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General Introduction 

Embedded systems have become an integral part of modern technological 

advancements, finding applications in a wide range of fields, including telecommunications, 

transportation, healthcare, and agriculture. These systems are designed to perform specific tasks 

with high efficiency, often in real-time environments, and are embedded within larger systems 

[1]. Their significance continues to grow as the world moves towards greater automation and 

sustainability. However, despite their rapid evolution, the development of embedded systems 

has faced several challenges [2]. 

One of the primary obstacles is the increasing cost of raw materials, particularly those 

used in key components like solar cells and batteries. As the demand for renewable energy-

powered embedded systems rises, materials such as silicon in solar cells, lithium in batteries, 

and III-V compounds in LEDs have become essential. Yet, the rising prices of these materials 

due to resource depletion and limited availability have made these systems more expensive. 

Additionally, embedded systems often require human interaction in fields such as agriculture, 

further increasing the cost-effectiveness of many projects [2]. 

In response to the growing concerns about the scarcity of raw materials and the 

increasing costs of production, researchers have sought to develop embedded systems that are 

more self-sufficient. A key area of focus has been the integration of renewable energy sources, 

particularly solar energy, to reduce dependence on external power supplies. However, this 

transition is not without challenges. The high cost and weight of solar panels, particularly in 

agricultural applications, make it difficult to integrate renewable energy systems into embedded 

devices cost-effectively. 

In recent years, a major trend in materials research has been the exploration of 

alternative materials to replace traditional ones used in solar cells, batteries, and LEDs. One of 

the most promising materials in this context is perovskite compounds. These materials have 

shown exceptional efficiency in solar cell applications, with perovskite-based cells achieving 

efficiencies up to 30%. They are also being explored for use in batteries and LEDs, with real-

world examples such as perovskite solar cells showing great promise for large-scale deployment 

in renewable energy systems [3]. 
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This research seeks to explore and analyze the potential of perovskite materials in the 

context of embedded systems, focusing on their electronic, elastic, optical, and thermoelectric 

properties. Through a combination of theoretical and computational methods, this study aims to 

develop a comprehensive understanding of these materials' behavior and their potential for use 

in energy-efficient, low-cost embedded systems.  

The primary objective of this research is to investigate new, clean, and non-toxic 

materials that can offer enhanced photovoltaic and energy performance at a lower cost than 

currently available materials. Specifically, this study focuses on perovskite compounds, 

including classic perovskites, double perovskites, and antiperovskites, and their application in 

embedded systems for industrial purposes. By examining the structural, electronic, elastic, 

optical, and thermoelectric properties of these materials, the research aims to: 

• Examine the stability and feasibility of synthesizing perovskite compounds. 

• Evaluate the photovoltaic efficiency and thermoelectric performance of these materials in 

embedded systems. 

• Identify potential applications in renewable energy-powered embedded systems, 

particularly in off-grid and agricultural contexts. 

• Propose novel materials that can replace traditional ones such as silicon, lithium, and III-V 

compounds, reducing reliance on rare and expensive raw materials. 

The primary research questions are as follows: 

• What are the structural, electronic, elastic, optical, and thermoelectric properties of 

perovskite materials, and how do they compare to traditional materials used in embedded 

systems? 

• Can perovskite-based materials provide an effective alternative to silicon in solar cells, 

lithium in batteries, and III-V compounds in LEDs, in terms of both efficiency and cost? 

• What are the potential challenges in integrating perovskite materials into renewable energy-

powered embedded systems, and how can these challenges be addressed? 

This research will focus on the theoretical and computational investigation of perovskite 

compounds for use in renewable energy-powered embedded systems. It will involve a 

comparative study of various perovskite materials, including classic perovskites, double 
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perovskites, and antiperovskites. Key properties such as structural stability, electronic band 

structure, elasticity, optical behavior, and thermoelectric performance will be analyzed using 

Density Functional Theory (DFT) and related computational techniques [4]. 

The research employs a combination of computational methods to investigate the 

structural, electronic, elastic, optical, and thermoelectric properties of various perovskite 

materials. The primary computational tool is WIEN2k, which uses the Full-Potential Linearized 

Augmented Plane Wave (FP-LAPW) method to perform Density Functional Theory (DFT) 

calculations [5,6]. This method will be used to determine the materials' electronic structures, 

band gaps, and densities of states. Additionally, SCAPS-1D software will be used to simulate 

the performance of perovskite-based materials in solar cells, while MATLAB will be used to 

model the full performance of solar panels. Finally, Proteus will be utilized to simulate charging 

circuits for embedded systems powered by solar energy [7]. 

This research is structured around seven chapters. 

✓ Chapter I: Introduction to perovskite materials, including their historical development, 

structural characteristics, and synthesis techniques. This chapter will provide a background 

for the theoretical and computational work presented in later chapters. 

✓ Chapter II: Overview of the theoretical and computational methods used to study 

perovskite materials, including Density Functional Theory (DFT), the WIEN2k code, and 

related techniques. 

✓ Chapter III: Analysis of the structural and electronic properties of perovskite materials 

using DFT calculations, focusing on band structure, density of states, and other key 

structural parameters. 

✓ Chapter IV: Investigation of the mechanical and vibrational properties of perovskite 

materials, including elastic constants and phonon dispersion relations, to assess their 

stability and suitability for embedded systems. 

✓ Chapter V: Exploration of the thermoelectric properties of perovskite materials and their 

potential for use in energy harvesting applications. 

✓ Chapter VI: Examination of the optical properties of perovskite materials and their 

relevance for applications in optoelectronics and energy harvesting technologies. 

✓ Chapter VII: Discussion of the integration of perovskite solar cells into embedded systems, 

with a focus on agricultural applications and the challenges of using renewable energy in 

embedded systems. 
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I.1 Introduction 

erovskite materials, originally identified in the mineral CaTiO3, have evolved 

into one of the most versatile classes of compounds in materials science. 

Defined by their adaptable ABX3 crystal structure, perovskites accommodate a 

wide range of chemical elements, enabling the design of materials with tailored 

optical, electronic, magnetic, and thermal properties. This chapter outlines the historical 

evolution, structural characteristics, and compositional diversity of perovskites and their 

derivatives particularly double and anti-perovskites while also discussing key synthesis 

techniques and emerging applications. The aim is to establish a comprehensive background that 

contextualizes the theoretical and computational investigations presented in the following 

chapters. 

I.2 Perovskites  

The term perovskite refers both to a specific mineral and to a broad class of compounds 

that adopt the same crystal structure as that mineral. The perovskite structure was first identified 

in 1839, when the German mineralogist Gustav Rose discovered a naturally occurring 

compound with the chemical formula CaTiO3 in the Ural Mountains Figure (I.1). In honor of 

the Russian nobleman and mineralogist Lev Alekseevich Perovski, Rose named this new 

mineral perovskite [1]. 

