
 

i 

 

FIRST PRINCIPLES DFT ANALYSIS OF LEAD FREE Rb2MInX6 DOUBLE 

PEROVSKITE HALIDES FOR PHOTOVOLTAIC APPLICATIONS 

 

A thesis submitted to the 

Department of Materials and Metallurgical Engineering (MME) 

of 

Bangladesh University of Engineering and Technology (BUET) 

In partial fulfillment of the requirement for the degree of 

MASTER OF SCIENCE IN MATERIALS AND METALLURGICAL ENGINEERING 

by 

Md. Jahidul Islam 

Roll: 0421112004 

 

 

 

 

 

 

 

 

Department of Materials and Metallurgical Engineering 

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY (BUET) 

December 2022 

 



 

ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iv 

 

ACKNOWLEDGEMENT 

At the very beginning, I would like to express my heartiest gratitude towards the 

Almighty for providing me the chance to complete my thesis within time. 

I express my sincere gratitude to my supervisor, Prof. Dr. Fahmida Gulshan, for her 

kind supervision, indispensable guidance, valuable and constructive suggestions and 

liberal help during this thesis work. I am truly indebted to her for esteemed guidance 

and encouragement from the beginning to the end of this thesis. 

I am profoundly thankful to Dr. Shaestagir Chowdhury, Intel Corporation, USA for 

his valuable advice and directions that help me a lot to choose the proper direction 

for the thesis.  

I would like to thank Prof. Dr. Samia Subrina, Department of Electrical and 

Electronic Engineering, BUET, for the support and advice she continues to give me, 

without which the research work would have become unduly lengthened. 

I would like to thank Dr. Mainul Hossain, Department of Electrical and Electronic 

Engineering, the University of Dhaka for giving the access to the server by which 

some parts of my theoretical works are done.  

I’m also thankful to Dr. Ishtiaque M. Syed, University of Dhaka, University of 

Dhaka for giving the access to the server by which some parts of my theoretical 

works are done.  

Finally, I would like to thank my family members who support and contribute to me 

to complete the Degree. 

 



 

v 

 

ABSTRACT 

Perovskites have emerged as a new superstar in the field of photovoltaics. This group of 

semiconductors has a wide range of properties that are suitable to be used in a wide range of 

optoelectronic. The efficiency of perovskite solar cells has greatly increased during the past ten 

years, and the organic-inorganic hybrid halide perovskite foramidinium lead tri-iodide (FAPbI3) 

has attained a high efficiency of 25.8%. Commercial use of halide perovskites may revolutionize 

the field of world photovoltaic and energy due to having cheaper, easily available in nature, easy, 

rapid and low temperature processing, and more efficient than silicon-based technology. But 

toxicity and insufficient long-term stability are the main barriers to being used commercially in 

large-scale applications. Finding stable, non-toxic, Pb-free perovskites is therefore crucial for the 

advancement of perovskites-based optoelectronic technologies.  

Recent studies demonstrated that the stability and toxicity issues can be solved simultaneously by 

using lead-free, all-inorganic double halide perovskites. This thesis presents a first-principles 

Density Functional Theory (DFT) investigations of the structural, electronic, optical and 

mechanical properties and thermodynamic and mechanical stability of Alkaline and Indium based 

noble inorganic double halide perovskites group Rb2MInX6 (where, M= Li, Na and K and X= Cl, 

Br, I). It is found from this study that Rb2LiInX6 perovskites have failed to meet the structural 

stability criterion imposed by the octahedral factor. First principles study demonstrates that 

Rb2KInX6 have structural, and thermodynamical stability against decomposition but don’t have 

mechanical stability. On the other hand, all the Sodium (Na) based perovskites, Rb2NaInX6, have 

structural, mechanical, and thermodynamical stability against decomposition and show ductile 

behavior and direct nature in the band gap (3.01 eV for Rb2NaInCl6 1.81 eV for Rb2NaInBr6 and 

0.66 eV for Rb2NaInI6). Rb2NaInBr6 and Rb2NaInI6 have strong absorption in the visible range 

and suitable band gap and electron-effective mass for use in solar cells. Additionally, we have 

found that Rb2NaInCl6 exhibits strong UV absorption and suitable VBM and CBM energy to 

function as a photocatalyst in the water-splitting process. 
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND 

The primary source of energy in the world is fossil fuels. The world is searching for a new, clean 

and dependable renewable energy source due to the rise in energy demand, as well as the 

environmental pollution and greenhouse effect of fossil fuels. The most plentiful energy available 

at hand is without a doubt solar energy. Over 1,500 exawatt-hours of energy comes into the earth 

in the form of solar rays which is nearly 200 times greater than the sum of all the known reserves 

of fossil fuel energy (just 9 exawatt-hours) [1]. Less than 0.3% of this energy can meet the world's 

energy demands. A photovoltaic cell can directly convert solar energy into electrical energy, 

bypassing all the complicated steps needed for conventional power conversion. However, the cost 

per unit of energy for solar cells is much higher than the cost of energy from fossil fuels because 

it is more expensive to produce traditional solar cells like silicon or GaAs [2]. 

Perovskites have emerged as a new superstar in the field of photovoltaics that can be synthesized 

rapidly at low temperatures [3]. It has compatible properties for PV applications [4] [5] such as 

suitable direct band gap, strong absorption in the visible range,[6] [7] low carrier effective masses, 

high carrier diffusion length, lifetime and mobility [8] [9] [10], defect tolerance and self-regulation 

[11] [12]. Due to having those properties perovskites are not only used as a solar absorber but also 

used in the field of photocatalysts [13] [14], white light emitters, LASERs, phosphors [15] [16], 

photodetectors [14] [17], scintillators [18], memristors [19] and field-effect transistors (FET). A 

lot of research work and advancement has been done on perovskite solar cells in the last decade 

and the efficiency increases from the first reported value of 3.8% in 2009 [20] to 25.8% in 2022 

[21]. Even though the lead-based hybrid perovskite has very high efficiency, it has poor long-term 

stability in the ambient environment and the efficiency decreases very rapidly with time [22][23]. 

The replacement of the organic cation at the A site (APbX3) by inorganic substitution of Cs+/Rb+ 

cations can increase the stability [24] [25] [26], however the toxicity of the Lead cannot be ignored. 

To address the long-term stability and toxicity, recent research is focused on the perovskite and 

perovskite-like structure to find a non-toxic alternative to lead-based perovskites. But it is not easy 

to find a nontoxic material with long-term stability that still has promising photovoltaic properties. 
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Different directions have been taken for this purpose. The first direction was the substitution of 

the Pb2+ cation with homovalent cations like Ge2+, Sn2+, etc [27]. But the halide perovskites with 

Sn and Ge are highly unstable and prone to oxidation in ambient conditions due to having 

nonbonding valence electrons, ns2, and oxidized to tetravalent cation from divalent cation [28]. 

The following direction has been the heterovalent substitution of two Pb2+ cations by one single 

charged (+1) and triple charged (+3) cation to yield the same overall charge balance as the 

conventional perovskites and formed a new type of materials, halide double perovskite, that have 

chemical formula unit as A2B(I)B(III)X6 [29]. Due to having octahedra with two different types 

of cations, it shows different types of band structures and absorption depending on the nature of 

the cations. The first known material with this structure was K2NaAlF6 which has a cubic structure 

with an Fm3̅m space group that was first revealed in 1932. A lot of organic-inorganic (hybrid) and 

all inorganic perovskites have been synthesized successfully and photovoltaic performance has 

been measured. It is found that all inorganic perovskites overcome the stability problem in hybrid 

perovskites due to replacing the organic cation at the A site with Cs+/Rb+ which enhances the 

interaction between those inorganic cations and [BX6] – octahedra [25]. 

All-inorganic perovskites have drawn interest due to these intriguing properties, and ongoing 

theoretical and experimental research is being done to identify new, promising candidates. 

Numerous all-inorganic double halide perovskites have been synthesized, and their various 

applications have been identified.  For instance, Cs2AgBiBr6 perovskite with an indirect nature 

band value of 1.95 eV and a room-temperature photoluminescence lifetime as high as 660 ns was 

first synthesized by Slavney et al. [30]. Due to its high light sensitivity and fast responses, it is 

used as a photodetector. Most recently, its highest efficiency is increased to 6.37% [31] and can 

also effectively use as the top layer in tandem solar cells. Some other high-stable perovskites like 

Cs2AgBiCl6 [32], Cs2AgSbCl6 [33] and Cs2AgInCl6 with the same characteristics have also been 

synthesized [34]. The synthesis of a highly stable direct band gap perovskite, Cs2NaVCl6 with 

strong absorption in the visible-IR range [35] has also been reported. The lists are continually 

growing and new perovskites with special properties are synthesized, such as Cs2NaScCl6 

exhibiting strong blue emission [36], Cs2NaBiCl6 that exhibits photoluminescent properties with 

doping [37] [15], Cs2NaInCl6 can be used as a LED and phosphor by doping [38] [39].  



 

3 

 

1.2 RESEARCH PROBLEM 

The halide perovskites are still being the developed stage despite the significant amount of research 

that has been performed in a very short period of time. This is because there are still certain 

challenges. Low production cost, high efficiency, and notably long-term sustainability are required 

for the commercial uses of halide perovskites [40]. According to the literature review, it is found 

that lead halide hybrid perovskites such as MAPbI3 have undergone more exploration than others 

because of exhibiting excellent power conversion efficiencies (PCEs). The issue with those 

materials is that they don't offer enough stability and include lead (Pb), which is poisonous and 

might be dangerous for the environment and human health. According to a recent report, the 

lifespan of perovskite materials that include iodine may also be shortened by iodine's tendency to 

self-degrade [22]. Therefore, it is essential to obtain Pb-free perovskites, which have long term 

stability and could be used for optoelectronic and energy applications. Furthermore, Pb-containing 

organic-inorganic perovskites MAPbX3 (X = I, Br, Cl) have a low relative dielectric constant. 

Because of the small dielectric constant, the charge carrier recombination rate enhances and has 

an impact on the overall performance of solar cells, this is a serious constraint for solar cell 

applications [41].  

Because of the materials' structural instability against moisture, air, and temperature as well as the 

toxicity of lead, commercializing them on a wide scale remains extremely difficult. Finding 

sustainable and nontoxic perovskites is essential for the production of perovskite solar cells in the 

future. By employing carbon encapsulation, multi-cation substitution, and the addition of 

hydrophobic moieties, the long-term stability problem of the halide perovskites can be addressed 

[42]. However, replacing Pb with non-toxic elements is the only solution to resolve the toxicity of 

perovskite materials [43]. But it is not easy to find a nontoxic material with long-term stability that 

still has promising photovoltaic properties. Different directions have been taken for this purpose. 

The first direction was the substitution of the Pb2+ cation with homovalent cations like Ge2+, Sn2+, 

etc. But the halide perovskites with Sn and Ge are highly unstable and prone to oxidation in 

ambient conditions due to having nonbonding valence electrons, ns2, and oxidized to tetravalent 

cation from divalent cation.  

Both toxicity and stability problems can be addressed simultaneously by inorganic double halide 

perovskites. In which the heterovalent substitution of two Pb2+ cations by one single charged (+1) 
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and triple charged (+3) cation produces a structure with chemical formula unit A2M(I)M(III)X6 

with the overall same charge as like lead halide perovskite. 

 

1.3 AIMS AND OBJECTIVES 

To achieve the goal of this study, the specific objectives can be summarized below: 

1. Prediction of the stability of the cubic phase of Rb2MInX6 (Where, M= Li, Na and K, and 

X= Cl, Br, and I) double perovskite by empirical equations.  

2. Determining the thermodynamic and mechanical stability of those proposed perovskites. 

3. Studying the structural, optoelectronic, thermoelectric, dielectric, optical, and mechanical 

properties of stable Rb2MInX6 perovskites by DFT calculations to find best possible Pb-

free inorganic perovskites for photovoltaics and optoelectronics. 

4. Determining the suitability of those perovskites to be used as light absorbers in solar cells 

and used in other applications like Photocatalysts, Light Sensors, Diodes, etc.   

 

1.4 THESIS OUTLINE 

In order to develop a stable Pb-free material for photovoltaic and optoelectronic applications, this 

thesis describes a first-principles density functional theory (DFT) examination of the structural, 

electrical, optical, transport and mechanical properties of Rb2MInX6 perovskites. Herein, all about 

the thesis. 

 Chapter 1 introduces this research including the background of the research topic, current 

problems and challenges as well as the aims and objectives of this study.  

 Chapter 2 presents a literature review explaining the background and current advancement 

in this field of research. The structure, divisions, characteristics of perovskite materials and 

broad range of prospective uses for perovskites beyond the photovoltaic is presented. 

Furthermore, the progress in finding Pb-free perovskites appropriate for photovoltaic 

devices and optoelectronic devices has also been highlighted in this article. The most recent 

research studies are also discussed here.  
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 Chapter 3 contains the theory behind DFT, implementation of DFT and applications of 

DFT in finding the lattice parameter by finding the equilibrium structure, calculating the 

density of state and band structure and other properties like dielectric, optical and 

mechanical. 

 Chapter 4 gives a more detailed description of the computational methods employed and 

parameters used for the first principal study by using the VASP and details about the 

INPUT files are also discussed.  

 Chapter 5 reports the obtained results of the structural, electronic, optical, and mechanical 

properties of Alkaline and Indium based inorganic double perovskites, Rb2MInX6 (Where, 

M= Li, Na and K, and X= Cl, Br, and I). In this study, this section also focused on the 

investigations of the stability and fundamental properties of perovskite materials to 

understand the characteristics of the materials and the possible use of Rb2MInX6 

perovskites in the field of photovoltaic applications. 

 Finally, chapter 6 outlines the main conclusions of the ongoing investigations. It also 

contains important recommendations for the further advancement of the field by 

considering the findings of the study. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 CONCEPT OF PEROVSKITE MATERIALS 

2.1.1 Perovskite and Perovskite Structure  

The material known as perovskite was initially discovered by Gustav Rose in the Ural Mountains 

of Russia in 1839, is named in honor of von Perovski, a Russian mineralogist and the pioneer and 

founder of the Russian Geographical Society [44]. A compound that possesses the same structure 

as the perovskite mineral is known as a perovskite structure or perovskite material. Calcium 

titanium oxide is the earliest perovskite material to be found (CaTiO3) [45]. However, A 

perovskite material is a substance that shares the same crystalline structure as a perovskite mineral 

and has the chemical formula ABX3, where 'A' and 'B' are two cations of greatly dissimilar radii, 

and X is an anion that bonds to both of them.  

2.1.2 Crystal Structure of Perovskite Materials  

Depending on the temperature, the inorganic and organic halide perovskites possess various 

phases [46]. At high temperature, these materials have a cubic perovskite ABX3 structure with 

space group 𝑝𝑚3̅𝑚 having space group number 221 [47] in which [BX6]4- form a corner 

connecting 3D networks. The unit cell contains one formula unit, ABX3, shown in figure 1-1, 

where the “A” atoms are positioned at (0, 0, 0) point of the lattice, “B” atoms are positioned at 

the centered (½, ½, ½) positions and the “X” atoms are at the face centered (½, ½, 0) positions or 

center of each face plane of the cubic lattice as shown in Figure 2.1.  

 

 

 

 

Figure 2-1 Unit cell of cubic ABX3 halide perovskite structure 
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2.1.3 Classification of Perovskite Materials  

Perovskite materials fall into two types based on their chemical composition. 

(a) Inorganic Perovskites 

(b) Organic- Inorganic or Hybrid Perovskites 

When all positions of the unit cell contain inorganic materials/elements are called inorganic 

perovskites. For example, CsPbI3, CsSnBr3, etc. When the A-site of the perovskite is replaced by 

an organic cation, it’s called Organic- Inorganic or Hybrid Perovskites.  The most widely used 

replacement is methylammonium (CH3NH3 or MA) [48]. Some other organic cations like 

formamidinium (NH2CH=NH2 or FA) is also replaced the inorganic cation to form organic 

compounds [49] [50]. Initially, hybrid halide perovskite was the center of research interest. 

