiation is shown
by optical conductivity. For CsPbI3, CsMgI3, CsGaI3, and CsCaI3, CsBaI3,
and CsSrI3, respectively, the σ(ω) values are also zero until about
1.5 eV, 1.2 eV, 0 eV, and more than 3 eV, after which they rise to

Fig. 9. : Calculated real part (a) and imaginary part (b) of the dielectric function of perovskites CsMI3 (M = Pb, Mg, Ga, Ca, Ba, Sr).

Fig. 10. : Calculated optical conductivity (a) and energy loss function (b) of perovskites CsMI3 (M = Pb, Mg, Ga, Ca, Ba, Sr).
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greater levels. Since zero σ (ω) denotes the lack of optical excitations, it
may be explained that there is little interaction between the com-
pound's electrons and photons from the incident EM beam within that
photon energy range. In the UV range, it reaches its maximal values for
CsMgI3 at 9 eV and for CsPbI3 at 4 eV. In addition to these highest
peaks, there are other notable peaks that are limited to the ultraviolet
region. The results indicate that the majority of the compounds under
consideration exhibit strong conductivity and high absorption in the en-
ergy range of 4–16 eV, with a peak seen at around 4 eV. Additionally, it
is found that, in comparison to Pb-based compounds, Mg-based com-
pounds yield the highest levels of photoconductivity and photon ab-
sorption. It is also evident from the conductivity at zero photon energy
that the compounds are semiconducting by nature.

Fig. 10(b) shows the plot of electron energy loss spectra, or EELS
[L(ω)]. It explains how an incoming electromagnetic beam might
cause a compound's electrons to lose energy. In reality, electronic ex-
citations cause energy loss; the L(ω) spectra provide information on
these plasmonic excitations [93]. The UV region, which has the
largest peaks for all perovskite compounds, is where the bulk of
losses are found, according to the EELS plots.

3.6. Thermodynamic properties

Thermodynamic characteristics, including melting temperature
(Tm), Debye temperature (θD), minimum thermal conductivity (Kmin),
lattice thermal conductivity (Kph), and Grüneisen parameter (γ), have
been examined in order to comprehend the behavior of CsMI3 com-
pounds at high temperatures and pressures. In order to explain several
intriguing physical phenomena, including phonons, specific heat, melt-
ing temperature, thermal conductivity, etc., θD is a crucial characteris-
tic of solids [94]. The following equation [94] may be used to approxi-
mate the value of θD based on average sound velocity:

(5)

where kB and h denote the Boltzmann and Planck constants, respec-
tively. ρ is the density, and NA is Avogadro’s number. V, m, and M are
the volume of a unit cell, the number of atoms within a unit cell, and
molecular weight, respectively. vm implies the average sound velocity
in the crystal, which is calculated using the following equation:

(6)

Here, vt and vl denote the transverse and longitudinal sound veloci-
ties, respectively. The following expressions can be used to calculate vl
and vt using the crystal density, ρ, shear modulus, G, and the bulk mod-
ulus, B:

(7)

The melting temperature, Tm, of the CsMI3 compounds has also been
calculated via the following empirical formula using elastic constants,
Cij [95]:

(8)

Additionally, thermal conductivity is computed, a crucial quantity
that is used to examine a material's ability to transfer heat. It is com-
monly known that temperature directly affects the minimum thermal
conductivity. A material's conductivity steadily increases with tempera-
ture and then gradually declines to a limiting value [96]. Although
there are other comparable formulas available for predicting the lowest
thermal conductivity, the Clarke expression [97] was used in this re-
port's calculation of Kmin, the minimum thermal conductivity, which
has the following definition:

(9)

Where kB is the Boltzmann constant, is the average sound veloc-
ity, M is the molecular mass, n is the number of atoms per molecule,
and NA is Avogadro’s number.

The lattice thermal conductivity can be used to determine the
amount of heat energy transferred by lattice vibrations owing to the
temperature gradient in a material (Kph). Slack [98] proposed the fol-
lowing empirical formula to calculate the Kph:

(10)

With

(11)

The average atomic mass per atom in a compound is denoted by
Mav, the absolute temperature is denoted by T, the number of atoms in a
unit cell is represented by n, and the Grüneisen parameter is repre-
sented by γ. A function of γ is A(γ). Table 3 displays the values of kph
that are computed at 300 K. A lower value of kph is obtained because of
the smaller ΘD [99,100]. For the 211 MAX phases, the value of kph fell
between 2.5 (W/mK) and 36 (W/mK). Additionally, Table 3 displays
the value of the Grüneisen parameter (γ), which indicates the phonons'
anharmonicity. Materials with low γ values indicate that harmonic
benefaction is present, and as a result, they have high phonon thermal
conductivity [55,59]. The crucial parameter for the materials to employ
in the high-temperature zone is the minimum thermal conductivity,
Kmin.