 

Figure I.1: A rare Perovskite in matrix cluster from Russia 

P 
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Although the mineral was known in the 19th century, the structural and functional 

potential of perovskites began to attract significant scientific interest only in the mid-20th 

century, especially with the rise of crystallographic techniques and solid-state physics [2]. The 

1980s and 1990s saw a surge in research due to ground-breaking findings like high-temperature 

superconductivity in perovskites based on copper oxide (e.g., YBa2Cu3O7-δ), which created new 

opportunities in materials science and condensed matter physics [3]. These advancements made 

the perovskite structure a very adaptable framework that can hold many anions and cations. 

As scientific understanding progressed, the perovskite family expanded well beyond the 

original CaTiO3 compound. Numerous derivative materials emerged, maintaining the 

characteristic three-dimensional framework but incorporating diverse chemical constituents. 

Among these, halide perovskites, particularly organic-inorganic hybrids such as CH3NH3PbI3, 

gained rapid prominence in the early 2010s for their remarkable optoelectronic properties and 

potential in photovoltaic applications, eventually achieving power conversion efficiencies 

exceeding 25% in less than a decade [4]. 

In parallel, other classes of perovskite-like materials were developed, including 

chalcogenide perovskites (e.g., BaZrS3), oxide-based double perovskites (A2BB′O6), and halide 

double perovskites (such as Cs2AgBiBr6), each offering distinct advantages in terms of stability, 

toxicity, or band gap tunability. Structural diversification also led to the emergence of anti-

perovskites, where the positions of cations and anions are effectively reversed compared to the 

classic perovskite structure. These materials typically adopt the general formula A3BX, with a 

range of interesting electronic, magnetic, and thermoelectric behaviors [5]. 

Moreover, complex perovskites and low-dimensional perovskites have been developed 

for targeted functionalities, including ferroelectricity, spintronics, and catalysis. These 

structural families are not only defined by the ABX3 formula but also include layered, 

Ruddlesden-Popper, and Dion–Jacobson phases, further illustrating the adaptability of the 

perovskite framework [6]. 

Recently, in 2023, anti-perovskite-inspired compounds with the generalized formula 

A3BX3 emerged as the subject of a novel theoretical framework within the broader field of 

perovskite derivatives. Guided predominantly by density functional theory (DFT) calculations, 
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recent studies have demonstrated that these materials exhibit strong optical absorption and 

suitable band gap values, positioning them as promising candidates for next-generation 

photovoltaic applications [7]. Theoretical investigations suggest that A3BX3 compounds offer a 

versatile platform for designing efficient solar absorbers by integrating the favorable electronic 

characteristics of conventional perovskites with the potential benefits of enhanced stability and 

reduced toxicity [8]. 

The progression of perovskite research reflects a broader shift in materials science 

toward functional material design and structural tunability. What began as a mineralogical 

curiosity has evolved into one of modern materials research's most extensively explored and 

technologically significant structural frameworks [9]. 

I.3 Chemical Diversity and Structural Flexibility 

The perovskite crystal structure, first described in its ideal cubic form with the general 

formula ABX3, is renowned for its remarkable tolerance to chemical substitution and structural 

deformation. This intrinsic flexibility underpins the vast compositional landscape of 

perovskites, making them a highly versatile platform for designing functional materials across 

diverse disciplines such as photovoltaics, catalysis, spintronics, and thermoelectrics [10]. 

I.3.1 Ideal Structure and Symmetry Distortions 

In the archetypal cubic perovskite (space group P𝑚3𝑚), the A cation is 12-fold 

coordinated in a cuboctahedral site, while the B cation resides in the center of an octahedron 

formed by six X anions [11]. This high-symmetry configuration is stable only for a narrow range 

of ionic radii ratios. When the size mismatch between A, B, and X ions increases, the lattice 

undergoes cooperative tilting of the BX6 octahedra, leading to symmetry-lowered structures 

such as tetragonal, orthorhombic, monoclinic, or rhombohedral phases, as illustrated in Figure 

(I.2) [12]. These distortions, while preserving the overall perovskite framework, significantly 

alter the electronic bandwidth, orbital hybridization, and interatomic distances, thereby 

affecting the physical properties of the material. 
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Figure I.2: The seven primitive crystal systems 

I.3.2 Compositional Diversity at A, B, and X Sites 

The inherent compositional flexibility of perovskite materials, with the formula ABX3, 

is a defining characteristic that enables extensive tunability of their physical and chemical 

properties. Each of the crystallographic site’s “A” typically a larger cation, “B” a smaller 

transition metal or main group element, and “X” an anion, often oxygen or a halogen, as shown 

in Figure I.3(a), can be systematically varied to tailor the material for specific applications, 

such as photovoltaics, catalysis, ferroelectrics, magnetism, thermoelectrics, and 

superconductivity. The “A-site” is usually occupied by larger alkali, alkaline earth, or rare-earth 

cations such as Ca2+, Sr2+, Ba2+, La3+, or organic cations in hybrid perovskites (e.g., CH3NH3+ 

(MA+), HC(NH2)2+, (FA+)) see Figure I.3(c). These cations primarily influence the structural 

stability and tolerance factor of the perovskite lattice [13]. 

Historical studies, such as those by Müller and Roy in 1974 and Shannon in 1976, 

provided comprehensive ionic radius tables that were crucial for estimating the formability of 

perovskites based on this factor [14]. In oxide perovskites, “A-site” substitution has been used 

extensively to enhance ferroelectric and dielectric properties. For example, in Ba1-xSrxTiO3 solid 

solutions, gradual substitution of Ba2+ with the smaller Sr2+ tunes the ferroelectric Curie 

temperature and lattice constants, enabling precise control over dielectric behavior [15]. 
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The “B-site” hosts smaller cations, typically transition metals such as Ti4+, Fe3+, Mn3+, Co3+, 

Nb3+, Mo3+, or post-transition elements, which are often responsible for the electronic and 

magnetic functionalities of perovskites. The nature of the “B-site” atom critically determines 

the degree of hybridization with “X-site” anions, influencing band structures, magnetism, and 

conduction mechanisms [13]. 

Pioneering studies on LaBO3 (B = Mn, Co, Fe, Ni) perovskites by Nakamura and co-

workers in the mid-20th century established the link between “B-site” electronic configurations 

and magnetic/electronic behavior, introducing concepts such as double exchange and super 

exchange interactions [16]. Moreover, in high-temperature superconducting perovskites like 

YBa2Cu3O7-δ, the Cu-O planes with Cu occupying the “B-site” are essential for 

superconductivity, demonstrating how delicate B-site chemistry controls emergent quantum 

phenomena [17]. 