Nowadays both organic and inorganic perovskites are investigated intensively.  

2.2 PHYSICAL PROPERTIES AND CRITICAL PARAMETERS  

Due to having an optical bandgap ranging from 1.48 eV to 2.23 eV, the methylammonium lead 

trihalide (CH3NH3PbX3, where X is a halogen ion such as I, Br, or Cl) is the most researched 

perovskite absorber [50]. It ought to be able to achieve better efficiencies since the minimum 

bandgap is nearer to the ideal value for both single junction and hetero-junction solar cells [50]. 

The halide concentration of methylammonium lead halides may be controlled to almost cover the 

visible spectrum and tailor the band gap completely [51]. Additionally, the materials exhibit 

electron and hole diffusion lengths larger than one micrometer [52]. In fact, W. J. Yin et al. [53] 

speculate that the materials' lengthy electron-hole diffusion length may be the reason behind their 

strong optical absorption, low carrier effective masses, and dominating point defects. 

Additionally, one of the most intriguing characteristics of perovskite materials is sluggish carrier 

recombination. However, C. Motta et al. suggest that this sluggish carrier recombination may be 

brought on by molecule rotations, with the subsequent dynamical shift in the band structure [54]. 

The materials have adjustable structural and compositional characteristics in addition to the 

fundamental optoelectronic characteristics [55]. 
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2.3 POTENTIAL APPLICATIONS OF PEROVSKITES  

 

Figure 2-2 Variation of efficiency over time in different solar cell technology [56]. 

Despite the fact that these perovskite materials have been well-known for many years, it wasn't 

until 2009 when Miyasaka et al. [20] employed them in solar cells. Miyasaka et al. [20] used a 

dye-sensitized solar cell model and obtained a power conversion efficiency (PCE) of 3.8% by 

depositing a thin layer of perovskite onto an electron transport layer, mesoporous TiO2.  But, after 

a limited period of time, the cell lost its effectivity and decomposed into various binary compounds 

when it came into contact with moisture. In 2012, Henry Snaith and his co-workers [57] found that 

the perovskite is stable in contacted with a solid-state hole transporter such as spiro OMeTAD  and 

did not require the mesoporous TiO2 layer in order to transport electrons. But the high synthesis 

cost of spiro-OMeTAD gives rise to another problem for commercial applications. After this, a 

power conversion efficiency (PCE) of 9.7% was found in solid-state mesoscopic heterojunction 

solar cells employing nanoparticles (NPs) of methylammonium lead iodide (CH3NH3)PbI3 as light 

harvesters in the middle of 2013 [58]. At the same time, Henry Snaith et al. [59] found a PCE of 

12.3% by planar thin-film architecture and they also found that the ambipolar perovskite transports 

both holes and electrons, converts the absorbed photons into collected charge with close to 100% 

efficiency. Using the thin-film architecture with planar geometry, Yang Yang et al. [60] found a 
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PCE of 19.3% and they also claimed that their fabricated perovskite solar cells operated in air and 

are inexpensive.  

 

Figure 2-3 The change in Power Conversion Efficiency of perovskite solar cells compared to 
other types of photovoltaics over recent years. (Data collected from “www.ossila.com”). 

Researchers from the Swiss Federal Institute of Technology in Lausanne (EPFL) and the Ulsan 

National Institute of Science and Technology (UNIST) recently claimed to get a record efficiency 

of 25.7% for a single junction solar cell with [56]. Additionally, Figures 2-3 and 2-4 show that 

the perovskite solar cell's efficiency is growing quickly in comparison to all other solar cell 

technologies. 

It is commonly believed that a good light absorber may also be a good light emitter, and this idea 

has encouraged researchers to consider further optoelectronic uses for perovskite materials. In a 

recent article, J. Chen et al. [61] illustrated all of the potential uses for perovskites as well as their 

optoelectronic characteristics (Figure 2-5). It is conceivable to produce such materials at the 

nanoscale, claim Chen et al. [61]. Perovskites, therefore, have promise in a variety of 

optoelectronic applications, including photodetector, photoluminescence, electroluminescence, 

light-emitting diodes, lasers, field-effect transistors, and light-emitting electrochemical cells [61]. 

In addition, these materials' band gaps are easily adjustable throughout practically the whole 

visible light spectrum, which is crucial for color light-emitting diodes, lasers, and other 

optoelectronic applications [51]. 
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Figure 2-4 The efficiency of emerging PV in recent years [56] 

 

 

 

Figure 2-5 Potential optoelectronic properties and applications of typical perovskite ABX3 
(acronyms: QD: quantum dots, NW: nanowire, NR: nanorod, NC: nanocrystal, MC: millimeter-
scale crystal, NP: nanoparticle, PL: photoluminescence, EL: electroluminescence, LEDs: light-

emitting diodes, FET: field-effect transistor and LECs: light-emitting electrochemical cells) . 
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2.4 DOUBLE PEROVSKITES  

2.4.1 Crystal Structure of Double Perovskites  

Double perovskites are a novel family of materials that share a crystalline structure with perovskite 

materials. In perovskite, ABX3, only B forms a 3D network of high symmetric corners connected 

BX6 octahedral site. In double halide perovskites, two divalent B ions are replaced by a monovalent 

and trivalent element and form double perovskite with a formula unit A2BBʹX6, Where A is single 

valance element and compound which form cation A+, B is elements with +1 ionic state and B’ is 

elements with +3 ionic state. This belongs to cubic double perovskite groups, which have an Fm3̅m 

space group. In which two different octahedra, BX6 formed by B+ with six surrounding halogens 

(X) ions and B’X6 formed by B3+ with six surrounding halogen s(X) ions, alternate in space to 

form a corner connecting three-dimensional (3D) networks [62] as seen in Fig. 2-6. Similar to Na+ 

and Cl- in rock salt, one BX6 octahedron is surrounded by six B’X6 octahedra and vice versa. The 

A cation has four adjacent octahedra. In the unit cell of double perovskite A2BBʹX6, the A atoms 

occupy the 8c Wyckoff position with fractional coordinates (0.25, 0.25, 0.25), the Bʹ atoms occupy 

the 4a Wyckoff position with fractional coordinates (0, 0, 0), the Bʹʹ atoms occupy the 4b Wyckoff 

position with fractional coordinates (0.5, 0.5, 0.5) and the X atoms occupy the 24e Wyckoff 

position with fractional coordinates (x, 0, 0) 

Those two types of octahedra are formed by two different hetero-charged cations (B+ and B3+) at 

the center that have different electronegativity. The bond lengths of B-X and B’-X are different, 

so they form octahedrons of two different sizes. This reduces the symmetry of the system of double 

halide perovskite to that of single perovskite, in which only one type of octahedron forms the 

corner connecting 3D networks.   
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Figure 2-6 Polyhedral model of the conventional unit cell of a double perovskites 

 

2.4.2 Properties and Potential applications of Double Perovskites  

Like inorganic and organic-inorganic hybrid perovskites, double perovskite materials are 

anticipated to exhibit comparable optoelectronic characteristics [63]. In addition, it is anticipated 

that the materials could possibly escape the toxicity and instability problems related to lead-based 

organometallic perovskites [64]. As a result, just like perovskite materials, double perovskites have 

the potency to be used in a variety of applications beyond the solar cells, including the field of 

LEDs [38-39], photocatalysts [13-14], white light emitters, LASERs, phosphors [16,18], 

photodetectors [14,15,17], scintillators [18], memristors [19] and field-effect transistors (FET), 

light-emitting electrochemical cells, and solar-to-fuel energy conversion devices. Despite this wide 

variety of potential uses, the synthesis and characterization of many halides’ inorganic double 

perovskites (such as Cs2BiAgI6, Cs2BiAgBr6, Cs2BiAgCl6, and Cs2InAgCl6) [64] [66] in 

addition to halide hybrid double perovskites (such as MA2BiAgBr6 [67], MA2BiKCl6, 

MA2BiTlBr6, MA2KGdCl6, MA2KYCl6) [67] [68] have been reported in the literature. However, 

most of the investigated compounds either have significant electrical band gap values or have 

inferior optical characteristics, making the investigated compounds unsuitable for solar use [69]. 

As a result, it is predicted that researching a wide range of B and B’ combinations in A2BB’X6 

may open up prospects to discover an effective alternative to Pb-based halide perovskites in 

photovoltaics and optoelectronics [43]. 
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2.5 MATERIALS SELECTION  

Finding a noble Pb-free, non-toxic perovskites for photovoltaic and optoelectronic applications is 

the prime objective of the current investigation. Pb from perovskites must be replaced with other 

appropriate elements in order to accomplish this.  A complex substitution of Pb in perovskites can 

be done by a combination of a trivalent and a monovalent cation to produce a new structure called 

as double perovskites which can be expressed by the general chemical formula, A2BBʹX6, where 

A is a relatively large cation (typically Cs+/Rb+), B and Bʹ are respectively monovalent and 

trivalent cations, and X is halogen. For instance, the double perovskite Cs2NaInI6 is created when 

the element Pb is removed from the perovskite CsPbI3 and replaced with the trivalent elements In 

(Indium) and monovalent element Na (sodium). The probable trivalent elements can be scandium 

(Sc), yttrium (Y), antimony (Sb), Indium (In) and bismuth (Bi), the elements are shown by green 

colour in the periodic table as shown in Figure 2-7. Also, the probable monovalent elements can 

be Lithium (Li), Sodium (Na), Potassium (K), copper (Cu), silver (Ag) and gold (Au) and are 

shown by a red color box and the probable large cation at site A are showed by a blue color in 

Figure 2-7. 

A literature review was done on all the theoretically and experimentally studied perovskites to find 

out the noble group of perovskites and pencil and sketch method is used to select one group of 

perovskites that have favorable properties for electronic and photovoltaic application. Direct band 

gap double perovskite can be identified by pencil and sketch method shown in figure 2-8.  

 

2.5.1 Theoretical and experimental works done on inorganic double perovskites  

An intensive literature review has been done on different classes of double perovskites based on 

the combination of B (I) and B’ (III) site materials. Properties of different group of perovskites 

found from this review and suitable noble perovskite materials can also be identified.  

Group-1 and group-13: 

Saeed et. al. [70] did a DFT-based study of group-1 and group-13 based double halide perovskites 

by using the full-potential linearized augmented plane wave plus local orbitals (FP-LAPW+lo) 

method based on the WIEN2k code. They employed generalized gradient approximation (WC- 
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Figure 2-7. Periodic table showing the possible trivalent (blue boxes) and monovalent (red box) 
elements to form double perovskite structure because of the replacement of Pb from perovskite by 
complex substitution. 

 

Figure 2-8 Expected k-point location of conduction band minimum and valance band maximum 
for all the possible combinations of B and B’ orbitals. 
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GGA) to calculate electronic and thermodynamic properties. To find a more accurate band gap 

they employed modified Becke–Johnson (mBJ) schemes [71]. It is found from this study that 

Cs2LiAlBr6, Cs2NaAlBr6, Cs2LiGaCl6, Cs2LiGaBr6, Cs2NaGaCl6, Cs2NaGaBr6, Cs2LiInBr6 and 

Cs2NaInBr6 have band gap value in the range of 0.8 eV to 2 eV in WC-GGA approximation 

calculation. For this class of materials, VBM is consist of from X-p orbital and at CBM, X and 

M’(III) jointly contribute [71].  

For this group of materials, the band gap value is decreasing with increasing the ionic size of the 

halide due to uplifting the VBM level with walking from Cl to Br to I. This uplifting is resulted 

from the increasing the energy of X-p orbital from Cl to Br to I. The energy of s orbital increases 

when walking from Na to K to Rb and so this lifting up the CBM. But when going from Na to K 

to Rb, the B+X6 also increases due to increasing ionic radii that shrinks B3+ octahedral, promoting 

enhanced coupling between the p orbital of X and s orbital of B’(III). Thus, the evolution of VBM, 

depending on the relative enhancement band gap can increase or decrease [10]. The band gap 

values of Cs2LiGaBr6 and Cs2NaGaBr6   are much lower than the compounds of this class of 

materials and so further calculations with SOC+ mBJ are done to find more accurate band gap 

values and found a value of 1.97 eV for Cs2LiGaBr6 and 1.76 eV for Cs2NaGaBr6. And so, we can 

say that band gap values are very much underestimated in the calculation without SOC+mBJ and 

so all the materials other than Cs2LiGaBr6 and 1.76 eV for Cs2NaGaBr6 have band gap values more 

than 2 eV and will go to out of consideration for photovoltaic applications.  

A low carrier effective mass is required for photovoltaic devices. The calculated effective masses 

of Cs2Li (Na)GaBr6 are 0.154 (0.176) and 0.176 (0.186) for me* and mh* respectively [71] that is 

comparable to MAPbI3 and very good transport properties. Both selected materials are 

mechanically stable and have good absorption coefficient in the visible range [71]. But 

Cs2NaGaBr6 has a higher absorption coefficient value and band gap value closer to the ideal than 

Cs2LiGaBr6.  

 

Group-3 and Group-13: 

Noor et. al. [72] did a DFT based studies of Rb2ScInI6 and Cs2ScInI6 double halide perovskites by 

using the full-potential linearized augmented plane wave plus local orbitals (FP-LAPW+lo) 

method based on the WIEN2k code. They optimized the structure by using generalized gradient 

approximation (PBEsol-GGA) method and further employed modified Becke-Johnson (mBJ) plus 
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SOC schemes were brought into use over PBEsol-GGA to find more appropriate band gap values. 

They find that both compounds have a band gap in the suitable region for photovoltaic applications 

[72]. From the dos calculations, we find that 3d orbitals of Scandium and 5p orbitals of Iodine are 

main contributor at the edge of valance band maxima and 3d orbitals of Scandium and 5p orbitals 

of Indium are main contributor at the edge of conduction band minima.  

Both materials also meet the goldsmith tolerance factor, have negative formation enthalpy and is 

mechanically stable [72] according to the criteria set by Born [36]. Both materials have high 

absorption coefficient in both IR and visible range and band gap lies in the range of effective photo 

voltaic range. So, both materials have potential to be used in solar cells. Cs2ScInI6 is more stable, 

has higher ductility than Rb2ScInI6. Cb2ScInI6 also has a band gap value relatively closer to ideal 

than Rb2ScInI6
 [72] 

Group-11 and Group-13: 

Zhao et al. [32] theoretically calculated the potentiality of perovskites in this group to be used in 

solar cell as a light absorber. They calculated the band gap of those 36 candidates by using VASP 

code with the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional approach with a standard 25% 

exact Fock exchange included. They screened those compounds with adopting 0.5 < Eg < 3.0 and 

Decomposition enthalpy (ΔHd) >0 found only six compounds Cs2AgInCl6, Cs2AgInBr6, 

Rb2CuInCl6, Rb2CuInBr6, Rb2AgInCl6 and Rb2AgInBr6 fulfilled those conditions.  

Yao et al. [73] did a high throughput computational study to make a database on inorganic double 

halide perovskite employing HSE-06 and GGA-PBE DFT methods using PAW method employed 

in VASP package. They also calculate spectroscopic limited maximum efficiency (SLME) and 

suggest the materials that has theoretical efficiency greater than 10%. They suggest Rb2AgInBr6 

with efficiency 23.4%. 

Wang et al. studied on Cs2BB′Br6 (B = Cu, Ag, and Au; B′ = Ga, In, Sb, and Bi) and measure HSE 

band gaps. They also calculated formation energy and decomposition energies. From all of those 

analyses, they suggest 2 compounds, Cs2AgGaBr6 and Cs2AgInBr6, which has thermodynamic 

stability, negative energy of formation and band gap value in between 0.8-2.0 eV with direct in 

nature.  
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Tang et al. [74] theoretically investigated the electronic, optical, and mechanical properties of 

A2AgAlX6 (where A = K, Rb, Cs, and X= Cl, Br, I) double perovskite. Band gaps are calculated 

by using CASTEP based on Materials Studios software with the Heyd-Scuseria-Ernzerhof (HSE) 

hybrid functional approach. All those compounds, Cs2AgAlCl6, Cs2AgAlBr6, Rb2AgAlBr6 and 

K2AgAlBr6 show band gap value greater than 2 expect Cs2AgAlI6 ( Eg = 0.773ev) but this has 

positive formation enthalpy [74]. So, none of those are potential materials for single-junction solar 

cells.  