The Grüneisen parameter (γ) provides information regarding anhar-
monic effects, i.e., the temperature-dependent phonon damping as well
as the thermal expansion effects. The Grüneisen parameter can be ex-
pressed as:

Table 3
The calculated density, (p), Debye temperature, (ϴD), longitudinal, transverse, and average sound velocities (Vl, Vt, Vm), minimum thermal conductivity (Kmin),
lattice thermal conductivity (Kph) at 300 K, and melting temperature (Tm) of CsMI3 compounds.
Compound ρ(Kg/m3) Vl (km/s) Vt (Km/s) Vm (km/s) ΘD (k) Kmin (W/m K) K⁎

ph (W/m K) Y Tm (K)

CsPbI3 9130 1.78 0.97 1.48 109 0.231 0.844 1.71 787
CsMgI3 8572 2.01 0.04 1.80 143 0.327 1.51 1.59 759
CsGaI3 8905 1.52 0.02 1.06 83 0.181 0.162 2.22 726
CsCaI3 7663 1.92 0.03 1.66 126 0.276 1.13 1.60 754
CsBaI3 6980 1.59 0.81 1.17 81 0.163 0.266 1.90 719
CsSrI3 7371 1.63 0.87 1.31 95 0.2 0.438 1.77 721
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(12)

where ωn and Φ are the angular frequency and the packing fraction
of crystals, respectively.

The calculated values of Debye temperature, θD, along with different
sound velocities (vl, vt, and vm), melting temperature, Tm, the Grüneisen
parameter, γ, and minimum thermal conductivity, Kmin, lattice thermal
conductivity Kph of CsMI3 under study are listed in Table 3. In general, a
higher Debye temperature is associated with a higher phonon thermal
conductivity and vice-versa. The relatively low values of, Kmin, and Kph
of CsMI3 imply low thermal conductivity, and they might be suitable for
use as thermoelectric devices.

3.6.1. Heat capacities and thermal expansion coefficient
The thermodynamic properties, including heat capacity (Cp, CV)

and thermal expansion coefficient (TEC), have been calculated using
the results from phonon dispersion and following the quasi-harmonic
approximation. These temperature-dependence properties at zero pres-
sure are calculated using the following equations [101]:

(14)

Fig. 11(a, b) displays the predicted values of Cp and Cv in the tem-
perature range of 0–1000 K. Materials may be described using their
specific heat under a variety of thermodynamic constraints. Heat ca-
pacity provides us with important details about the materials, such as
energy band structure, density of state, and lattice vibration. It also
describes the material's capacity to retain heat. The concepts of heat
capacity at constant pressure (Cp) and heat capacity at constant vol-
ume (Cv) are covered here. The phonon contribution dominates Cv
and Cp as a function of temperature. The findings show that the spe-
cific heat Cv and Cp of CsMI3 match the Debye model [102]. This
model provides an accurate prediction of the temperature dependency
of the heat capacity at constant volume at low temperatures. CsMI3

Fig. 11. : Calculated heat capacity at constant pressure, Cp (a) and heat capacity at constant volume, Cv (b), and estimated TEC values (c) of Perovskites CsMI3 (M =
Pb, Mg, Ga, Ca, Ba, Sr).
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exhibits a considerable increase in heat capacity (Cv and Cp) at tem-
peratures as high as 200 K. Furthermore, it has been discovered that
elevated temperatures allow for the reinstatement of the Dulong-Petit
law. Scientists are interested in disseminating information about the
application at high temperatures. By analyzing the thermal character-
istics defining factors like Debye temperature (ΘD), phonon thermal
conductivity (kph), minimum thermal conductivity (Kmin), Grüneisen
parameter (γ), and melting temperature (Tm), one may comprehend
the uses of these materials as thermoelectric power generator. The
discrepancy between Cp and Cv is due to the thermal expansion of ma-
terials, which is brought on by the anharmonicity in the lattice dy-
namics.

The thermal expansion coefficient (TEC) is calculated by the follow-
ing equation [103]:

(15)

Where = Grüneisen parameter, = specific heat at constant vol-
ume, = isothermal bulk modulus, and = molar volume. The vari-
ation of TEC with temperature is presented in Fig. 11(c) for the com-
pounds under study. The values are found to be 1.12 × 10−6, 1.24 ×
10−6, 2.24 × 10−6, 1.21 × 10−6, 1.44 × 10−6, 1.72× 10−6 (with unit
K−1) at temperature 300 K for the CsMI3 (M = Pb, Mg, Ga, Ca, Ba, Sr)
compounds, respectively. These values are comparable with the re-
ported values for the Ti2SC 211 MAX phase system [104]. The values of
Cp are calculated using and values are found to
be26.97, 28.99, 28.49, 27.29, 29.44, and 29.11(with unit J/mol.K) for
the CsMI3 (M = Pb, Mg, Ga, Ca, Ba, Sr) compounds at temperature
300 K, respectively [55].