In recent years, the design of “B-site” ordered double perovskites such as Sr2FeMoO6, 

Ba2FeReO6, and La2NiMnO6 has opened new possibilities in spintronic applications due to the 

half-metallic nature and high spin polarization of these materials [18]. The “X-site”, 

traditionally occupied by an anion such as O2-, F-, Cl-, Br-, or I-, plays a pivotal role in mediating 

B-X-B connectivity and thereby impacts the dimensionality, band gap, and overall structural 

integrity. Anion substitution or mixing is a powerful strategy to control optical and electronic 

properties. In halide perovskites like CH3NH3Pb(I1-xBrx)3, tuning the I-/ Br- ratio allows precise 

band gap engineering, which is vital for optimizing solar cell efficiency and stability [13]. 

Furthermore, early studies on oxyfluoride and oxynitride perovskites such as LaTiO2N 

demonstrated how replacing oxygen with less electronegative anions like N3- reduces the band 

gap, thereby enhancing visible-light photocatalytic activity [19]. Similarly, the introduction of 

chalcogenide anions (S2-, Se2-) in sulfide perovskites like BaZrS3 has resulted in new materials 

with narrow band gaps and strong absorption coefficients, which are promising for photovoltaic 

and optoelectronic applications [20]. A major advantage of the perovskite framework lies in its 

capacity for multisite substitution, where combinations of “A, B, and X-site” doping produce 

synergistic effects. For example, in (Ba,Sr)(Ti,Zr)O3, co-substitution at A- and B-sites is used 

to optimize piezoelectric and ferroelectric properties, while in (La,Sr)MnO3, A-site doping with 
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Sr2+ introduces mixed valence Mn3+/Mn4+ states at the B-site, enhancing colossal 

magnetoresistance [21]. 

The compositional diversity of perovskites enables vast chemical design space and 

functional tailoring. Historical and contemporary studies consistently highlight that rational 

control over site-specific substitution leads to predictable and tunable properties, rendering 

perovskites a uniquely versatile class of materials for multifunctional applications [22]. 

I.3.3 Derivative and Extended Perovskite Structures 

While the canonical ABX3 perovskite framework already allows considerable 

compositional and structural variation, numerous derivative and extended structures have been 

discovered or engineered that retain the essential features of the perovskite lattice namely, 

corner-sharing BX6 octahedra but exhibit modified topologies, dimensionalities, or chemical 

ordering [23]. These variants arise due to the flexibility of the perovskite scaffold to 

accommodate larger unit cells, cationic ordering, and stacking faults. As a result, the term 

“perovskite” now encompasses a broader family of compounds, including double perovskites, 

layered perovskites, anti-perovskites, and molecular or hybrid variants, each of which is 

associated with unique physical properties and technological applications [24]. 

I.3.3.1 Double Perovskites 

Double perovskites represent one of the most well-studied extensions of the ABX3 form, 

in which the B-site is occupied alternately by two different cations B and B′ in a rock-salt-type 

ordering. This structural modification typically leads to a doubling of the unit cell and can be 

formulated as A2BB′X6, as depicted in Figure I.3(d). Double perovskites have attracted 

extensive interest due to their rich electronic and magnetic behavior, especially when B and B′ 

are transition metals with different oxidation states or spin configurations [25]. 

A pioneering example is Sr2FeMoO6, reported in the mid-1990s [26], which was found to 

exhibit half-metallic ferromagnetism and a high Curie temperature of ≈420 K, making it a 

promising material for spintronic applications. The origin of its magnetoresistance was 

attributed to strong hybridization between the Fe 3d and Mo 4d orbitals and spin polarized 

charge transport. Another historically significant compound is La2MnNiO6, first studied in the 
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1960s [27], which showed ferromagnetic behavior due to Mn³⁺-O-Ni³⁺ super exchange 

interactions. 

In more recent years, interest has shifted toward halide-based double perovskites, 

particularly in the context of lead-free alternatives for photovoltaics. Cs2AgBiBr6 has been 

intensively studied as a non-toxic, air-stable halide double perovskite [28], displaying an 

indirect band gap of ≈1.95 eV and high structural stability. While its photovoltaic efficiency 

remains modest compared to lead-based halide perovskites, compositional engineering (e.g., 

partial substitution of Bi³⁺ with Sb³⁺ or Ag⁺ with Cu⁺) has been employed to tune the band 

structure toward direct transitions and higher absorption coefficients [29]. 

I.3.3.2 Anti-Perovskites 

Anti-perovskites invert the typical perovskite stoichiometry and atomic arrangement. In 

these materials, the larger A-site cations occupy the positions normally taken by anions, while 

the central site is filled by a small electronegative atom such as nitrogen or oxygen Figure I.3(b) 

[30]. The most extensively studied examples include Li3OX (X = Cl, Br), which are fast lithium-

ion conductors with high ionic mobilities [31]. These materials have found applications in solid-

state batteries and were first described in detail in the early 2000s [32]. 

In the realm of electronic structure, anti-perovskites such as Cu3PdN and Mg3Bi2 have 

been shown to host topologically non-trivial phases, including Dirac semimetals and topological 

insulators, depending on the level of spin orbit coupling [33]. These findings have positioned 

anti-perovskites at the frontier of topological materials research. 

More recently, anti-perovskite chalcogenides and pnictides for examples Ba3SbP, 

Sr3AsN have been proposed as potential semiconductors for thermoelectric and photovoltaic 

applications [34]. These compounds exhibit tunable band gaps, structural stability, and low 

effective masses, making them competitive with traditional perovskites in optoelectronic 

performance. 
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Figure I.3: Representative Crystal Structures of (a) Conventional Perovskite (ABX3), (b) Anti-

Perovskite, (c) Hybrid Organic–Inorganic Perovskite, and (d) Double Perovskite (A2BB′X6) 

I.4 General Properties of Perovskites 

The broad family of perovskite materials including simple perovskites, double 

perovskites, anti-perovskites, layered variants, and hybrid organic-inorganic analogues is 

renowned for its extraordinary range of functional properties, underpinned by a combination of 

chemical versatility and structural flexibility. Across its various subclasses, the perovskite 

framework supports a vast array of elemental compositions and bonding environments, giving 

rise to a rich palette of electrical, magnetic, optical, and thermal behaviors [24]. 

One of the defining characteristics of the perovskite family is its capacity to host a wide 

variety of electronic ground states, ranging from insulating and semiconducting to metallic and 

even superconducting phases. This includes oxide-based perovskites with strong electron 

correlation effects, halide perovskites with exceptional optoelectronic performance, and anti-

perovskites displaying unusual metallicity or topologically nontrivial band structures. Such 
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diversity renders perovskites highly adaptable to applications in electronics, spintronics, and 

quantum materials research [35]. 

The optical properties of perovskite systems are equally diverse. Members of the family, 

including halide and chalcogenide perovskites, often exhibit high absorption coefficients, direct 

bandgaps, and tunable emission across the visible and near-infrared spectra. These features are 

of particular interest in solar photovoltaics, light-emitting diodes, and photodetectors. In layered 

and hybrid perovskites, quantum confinement and dielectric screening can further enhance 

excitonic effects, offering opportunities for low-dimensional optoelectronics [36]. 