In this class of materials, VBM consists of dominantly by p orbital of X (halogen) with d orbitals 

of B(I) [75]. Conduction band minima (CBM) consists of predominately by s-p orbitals of B’ (III) 

with the p orbitals of X formed by an antibonding nature [76]. Cs or Rb has very little effect in 

VBM and almost no effect in CBM. In this class of materials, Ag containing materials has larger 

band gap value than Cu and Au due to having lowest energy d orbitals and VBM is driven from 

hybridization between Cu/Ag/Au-d and X-p orbitals [77]. In this class of materials, Cs2AgAlCl6 

has largest band gap due to having shallow Al-s state, that leads to strong hybridization of Al-Cl 

and so form antibody state with high energy level that increase the CBM at high energy. From Cl 

to Br to I, these interactions weaken and so CBM decreases to lower level and so band gap decrease 

from Cl to Br to I [74].  And band gap trends for B’(III) shows that band gap values for similar 

perovskite is Al > In, Ga > Tl.  

All the perovskite in this group has indirect band gap due to having same electronic configurations, 

electronic configuration of B(I) and B’(III) are d10s0 and d10s respectively [73]. 

It is found that Cs2AgGaBr6, Rb2CuInCl6, Rb2AgInBr6, and Cs2AgInBr6 have direct band gaps 

values within the range of 0.8-2 eV. But xiao et. al. found that Rb2CuInCl6 and Rb2CuInBr6 have 

negative decomposition energy, so those are not stable. No Cu+ double perovskite is stable even 

though double perovskite with Ag+ is synthesized experimentally. This is because of having a 

much higher energy level for Cu 3d10 orbital than Ag 4d10 orbital and so Cu does not favor to form 

6-fold coordination required for [Cu(I)X6] octahedron [78]. With theoretical analysis, xiao et. al. 

has tried solid-state synthesis of Cs2CuInCl6 and Cs2CuInBr6 but failed to synthesize 

experimentally and found a mixture of 4-fold coordinated CsCu2X3 with Cs3In2X9 [78]. 
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The experimental band gap of Cs2AgTlCl6 and Cs2AgTlBr6 are 2.0 and 0.95ev respectively [79] 

and theoretical band gap of Rb2AgTlCl6 is 0.78eV [80]. Cs2AgTlBr6 has great potential for solar 

application due to having a small band gap, small effective carrier mass, long carrier lifetimes, and 

good charge carrier mobility [79]. But Thallium is a highly toxic material and compounds 

containing Thallium have restricted use only.  

So, form this class of perovskite Cs2AgGaBr6, Rb2AgInBr6, and Cs2AgInBr6 can be used as a 

potential candidate in solar cell due to having band gap close to the ideal value. Theoretical 

efficiency of Rb2AgInBr6, and Cs2AgInBr6 also show above 20%. 

Group-1 and Group-15: 

Zhao et al.  have done first principal study of Cs2B(I)B’(III)X6 (where B = Na, K and Rb, B’= Sb 

and Bi X = F, Cl, Br and I) to find out band gap, electron and hole mobility, binding energy and 

formation enthalpy by employing the HSE hybrid functional containing 25% of the exact Fock 

exchange [77].  

For this class of perovskites, VBM is derived from anti-bonding state between the p orbital of X 

and s orbital of M’(III). Due to the reduced symmetry in double perovskite than single perovskite, 

having octahedral sites with 2 different types of atoms in the center, the p-s coupling at the W point 

and X point is higher than Gamma point and VBM located at Gamma point is in lower position 

than X and W. And so VBM located at W point instead of Gamma point. Main contributors at 

CBM are unoccupied s orbital of M(I) (Alkaline metals), p orbital of Cl and p orbital of M’(III).  

The energy of s orbital increases when walking from Na to K to Rb and so lifting the CBM. But 

when going from Na to K to Rb, the M+X6 also increases due to increasing ionic radii that shrinks 

M3+ octahedral, promoting enhanced coupling between the p orbital of X and s orbital of M’(III) 

and thus the evolution of VBM. Depending on the relative enhancement band gap can increase or 

decrease [77]. Band gap decreases when walking from Cl to Br to I both for Sb and Bi due to 

increasing the energy of X-p orbital that lifting up the VBM at higher level [77]. But Bi has a 

slightly higher band gap than identical perovskite of Sb due to lower energy of Bi 6s orbital than 

Sb 5s orbital coming from the mass-Darwin relativistic effect. But all the Group-11 gropu-13 

perovskite has higher band gap and higher hole effective mass that is incompatible for the 

photovoltaic applications. So, none of those perovskite are suitable for using in solar cell.  
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Group-11 and Group-15: 

Bi3+ has stable 6s2 6p0 electronic configuration like Pb2+. So, Bismuth has great potential to be a 

nontoxic replacement of Pb based perovskite light absorber in PV device.  

Zhao et al. [77] did the first principal study of Cs2BB’X6 (whereB’ = Sb and Bi, B = Cu, Ag, and 

Au, and X = F, Cl, Br, and I) to find suitable PV materials. They have found Cs2CuSbCl6, 

Cs2CuSbBr6, Cs2CuBiBr6, Cs2CuBiI6, Cs2AgSbBr6, Cs2AgSbI6, Cs2AgBiI6, Cs2AuSbCl6, 

Cs2AuBiCl6 and Cs2AuBiBr6 suitable band gap for light absorption (0.8 eV < Eb < 2.00 eV), 

standard effective mass beneficial for ambipolar carriers' conduction and easy carriers' extraction 

(both electron and hole effective mass less than 1.0 m0) and suitable exciton binding energy 

(<100eV). Cs2CuBiI6 has positive formation enthalpy so it will be excluded from the list [77].  

But unfortunately, all those compounds have indirect band gap [77] [81] due to having different 

electronic configurations resulting mismatch in symmetry, electronic configuration of B(I) and 

B’(III) are d10s2 and d10s2 respectively [73][81]. The VBM is mainly derived from the anti-bonding 

hybridization between the d orbital of M(I) and p orbital of X, the s orbital of M’(III) has also 

minor contribution. The orbital mismatch between the M(I)-d and M’(III)-s orbital reduces the 

electronic symmetry and resulting in large off-center p-d coupling that moves the VBM from 

Gamma point to the X point and so the position of CBM and VBM located at different k-point.  

The CBM is mainly derived from the hybridization among the p orbital of M’(III), p orbital of X 

and s orbital of M(I). In this class of materials, Ag+ containing materials has highest band gap 

values due to having d orbital with lowest energy that lowered the position of VBM at lower level 

and Au+ containing materials has lowest band gap values due to having d orbital with highest 

energy that uplifting the position of VBM at higher level. The band gap Cu+ has intermediate 

between two due to having intermediate energy of d orbital. Band gap decreases when walking 

from F to I both for Sb and Bi due to increasing the energy of X-p orbital that lifting up the VBM 

at higher level [77]. 

Indirect band gap has lower power conversion efficiency due to having involve of phonon with 

photon during PV conversion and so require higher thickness compared to direct band gap 

materials to absorb sufficient solar energy for PV applications.  Filip et al. has studied Phase 

Diagrams and Stability of those group-11 and group-15 double perovskite. Among those 

perovskites they found only Cs2AgBiBr6 is stable and inconclusive about Cs2CuSbCl6 and 
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Cs2AgSbBr6. But 2 inconclusive perovskite Cs2CuSbCl6 and Cs2AgSbBr6 have synthesized 

experimentally [83] and so be stable. Stability of Cs2AgBiBr6 validated by synthesizing 

experimentally [84].  The instability of Cs2CuBiBr6, Cs2CuBiI6 and Cs2AgBiI6 have also been 

found by Xiao et. al. [78].  Instability of Cs2SbAgBr6 also supported by experimental work [85]. 

Even though theoretical results show the instability of Cs2AgBiI6 but colloidal nanocrystal of this 

have been synthesized by Creutz et al.  

Group-13 and Group-15: 

Zhao et al.  have done first principal study of Cs2B(I)B’(III)X6 (where B = In and Tl, B’= Sb and 

Bi X = F, Cl, Br and I) to find out band gap, electron and hole mobility, binding energy and 

formation enthalpy by employing the HSE hybrid functional containing 25% of the exact Fock 

exchange [77]. They have found that Cs2GaSbCI6, Cs2GaBiCI6, Cs2GaBiBr6, Cs2InSbI6, 

Cs2InBiCl6, Cs2TlSbCl6, Cs2TlSbBr6, Cs2TlSbl6, Cs2TlBiCl6, Cs2TlBiBr6, Cs2TlBil6 have compatible 

band gap, electron, and hole effective mass required for an efficient solar cell [77]. The promising 

photovoltaic properties in the case of In come from the high-energy-lying unoccupied 5s2 orbital. 

But this 5s2 orbital must be unstable against oxidation and decomposition. Xiao et. al. [64] has 

theoretically found that In2+  easily oxidized to In3+ by Sb or Bi [64].  

In this class of perovskite, both B(I) and B’(III) have a similar electronic structure with an 

outermost cell of unoccupied s orbital like Pb2+ ion in APbX3 perovskite. The band edge of this 

perovskite is also quite similar [53]. VBM is located at Gamma points due to not reducing the 

electronic symmetry because of having the same electronic configurations of both B(I) and B’(III) 

[86].   The electronic configuration of B(I) and B’(III) are d10s2 and d10s2 respectively. So, all the 

perovskite in this group has a direct band gap due to having the same electronic configurations 

[40]. The VBM is mainly derived from the anti-bonding hybridization between the s orbital of B(I) 

and the p orbital of X and The CBM is mainly derived from the hybridization among the p orbital 

of B(I), the p orbital of B’(III) and p orbital of X. The effective carrier mass of both electron and 

hole is smaller due to large dispersion of both VBM and CBM resulting in strong delocalization 

of wave-function of the band edges that are good for carrier extraction. 
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From this review, it is found that group-1-group-13, group11-group-13 and group-13-group-15 

have direct band gap due to having the same electronic configuration. It is found that a group of 

direct band gap perovskite, Rb2MInX6, from group-1-group-13 still remains unexplored. The 

properties of similar types of perovskites, based on Cesium, were not only explored theoretically 

but also experimentally, and found that those have suitable properties for optoelectronic and 

photovoltaic applications.  
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CHAPTER 3: THEORY 

This chapter contains a brief history of quantum mechanics and an overview of the fundamental 

of density functional theory (DFT). In addition to that implementation of those theory for practical 

purposes will also be discussed. Some of those theories will be utilized in the thesis.  

 

3.1 A BRIEF HISTORY OF QUANTUM MECHANICS 

Due to the effort of the greatest physicists, the most significant concepts of classical physics were 

discovered and advanced to a high level of complexity by the end of the nineteenth century. The 

start of the 20th century was an exciting time for revolutionary discoveries that had a major 

influence on the fields of physics, chemistry, and biology as well as engineering and technology. 

This revolution was sparked by the development of the theory of relativity and quantum 

mechanics, which together make up what is now known as contemporary physics. Modern physics 

has fundamentally changed the way we perceive the world. Quantum mechanics was first 

established to provide better understanding on the behavior of systems at atomic and subatomic 

scales, particularly the light spectra radiated by various atomic species. After many years of 

progress, quantum mechanics now not only has a significant impact on physics but also has a wide 

range of uses in chemistry. 

The charge and mass of the electron were determined in 1897 by British physicist Joseph John 

Thomson, who carried out a forerunner of Millikan's well-known oil drop experiment. The 

investigation did reveal that a subatomic particle exists that is significantly lighter than the lightest 

atom, even though his estimations of charge and mass had almost 50% error. 

In 1877, Ludwig Boltzmann proposed that a physical system's energy levels might be discrete, 

following Gustav Kirchhoff's investigation of the black body radiation problem in 1859. The 

discrete energies of the black body were finally given a mathematical expression by German 

scientist Max Planck in 1900: 

𝜀 = 𝑛ℎ𝜈     … …. ….. 3.1 
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Where, h is a constant, v is the frequency, and n is an integer. However, most scientists at the time 

rejected Planck's idea as being too radical. A few years later, in 1905, Einstein used Plank's notion 

to describe the photoelectric effect and came up with an estimate of h that was remarkably similar 

to Planck's estimate. He went on to demonstrate in 1907 that atoms' mechanical vibrations within 

crystals are similarly quantized. The concept of a quantization condition has now evolved into a 

contentious concept. Niels Bohr created a hydrogen atom model that was well-congruent with the 

line spectrum in an attempt to describe it. Bohr's hypothesis, however, was unable to be properly 

expanded to account for some phenomena, such as the spectrum that results from a magnetic field. 

In 1923, de Broglie postulated that electrons and other particles have waves associated with them 

and the wavelength is given by: 

𝜆 =  
ℎ

𝑝
   … … …  3.2 

where p is the momentum of the particle. George Paget Thomson provided the first experimental 

evidence of the electron acting like a wave in 1926. In 1926, Schrödinger discovered a wave 

equation that describes the behavior of atomic and subatomic particles as they were revealed to 

exhibit both particle-like and wave-like characteristics. 

One of the most fundamental equations in quantum mechanics is the Schrödinger's equation. The 

solution of this equation is called wavefunction. The fundamental equation for a single particle is 

as follows:  

𝑖ћ 
𝜕

𝜕𝑡
Ѱ(𝑟, 𝑡) =  ĤѰ(𝑟, 𝑡) =  −

ћ2

2𝑚
∇2Ѱ(𝑟, 𝑡) + 𝑉(𝑟)Ѱ(𝑟, 𝑡)  … … … 3.3 

where Ѱ(𝑟, 𝑡) is the wavefunction, r is the position in three-dimensional space, Ĥ is the 

Hamiltonian operator, m is the mass and V(r) is the potential at point r. The time independent 

Schrödinger’s equation can be written as: 

𝐸ѱ(𝑟) =  −
ћ2

2𝑚
∇2ѱ(𝑟) + 𝑉(𝑟)ѱ(𝑟)  … … … 3.4 

There was a statement that chemistry has finally come to an end since all of the chemistry could 

be completely included in the powerful equation immediately after Schrödinger's equation for the 

electronic wavefunction was proven for basic tiny systems like H2 and the many-electron atom He. 

The quantum mechanical equation is typically far too complex to be solved precisely, therefore 
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obtaining a good approximation to Schrödinger's equation became a natural and simple answer. In 

fact, the whole science of computational chemistry was founded on approximations in the decades 

after the discovery of Schrodinger's equation. While some of these solutions are rather 

rudimentary, others are anticipated to be more precise than any previous experiment. The key to 

selecting a method is understanding each assumption and how precise the findings have to be. For 

generating incredibly exact findings, supercomputers or other extremely powerful computers are 

often required. In generally, the calculation costs increase with the size of the system (more 

particles). 