3.7. Lead free perovskites (Supercell of CsMg(I1-xBrx)3, x= 0–1 in step of
0.25)

The key characteristics of the studied perovskite materials are illus-
trated in Table 4. It is seen that CsMgI3 has higher absorption coeffi-
cient compared to others and it is suitable for optical device applica-
tion. However, CsGaI3 and CsCaI3 are shown medium absorption,
whereas CsBaI3 and CsSrI3 have very low optical absorption, conse-
quently are not suitable to use in especially solar cell device.

Table 4 summarizes the essential characteristics of the metal halide
perovskites CsMI3. As can be seen in Fig. 8(a), the CsGaI3 displays
high absorbance, using the HSE06 potential, it is proven that Eg=
1.74 eV. Since the CsGaI3 exhibits semiconductor properties, it might
be a good choice for solar applications. Consequently, further insight
into the CsGaI3 characteristics may be gained. Then, the Mg-based
compounds, in contrast to Pb-containing compounds, exhibit high op-
tical absorbance and optical conductivity, indicating that Mg might be
a more suitable substitute for lead. However, due to their wide or tun-
able band gap behavior, all of the metal halide perovskites of CsCaI3,
CsBaI3, and CsSrI3 are outside the prescribed band gap (Shockley-
Queisser limit for single solar cell) to achieve the highest possible effi-

Table 4
The key properties are summarized to predict perovskites.
Traits CsPbI3 CsMgI3 CsGaI3 CsCaI3 CsBaI3 CsSrI3

Optical
Absorption

Less High High Medium Less Less

Photoconductivity Less High Medium Medium Less Less
Ductility Highly

Ductile
Brittle-
Ductile
Border
line

Highly
Ductile

Ductile Highly
Ductile

Highly
Ductile

Dynamically
stable

Yes Yes Yes Yes Yes Yes

Reflectivity High High Medium Less Less Less
Formation Energy Negative Negative Negative Negative Negative Negative

ciency in solar cells, even though their mechanical properties, which
include elastic constants and material tolerance factors like brittleness
or ductility, clarify their stability by Born stability criteria. Further-
more, because CsMgI3 has the maximum absorption and photoconduc-
tivity in the solar spectrum, It may be assumed that it would be a su-
perior lead-free perovskite material for solar cell application. How-
ever, the issue with CsMgI3 is that it remains at the boundary between
brittleness and ductility. However, brittleness can be reduced by com-
bining Br and Cl with CsMgI3 in a solid solution [supplementary Fig. 5
(a,b)] [105]. This will increase the likelihood of obtaining a more
lead-free, magnesium-based perovskite compound with a better band
gap and better optoelectronic characteristics for use in solar cells. The
mechanical characteristics and electronic band gap of solid solutions
CsMg(I1-xBrx)3 have been computed in order to identify a ductile lead-
free perovskite (supplementary Table-2 and Fig. 6). Fig. 12 shows the
Pugh's ratio with Poisson's ratio for various combinations of I and Br.
The results show that in CsMg(I1-xBrx)3, the highest ductility is located
at x = 0.25. Furthermore, a visual representation of the band gap
value with the lattice parameter for different CsMg(I1-xBrx)3 combina-
tions is shown in supplementary Fig. 6a. The results indicate that
CsMg(I0.75Br0.25)3 is more ductile than CsMgI3. Additionally, the mate-
rial is soft and mechanically stable (Supplementary Table 3), and it
can be readily fabricated as a thin film. A supercell of CsMg(I1-xBrx)3 is
produced where x = 0, 0.25, 0.50, 0.75, and 1 in order to better un-
derstand absorption and optical conductivity. The electronic band gap
of CsMg(I0.75Br0.25)3 is determined to be 1.4 eV. For applications that
need ductility, the optimum Pb-free perovskite would be
CsMg(I0.75Br0.25)3. The electronic band gap value is graphically pre-
sented with the lattice parameter in supplementary Fig. 6 (a,b), indi-
cating that CsMg(I1-xBrx)3 is a superior combination.