Perovskite materials are also known for a variety of ferroelectric, piezoelectric, and 

multiferroic behaviors, particularly in oxide and hybrid compositions. Structural distortions and 

cation displacements within the perovskite lattice can lead to spontaneous polarization, enabling 

applications in memory devices, sensors, and actuators [37]. In double and complex perovskites, 

ordered B-site cation arrangements can introduce magnetoelectric coupling and charge ordering 

phenomena, expanding the landscape of ferroic-functionalities [38]. 

Moreover, magnetic ordering ranging from ferromagnetism and antiferromagnetism to 

spin glass and frustrated states is a recurrent feature in many transitions metal containing 

perovskites. Double perovskites, for instance, frequently host super exchange or double-

exchange interactions, while certain anti-perovskites exhibit itinerant magnetism or topological 

magnetic textures [39]. 

In addition, perovskite structures are notable for their ionic and protonic conductivity, 

which are especially relevant in energy conversion and storage technologies. Oxide perovskites 

have long been utilized as solid electrolytes and cathodes in solid oxide fuel cells (SOFCs), 

while hybrid and chalcogenide analogues are being explored for ion transport in batteries and 

sensors [40]. 

Thermal and mechanical properties across the family vary considerably. While some 

members exhibit low thermal conductivity, beneficial for thermoelectric applications, others 

demonstrate excellent thermal stability, making them suitable for high-temperature 

environments [41]. The mechanical response elasticity, hardness, and resistance to deformation 
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also depends on the specific bonding character and structural topology of the variant in question 

[42]. The general properties of perovskites are not confined to a narrow set of characteristics 

but encompass a multifunctional and interdisciplinary landscape. Their ability to exhibit and 

combine diverse behaviors electronic, optical, magnetic, ferroic, and ionic within a single or 

closely related structural motif positions perovskites as central materials in modern and 

emerging technologies. Continued research into their derivative forms, including double and 

anti-perovskites, promises further discoveries and novel applications across energy, electronics, 

and quantum science [42]. 

I.5 Synthesis Methods of Perovskite Compounds 

The synthesis of perovskite compounds is a diverse and rapidly evolving field, reflecting 

the chemical and structural complexity of this family of materials. Various techniques have been 

developed to prepare perovskites with precise control over their composition, crystallinity, 

morphology, and phase purity. Among the most traditional approaches is the high-temperature 

solid state method, commonly employed for the synthesis of oxide and halide-based perovskites, 

as shown in Figure I.4(a-i) [43]. In this technique, stoichiometric amounts of precursor powders 

such as oxides, carbonates, or halides are intimately mixed and subjected to thermal treatment, 

typically above 1000 °C. This prolonged heating facilitates interdiffusion and enables 

crystallization into the perovskite phase. Although robust and scalable, this method often 

requires repeated grinding and calcination steps to achieve phase homogeneity and may lead to 

the formation of undesirable secondary phases if not carefully optimized [44]. 

To circumvent some of these limitations, wet chemical techniques such as sol gel 

processing and combustion synthesis have gained prominence. These routes allow for precursor 

mixing at the molecular level, thus improving homogeneity and reducing synthesis 

temperatures. In sol-gel synthesis, metal alkoxides or salts undergo hydrolysis and condensation 

to form a gel, which upon thermal treatment converts to a crystalline perovskite. Similarly, 

combustion methods use redox reactions between metal nitrates and organic fuels to rapidly 

generate heat, driving the formation of the desired phase in a matter of minutes. These methods 

are particularly advantageous for synthesizing nanostructured or doped perovskites with 

controlled particle sizes [43]. 
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In recent years, hydrothermal and solvothermal methods have emerged as effective 

techniques for growing high-quality perovskite crystals under relatively mild conditions. By 

employing sealed autoclaves to heat aqueous or organic precursor solutions under high pressure, 

these approaches enable the crystallization of perovskites with well-defined morphologies at 

temperatures typically below 300 °C. This makes them suitable for synthesizing complex 

oxides, halides, and even chalcogenide perovskites, including metastable or low-symmetry 

structures that might be difficult to obtain through conventional solid-state reactions [45]. 

For applications involving thin films such as photovoltaics, light-emitting diodes, or 

photodetectors solution-based methods such as spin-coating, dip-coating, and inkjet printing 

have become standard. These approaches, especially prevalent in the fabrication of hybrid 

organic-inorganic halide perovskites, rely on the deposition of precursor solutions onto 

substrates followed by thermal or solvent-assisted annealing to induce crystallization. These 

low-cost and scalable techniques have enabled rapid prototyping of perovskite devices and are 

increasingly being adapted for use with other types of perovskite compounds beyond the hybrid 

halides [46]. 

In parallel, vapor-phase deposition methods have gained traction, particularly in high-

performance electronic applications. Techniques such as chemical vapor deposition (CVD), 

physical vapor deposition (PVD), and thermal evaporation offer precise control over film 

thickness, interface quality, and composition. While more technologically demanding, vapor 

deposition ensures high reproducibility and is well-suited for the integration of perovskite 

materials into multi-layered device architectures. Such methods are being actively explored for 

the synthesis of double perovskites and other complex structures where stoichiometric precision 

is critical [47]. 

Alternative routes such as mechanochemical synthesis and microwave-assisted methods 

have also emerged as attractive options. Mechanochemical processing involves the use of ball-

milling to induce solid-state reactions at room temperature, offering a solvent-free, 

environmentally friendly approach to synthesizing perovskites with minimal energy input. This 

method has been successfully employed for the preparation of simple, double, and even anti-

perovskite structures. On the other hand, microwave-assisted synthesis provides rapid and 
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uniform heating, leading to significantly reduced reaction times and enhanced crystallization 

kinetics, particularly beneficial for producing nanocrystalline or metastable phases [48]. 

 

Figure I.4 Diverse Techniques for Synthesizing Perovskite and Nanocomposite Structures 
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The synthesis strategy chosen for a given perovskite system is dictated by the targeted 

structural complexity, desired morphology, functional application, and processing constraints. 

As the field expands to encompass novel architectures such as layered, anti, and complex 

perovskites, including theoretical A3BX3 type derivatives recently proposed as solar energy 

materials the development and refinement of advanced synthesis routes will be indispensable 

for transforming theoretical predictions into practical, experimentally realizable compounds. 

I.6 Applications of Perovskites in Modern Technologies 

Perovskite materials have garnered significant attention in recent years due to their 

versatile and impressive properties, which make them ideal candidates for a range of 

applications in modern technologies. The unique structural characteristics of perovskites, 

coupled with their tunable electronic, optical, and chemical properties, make them highly 

suitable for diverse fields such as solar energy conversion, optoelectronics, catalysis, and energy 

storage. 