 

3.2 DENSITY FUNCTIONAL THEORY 

Over the past few decades, density functional theory (DFT) has become the most widely used 

method in the field computational physics and quantum chemistry for the determining the stability, 

properties and characteristics of materials and designing potential new materials. That can be use 

not only for the simple bulk system but also more complex structure like nano particles, nano-

flowers, nano-sheets, interphases, etc. DFT uses particles’ density of many bodies interacting 

system instead of the many body wavefunctions that makes the system of 3N degree of freedom 

of N body system to system of only 3 degrees of freedom through three spatial coordinates of its 

particle density. And so, the computation becomes less vigorous and can be done easily without 

much time consuming. It stands on the basis of  the Hohenberg–Kohn theorems [87], the first 

theorem states that 'the ground state of any interacting many particle system with a given fixed 

inter-particle interaction is a unique functional of the electron density n(r)' and the second 

Hohenberg–Kohn theorem defines an important property of the functional and states that 'the 

electron density that minimizes the energy of the overall functional is the true electron density 

corresponding to the full solutions of the Schrödinger equation'. Together with the Born-

Oppenheimer (BO) approximation [88] and Kohn-Sham (KS) ansatz [89], DFT analysis can be 

done preciously by taking appropriate exchange correlation (XC) potential. XC potential states the 

effects of the Pauli principle and the Coulomb potential beyond a pure electrostatic interaction of 

the electrons. The exact value of XC potential cannot determine accurately.  
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With improved approximations for the XC energy functional during the 1990s, the results of DFT 

calculations for the systems often coincided pretty adequately with experimental results. 

Additionally, compared to earlier approaches that relied on the complex many-electron 

wavefunction, such Hartree-Fock theory [90] [91], the computing costs were comparatively 

modest. The use of DFT to accurately describe intermolecular interactions, charge transfer 

excitations, transition states, global potential energy surfaces, some other strongly correlated 

systems, and calculations of the band gap of some semiconductors remains challenging despite 

advancements in the technique. 

 

3.2.1 The Many-Body System and Born-Oppenheimer (BO) Approximation 

The key of the many body problem is the coulombic interaction between the atomic nuclei and 

electrons of the system. Hamiltonian of a many-body system can be expressed as: 

𝐻𝑡𝑜𝑡 =  − ∑
ћ2

2𝑀𝐼
∇𝑅𝐼

2

𝐼

−  ∑
ћ2

2𝑚𝑒
∇𝑟𝑖

2

𝑖

+
1

2
 ∑

𝑍𝐼𝑍𝐽𝑒2

|𝑅𝐼 − 𝑅𝐽|
𝐼,𝐽

𝐼≠𝐽

+  
1

2
 ∑

𝑒2

|𝑟𝑖 − 𝑟𝑗|
𝑖,𝑗

𝑖≠𝑗

− ∑
𝑍𝐼𝑒2

|𝑅𝐼 − 𝑟𝑗|
𝐼,𝑗

𝐼≠𝑗

 

  … …. … 3.5 

where the indexes I, J run on nuclei, i and j on electrons, 𝑅𝐼 and 𝑀𝐼 are positions and masses of 

the nuclei, ri and me of the electrons, ZI the atomic number of nucleus I. The first two terms stand 

respectively for the kinetic energy of nuclei and electrons and the remaining three terms for the 

potential energy. 3rd term represents the coulombic interaction between the nuclei, 4th term 

represents the coulombic interaction between the electrons and the last one for the potential energy 

of nucleus-electron Coulomb interaction. The time-independent Schrodinger equation can be 

expressed as:  

𝐻𝑡𝑜𝑡 ѱ ({𝑅𝐼}, {𝑟𝑖}) =   𝐸ѱ ({𝑅𝐼}, {𝑟𝑖}) … … … 3.6 

where ѱ ({𝑅𝐼}, {𝑟𝑖}) is the total wavefunction of the system. Everything of a system can be 

determine by solving this equation. The properties of small system with one or two electrons can 

be identified by solving this. Large system with more particles, however, is practically impossible 

to solve this equation.  A so called Born-Oppenheimer (BO) [88] approximation was proposed by 
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Born and Oppenheimer [88] in 1927. In which it is assumed that the position of nucleus can be 

taken as fixed due to having much slower movement of nucleus compared to the electron. Thus, 

the total wavefunction can be represented as: 

 ѱ ({𝑅𝐼}, {𝑟𝑖}) =   𝛩({𝑅𝐼})∅({𝑟𝑖}; {𝑅𝐼})  … … … 3.7 

where Θ({RI}) represent the nuclei and φ({ri}; {RI}) the electrons. By using Born-Oppenheimer 

(BO) time-independent Schrodinger equation can be divided into two  Schrödinger equations those 

are given below:  

 𝐻𝑒 ∅({𝑟𝑖}; {𝑅𝐼}) = 𝑉({𝑅𝐼})∅({𝑟𝑖}; {𝑅𝐼})   … … … 3.8 

Where,  

𝐻𝑡𝑜𝑡 =  − ∑
ћ2

2𝑚𝑒
∇𝑟𝑖

2

𝑖

+
1

2
 ∑

𝑍𝐼𝑍𝐽𝑒2

|𝑅𝐼 − 𝑅𝐽|
𝐼,𝐽

𝐼≠𝐽

+  
1

2
 ∑

𝑒2

|𝑟𝑖 − 𝑟𝑗|
𝑖,𝑗

𝑖≠𝑗

− ∑
𝑍𝐼𝑒2

|𝑅𝐼 − 𝑟𝑗|
𝐼,𝑗

𝐼≠𝑗

 

   … … …  3.9 

And  

[− ∑
ћ2

2𝑀𝐼
∇𝑅𝐼

2

𝐼

+ 𝑉 ({𝑅𝐼})] 𝛩{𝑅𝐼} =  𝐸′({𝑅𝑖})  

… … … 3.10 

Eq. is purely for the electronic problem with fixed nuclei positions. The eigenvalue of the energy 

𝑉 ({𝑅𝐼}) depends on the positions of the nuclei. The value of  𝑉 ({𝑅𝐼}) can be determined by 

solving the eq. 8 and we can construct the Hamiltonian for the nuclei, 

𝐻𝑛 = − ∑
ћ2

2𝑀𝐼
∇𝑅𝐼

2 + 𝑉(𝑅𝐼)

𝐼

 

… …. … 3.11 

By separating the movement of electrons from the nuclei, BO approximation enables to think the 

movements of electrons in a static external potential Vext(r) formed by the nuclei. This is the 

beginning of new computational theory, DFT.  
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Bohn and Huang expanded the BO approximation, that is widely known as  Born-Huang (BH) 

approximation [6]. That allows more nonadiabatic effects in the electronic Hamiltonian than in 

BO approximation. 

 

3.2.2 Thomas-Fermi-Dirac Approximation 

Thomas-Fermi (TF) model proposed by Thomas [92] and Fermi [93] was the antecedent of the 

DFT in which electron density n(r) is used as a basic variable instead of wavefunction. In a field 

of external applied potential Vext(r), total energy of a system can be expressed as a functional of 

the electron density n(r). The potential of the frozen nuclei can also be assumed as the external 

applied potential Vext(r) and this can be written as: 

𝐸𝑇𝐹[𝑛(𝑟)]  = 𝐴1  ∫ 𝑛(𝑟)
5

3 𝑑𝑟 + ∫ 𝑛(𝑟) 𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 +
1

2
 ∫ ∫

 𝑛(𝑟)𝑛(𝑟′)

|𝑟−𝑟′|
 𝑑𝑟𝑑𝑟′    … … … 3.12 

First term contains the kinetic energy of non-interacting electron in a homogeneous electron gas 

(HEG). Where,  

𝐴1 =  
3

10
 (3𝜋2)3/2 … … … 3.13 

The kinetic energy of a HEG is found by summing up all of the energy state of free-electron εk = 

k 2/2 upto the fermi wavevector kF = [3π2n (r)]2/3 . The second one represents the interactions 

between electron-nucleus. The last one is the interaction among the electrons or the Hartree energy.  

Dirac added a new term to this equation in 1930 [9], that is known as local exchange term and the 

equation have taken the new form as:  

𝐸𝑇𝐹[𝑛(𝑟)]  = 𝐴1  ∫ 𝑛(𝑟)
5

3 𝑑𝑟 + ∫ 𝑛(𝑟) 𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 +
1

2
 ∫ ∫

 𝑛(𝑟)𝑛(𝑟′)

|𝑟−𝑟′|
 𝑑𝑟𝑑𝑟′ + 𝐴2 ∫ 𝑛 (𝑟)4/3𝑑𝑟  

… … … 3.14 

At this moment, the ground state density and so the ground state energy of the system can be 

determined by minimizing the total energy under the normalized conditions. The solution at the 

stationary condition can be determined by using the Lagrange multipliers techniques: 

𝛿{𝐸𝑇𝐹𝐷[𝑛(𝑟)] − 𝜇(∫ 𝑛(𝑟)𝑑𝑟 − 𝑁)} = 0 … … …  3.15 
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Where, 𝜇 is constant that termed as Lagrange multiplier, the physical meaning of this is the 

chemical potential (or Fermi energy at T=0 K). That makes the Eq. 14 to ThomasFermi-Dirac 

equation,  

5

3
𝐴1 𝑛(𝑟)

2
3 + 𝑉𝑒𝑥𝑡(𝑟) + ∫

 𝑛(𝑟′)

|𝑟 − 𝑟′|
 𝑑𝑟′ +

4

3
 𝑛(𝑟)4/3 − 𝜇 = 0 

… …. … 3.16 

The ground state density can be determined directly by solving this.  

The Thomas-Fermi-type approach has a lot of issues with the most serious one is the failing to 

describe the bonding of atoms in molecule. Thus, according to this model the molecules and solids 

are not the practical things. Although it falls short of adequately describing electrons in matter, the 

idea of using electron density as the fundamental variable serves to demonstrate how DFT 

operates. 

 

3.2.3 The Hohenberg-Kohn (HK) Theorems 

Hohenberg and Kohn [86] demonstrated the accuracy of DFT as a theory of many-body systems 

in 1964. Instead of being used only on the condensed matter system with fixed nuclei, this can be 

applied more generally to any system of interacting particles in an external potential Vext(r). The 

theory consists of two theorems that makes the backbone of DFT. 

3.2.3.1 The HK theorem I: 

In any system of interacting particles, the external potential vext(r) is uniquely determined (up to a 

constant) by the ground state particle density n0(r) [86]. 

With the exception of a constant energy shift, the whole Hamiltonian is determined by the ground 

state particle density. Th ground and excited states as well as all other states of the many-body 

wavefunctions are theoretically calculable. This indicates that every characteristic of the system is 

entirely determined by the ground state particle density. 

Proof of the HK theorem I: 
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For avoiding the complexity, the ground state of the system is considered as nondegenerate. The 

minimal energy concept provides the basis for the proof. In which two external potential, 

𝑉𝑒𝑥𝑡(𝑟) 𝑎𝑛𝑑 𝑉𝑒𝑥𝑡
′ (𝑟), with differing by a constant are taken, that lead to the same ground state 

density n0(r). Even though, those two different external potentials have same ground sate density 

n0(r) but would give two different Hamiltonians, Ĥ and Ĥ′ and would have different ground state 

wavefunctions, Ψ and Ψ′, with Ĥ Ψ = E0Ψ and Ĥ′ѱ′= 𝐸0
′  ѱ′.  Since ѱ′is not the ground state of Ĥ, 

this follows that 

𝐸0 < ⟨ѱ′|Ĥ|ѱ′⟩ 

         < ⟨ѱ′|Ĥ′|ѱ′⟩ +  ⟨ѱ′|Ĥ − Ĥ′|ѱ′⟩ 

                                                                     < 𝐸0
′ + ∫ 𝑛0(𝑟)[𝑉𝑒𝑥𝑡(𝑟) − 𝑉𝑒𝑥𝑡

′ (𝑟)𝑑𝑟      … … 3.18 

Similarly, 

𝐸0
′ < ⟨ѱ′|Ĥ|ѱ′⟩ 

         < ⟨ѱ′|Ĥ′|ѱ′⟩ +  ⟨ѱ′|Ĥ′ − Ĥ|ѱ′⟩ 

                                                                     < 𝐸0 + ∫ 𝑛0(𝑟)[𝑉𝑒𝑥𝑡
′ (𝑟) − 𝑉𝑒𝑥𝑡(𝑟)          … … 3.19 

Adding Eq. 18 and 19 lead to the contradiction 

𝐸0
′  + 𝐸0 <  𝐸0 + 𝐸0

′        … … …  3.20 

That’s why, it can be said that no different external potentials 𝑉𝑒𝑥𝑡(𝑟)can give the same ground 

state density n0(r) or in other word, the ground state density determines the external potential 

𝑉𝑒𝑥𝑡(𝑟), except for a constant. So that it can be said that there is a one-to-one between ground state 

density n0(r) and external potentials 𝑉𝑒𝑥𝑡(𝑟) even though the exact formula is unknown. 

 

3.2.3.2 The HK theorem II: 

For any vext(r) we can define a functional for the energy in terms of particle density E[n(r)]. The 

density that minimizes this functional is the correct ground state density n0(r)[86].  
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Proof of the HK theorem II:  

The universal functional can be written as  

F[n(r)] ≡ T[n(r)] + Eint[n(r)]      … … … 3.21 

Where, the first term, T[n(r)], represents the kinetic energy and the second term, Eint[n(r)], 

represents the interaction energy of the particles. For any wavefunction ѱ′, The energy function 

can be expressed as:  

𝐸[ѱ′] ≡  ⟨ѱ′|Ť + Ṽ𝑖𝑛𝑡 + Ѷ𝑒𝑥𝑡|ѱ′⟩  … … … 3.22 

This has has its global minimum value only when Ψ′ is the ground state wavefunction Ψ0, 

with the constraint that the total number of the particles is conserved. According to HK theorem I, 

Ψ′ must correspond to a ground state with particle density n ′ (r) and external potential 𝑉𝑒𝑥𝑡
′  (r), 

then E[Ψ′ ] is a functional of n ′ (r). According to variational principle: 

= 𝐸[𝑛′(𝑟)] 

= ∫ 𝑛′(𝑟)𝑉𝑒𝑥𝑡
′ (𝑟)𝑑𝑟 + 𝐹[𝑛′(𝑟)] 

> 𝐸[Ѱ0] 

= 𝑛0(𝑟)𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 + 𝐹[𝑛0(𝑟)] 

= 𝐸[𝑛0(𝑟)] 

Thus, the energy functional  

𝐸[𝑛(𝑟)] ≡ ∫ 𝑛(𝑟) 𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 + 𝐹[𝑛(𝑟)]  … … … 3.25 

Evaluated for the correct ground state density 𝑛0(𝑟), for which the energy functional has lower 

value than any other density n(r). Hence the ground state density and so the ground state energy 

can be determined by minimizing the system energy functional with respect to density variation in 

the density n(r). 

The universal functional F[n(r)] is undetermined, thus even if HK theorems employ particle 

density n(r) as the fundamental variable, it remains impossible to generate any system property. 
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Kohn and Sham [89] overcame this challenge in 1965 by proposing the well-known Kohn-Sham 

theorem. 

 

3.2.4 The Kohn-Sham (KS) Ansatz 

Kohn and Sham's method [89] entails reformulating the multi-body Hamiltonian into an 

independent particle system that yields the same ground state density. The electrons are essentially 

presumed to be uncorrelated aside from what is necessary to meet the exclusion principle. The 

consequences of many-body correlation are thus approximated by an effective potential that is 

only dependent on particle density; nonetheless, the Hamiltonian does not explicitly incorporate 

an interaction term. Instead of particle wavefunctions, the densities are now the focus of our issue. 

It can be demonstrated that the interacting many-body system's ground state density may be 

produced from a more basic system of independent particles, which is the key insight in this case. 

All multibody interactions are beyond consideration for the effective potential in which electrons 

move. That makes SEs for a set of independent particles that can be solved exactly  

(−
ћ2

2𝑚
∇2 + 𝑣𝑒𝑓𝑓) 𝜙𝑖 = 𝜖𝑖𝜙𝑖    … … … 3.26 

Where the independent particle orbitals are represented by φi. If a system has N number of 

electrons, in the ground state, all the orbitals will have lowest energy. The density of the system 

can be found from summation over each orbital.  