3.7.1. Electronic band gap of lead-free perovskites (Supercell of
CsMg(I1-xBrx)3, x = 0, 0.25, 0.50, 0.75, 1)

Despite having acceptable mechanical stability and ductility quali-
ties (supplementary Fig. 5), the CsMg(I0.6Br0.4)3 solid solution does not
exhibit the optical properties necessary to get a desired band gap value
of 1–1.8 eV for use in solar cell applications. To get a deeper knowledge
of the electronic band gap and more suitable optoelectronic characteris-
tics, a supercell of 40 CsMg(I1-xBrx)3 atoms, with x = 0, 0.25, 0.50, 0.75
has been constructed and 1; the structural property section has already
covered x-values. 24 I atoms in the CsMgI3 supercell have undergone
successive changes to produce the desired mixture of 25 %, 50 %, 75 %,
and 100 % Br in the molecule. Fig. 13 displays the predicted mechani-
cal characteristics (supplementary Table-3) and electrical band gap of
the supercell CsMg(I1-xBrx)3, with x = (0, 0.25, 0.50, 0.75, and 1).

Fig. 12. : Variation of Pugh’s ratio with Poisson’s ratio of the perovskites with
different compositions in supercell of CsMg(I1-xBrx)3. The red dashed line sepa-
rates the ductile materials from the brittle.
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Fig. 13. : Variations of band gap of the perovskites with different composition
[CsMg(I1-xBrx)3 supercell].

According to the findings (Supplementary Table 3), the
CsMg(I0.75Br0.25)3 compound is more ductile than the CsMgI3 material.
It is also soft and mechanically stable, making it easy to form into thin
films. Supplementary Table 3 indicates that these composite com-
pounds exhibit a modest phase change from cubic to triclinic, as well as
21 positive stiffness constants that all fulfill stability requirements. It is
discovered that CsMg (I0.75Br0.25)3 has a band gap of 1.35 eV and favor-
able optical characteristics, indicating that it is a favorable candidate
for lead-free perovskite. However, the CsMg(I1-xBrx)3 compound ex-
hibits an expected band gap of 1.87 eV for x = 0.50 and 0.75. However,
the Shockley-Queisser limit indicates that a reasonable band gap for a
single solar cell is 1.4.

For considered lead-free perovskite compounds CsMg(I1-xBrx)3,
where x = 0, 0.25, 0.75, 0.50, 1, the detailed optical properties, includ-
ing the real and imaginary parts of dielectric functions, refractive index,
extinction coefficient, absorption spectra, reflectivity, and photocon-
ductivity, are investigated up to the photon energy of 20 eV to reveal
the response of the materials in solar and high energy radiation
[Supplementary Fig. 7 (a-e)]. The amount of light at a given wave-
length (energy) that enters a material before it is absorbed is measured
by the substance's optical absorption coefficient [104]. Additionally, it
provides details on the ideal solar energy conversion efficiency, which
is crucial for a material's actual use in solar cells. Fig. 14(a) shows the
computed optical absorption spectra of the compounds under consider-

ation for the visible range. Its values are nearly identical to the bare
CsMgI3, and it varies greatly in the visible range.

The calculated refractive index, n, is shown in Fig. 14 (b), where n
can be varied from 2.10 – 2.24 in the range of visible range for x =
0.25. It is consistent with its bare CsMgI3 compound that is comparable
with its commercially available counterpart (Fig. 8c). The remaining
optical properties of the supercell, i.e., dialectic constant, conductivity,
and loss function, have been represented in the supplementary section.
All these findings reveal that CsMg(I0.75Br0.25) is a better replacement
for lead-free perovskite for solar cell applications.

4. Conclusions

First-principles DFT calculations have been performed to investigate
the structural, electronic, optical, mechanical, and thermodynamic
properties of Pb-free inorganic metal halide cubic perovskites CsMI3 (M
= Mg, Ga, Ca, Ba, Sr). These compounds have been compared with the
Pb-based compounds. The negative formation energy, all positive fre-
quencies in the phonon dispersion curve, and fulfillment of stability
conditions by elastic constants confirmed the chemical and structural
stability of the compounds. This study suggests that the electronic band
gap value and other physical properties are affected by the replacement
of the M= (Mg, Ga, Ca, Ba, Sr) atoms in place of Pb atom of CsMI3 com-
pound. These are the key features of the materials to be used in the solar
cell and optoelectronic devices. The investigated perovskite compounds
are mechanically stable and can easily be developed into thin films as
the materials have low bulk modulus. According to the optical proper-
ties as well as electronic properties analysis, the Mg atom appears supe-
rior to Pb for the considered inorganic perovskites, as Mg-based com-
pounds CsMgI3 have higher optical absorption and optical conductivity
than the Pb-based compounds, specially the composition
CsMg(I0.75Br0.25) is suitable for the use as absorbing material in the so-
lar cell. However, the CsMgI3 is slightly brittle and may not be superior
in applications that require ductility. Finally, supercell
CsMg(I0.75Br0.25)3 proves its proper capability in mechanical, electronic,
and optical fields so that results favor the better replacement of lead-
free perovskite.
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