I.6.1 Perovskites in Solar Cells 

The development of perovskite-based solar cells (PSCs) has been one of the most ground 

breaking advancements in renewable energy technology as shown in Figure I.5. Perovskite 

materials were first introduced to solar cell technology by Miyasaka et al. in 2009, who 

demonstrated that a lead halide perovskite CH3NH3PbI3 could serve as the light-absorbing layer 

in a solar cell [49]. This discovery initiated a wave of research focused on improving the 

efficiency and stability of PSCs. Early efforts were led by researchers like Grätzel and co-

workers, who developed the first solid state perovskite solar cells, achieving a power conversion 

efficiency (PCE) of around 3.8% [50]. 

Since then, significant improvements have been made, with the PCE of perovskite solar 

cells exceeding 25% in recent years, making them competitive with traditional silicon solar cells 

[51]. The rapid advancement of this field can be attributed to the work of several researchers, 

including Kojima et al. in 2009 who developed high-efficiency devices using perovskite [52], 

and Saliba et al. in 2016 who optimized the materials and processing techniques, pushing the 

PCE to 20% in laboratory settings [53]. The most recent work by Jeong et al. in 2020 has 
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demonstrated that perovskite solar cells can achieve a certified PCE of 25%, solidifying 

perovskites as a leading material for solar energy harvesting [54]. 

In addition to the improvements in efficiency, perovskite solar cells are attractive due to 

their low-cost processing techniques, such as spin coating and inkjet printing, pioneered by 

researchers like Parida et al. [55].These advances provide a pathway toward the large-scale 

production of PSCs with lower manufacturing costs compared to silicon-based cells. 

 

Figure I.5: Chronological Advancements in Perovskite Solar Cells: Efficiency Trends and Device 

Architectures 

I.6.2 Perovskites in LEDs and Photodetectors 

Perovskite materials have seen substantial progress in optoelectronics, particularly in 

photodetectors and light-emitting devices (LEDs). A significant milestone was achieved by Tan 

et al, who demonstrated the application of perovskites in light-emitting diodes, thereby 

highlighting their potential in LED technologies [56]. These materials enable the fabrication of 

bright and efficient LEDs due to their inherently high photoluminescence quantum efficiency. 

Subsequent advancements were reported by Xiao et al. and Lin et al, who developed perovskite 



CHAPTER I: Research background                                                P a g e  | 19 

LEDs (PeLEDs) with outstanding brightness and color purity, positioning them as viable 

candidates for next-generation display technologies [57]. 

In addition to light-emitting applications, perovskites have been actively investigated 

for photodetector technologies. Their broad optical absorption range, high carrier mobility, and 

elevated quantum efficiency make them excellent candidates for ultraviolet to visible light 

photodetection. Wang et al. demonstrated that perovskite-based photodetectors could deliver 

high sensitivity and rapid response times. Since then, ongoing improvements have enabled their 

application in diverse areas, such as safety monitoring, imaging, and optical communication 

[58]. 

I.6.3 Perovskites in Catalysis and Batteries 

In addition to their applications in solar energy and optoelectronics, perovskite materials 

are increasingly being investigated for their potential in catalysis and energy storage 

technologies, such as batteries. The versatility of perovskites in catalysis was first recognized 

by researchers like Liu et al, who explored the use of perovskite oxides in oxygen evolution 

reactions (OER) [59]. Since then, researchers such as Prašnikar et al. have demonstrated the use 

of perovskite catalysts in a wide range of reactions, including CO2 reduction and hydrogen 

production [60]. The tunable electronic properties of perovskite materials allow for the 

optimization of catalytic activity, and their stability under harsh conditions further enhances 

their catalytic efficacy. 

In the realm of energy storage, perovskite materials have shown promise in improving 

the performance of rechargeable batteries, particularly lithium-ion and sodium-ion batteries. 

The pioneering work by Paul et al. in 2021 on perovskite-based electrodes for lithium-ion 

batteries highlighted their ability to store and release energy efficiently. Since then, perovskite-

based materials have been explored for their use in next-generation battery technologies, such 

as all-solid-state batteries [61]. Researchers like Liu et al. have demonstrated that perovskite 

materials can form stable interfaces with electrolyte materials, improving battery safety and 

performance [62]. 
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I.7 Challenges and Opportunities 

Despite the remarkable progress in the development and application of perovskite 

materials, several critical challenges remain. These challenges, if overcome, can open the door 

to widespread commercial adoption and novel technological breakthroughs. Here, we discuss 

four main areas of concern and opportunity: stability and degradation, toxicity, compatibility 

and integration, and efficiency optimization [63]. 

I.7.1 Stability and Degradation 

One of the foremost challenges facing perovskite-based devices is their environmental 

instability. Since the pioneering work of Miyasaka et al, who introduced organic-inorganic lead 

halide perovskites for solar cells, it has been observed that perovskite materials are highly 

sensitive to moisture, oxygen, heat, and light. These environmental factors contribute to phase 

transitions, ion migration, and decomposition, which in turn lead to rapid performance 

degradation over time [64]. 

To address this, researchers have explored various strategies such as the incorporation 

of 2D perovskite layers such as of Grancini et al. in 2017 [65], encapsulation methods Wang et 

al. in 2016 [66], and the use of all-inorganic compositions for example CsPbI3 to enhance 

thermal and moisture resistance [67]. Additionally, the substitution of volatile organic cations 

like methylammonium with formamidinium or cesium has shown to improve structural stability 

[68]. Nevertheless, achieving long-term operational stability (over 20 years) under real-world 

conditions remains an open research frontier. Innovations in compositional engineering, 

interfacial passivation, and scalable encapsulation technologies continue to be critical. 

I.7.2 Toxicity 

The presence of lead in many high-performing perovskite compounds raises significant 

environmental and health concerns. Lead is a well-known toxic heavy metal, and its potential 

leaching from broken or discarded solar panels or devices could pose ecological risks [69]. 

Consequently, regulatory and public acceptance barriers hinder the commercial deployment of 

lead-based perovskite technologies. 
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Researchers have investigated lead-free alternatives, including tin (Sn), bismuth (Bi), 

and antimony (Sb) based perovskites [70]. While these materials mitigate toxicity concerns, 

they often suffer from reduced performance or stability due to issues like tin oxidation (Sn²⁺ → 

Sn⁴⁺). Despite these drawbacks, Bi-based perovskite derivatives for example (CH3NH3)3Bi2I9 

and double perovskites such as Cs2AgBiBr6 have shown promise for low-toxicity optoelectronic 

applications [66]. Therefore, the tradeoff between environmental safety and device efficiency 

continues to drive intensive research in the design of sustainable perovskite materials. 

I.7.3 Compatibility and Integration 

For perovskites to transition from laboratory scale studies to commercial technologies, 

they must be compatible with existing device architectures and scalable manufacturing 

techniques. This includes integration with silicon in tandem solar cells, incorporation into 

flexible substrates for wearable electronics, and compatibility with low-cost printing methods 

for large-area coatings [71]. 