𝑛(𝑟) = ∑|𝜙𝑖(𝑟)|2

𝑁

𝑖

 

… … … 3.27 

The many-body HK energy functional can be reconstructed for independent-particle form as like 

below 

𝐸𝐾𝑆[𝑛] =  𝑇𝑠[𝑛]  +  ∫ 𝑑3 𝑟𝑣𝑒𝑥𝑡(𝑟)𝑛(𝑟)  + 𝐸𝐻[𝑛] + 𝐸𝑋𝐶[𝑛]  … … … 3.28 

where Ts[n], the independent particle kinetic energy, can be expressed as like below: 
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𝑇𝑠[𝑛] = ∑ ⟨𝜙𝑖|− 
ћ

2𝑚 ∇2|𝜙𝑖⟩

𝑁

𝑖=1

 

 … … … 3.29 

And the multibody electron-electron interaction energy Eint can be broken into a classical coulomb 

self-interaction term, or Hartree energy EH[n]: 

𝐸𝐻[𝑛] =  
1

2
 ∫ 𝑑3𝑟𝑑3 𝑟′  

𝑛(𝑟)𝑛 (𝑟′)

|𝑟−𝑟′|
  … … … 3.30 

all the many-body quantum mechanical effects of exchange and correlation are included in EXC 

that can be redefine as like below by solving the energy functionals in Eq. 3.28: 

𝐸𝑋𝐶[𝑛] = (𝑇𝑒[𝑛] − 𝑇𝑠[𝑛]) + (𝐸𝑖𝑛𝑡[𝑛] −  𝐸𝐻[𝑛] )  … … … 3.31 

This is the residue e kinetic and potential energy in approximating the fully interacting many-body 

system as a system of independent-particles. This energy (and its associated potential) are the only 

unknowns in the KS approach. 
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CHAPTER 4: COMPUTATIONAL DETAILS 

The Vienna Ab Initio Simulation Package (VASP) code [94] is used to perform the First principles 

Density Functional Theory (DFT) calculations. VASP implemented projector augmented wave 

(PAW) method [95] was taken to consider the interaction between the valence electrons and core 

ions that was generated by G. Kresse [96] [97]and was first suggested and used by Peter Blöchl 

[95]. The considered valence electron configurations were 4s24p65s1 for Rb, 2p63s1 for Na, 3p64s1 

for K, 5s25p1 for In, and ns2np5 for Halogen (X). The generalized gradient approximation (GGA) 

[98] with the Revised PBE for solids (PBEsol) functional [99] was taken to determine the 

electronic exchange and correlation energy. For all calculations in this study, the cutoff energy for 

the plane-wave basis set was 520 eV and an automatically generated gamma-centered k-points 

grid was used that was generated by the Monkhorst–Pack scheme [100] [101]. This k-points 

sampling in reciprocal space was done by taking 0.02 𝛑/Ǻ between the 2 nearest points.  For 

Geometry optimization, the structure was relaxed until the energy changes and forces on each atom 

were less than 10-8 eV and 0.001 eV respectively.  

For a VASP calculation, 4 input files are required- INCAR, POSCAR, POTCAR and KPOINTS.  

4.1 INCAR  

The INCAR file serves as the primary input for VASP and controls what should be done and how. 

The parameters and algorithms chosen by VASP for the computation are set by the INCAR tags 

supplied in the INCAR file. VASP utilizes sensible default settings, thus it is advised to use them 

if you are unsure. However, the INCAR file settings are the primary cause of problems and 

incorrect results, thus it is advised that we thoroughly examine the significance of the specified 

INCAR tags. Each statement in the format has the following components: the name of a tag, the 

equal sign =, and the values that have been given to the tag (tag = values). 
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4.1.1The INCAR file for the ionic relaxation calculation 

Global Parameters 

ISTART =  0            (Read existing wavefunction; if there) 

ISPIN =  1          (Non-Spin polarised DFT) 

ICHARG =  2         (Non-self-consistent: GGA/LDA band structures) 

LREAL  = .FALSE.       (Projection operators: automatic) 

ENCUT  =  520        (Cut-off energy for plane wave basis set, in eV) 

PREC   =  Normal       (Precision level) 

LWAVE  = .TRUE.        (Write WAVECAR or not) 

LCHARG = .TRUE.        (Write CHGCAR or not) 

ADDGRID= .TRUE.        (Increase grid; helps GGA convergence) 

# LVTOT  = .TRUE.      (Write total electrostatic potential into LOCPOT or not) 

# LVHAR  = .TRUE.      (Write ionic + Hartree electrostatic potential into LOCPOT or 
not) 

# NELECT =             (No. of electrons: charged cells; be careful) 

# LPLANE = .TRUE.      (Real space distribution; supercells) 

# NPAR   = 4           (Max is no. nodes; don't set for hybrids) 

# NWRITE = 2           (Medium-level output) 

# KPAR   = 2           (Divides k-grid into separate groups) 

# NGX    = 500         (FFT grid mesh density for nice charge/potential plots) 

# NGY    = 500         (FFT grid mesh density for nice charge/potential plots) 

# NGZ    = 500         (FFT grid mesh density for nice charge/potential plots)  

Electronic Relaxation 

ISMEAR =  0            (Gaussian smearing; metals:1) 

SIGMA  =  0.05         (Smearing value in eV; metals:0.2) 

NELM   =  60           (Max electronic SCF steps) 

NELMIN =  6            (Min electronic SCF steps) 

EDIFF  =  1E-08        (SCF energy convergence; in eV) 

# GGA  =  PS           (PBEsol exchange-correlation) 
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Ionic Relaxation 

NSW    =  100          (Max ionic steps) 

IBRION =  2            (Algorithm: 0-MD; 1-Quasi-New; 2-CG) 

ISIF   =  3            (Stress/relaxation: 2-Ions, 3-Shape/Ions/V, 4-Shape/Ions) 

EDIFFG = -1E-03        (Ionic convergence; eV/AA) 

# ISYM =  2            (Symmetry: 0=none; 2=GGA; 3=hybrids) 

  

Command Paralleling the work 

NCORE = 4 

KPAR = 8 

 

4.1.2 The INCAR file for the SCF run 

Global Parameters 

ISTART =  1            (Read existing wavefunction, if there) 

ISPIN  =  1            (Non-Spin polarised DFT) 

ICHARG =  11         (Non-self-consistent: GGA/LDA band structures) 

LREAL  = .FALSE.       (Projection operators: automatic) 

ENCUT  =  600        (Cut-off energy for plane wave basis set, in eV) 

PREC   =  Accurate   (Precision level: Normal or Accurate, set Accurate when perform 
structure lattice relaxation calculation) 

LWAVE  = .TRUE.        (Write WAVECAR or not) 

LCHARG = .TRUE.        (Write CHGCAR or not) 

ADDGRID= .TRUE.        (Increase grid, helps GGA convergence) 

# LVTOT  = .TRUE.      (Write total electrostatic potential into LOCPOT or not) 

# LVHAR  = .TRUE.      (Write ionic + Hartree electrostatic potential into LOCPOT or 
not) 

# NELECT =             (No. of electrons: charged cells, be careful) 
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# LPLANE = .TRUE.      (Real space distribution, supercells) 

# NWRITE = 2           (Medium-level output) 

# KPAR   = 2           (Divides k-grid into separate groups) 

# NGXF    = 300        (FFT grid mesh density for nice charge/potential plots) 

# NGYF    = 300        (FFT grid mesh density for nice charge/potential plots) 

# NGZF    = 300        (FFT grid mesh density for nice charge/potential plots) 

 

Static Calculation 

ISMEAR =  0            (gaussian smearing method) 

SIGMA  =  0.03         (please check the width of the smearing) 

LORBIT =  11           (PAW radii for projected DOS) 

NEDOS  =  2001         (DOSCAR points) 

NELM   =  60           (Max electronic SCF steps) 

EDIFF  =  1E-08        (SCF energy convergence, in eV) 

 

Dielectric Constant Calculation 

LOPTICS = T 

CSHIFT = 0.1 

NCORE = 4 

 

4.2 POSCAR  

A necessary VASP input file is the POSCAR file. It is a simple text file that at least includes the 

ionic positions and the lattice structure. It is also possible to specify initial velocities for a 

molecular-dynamics simulation here. 



 

37 

 

4.2.1 POSCAR for Rb2NaInCl6 

Primitive Cell 

   1.00000000000000 

    -0.0000000000000000    5.3108151047336145    5.3108151047336145 

     5.3108151047336145   -0.0000000000000000    5.3108151047336145 

     5.3108151047336145    5.3108151047336145    0.0000000000000000 

   Rb   Na   In   Cl 

     2     1     1     6 

Direct 

  0.7500000000000000    0.7500000000000000     0.7500000000000000 

  0.2500000000000000    0.2500000000000000     0.2500000000000000 

 -0.0000000000000000    0.0000000000000000     0.0000000000000000 

  0.5000000000000000    0.5000000000000000     0.5000000000000000 

  0.7394615699607804    0.2605384300392196     0.2605384300392196 

  0.2605384300392196    0.2605384300392196     0.7394615699607804 

  0.2605384300392196    0.7394615699607804     0.7394615699607804 

  0.2605384300392196    0.7394615699607804     0.2605384300392196 

  0.7394615699607804    0.2605384300392196     0.7394615699607804 

  0.7394615699607804    0.7394615699607804     0.2605384300392196 

 

4.2.2 POSCAR for Rb2NaInBr6 

Primitive Cell 

  1.000000 

    0.00000000000000    5.62798492556762    5.62798492556762 

    5.62798492556762    0.00000000000000    5.62798492556762 

    5.62798492556762    5.62798492556762    0.00000000000000 

  Rb Na  In  Br 

   2   1   1   6 
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Direct 

    0.7500000000000000    0.7500000000000000    0.7500000000000000    Rb1 

    0.2500000000000000    0.2500000000000000    0.2500000000000000    Rb2 

    0.0000000000000000    0.0000000000000000    0.0000000000000000    Na1 

    0.5000000000000000    0.5000000000000000    0.5000000000000000    In1 

    0.7404391662789891    0.2595608337210109    0.2595608337210109    Br1 

    0.2595608337210109    0.2595608337210109    0.7404391662789891    Br2 

    0.2595608337210109    0.7404391662789891    0.7404391662789891    Br3 

    0.2595608337210109    0.7404391662789891    0.2595608337210109    Br4 

    0.7404391662789891    0.2595608337210109    0.7404391662789891    Br5 

    0.7404391662789891    0.7404391662789891    0.2595608337210109    Br6 

 

4.2.3 POSCAR for Rb2NaInI6 

Primitive Cell                           

   1.00000000000000      

     0.0000000000000000    6.0978791430040200    6.0978791430040200 

     6.0978791430040200    0.0000000000000000    6.0978791430040200 

     6.0978791430040200    6.0978791430040200    0.0000000000000000 

   Rb   Na   In   I  

     2     1     1     6 

Direct 

  0.7500000000000000  0.7500000000000000  0.7500000000000000 

  0.2500000000000000  0.2500000000000000  0.2500000000000000 

  0.5000000000000000  0.5000000000000000  0.5000000000000000 

  0.0000000000000000  0.0000000000000000  0.0000000000000000 

  0.7586729222907778  0.2413270777092222  0.2413270777092222 

  0.2413270777092222  0.2413270777092222  0.7586729222907778 

  0.2413270777092222  0.7586729222907778  0.7586729222907778 
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  0.2413270777092222  0.7586729222907778  0.2413270777092222 

  0.7586729222907778  0.2413270777092222  0.7586729222907778 

  0.7586729222907778  0.7586729222907778  0.2413270777092222 

 

4.3 KPINTS 

The Bloch vectors (k points) used to sample the Brillouin zone are described in the KPOINTS file. 

One of the crucial computations in many electronic minimization calculations is the convergence 

of this sampling. The most typical method to choose k points is to use a regular mesh. 

4.3.1 KPOINTS for Optimization, DOS and different properties calculation 

Auto-generated KPOINTS by using Monkhorst-Pack Scheme with a spacing 0.015 

K-Spacing Value to Generate K-Mesh: 0.015 

           0 

Monkhorst-Pack 

9      9      9 

0.0 0.0  0.0 
 

4.3.1 KPOINTS for Band structure calculation 

k points along high symmetry lines with 50 number of points per line 

K-Path Generated by VASPKIT. 

   50 

Line-Mode 

Reciprocal 

   0.0000000000   0.0000000000   0.0000000000     Gamma           

   0.5000000000   0.0000000000   0.5000000000     X               

  

   0.5000000000   0.0000000000   0.5000000000     X               

   0.6250000000   0.2500000000   0.6250000000     U               
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   0.3750000000   0.3750000000   0.7500000000     K               

   0.0000000000   0.0000000000   0.0000000000     Gamma           

  

   0.0000000000   0.0000000000   0.0000000000     Gamma           

   0.5000000000   0.5000000000   0.5000000000     L               

  

   0.5000000000   0.5000000000   0.5000000000     L               

   0.5000000000   0.2500000000   0.7500000000     W               

  

   0.5000000000   0.2500000000   0.7500000000     W               

   0.5000000000   0.0000000000   0.5000000000     X     

 

4.4 POTCAR 

The pseudopotential for each atomic species utilized in the computation is essentially included in 

the POTCAR file. Additionally, the POTCAR file includes details on the atoms, such as their mass 

POMASS, the number of valence electrons ZVAL, the energy of the reference configuration for 

which the pseudopotential was generated, etc. It is no longer essential to mention ENCUT in the 

INCAR file as the POTCAR files also include default energy cutoffs (ENMAX and ENMIN). 
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CHAPTER 5: RESULT AND DISCUSSIONS 

In this chapter, I will discuss about all the outcomes of this theoretical study. It starts from the 

structural insight of Rb2MInX6. Structural, thermodynamic and mechanical stability is reported 

before the properties identification. After that, it represents the powder diffraction pattern and bond 

properties. This also contains the mechanical, electronic, dielectric and optical properties of 

proposed perovskites and some applications of those. 

5.1 STRUCTURE of Rb2MInX6 

It is found that Rb2NaInX6 belongs to cubic double perovskite groups, which have an Fm3̅m space 

group. In which two different octahedra, MX6 formed by Na+/K+ with six surrounding halogen (X) 

ions and InX6 formed by In3+ with six surrounding halogen (X) ions, alternate in space to form a 

corner connecting three-dimensional (3D) networks as seen in Fig. 5-1. Similar to Na+ and Cl- in 

rock salt, one MX6 octahedron is surrounded by six InX6 octahedra and vice versa. The cesium 

cation has four adjacent octahedra. Those two types of octahedra are formed by two different 

hetero-charged cations (Na+/K+ and In3+) at the center that have different electronegativity. The 

bond lengths of Na-X and In-X are different, so they form octahedrons of two different sizes. This 

reduces the symmetry of the system of double halide perovskite to that of single perovskite, in 

which only one type of octahedron forms the corner connecting 3D networks.  

GGA-PBEsol methods is used to find the lattice parameter. This process can approximate the 

lattice parameter nearly to its experimental values [102]. Fig. 5-2. shows the change in total energy 

with respect to the lattice parameter. The lattice parameter of a unit cell corresponds to the lowest 

energy of the system on which it is most stable. The lattice parameter, as well as other structural 

information, is listed in Table 5-1. It is clear that as the compound's halide component switches 

from Cl to Br and then to I, the lattice parameter increases. The lengths of the In-X and M-X bonds 

(listed in Table 1) also increase in a similar way. This is due to the fact that as we move from Cl 

to Br to I, the ionic radius of halogen increases. 
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Figure 5-1: Structural configuration of the proposed perovskite group 

 

 

Figure 5-2 Energy vs. lattice parameter from DFT simulations. 
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Table 5-1. Structural properties of the proposed perovskite unit cells 

Compound Lattice 

parameter 

(Ǻ)  

Volume 

(Ǻ3) 

In-X 

(Ǻ) 

Na/K-X 

(Ǻ) 

Rb-X 

(Ǻ) 

Edge 

length in 

Na 

polyhedron  

Edge 

length in In 

polyhedron 

Rb2NaInCl6 10.614 1195 2.543 2.767 3.757 3.914 3.597 

Rb2NaInBr6 11.256 1426 2.706  2.921  3.981 4.131 3.827 

Rb2NaInI6 12.914 2153 2.943 3.154 4.313 4.461 4.162 

Rb2KInCl6 11.053 1350 2.540 2.986 3.914 4.223 3.593 

Rb2KInBr6 11.681 1593 2.703 3.137 4.136 4.437  3.823 

Rb2KInI6 12.610 2005 2.938 3.367 4.464 4.762 4.156 

 

5.2 STRUCTURAL STABILITY 

Two empirical formulas called the octahedral factor (μ) [103] and Goldschmidt Tolerance factor 

(t) [104] can be used to predict the stability of the cubic phase of 3D perovskites with high 

symmetric octahedron without twisting and tilting. Historically, not only for halides but also for 

oxides and chalcogenides, this formula has been used to predict the cubic structure of perovskite 

[105].  