Notable progress in this domain includes the development of perovskite-silicon tandem 

solar cells with record efficiencies over 30%, as well as advances in roll-to-roll printing 

techniques. However, interfacial instability, lattice mismatch, and thermal expansion 

differences remain technical barriers. Additionally, the use of perovskites in light-emitting 

devices, sensors, and photodetectors requires interface engineering to ensure optimal charge 

transport and minimal recombination losses. Researchers are actively investigating hybrid 

architectures and novel buffer layers to address these challenges [72]. 

I.7.4 High Efficiency and Performance Limits 

The exceptional optoelectronic properties of perovskites such as long carrier diffusion 

lengths, high absorption coefficients, and low exciton binding energies have facilitated rapid 

improvements in device performance. From initial power conversion efficiencies of ≈3.8% in 

2009 to over 26% in 2023, perovskite solar cells have become a major focus in next-generation 

photovoltaics [53]. However, the path to surpassing the Shockley Queisser limit approximately 

33.7% for single-junction solar cells requires novel approaches such as multi-junction 

architectures, photon recycling, hot carrier extraction, and the mitigation of non-radiative 

recombination losses [53]. Furthermore, balancing efficiency with scalability and 
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reproducibility under ambient conditions is a major concern. Batch to batch variation, defect 

control, and hysteresis effects during operation continue to affect reproducibility and device 

performance. Despite these challenges, the high tunability and facile processing of perovskite 

materials present extraordinary opportunities. With continued interdisciplinary efforts, 

perovskites are poised to revolutionize multiple sectors of materials science, energy, and 

electronics [73]. 

I.8 Perovskites in Embedded Systems 

Embedded systems, defined as specialized computing units designed to perform 

dedicated functions within larger mechanical or electrical systems, are now omnipresent in 

modern technology. These systems are integral to a wide range of applications from household 

appliances and automotive controls to medical devices, smart agriculture, and wearable 

technologies. As the demand for autonomy, miniaturization, and real-time performance 

increases, the need for self-sufficient and energy efficient embedded systems has become more 

critical than ever [74]. 

One of the central challenges in embedded system design today is power management. 

Traditional energy sources such as lithium-ion batteries often limit the operational lifetime, 

mobility, or environmental adaptability of these devices. In response, research and development 

have increasingly turned toward integrating renewable energy harvesting technologies most 

notably, solar energy to enable autonomous operation. This strategic shift has opened the door 

for advanced materials capable of efficient, lightweight, and low-cost solar energy conversion. 

In recent years, several companies have begun exploring the integration of photovoltaic 

systems into their embedded products. For example, Lenovo has developed concept laptops 

powered by integrated solar panels, as depicted in Figure I.6, aiming to reduce dependency on 

electrical outlets and enhance mobility in outdoor or remote areas. Similarly, solar-powered 

smartphones have been proposed and prototyped, especially for use in off grid or emergency 

scenarios. In the agricultural domain, research-driven companies and academic institutions are 

investigating smart, solar-powered systems for precision farming, irrigation automation, and 

environmental monitoring seeking to reduce labor costs and ensure sustainable resource use. 
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Figure I.6: Lenovo's solar-powered laptop 

The convergence of embedded systems and energy-harvesting technologies has led to 

increased attention toward novel photovoltaic materials. Perovskites and its structural 

derivatives such as double perovskites, anti-perovskites, and hybrid organic-inorganic variants, 

have emerged as highly promising candidates. The development of perovskite-based solar cells 

particularly their potential to outperform traditional silicon technologies in terms of power to 

weight ratio and ease of integration has opened new possibilities for embedding them into small-

scale or portable devices. Moreover, their compatibility with flexible substrates makes them 

ideal for curved surfaces or non-traditional form factors found in embedded designs. However, 

the full exploitation of perovskites in embedded systems is still constrained by issues as 

discussed earlier. 

I.9 Conclusion 

n conclusion, perovskite materials owing to their structural flexibility and chemical 

tunability have become central to the development of advanced functional 

materials. Their ability to accommodate a wide range of compositions has enabled 

the design of systems with tailored optical, electronic, and magnetic properties, suitable for 

diverse applications including photovoltaics, optoelectronics, and energy storage. Derivative 

structures such as double and anti-perovskites further expand this versatility, offering new 

I 
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opportunities for lead-free and stable alternatives. Despite existing challenges related to 

stability, toxicity, and integration, continuous advances in synthesis and theoretical modeling 

are rapidly driving innovation in this field. This chapter lays the groundwork for the 

computational investigation of novel perovskite compounds, which forms the core of the present 

thesis. 
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II.1 Introduction 

This chapter outlines the theoretical and computational methods used to investigate the 

physical properties of materials. It begins with the fundamental principles of quantum 

mechanics, particularly the time-independent Schrödinger equation and the Born-Oppenheimer 

approximation, which allow for the decoupling of electronic and nuclear motions in complex 

systems. The discussion then transitions to mean-field approximations, including the Hartree 

and Hartree-Fock methods, which simplify many-electron systems by treating electron 

interactions in an average sense. These form the basis for the development of Density Functional 

Theory (DFT), the primary framework employed in this work. The Kohn-Sham formulation of 

DFT is introduced, emphasizing the role of the exchange-correlation functional and common 

approximations such as the Local Density Approximation (LDA), Generalized Gradient 

Approximation (GGA), and the modified Becke-Johnson (mBJ) potential. Extensions including 

spin-polarization and Hubbard “U” corrections are also presented. Finally, the chapter describes 

the Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method and its 

implementation in the WIEN2k code, which provides an accurate all-electron approach for 

solving the Kohn-Sham equations and computing electronic, magnetic, and optical properties 

of materials. 

II.2 Schrödinger Equation 

The Schrödinger equation, denoted as eq. (II.1) in this thesis, is pivotal in solid-state 

physics, providing profound insights into electron behavior within materials. Introduced by 

Erwin Schrödinger in 1926, this equation revolutionized our understanding of atomic and 

subatomic processes by describing particles using wave functions [1]. 

𝐇̂𝛙(𝐫) = 𝐄𝛙(𝐫)                                                     (II.1) 

Where Ĥψ(r) represents the Hamiltonian operator, which accounts for the total energy 

of the system. It includes kinetic energy of electrons and potential energy due to interactions 

with atomic nuclei and other electrons. E denotes the energy eigenvalue associated with the 

quantum state ψ(r). ψ(r) is the wave function describing the quantum state of electrons in the 

material. It provides a probability amplitude for finding an electron at position r. Ψ is its wave 
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function, which depends on the coordinates of the electrons 𝑟𝑖, 𝑖 = 1, … , 𝑁𝑒 (where 𝑁𝑒 is the 

number of electrons) and the nuclei 𝑅⃗⃗𝛼, 𝛼 = 1, … , 𝑁𝛼 (where 𝑁𝛼 is the number of atoms in the 

system). 