Generally, for the ideal case, the Goldschmidt Tolerance Factor has the value of unity for a stable 

cubic phase but, we can expect good stability of the cubic phase of perovskite when the ‘t’ value 

is between 0.81 and 1.11. Compounds that have values outside those two constraints may not form 

stable cubic perovskite, and the symmetry of the perovskite will be reduced. A tetragonal or 

orthorhombic phase transition may take place for a smaller value of t, and that phase may be 

discovered to be stable at room temperature [106].  A layer structure rather than a three-

dimensional structure may be formed by distortion in cubic perovskite for larger values of t [107].  
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The octahedral factor is used to determine whether the B or B’ ion is fitted in the octahedron 

perfectly. The acceptable ‘μ’ value is taken between 0.44 and 0.90 [103]. For Double Perovskite 

with A2B(I)B’(III)X6 structure, 

Octahedral factor, μ = (RB(I)+ RB(III),)/2RX                                                                                                                          5.1 

Goldschmidt Tolerance Factor, t = (RA+RX)/(√2{((RB+RX)/2) + RX})                                  5.2 

where the respective Shannon effective ionic radii [108] of the A, B(I), B'(III), and X ions are 

represented by RA, RB(I), RB'(III), and RX respectively.  

The ionic radii of elements depend on the coordination number and ionic state of the materials in 

the compound. Structural analysis from this first principles calculations it showed that Rb+ has a 

coordination number of 12 while Na+, In3+, and X- have a coordination number of 6. The Shannon 

ionic radius for those elements for these specific conditions is given in Table. 5-2. Table 5-3 and 

figure 5-3 shows that, with the exception of Rb2LiInX6 and Rb2NaInI6, all of those compounds 

satisfied the requirements for the octahedral factor and the Goldschmidt tolerance factor in order 

to maintain the stable cubic phase of the perovskite. Despite the fact that Rb2NaInI6 does not meet 

the octahedral factor requirement, this value is still close to the stable limit for this empirical 

formula for the stability of cubic perovskites. For that reason, this wasn't completely ruled out of 

consideration. But Lithium based perovskites, Rb2LiInX6, are further from the stability limit in 

consideration of octahedral factor, that’s why those are completely ruled out for the further 

analysis.  

 

Table 5-2. Structural properties of the proposed perovskite unit cells  

Element Ionic state Co-ordination 

Number 

Ionic radius  

Rb +1 12 172pm 

Li +1 6 76pm 
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Na +1 6 102pm 

K +1 6 138pm 

Cl -1 6 181pm 

Br -1 6 196pm 

I -1 6 220pm 

In +3 6 80pm 

 

 

Table 5-3. Calculated Octahedral Factor and Goldschmidt tolerance factor of the proposed 

perovskites 

Perovskite  Octahedral Factor  Tolerance factor 

Rb2LiInCl6 0.39 0.96 

Rb2LiInBr6 0.37 0.94 

Rb2LiInI6 0.35 0.93 

Rb2NaInCl6 0.50 0.92 

Rb2NaInBr6 0.46 0.91 

Rb2NaInI6 0.41 0.89 

Rb2KInCl6 0.60 0.86 

Rb2KInBr6 0.56 0.85 

Rb2KInI6 0.50 0.84 
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Figure 5-3. Octahedral factor and tolerance factor 

 

5.3 MECHANICAL STABILITY AND MECHANICAL PROPERTIES 

Mechanical properties and mechanical stability of the perovskites had been determined by the 

strain-energy method, in which a small strain was applied on the lattice to deform the structure, 

and the energy of the distorted phase is calculated, from which second-order non-generative elastic 

constants are predicted that follows the Born stability criterion [109]. Hooke's law determines the 

elastic responses of the material in the elastic region with an applied strain, and the Voigt notation 

[110] shown below is a straightforward way to express these responses. 

𝜎𝑖 =  ∑ 𝐶𝑖𝑗𝜀𝑗

6

𝑗=1

 

Where, both the stress and strain are represented by a matrix with six components and Cij is the 

second order elastic stiffness tensor expressed by a 6 x 6 matrix. The elastic stiffness tensor matrix 

only has 3 identical components for the cubic phase.  
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Stiffness Tensor matrix Cij for materials of cubic unit cell:  

    C11  C12  C12     0        0        0 

    C12  C11  C12     0        0        0 

    C12  C12  C11     0        0        0 

     0      0      0          C44    0        0 

     0      0      0          0        C44    0 

     0      0      0          0        0         C44 

The cubic structure of the perovskites is stable only when the deformed structure has more energy 

than the cubic phase. To form a mechanically stable cubic phase, the following 5 constraints must 

be met: C11 - C12 > 0, C11 > 0, C44 > 0, C11 + 2C12 > 0, and C12 < B < C11 [111] [112].  These are 

summarized in table 5-16 and figure 5-29.  It has been found that those conditions are met by all 

the Na-based perovskites, but K-based perovskites fail to meet the C44 >0 criterion and as a result, 

Na- based perovskites are mechanically stable but K-based perovskites are not. That’s why K-

based perovskites will not be considered for the properties analysis. The mechanical properties of 

the considered materials like Bulk Modulus B (GPa), Young's Modulus E (GPa), Shear Modulus 

G (GPa), Poisson's Ratio v, etc. are calculated by using Voigt, Reuss, and Hill approximations by 

using the stiffness tensor [110]. The average bulk modulus (B) and shear modulus (G) can be taken 

as the arithmetic means of the Voigt and Reuss modulus [113], and the Poisson’s ratio v and 

young’s modulus (E) can be expressed as given below: 

E = 9𝐵𝐺

3𝐵+𝐺
 

ν = 3𝐵−𝐸

6𝐵
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Table 5-4 elastic tensor matrix (in GPa) of Rb2NaInCl6 

    36.7277 10.0663 10.0663 0.0000 0.0000 0.0000 

    10.0663 36.7277 10.0663 0.0000 0.0000 0.0000 

    10.0663 10.0663 36.7277 0.0000 0.0000 0.0000 

     0.0000 0.0000 0.0000 7.8090 0.0000 0.0000 

     0.0000 0.0000 0.0000 0.0000 7.8090 0.0000 

     0.0000 0.0000 0.0000 0.0000 0.0000 7.8090 

 

 

Table 5-5. Average Mechanical properties of Rb2NaInCl6 in Voigt, Reuss and Hill method 

Averaging 
scheme 

Bulk 
modulus 

(GPa) 

Young's 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 

Poisson's 
ratio 

 

Vickers 
Hardness 

(GPa) 

Voigt KV = 18.953  EV = 25.551  GV = 
10.018  VV = 0.275 Hv =2.28 

Reuss KR = 18.953  ER = 24.110  GR = 9.359  VR = 0.288 HR =2.01 

Hill KH = 18.953  EH = 24.834  GH = 9.689 VH = 0.282 HH= 2.14 

 

Table 5-6 Eigenvalues of the stiffness matrix of Rb2NaInCl6 

λ1 λ2 λ3 λ4 λ5 λ6 

7.809 GPa 7.809 GPa 7.809 GPa 26.661 GPa 26.661 GPa 56.86 GPa 
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Table 5-7. Variations of the elastic moduli and anisotropy in different mechanical properties of 

Rb2NaInCl6 : 

 Young's 

modulus  

(GPa) 

Linear 

compressibility 

(TPa–1) 

Shear 

modulus 

(GPa) 

Bulk modulus 

(GPa) 

Poisson's 

ratio 

 Min Max Min Max Min Max Min Max Min Max 

Value 20.60 32.40 17.59 17.59 7.81 13.33 18.95 18.95 0.15 0.45 

Anisotropy 1.57 1.00 1.71 1.00 2.99 

 

Visual representations of mechanical properties in different directions can be drawn by using 

ELATE software [112].  The young’s modulus, linear compressibility, shear modulus and poison’s 

ratio are drawn in 3D and 2D for XY, YZ and ZX planes. Figures 5-3, 5-13 and 5-20 show the 

spatial dependence of Young’s modulus of Rb2NaInCl6, Rb2NaInBr6 and Rb2NaInI6 

respectively on XY, YZ and XZ plane. Figures 5-5, 5-14 and 5-22 show linear compressibility, 

figures 5-7, 5-16 and 5-24 show shear modulus and figures 5-9, 5-18 and 5-26 show Poisson’s 

ratio of proposed perovskite as the same order as before on XY, YZ and ZX planes. The spatial 

dependence of Young’s modulus is drowned in three dimensions in figure 5-4 for Rb2NaInCl6, 

figure 5-14 for Rb2NaInBr6 and figure 5-21 for Rb2NaInI6. Spatial dependence of linear 

compressibility is drowned in three dimensions in figure 5-6 for Rb2NaInCl6, figure 5-15 for 

Rb2NaInBr6 and figure 5-23 for Rb2NaInI6. The spatial dependence of shear modulus is drowned 

in three dimensions in figure 5-8 for Rb2NaInCl6, figure 5-17 for Rb2NaInBr6 and figure 5-25 for 

Rb2NaInI6. The spatial dependence of Poisson’s ratio is drowned in three dimensions in figure 5-

10 for Rb2NaInCl6, figure 5-19 for Rb2NaInBr6 and figure 5-27 for Rb2NaInI6. From this, it can 

be visualized how the mechanical properties are changed in space with direction, in other words, 

directional dependence of mechanical properties can be identified more easily.   
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Figure 5-4 Spatial dependence of Young's modulus of Rb2NaInCl6, at XY, YZ and ZX plane 

 

 

Figure 5-5 Spatial dependence of Young's modulus of Rb2NaInCl6 in three dimensions 



 

51 

 

 

Figure 5-6 Spatial dependence of linear compressibility of Rb2NaInCl6, at XY, YZ and ZX plane 

 

Figure 5-7 Spatial dependence of linear compressibility of Rb2NaInCl6 in three dimensions 
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Figure 5-8 Spatial dependence of shear modulus of Rb2NaInCl6, at XY, YZ and ZX plane 

 

Figure 5-9 Spatial dependence of shear modulus of Rb2NaInCl6 in three dimensions 
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Figure 5-10 Spatial dependence of Poisson's ratio of Rb2NaInCl6, at XY, YZ and ZX plane 

 

Figure 5-11 Spatial dependence of Poisson's ratio of Rb2NaInCl6 in three dimensions 
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From figures 5-3 to 5-11, it is found that the young modulus, shear modulus and Poisson’s ratio of 

Rb2NaInCl6 show directional properties but linear compressibility is isotropic. For young’s 

modulus, its highest value is along three crystal axial directions such as [0 0 1] direction and the 

lowest value is through the corners of the cube such as [1 1 1] direction shown in fig. 5-12. For the 

Poisson’s ration and shear modulus, the maximum and minimum are at just reverse direction (min 

at the axial direction and maximum through the corner).  

  

 

 

 

 

 

 

 

 

Figure 5-12 different directions in a cubic unit cell 

Table 5-8 elastic tensor matrix (in GPa) of Rb2NaInBr6 

    30.694 8.228    8.228    0.000    0.000    0.000 

      8.228 30.694 8.228 0.000   0.000  0.000 

      8.228 8.228 30.694 0.000 0.000 0.000 

      0.000 0.000 0.000 5.333 0.000 0.000 

      0.000 0.000 0.000 0.000 5.333 0.000 

      0.000 0.000 0.000 0.000 0.000 5.333 

 

[0 1 0] 

[1 0 0] 

[0 0 1] 
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Table 5-9 Average Mechanical properties of Rb2NaInBr6 in Voigt, Reuss and Hill method 

Averaging 
scheme 

Bulk 
modulus 

(GPa) 

Young's 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 

Poisson's 
ratio 

Vickers 
hardness 

(GPa) 

Voigt KV = 
15.717  EV = 19.842  GV = 7.693  νV = 0.289 1.73 

Reuss KR = 
15.717  ER = 17.717  GR = 6.751  νR = 0.312 1.36 

Hill KH = 
15.717  EH = 18.789  GH = 7.222  νH = 0.301 1.54 

 

Table 5-10 Eigenvalues of the stiffness matrix of Rb2NaInBr6 

λ1 λ2 λ3 λ4 λ5 λ6 

5.333 GPa 5.333 GPa 5.333 GPa 22.466 GPa 22.466 GPa 47.15 GPa 

 

Table 5-11 Variations of the elastic moduli and anisotropy in different mechanical properties of 
Rb2NaInBr6 : 

 Young's 

modulus 

(GPa) 

Linear 

compressibility 

(TPa–1) 

Shear 

modulus 

(GPa) 

Bulk 

Modulus 

(GPa) 

Poisson's 

ratio 

 Min Max Min Max Min Max Min Max Min Max 

Value 14.73 27.22 21.21 21.21 5.33 11.23 15.72 15.72 0.13 0.53 

Anisotropy 1.89 1.00 2.11 1.00 4.17 
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Figure 5-13 Spatial dependence of Young's modulus of Rb2NaInBr6, at XY, YZ and ZX plane 

 

Figure 5-14 Spatial dependence of Young's modulus of Rb2NaInBr6 in three dimensions 
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Figure 5-15 Spatial dependence of linear compressibility of Rb2NaInBr6, at XY, YZ and ZX plane 

 

Figure 5-16 Spatial dependence of linear compressibility of Rb2NaInBr6 in three dimensions 
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Figure 5-17 Spatial dependence of shear modulus of Rb2NaInBr6, at XY, YZ and ZX plane 

 

Figure 5-18 Spatial dependence of shear modulus of Rb2NaInBr6 in three dimensions 
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Figure 5-19 Spatial dependence of Poisson's ratio of Rb2NaInBr6, at XY, YZ and ZX plane 

 

Figure 5-20 Spatial dependence of Poisson's ratio of Rb2NaInBr6 in three dimensions 
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From the figures of Spatial dependence of mechanical properties for Rb2NaInBr6, figures 5-13 to 

5-20, it is found that this perovskite also shows the same type of mechanical properties in space. 

But the directional dependence of the young’s modulus, shear modulus and Poisson's ratio are 

more intensive for Rb2NaInI6 than Rb2NaInBr6 and Rb2NaInCl6 and this also has lower young’s 

modulus, shear modulus, bulk modulus but higher value of Poisson’s ratio.  