For a given system, the total Hamiltonian is an operator eq. (II.2) that can be written to 

encompass all energy contributions within the system. It incorporates terms representing the 

kinetic energy of electrons, potential energies arising from interactions between electrons and 

atomic nuclei, as well as interactions among electrons themselves. This comprehensive 

description allows the Hamiltonian to capture the complex interactions and dynamics of 

particles within solids, providing a foundational framework for understanding their electronic 

properties and behaviors. the Hamiltonian Ĥ of a system can be expressed as the sum of the 

kinetic energy operator T̂ and the potential energy operator V̂ [2,3]. 

𝐇̂ = 𝐓̂ + 𝐕̂                                                      (II.2) 

Here, T̂ and V̂ are operators associated with the kinetic and potential energies, 

respectively. For a system comprising electrons and nuclei, this can be further broken down 

into: 

𝑻̂ = 𝑻̂𝒆 + 𝑻̂𝑵                                                     (II.3) 

𝑽̂ = 𝑽̂𝐞𝐞 + 𝑽̂𝐍𝐞 + 𝐕̂𝐍𝐍                                             (II.4) 

Where, 𝑇̂𝑒 represents the total kinetic energy of electrons in the system. It is given by. 

𝑻̂𝒆 = ∑𝒊=𝟏
𝑵𝒆   (−

ℏ𝟐

𝟐𝒎𝒆
𝛁𝒊

𝟐)                                             (II.5) 

where 𝑁𝑒 is the number of electrons, ℏ is the reduced Planck's constant, 𝑚𝑒 is the mass 

of an electron, and ∇𝑖
2 denotes the Laplacian operator acting on the 𝑖-th electron's position. 𝑇̂𝑁 

represents the total kinetic energy of nuclei in the system. It is given by. 

𝑻̂𝑵 = ∑𝜶=𝟏
𝑵𝜶   (−

ℏ𝟐

𝟐𝑴𝜶
𝛁𝜶

𝟐)                                            (II.6) 
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where 𝑁𝛼 is the number of nuclei, 𝑀𝛼 is the mass of a nucleus, and ∇𝛼
2  denotes the 

Laplacian operator acting on the 𝛼-th nucleus's position. 𝑉̂𝑒𝑒 denotes the potential energy of 

interaction between electrons. It is given by. 

𝑽̂𝒆𝒆 =
𝟏

𝟒𝝅𝝐𝟎
∑𝒊=𝟏

𝑵𝒆  ∑𝒋≠𝒊
𝑵𝒆  𝒆̂𝟐𝒁𝒊                                                (II.7) 

where 𝑒 is the elementary charge, 𝑍𝑖 is the charge of the 𝑖-th electron, and 𝜖0 is the 

permittivity of free space. 𝑉̂𝑁𝑁 represents the potential energy of interaction between nuclei. It 

is given by. 

𝑽̂𝑵𝑵 =
𝟏

𝟒𝝅𝜺𝟎
∑𝜶=𝟏

𝑵𝜶  ∑𝜷=𝜶
𝑵𝜶  

𝒁𝜶𝒁𝜷𝒆𝟐

|𝑹𝜶−𝑹𝜷|
                                            (II.8) 

where 𝑍𝛼 and 𝑍𝛽 are the charges of nuclei 𝛼 and 𝛽, respectively, and 𝑅⃗⃗𝛼 and 𝑅⃗⃗𝛽 are their 

positions. 𝑉̂𝑁𝑒 represents the potential energy of interaction between electrons and nuclei. It is 

given by. 

𝑽̂𝑵𝒆 = −
𝟏

𝟒𝝅𝝐𝟎
∑𝒊=𝟏

𝑵𝒆  ∑𝜶=𝟏
𝑵𝜶  

𝒁𝒔𝒆𝟐

|𝑹⃗⃗⃗𝜶−𝒓⃗⃗𝒊|
                                           (II.9) 

where 𝑍𝑠 is the charge of nucleus 𝛼 and 𝑟𝑖 are the positions of nucleus 𝛼 and electron 𝑖, 

respectively. The Schrödinger equation for such a system can be represented as. 

(𝐓̂𝐞 + 𝐓̂𝐍 + 𝐕̂𝐞𝐞 + 𝐕̂𝐍𝐍 + 𝐕̂𝐍𝐞)𝚿(𝐫⃗𝟏, 𝐫⃗𝟐, … , 𝐑⃗⃗⃗𝟏, 𝐑⃗⃗⃗𝟐, … ) = 𝐄𝚿(𝐫⃗𝟏, 𝐫⃗𝟐, … , 𝐑⃗⃗⃗𝟏, 𝐑⃗⃗⃗𝟐, … )        (II.10) 

Here, Ψ(𝑟1, 𝑟2, … , 𝑅⃗⃗1, 𝑅⃗⃗2, … ) represents the wave function of the system, which 

encapsulates all observable properties. Solving this Schrödinger equation with the Hamiltonian 

𝐻̂ is computationally challenging for systems involving approximately 1023 electrons, 

necessitating the use of approximate methods.  

II.3 Solving the Schrödinger Equation in Solid-State Physics 

II.3.1 Approximation de Born-Oppenheimer 

The Born-Oppenheimer approximation is a fundamental principle in quantum 

mechanics that has been pivotal for understanding the behavior of molecules and condensed 

matter systems [4,5]. It recognizes the vast difference in mass between electrons and atomic 
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nuclei, and leverages this to simplify the quantum mechanical calculations required. The core 

idea is to treat the atomic nuclei as essentially stationary, while focusing on solving the 

electronic Schrödinger equation. This is possible because the electrons move much faster than 

the nuclei, allowing us to first determine the electronic states in the fixed potential created by 

the nuclei.  

𝚿(𝐑⃗⃗⃗, 𝐫⃗) = 𝚿𝑁(𝐑⃗⃗⃗)Ψ𝑒(𝐫⃗, 𝐑⃗⃗⃗)                                             (II.11) 

The wave function Ψ(𝑅⃗⃗, 𝑟) is expressed as a product of nuclear ( Ψ𝑁(𝑅⃗⃗) ) and electronic 

(Ψ𝑒(𝑟, 𝑅⃗⃗) wave functions, where 𝑅⃗⃗ and 𝑟 denote the coordinates of nuclei and electrons, 

respectively. The electronic wave function Ψ𝑒(𝑟, 𝑅⃗⃗) explicitly depends on electron coordinates 

𝑟 and parametrically on nuclear coordinates 𝑅⃗⃗. This separation of variables is computationally 

extremely useful, as it allows us to efficiently calculate the electronic properties of molecules 

and solids without having to fully solve the complete quantum mechanical problem. By 

decoupling the nuclear and electronic degrees of freedom, the Born-Oppenheimer 

approximation makes many problems tractable that would otherwise be intractable. The 

approximation is not perfect, as there are situations where the coupling between nuclear and 

electronic motion cannot be neglected. But in the vast majority of cases, it provides an excellent 

description that agrees very well with experimental observations. The Schrödinger equation in 

this framework is given by. 