Table 5-12  elastic tensor matrix (in GPa) of Rb2NaInI6  

     22.844 6.898 6.898 0.000  0.000    0.000 

      6.898 22.844 6.898 0.000 0.000 0.000 

      6.898 6.898 22.844 0.000  0.000    0.000 

      0.000 0.000 0.000 3.087 0.000       0.000 

      0.000 0.000 0.000 0.000 3.087 0.000 

      0.000 0.000 0.000 0.000 0.000 3.087  
 

Table 5-13 Average Mechanical properties of Rb2NaInI6 in Voigt, Reuss and Hill method 

Averaging 
scheme 

Bulk 
modulus 

(GPa) 

Young's 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 

Poisson's 
ratio 

Vickers 
Hardness 

(GPa) 

Voigt KV = 
12.213  EV = 13.295  GV = 5.041  νV = 0.318 1.06 

Reuss KR = 
12.213  ER = 11.036  GR = 4.089 νR = 0.349 0.72 

Hill KH = 
12.213  EH = 12.179  GH = 4.565  νH = 0.334 0.88 

Table 5-14 Eigenvalues of the stiffness matrix of Rb2NaInI6 

λ1 λ2 λ3 λ4 λ5 λ6 

3.087 GPa 3.087 GPa 3.087 GPa 15.946 GPa 15.946 GPa 36.64 GPa 
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Table 5-15 Variations of the elastic moduli and anisotropy in different mechanical properties of 
Rb2NaInI6  

 Young's 

modulus 

(GPa) 

Linear 

compressibility 

(TPa–1) 

Shear 

modulus 

(GPa) 

Bulk 

Modulus 

(GPa) 

Poisson's 

ratio 

 Min Max Min Max Min Max Min Max Min Max 

Value 8.54 19.64 27.29 27.29 3.08 7.97 12.21 12.21 0.12 0.61 

Anisotropy 2.30 1.00 2.58 1.00 5.20 

 

Table 5-16 Calculated mechanical stability of the proposed perovskites 

Perovskite C11 (Gpa) C12 (GPa) C44 (GPa) Bulk modulus  

(B in GPa) 

Rb2NaInCl6 36.73 10.07 7.81 18.95 

Rb2NaInBr6 30.73 8.21 5.33 15.72 

Rb2NaInI6 22.88 6.90 3.09 12.21 

Rb2KInCl6 28.71 6.51 -1.12 16.78 

Rb2KInBr6 30.10 5.27 -1.77 13.55 

Rb2KInI6 29.32 4.61 -1.97 9.88 
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Figure 5-21 Spatial dependence of Young's modulus of Rb2NaInI6, at XY, YZ and ZX plane 

 

Figure 5-22 Spatial dependence of Young's modulus of Rb2NaInI6 in three dimensions 
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Figure 5-23 Spatial dependence of linear compressibility of Rb2NaInI6, at XY, YZ and ZX plane 

 

Figure 5-24 Spatial dependence of linear compressibility of Rb2NaInI6 in three dimensions 
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Figure 5-25 Spatial dependence of shear modulus of Rb2NaInI6, at XY, YZ and ZX plane 

 

Figure 5-26 Spatial dependence of shear modulus of Rb2NaInI6 in three dimensions 
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Figure 5-27 Spatial dependence of Poisson's ratio of Rb2NaInI6, at XY, YZ and ZX plane 

 

Figure 5-28 Spatial dependence of Poisson's ratio of Rb2NaInI6 in three dimensions 
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Figure 5-29 C11, C12, C44 and Bulk Modulus of structural and thermodynamically stable perovskites. 

All the mechanical properties of those perovskites are summarized in Table 5-17. By analyzing 

those it is said that the Bulk modulus(B), Young's Modulus (E), and Shear Modulus (G) are 

decreasing from Rb2NaInCl6 to Rb2NaInBr6 to Rb2NaInI6. Young's Modulus (E), Shear Modulus 

(G), and Poisson's ratio (v) are different in different directions that represent the anisotropic 

behavior of those properties. From table 5-7, it is found that anisotropy in Young's Modulus (E), 

Shear Modulus (G), and Poisson's ratio (v) are 1.57, 1.71, and 2.99 respectively for Rb2NaInCl6. 

From table 5-11, it is found that anisotropy in Young's Modulus (E), Shear Modulus (G), and 

Poisson's ratio (v) are 1.89, 2.11, and 4.17 respectively for Rb2NaInBr6. From table 5-15, it is 

found that anisotropy in Young's Modulus (E), Shear Modulus (G), and Poisson's Ratio (v) are 

2.30, 2.58, and 5.20 respectively for Rb2NaInI6. However, for all perovskites, bulk modulus (B) 

and linear compressibility have the same value of anisotropy that is 1. The isotropic behavior is 

represented by the value 1 and the deviation from this represents anisotropy. So, the calculated 

perovskites show isotropic bulk modulus and linear compressibility but anisotropy in Young’s 

Modulus (E), Shear Modulus (G), and Poisson's Ratio (v). The Poisson's Ratio exhibits greater 

anisotropy.  For Rb2NaInCl6, Rb2NaInBr6, and Rb2NaInI6, the corresponding universal elastic 

anisotropy [114] values are 0.35, 0.70, and 1.1 respectively. A pure anisotropic material has a 
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universal elastic anisotropy value of 1 and an isotropic material has a value of 0 [114]. So, these 

perovskites show universal anisotropic elastic properties, and the anisotropy increases from 

Rb2NaInCl6 to Rb2NaInBr6 to Rb2NaInI6.  

Tables 5-16 and 5-17 show that all perovskites have a C11 value that is higher than their C12 and 

C44 values, and that the bulk modulus (B) is higher than the shear modulus (G), indicating that the 

perovskites are more resistant to volume deformation than shape deformation. 

The failure mode of the materials and their suitability for use and handling are determined by the 

materials' ductility. By using the Pugh's Ratio (B/G) [115], Poisson's Ratio (v) [116], and Cauchy 

pressure [117] (CP = C12 - C44), it is possible to predict the ductility of the materials. To be ductile, 

a material must have a Pugh's Ratio of greater than 1.75 [118], a Poisson's Ratio of greater than 

0.26 [116], and a Cauchy pressure of greater than zero [117]. All of the perovskites have index 

values above the limit, making them all ductile. Table 5-17 reflects the progression of ductility 

from Rb2NaInCl6 to Rb2NaInBr6 to Rb2NaInI6.  

Cauchy Pressure (C12-C44) can be used to determine whether covalent-like bonding (C12-C44 <0) 

or ionic-like bondings (C12-C44 >0) are formed [119]. The non-negative values indicate the ionic-

like bond formation in the proposed perovskites groups. Kleinman's parameter determines whether 

or not the bond bending is dominant [120]. A value of less than 0.5 denotes the bonds' dominance 

in bending.  Kleinman's parameter for all perovskites is close to 0.5, indicating intermediate 

properties.  

Longitudinal wave velocity (vl) and transverse wave velocity (vt) are calculated for all perovskites 

by using the following equations [121]:   

   𝑣𝑙   = √3𝐵+4𝐺

3𝜌
      𝑣𝑡 = √𝐺

𝜌
                   

The mean value of sound velocity is then calculated as follows: 

𝑣𝑚 = [1

3
 (

2

𝑣𝑡
3 + 

1

𝑣𝑙
3)]-1/3   
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Many physical properties of the materials like specific heat, melting temperature, and elastic 

properties are related to the Debye Temperature (θD) [114] which can be calculated using the 

following equation [123]: 

𝜃𝐷 = ђ

𝑘𝐵
(

3𝑛𝑁𝐴𝜌

4𝜋𝑀
)

1/3

𝑣𝑚 

Where ћ is Planck’s constant, kB is Boltzmann’s constant, NA is Avogadro’s number, ρ is the 

density, n is the number of atoms in a perovskite molecule, and M is the molecular weight of the 

perovskite. The sound velocity and Debye temperature represent the authenticity of the anisotropy 

present in the perovskites, and the high value of Debye temperature indicates the thermal stability 

of those perovskites at high temperatures. 

Table 5-17 Calculated mechanical properties of the proposed perovskites 

Parameters Rb2NaInCl6 Rb2NaInBr6 Rb2NaInI6 

Bulk modulus (B in GPa) 18.95 15.72 12.21 

Shear modulus (G in GPa 9.68 7.23 4.56 

Young’s modulus (Y) 24.83 18.8 12.16 

Pugh’s ratio (B/G) 1.96 2.17 2.68 

Poisson’s ratio (σ) 0.28 0.3 0.33 

Cauchy pressure 2.3 2.9 3.8 

Vickers Hardness (GPa) 2.14 1.55 0.89 

Kleinman’s parameter 0.49 0.48 0.53 

Universal Elastic Anisotropy 0.35 0.7 1.1 

Longitudinal wave velocity (m/s) 3320 2628 2161 

Transverse wave velocity (m/s) 1830 1403 1079 

Mean sound velocity (VD in m/s) 2040 1567 1211 

Debye temperature (θD in K) 195.6 141.8 101.1 
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5.4 THERMODYNAMIC STABILITY 

The perovskites must have thermodynamic stability to form stable compounds. Thermodynamic 

stability is determined by formation energy and decomposition energy. A stable perovskite must 

have negative formation energy and positive decomposition energy for all the possible 

decomposition pathways. The formation energy (Ef) of the perovskite can be determined by the 

following equation:  

 

Where, 𝐸Rb2M(I)M’(III)X6  is the total energy of perovskites, 𝐸𝑅𝑏, 𝐸𝑀(𝐼), 𝐸𝑀′(𝐼𝐼𝐼), 𝐸𝑋 are the energy 

of Rb, M(I), M’(III) metals and halogen respectively. The value of ‘n’ will be the total number of 

atoms present in the calculated cell.  

For this case, formation energy per atom, Ef = {𝐸Rb2M(I)M’(III)X6 - [ 2𝐸𝑅𝑏 +  𝐸𝑀(𝐼) +  𝐸𝑀′(𝐼𝐼𝐼)  + 6  

𝐸𝑋 ]} /10 

All of those perovskites' formation energies are discovered to be negative which indicates 

formability of these perovskites. The greater the formation energy's negative value, the more stable 

the perovskite is. From this, it was seen that Perovskites with Cl have more negative formation 

energy and thus higher stability compared to Br or I. By comparing the formation energies of the 

perovskites, it is discovered that they are more stable than MAPbI3 (0.51 eV/atom), since the 

calculated perovskites have more negative formation energies. 

To further confirm the stability, we also calculated the decomposition energies of those perovskites 

through a potential pathway as follows:  

Rb2M(I)M’(III)X6                                2 RbX +  M(I)X + M’(III)X3 

The decomposition energy for this case can be determined by the equations given below: 

Pathway-1: 

ED1 = [ 2𝐸𝑅𝑏𝑋 +  𝐸𝑀(𝐼)𝑋 +  𝐸𝑀′(𝐼𝐼𝐼)𝑋3  ] - 𝐸Rb2M(I)M’(III)X6  
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Where, 𝐸Cs/Rb2M(I)M’(III)X6  is the total energy of perovskites, 𝐸𝑅𝑏𝑋, 𝐸𝑀(𝐼)𝑋, 𝐸𝑀′(𝐼𝐼𝐼)𝑋3,  

𝐸𝑅𝑏3𝑀′2(𝐼𝐼𝐼)𝑋9 are the energy of RbX, M(I)X M’(III)X3 and  Rb3M’(III)X9 respectively. 

The calculated formation and decomposition energies for all those compounds is given in Table 5-

18 and figure 5-30. All of the perovskites have demonstrated positive decomposition energy, which 

makes them resistant to decomposition in this pathway and thermodynamically stable. Chlorine-

based perovskites have a higher positive energy of decomposition than bromine and iodine-based 

perovskites, indicating a higher stability for Rb2KInCl6 and a lower stability for Rb2NaInI6 and the 

thermodynamic stability decreases from Cl-based to Br-based to I-based perovskites. Additionally, 

this is consistent with the formation energy calculated earlier. 

 

Table 5-18 Calculated formation and decomposition energies of the proposed perovskites 

Perovskite Formation 

Energy (eV) 

Per Atom (eV)  Decomposition 

Energy (eV) 

Decomposition 

Energy Per Atom 

(eV) 

Rb2NaInCl6 -16.0 -1.60 6.75 0.675 

Rb2NaInBr6 -13.4 -1.34 5.32 0.532 

Rb2NaInI6 -9.98 -0.998 3.98 0.398 

Rb2KInCl6 -16.1 -1.61 6.52 0.652 

Rb2KInBr6 -13.6 -1.36 5.10 0.510 

Rb2KInI6 -10.2 -1.02 3.76 0.376 
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Figure 5-30. Thermodynamic stability of proposed perovskites 

 

5.5 CRYSTALLOGRAPHIC PROPERTIES 

Crystallographic properties of this group of perovskites were determined by powder diffraction 

pattern simulation in VESTA as shown in Fig. 5-31.  The fact that all of the perovskites display 

similar Miller indices on the diffraction pattern, indicates that they all have similar structural 

characteristics.  

Calculations of the electron localization function (ELF) were used to determine the nature of 

chemical bonds which is shown in Fig. 5-32. The projection in the [010] direction on (0 0 2) plane 

was chosen because it comprehensively reflects the bonding properties of all the different atoms. 

Low localization of electrons is indicated by the ELF's small values (~0). When this occurs 

between two atoms, it means that there has been very little electron localization between the atoms, 

indicating that they are ionic and forming an ionic bond.  The covalent nature of the bond between 

the atoms is indicated by the electrons being localized within the two atoms with a high density as 

the ELF value approaches 1.  
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Figure 5-31 Calculated powder diffraction pattern 

As shown in Fig. 5-32, it is discovered that the localization of electrons between In and Halogen 

points to the In-X bond's covalent nature. This improves both the electron transport property and 

structural stability. Since the localization increases from Cl to Br to I, the covalent nature of the 

In-X bonds shows the following trend: In-I > In-Br > In-Cl . No electron localization between Na 

and a halogen indicates that the Na-X bonds are ionic. Further, it can be concluded that all of the 

perovskites in this group have similar types of bonding between similar atoms.  

Rb2NaInCl6 

Rb2NaInBr6 

Rb2NaInI6 
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Figure 5-32 Calculated electron localization function (ELF) projected in the (002) plane and 
[010] direction.  

 

5.6 ELECTRONIC STRUCTURE 

The calculated band structure and density of states (DOS) is shown in Fig. 5-33 and Fig. 5-34 

respectively.  It can be seen in the band structure that both the conduction band minima (CBM) 

and valence band maxima (VBM) are located at Γ point and both the conduction band and valance 

band are split. The splitting of VB and CB is caused by the substantial electronegativity difference 

between In (1.78) and Na (0.93). Compared to valence bands, conduction bands have a much wider 

energy gap between two adjacent energy levels. 

To understand the band structure and the contribution of each element and its orbitals at different 

energies, the projected density of states (PDOS) has also been calculated (shown in Fig. 5-34). 
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According to the PDOS, halogen (X) alone contributes to VBM, while X and indium (In) both 

contribute to CBM. To determine the orbital contributions in the band, additional PDOS 

calculations are made for various orbitals of X and In. It is found that hybridization between the 

X-nP orbital and the In-5s orbital makes up the lower portion of the conduction band. Rubidium 

has no contribution to CBM and contributes to higher energy levels. The higher conduction band 

is made up of Na, Rb, and In 5p states. The energy position of the conduction band depends on the 

hybridization level. The lower portion of the conduction band for all the compounds has nearly the 

same width, and with respect to the fermi energy level, they are positioned around energies 

between 3 and 4.5 eV for Rb2NaInCl6, 1.8 and 3.5 eV for Rb2NaInBr6 and 0.65 and 2.0 eV for 

Rb2NaInI6. Due to strong hybridization between Cl 3p and In 5s orbitals, the CBM of Rb2NaInCl6 

is positioned at a higher energy level compared to Rb2NaInBr6 that has a less strong hybridization 

between Br 4p and In 5s orbitals. In case of Rb2NaInI6, the hybridization between I 5p and In 5s 

is weak and thus the CBM is positioned at even a lower energy level. To further confirm this trend, 

the absolute energy position was calculated with respect to vacuum, which is given in Table 5-19. 

 

Figure 5-33 Calculated electronic band structures of Rb2NaInCl6, Rb2NaInBr6 and Rb2NaInI6 
respectively. (The VBM energy level is shifted to zero) 
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Figure 5-34 Calculated Density of States (DOS) and Projected Density of states (PDOS) of the 
perovskites. (The VBM energy level is shifted to zero) 
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Table 5-19 Calculated Fermi energy, valence band maxima (VBM), and conduction band minima 
(CMB) with respect to vacuum for the proposed perovskites. 

Perovskite Location 

of VBM 

Location 

of CBM 

Nature 

of band 

gap 

Band 

gap 

(eV) 

Fermi 

Energy 

position 

VBM 

Energy 

position 

CBM Energy 

position 

Rb2NaInCl6 Gamma Gamma Direct 3.01 -5.58 -5.81 -2.80 

Rb2NaInBr6 Gamma Gamma Direct 1.81 -4.76 -4.98 -3.18 

Rb2NaInI6 Gamma Gamma Direct 0.66 -4.37 -4.52 -3.86 

The valence band is split into three different portions. The top portion of the valence band is mainly 

contributed by the Cl-3p, Br-4p, and I-5p orbitals for Rb2NaInCl6, Rb2NaInBr6 and Rb2NaInI6 

respectively and has a width of about 2 eV for all of the perovskites. Because of the gradual rise 

in p orbital energy from Cl to Br to I, the energy level of the VBM is gradually lifted. The 

hybridization of In-5p with Cl-3p, Br-4p, and I-5p orbitals for Rb2NaInCl6, Rb2NaInBr6 and 

Rb2NaInI6r respectively creates the middle portion of the valence band that has narrow width of 

approximately 1 eV. The deepest portion of the valence band is formed by the hybridization of In-

5s with Cl-3p, Br-4p, and I-5p orbitals for Rb2NaInCl6, Rb2NaInBr6 and Rb2NaInI6r respectively 

but with a very narrow width compared to the other two portions. 

Hybridization between In-5s and X-p solely forms the conduction band minima with the following 

trend in the hybridization strength, In-5s:Cl-3p > In-5s:Br-4p > In-5s:I-5p. No contribution from 

Na makes the CBM at the gamma point while VBM is located at the gamma point as a result of 

being formed solely by the np orbital of the halogen without any hybridization. This makes all the 

proposed perovskites direct band gap materials.  
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So, we can observe two main causes for the band gap value to decrease as the ionic size of the 

halide increases (Cl < Br < I). The first is the rise in the VBM level as a result of an increase in the 

p orbital energy, while the second is the decrease in CBM energy as a result of weak hybridization 

between In-5s and X-np orbitals as it walks from Cl to Br to I.   

 

5.7 EFFECTIVE MASS AND MOBILITY 

The carrier effective masses can be calculated from the second order parabolic curve fitting at the 

edge of the VBM and CBM by using the following equation: 

 

Where, m* is the effective mass, k is the wave-vector and E(k) is the eigenvalue. In this study, the 

effective mass is calculated by parabolic fitting the band edges in the three following directions, Γ 

> X, Γ> L and Γ > K and is given in Table 5-20. These perovskites all have low electron effective 

masses (less than 1 m0), which indicates that photo-generated electrons have high mobility and are 

suitable for solar cells. However, they have a slightly higher hole effective mass (greater than 1 

m0), which indicates poor photo-generated hole mobility and is not good for solar cells. Low 

electron effective mass comes from a steeper band at CBM due to strong hybridization between 

In-5s and X-np states. On the other hand, because there is no hybridization at VBM, the flat valence 

band dispersion leads to the higher hole effective mass. The electron and hole effective masses 

decrease from Rb2NaInCl6 to Rb2NaInBr6 to Rb2NaInI6, just like band gaps. All of these 

perovskites have lower electron effective masses but much higher hole effective masses than that 

of MAPbI3.  
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Table 5-20 Calculated electron and hole effective masses at different directions for the proposed 
perovskites. 

Perovskite Directions 

ɼ > X ɼ > L ɼ > K 

Electron 

effective 

mass 

Hole 

effective 

mass 

Electron 

effective 

mass 

Hole 

effective 

mass 

Electron 

effective 

mass 

Hole 

effective 

mass 

Rb2NaInCl6 0.525 -3.180 0.525 -3.497 0.525 -3.629 

Rb2NaInBr6 0.349 -2.926 0.349 -3.233 0.349 -3.361 

Rb2NaInI6 0.274 -2.171 0.274 -2.411 0.274 -2.513 

 

5.8 DIELECTRIC AND OPTICAL PROPERTIES 

Frequency dependent dielectric properties of all the perovskites were calculated using VASP. The 

ab-initio program calculates this property after determining the electronic ground state. The sum 

of the following equation over the empty states yields the imaginary portion of the dielectric 

constant.  

𝜀𝛼𝛽
2 (𝜔) = 4𝜋2𝑒2

𝛺
 limq→0 

1

𝑞2
   ∑ 2𝑐,𝑣,𝑘 wk𝛿(𝜀𝑐𝑘 − 𝜀𝑣𝑘 − 𝜔) X ⟨𝑢𝑐𝑘+𝑒𝛼𝑞|𝑢𝑣𝑘⟩ ⟨𝑢𝑐𝑘+𝑒𝛽𝑞|𝑢𝑣𝑘⟩*   

Where the indexes c and v stand for conduction band states and valence band states, respectively, 

and uck is the cell periodic portion of the orbitals at the k-point k, ω denotes the angular frequency 
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of electromagnetic (EM) radiations. The imaginary part of the dielectric constant, ε2(ω), is related 

to the light absorption behavior of the materials.  

To calculate the real part of the dielectric function, Kramers-Kronig correlation [124] is used which 

represents the degree of polarization of a medium under the application of an external field and is 

shown in the following equation: 

𝜀𝛼𝛽
1 (𝜔) = 1 + 2

𝜋
 P∫

𝜀𝛼𝛽
2 (𝜔′)𝜔′

𝜔′2−𝜔𝑛+𝑖𝜂

∞

0
 d𝜔′ 

The total dielectric constant is complex and can be calculated as follows [125]: 

ε (𝜔) = 𝜀𝛼𝛽
1 (𝜔) + i 𝜀𝛼𝛽

2 (𝜔) 

Fig. 5-35a and 5-35b show the real part, ε1(ω) and imaginary part, ε2(ω) of the dielectric constant 

respectively. For Rb2NaInCl6, Rb2NaInBr6, and Rb2NaInI6, the static dielectric constants—or 

the values of the real part of the dielectric constant at zero frequency, ε1(0)—are 2.0647, 2.4783, 

and 3.2146, respectively. As the band gap decreases, the static dielectric constant, ε1(0) rises from 

Rb2NaInCl6 to Rb2NaInBr6 to Rb2NaInI6. This increasing of ε1(0) can be explained by the Penn's 

model in which static value ε1(0) and band gap (Eg)are related according to the following equation.  

𝜀1(0) ≈ 1 + (ħ𝜔𝑝

𝐸𝑔
)2 

Where, ωp is plasma frequency and ħ is reduced Planck constant. For all perovskites, ε1(ω) 

increases with increasing the value of energy and the maximum dispersion of light at resonance 

frequency for energies of 3.52 eV/5.93 eV, 2.83 eV/4.83 eV and 1.15eV/ 3.82 eV Rb2NaInCl6, 

Rb2NaInBr6 and Rb2NaInI6 respectively. The peak value increases from Rb2NaInCl6 to 

Rb2NaInBr6 to Rb2NaInI6 but the energy position for the maximum value decreases. After reaching 

the maximum value, it rapidly decreases until it reaches a minimum in the negative range before 

bouncing back to the unit value at high energy.  

The frequency-dependent linear optical properties like absorption coefficient α(ω), refractive 

index n(ω), extinction coefficient κ(ω), reflectivity R(ω), and energy-loss function L(ω) for all the 
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perovskites in this group were calculated from the real ε1(ω) and ε2(ω) parts of the dielectric 

function [124]as shown in Fig. 5-35.  

The optical absorption of a material depends on the interaction between the valence band electrons 

and phonons. When light rays pass through a material, the absorption coefficient determines the 

thickness of the material needed to absorb a specific amount of light with a specific energy. For a 

solar absorber to absorb at least 80% of the light incident within a thickness of 1 µm, the absorption 

coefficient must be greater than 104 cm-1.  

As seen in Fig. 5-35c, starting at energies of 3.03 eV, 1.85 eV, and 0.88 eV for Rb2NaInCl6, 

Rb2NaInBr6 and Rb2NaInI6 respectively, the absorption coefficient value rises quickly from the 

absorption edge to reach a maximum and then drops again to a value close to 0. The conduction 

band splitting is the cause of this abrupt decrease in the absorption coefficient. Both Rb2NaInBr6 

and Rb2NaInI6 have weak absorption at their absorption edges, which causes them to have poor 

absorption in this region. The absorption of Rb2NaInCl6 begins just at the end of the visible range. 

So, this will not absorb light in this region.  The perovskites, however, have high UV absorption. 

The beginning of the absorption and its shape also support the perovskites' band structure and band 

gap.  Compared to MAPbI3, these perovskites have a different absorption shape.  

We calculate the refractive index of the perovskite, and the complex refractive index is represented 

by ǹ = n(ω) + ik(ω), where n(ω) is the refractive index of the perovskites that determine the 

dispersion of the incident light, and the complex part, k(ω), is the extinction coefficient. The n(ω) 

and k(ω) follow similar trends as the ε1(ω) and ε2(ω) respectively as shown in Fig. 5-35d and 5-

35e. The refractive index increases with energy and reaches a maximum with an interim downfall 

and then starts to increase again reaching a steady value at high energy. The frequency or energy 

position of the maxima decreases while maxima increases as moving from Rb2NaInCl6 to 

Rb2NaInBr6 to Rb2NaInI6r. The region where the refractive index value is less than the extinction 

coefficient value indicates that there is no photon transmission in this energy range within the 

material. The static refractive index n(0) of the perovskites have a value of  2.56, 2.98 and 3.63  

for Rb2NaInCl6, Rb2NaInBr6 and Rb2NaInI6 respectively.     
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Figure 5-35 . Calculated optical properties of the perovskites. Here (a) and (b) real and imaginary 
part of the dielectric respectively, (c) absorption coefficient, (d) refractive index, (e) extinction 
coefficient, (f) reflectivity and (g) energy loss spectrum. 



 

82 

 

Fig.  5-35f shows the reflectivity of the perovskites in different energy ranges. As can be seen, the 

maximum reflectivity for Rb2NaInCl6, Rb2NaInBr6 and Rb2NaInI6 was found at energies around 

9.87 eV, 8.95 eV, and 7.73 eV, respectively, while the reflectivity at the visible range was below 

5%, 8%, and 11%.  This is consistent with the refractive index and extinction coefficient shown in 

Fig. 5-35d and Fig. 5-35e. Maximum values of the reflectivity in the range 0 to 6 eV is below 25%, 

which indicates that most of the photons with energy in this region will be absorbed or transmitted 

through the materials.  

Fig.  5-35g. shows the energy loss spectrum of the perovskites in different energy ranges, which 

reveals the loss of a electron's energy as it passes through the respected perovskite. Maximum loss 

is discovered to occur for Rb2NaInCl6, Rb2NaInBr6 and Rb2NaInI6 at energies between 10 and 11 

eV, 9 to 10.5 eV, and 8 to 9.5 eV, respectively. The highest value below 7 eV is found to be around 

0.25. This indicates a very small energy loss at lower energy levels. 

 

5.10 PHOTOCATALYSIS 

Photocatalytic water splitting, which generates H2 as a clean and renewable energy source, is 

another way to use solar energy. The majority of H2 is currently produced using fossil fuels, which 

results in CO2 emissions as a byproduct [126]. If the cost of photocatalytic water splitting can be 

decreased by developing new materials, it may eventually replace other methods of producing H2. 

Photocatalytic actions of a materials are also held as like solar cell mechanism. For a 

semiconductor to function as a photocatalyst, incident photons must have an energy (v) greater 

than the band gap (Eg) of the materials. This incident ray (photons) will interact with the electron 

and lift it to the conduction band to produce a free electron in the conduction band leaving behind 

a hole in the valence band. This electron and hole will transport to the photocatalyst surfaces and 

participate in photo-oxidation and reduction, respectively.  

To complete this photo-induced redox reaction, the energy positions of the VBM and CBM must 

be compatible with the absolute redox potentials of the oxidation and reduction reactions, 

respectively. The redox potential of water splitting reactions depends on the PH value [127] [128]. 

The energy of the photoexcited electron must be higher than the redox potential of the photo-
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oxidation reaction on the absolute vacuum scale for spontaneous reaction, and the energy position 

(with respect to vacuum) of the VB edge must be lower (more negative) than the redox potential 

of the photo-reduction reaction. The following two equations can be used to determine the PH-

dependent standard redox potential of the oxidation and reduction reaction in water splitting 

reaction: 

 

The calculated oxidation and reduction potentials and the viability of photocatalysis of the 

proposed perovskites is shown in Fig. 5-37. 

 

Figure 5-36 Mechanism of Photocatalysis. 
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Figure 5-37 viability of Photocatalysis for the proposed perovskite group. 

From figure 5-37, it is found that Rb2NaInCl6 can be used as a photocatalyst in both neutral or 

acidic condition due to having favorable VBM and CBM energies for spontaneous reaction. Both 

Rb2NaInBr6 and Rb2NaInI6 have has favorable CBM energy for spontaneous photo-oxidation 

reaction in water splitting, however, the VBM energy cannot lead to a spontaneous photo-reduction 

reaction. That’s why Rb2NaInBr6 and Rb2NaInI6 may not be used solely as a photocatalyst in a 

Hydrogen evolution from water splitting but can be used by coupling with others.  
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CAPTER 6: CONCLUSION 

6.1 CONCLUSION 

The structural, mechanical, electronic, dielectric and optical properties are calculated for the 

mechanically and thermodynamically stable cubic perovskites of Rb2MInX6 (where, M = Li, Na, 

K and X= Cl, Br, I), by using the First Principle DFT analysis in GGA-PBE method. To the best 

knowledge of the author, the theoretical analysis of Rb2MInX6 perovskites has been done for the 

first time. Any theoretical or experimental analysis has not been done before.  

It is expected from this analysis, the cubic phase of Lithium (Li) based perovskites, Rb2LiInX6, 

aren’t stable at room temperature due to failing to meet the critical values for the octahedral factor 

(found < 0.40 but expected value is 0.44-0.90). Noncubic perovskites have lower symmetry that 

affects the band structure and mobility of the perovskites and hampered the photovoltaic 

properties. Potassium-based perovskites, Rb2KInX6, are structurally and thermodynamically stable 

but don’t have mechanical stability due to having negative value of C44 (expected value C44>0). 

But Sodium-based perovskites, Rb2NaInX6, satisfy the structural tolerance value that ensures the 

stable cubic phase of those perovskites, have negative formation energies and stability against 

decomposition that ensure thermodynamic stability and also satisfy the mechanical stability 

requirements. That indicates the best stability of Na-based perovskites.  

That’s why the structural, mechanical, electronic, dielectric, and optical properties are calculated 

only for the Rb2NaInX6, a stable noble nontoxic group of perovskites. It has been found that all 

perovskites in this group exhibit semiconducting behavior with a direct band gap and have 

favorable photovoltaic properties. All of them have a Paugh's ratio > 1.75, nonnegative Cauchy 

pressure, and position's ratio higher than 0.26, all of which point to the perovskites' ductility, while 

a higher Debye temperature value reveals the materials' stability at high temperatures. Both 

Rb2NaInBr6 and Rb2NaInI6 perovskites are suitable for use in tandem solar cells due to their strong 

light absorption, small effective electron mass for mobility, and suitable direct band gap (Eg <2.0 

eV). Along with having a direct band gap of 3.01 eV, strong UV absorption, a suitable electron 

effective mass for mobility, and VBM and CBM energies matching the oxidation and reduction 

potentials of water splitting, Rb2NaInCl6 is a candidate for use as a photocatalyst in the production 

of hydrogen from water splitting. 
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6.2 SCOPE FOR FUTURE INVESTIGATIONS 

The following recommendations for future research work may be suggested: 

 DFT analysis of those perovskites to determine the suitability of the perovskite to be used 

as Scintillator, Light emitter, etc. 

 Modification of those perovskites by doping to modify the electronic properties to improve 

hole mobility  

 Interface analysis of those to investigate the interfacial analysis and charge transfer through 

the interface and finding out of the interfacial properties 

 Full cell simulation in SCAPS by taking those perovskites as a light absorber.  
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