(𝑻𝒆 + 𝑻𝑵 + 𝑽𝒆𝒆 + 𝑽𝑵𝑵 + 𝑽𝑵𝒆)𝚿𝑵𝚿𝒆 = 𝑬𝚿𝑵𝚿𝒆                        (II.12) 

Here, 𝑇𝑒 , 𝑇𝑁 , 𝑉𝑒𝑒, 𝑉𝑁𝑁, and 𝑉𝑁𝑒 represent the kinetic energies and potential energy 

operators for electrons and nuclei eq (II.5) to eq (II.9). The Born-Oppenheimer approximation 

(adiabatic approximation) holds when the electronic wave function Ψ𝑒 adjusts instantaneously 

to changes in nuclear positions. This allows us to separate the Hamiltonian into electronic and 

nuclear parts: 

𝑯̂(𝚿𝑵𝚿𝒆) = 𝚿𝒆(𝑻𝑵 + 𝑽𝑵𝑵)𝚿𝑵 + 𝚿𝑵(𝑻𝒆 + 𝑽𝑵𝒆 + 𝑽𝒆𝒆)𝚿𝒆 = 𝑬𝚿𝑵𝚿𝒆                          (II.13) 

This approximation is solved in two steps. Firstly, the electronic equation is solved 

assuming fixed nuclei:  
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(𝑻𝒆 + 𝑽𝑵𝒆 + 𝑽𝒆𝒆)𝚿𝒆 = 𝑬𝒆(𝑹⃗⃗⃗𝜶)𝚿𝒆                                   (II.14) 

Here, 𝐸𝑒 is the energy of the electrons in the fixed potential field of the nuclei. The 

nuclear coordinates 𝑅⃗⃗𝛼 act as parameters in this equation. Next, the nuclear Schrödinger 

equation is solved in the potential created by the electrons: 

(𝑻𝑵 + 𝑽𝑵𝑵)𝚿𝑵 = (𝑬 − 𝑬𝒆(𝑹⃗⃗⃗𝜶)) 𝚿𝑵                             (II.15) 

This process effectively decouples the motion of electrons and nuclei, simplifying the 

complex interactions in the system. The approximation neglects the effects of electronic 

transitions on nuclear movement, allowing us to solve for electronic properties with fixed 

nuclear positions. Despite this simplification, directly solving the electronic Schrödinger 

equation for systems with many electrons remains challenging, often requiring further 

approximations to make the computations feasible. 

II.3.2 Hartree Approximation 

The Hartree approximation, named after Douglas Hartree who introduced it in the 1920s, 

is a method essential for describing the electronic structure of multi-electron atoms and 

molecules. It simplifies the intricate interactions between electrons by treating each electron as 

moving in an average field created by all others. This mean-field approximation is crucial in the 

development of quantum mechanical methods for understanding the behavior of electrons in 

atoms and molecules. The direct solution of the Schrödinger equation for systems with many 

electrons (Equation II.14) is impractical due to the large number of particles involved. This 

approach approximates the total wave function of the system [6,7]. 

𝚿𝒆(𝒓̇𝟏, 𝒓̇𝟐, … … 𝒓̇𝐍𝐞) = 𝝋𝟏(𝒓̇𝟏)𝝋𝟐(𝒓̇𝟐) … … 𝝋𝑵𝒆(𝒓̇𝑵𝒆)                          (II.16) 

as a product of individual wave functions for each electron, 𝜑𝑖(𝑟̇𝑖), effectively treating 

each electron independently within the averaged influence of all others. However, in reality, 

electrons interact with each other and with atomic nuclei, complicating the direct solution of the 

Schrödinger equation Eq. (II.9) for multi-electron systems. To address this complexity, the 

Hartree approximation transforms Eq. (II.9) into a set of single electron equations. 
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[−
ℏ𝟐

𝟐𝒎𝒆
𝛁𝒊

𝟐 + 𝑽ext (𝒓⃗⃗, 𝑹⃗⃗⃗) + 𝑽𝒆𝒆(𝒓⃗⃗)] 𝝓𝒊(𝒓⃗⃗, 𝑹⃗⃗⃗) = 𝝐𝒊(𝑹⃗⃗⃗)𝝓𝒊(𝒓⃗⃗, 𝑹⃗⃗⃗)                 (II.17) 

Here, 𝜙𝑖(𝑟, 𝑅⃗⃗) represents the wave function of the 𝑖-th electron, depending on both the 

electronic coordinates 𝑟 and the nuclear coordinates 𝑅⃗⃗. The term 𝑉ext (𝑟, 𝑅⃗⃗) combines potentials 

arising from nucleus-nucleus interactions and electron-nucleus interactions. The term 𝑉𝑒𝑒(𝑟), 

also known as the Hartree potential 𝑉𝐻(𝑟), describes the Coulomb interaction among electrons, 

which is approximated as the integral of the electron density  

𝝆𝒊(𝒓‾ ′) = ∑𝒋=𝟏
𝒋≠𝒊

𝑵𝒆  |𝝓𝒊(𝒓‾)|𝟐                                     (II.18) 

This approach simplifies the complex problem of interacting electrons by treating each 

electron as moving in an average field created by all other electrons, neglecting quantum 

mechanical effects such as electron-electron correlations beyond the mean-field level. However, 

it introduces an approximation that violates the Pauli exclusion principle by not properly 

accounting for the fact that no two electrons can occupy the same quantum state simultaneously. 

In summary, while the Hartree approximation provides a practical method for tackling the 

electronic structure problem in multi-electron systems, it does so by making simplifying 

assumptions that limit its accuracy for strongly interacting systems where electron correlations 

play a crucial role. 

II.3.3 Hartree-Fock Approximation 

The Hartree-Fock approximation stands as a significant improvement over the Hartree 

method, which overlooks the Pauli exclusion principle. Developed by Hartree and expanded by 

Fock, this approach ensures that the wave function adheres to the Pauli principle by utilizing a 

determinant known as the Slater determinant. This method provides a more accurate description 

of electron interactions in atoms and molecules, capturing essential quantum mechanical effects 

such as electron exchange and correlation, crucial for understanding chemical bonding and 

molecular properties. In the Hartree-Fock approximation, the wave function for a system of 𝑁𝑒 

electrons is expressed as a single determinant known as the Slater determinant [8]. 
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𝚿𝐇𝐅(𝒓⃗⃗𝟏, 𝒓⃗⃗𝟐, … , 𝒓⃗⃗𝑵𝒆
) =

𝟏

√𝑵𝒆! ||

𝝍𝟏(𝒓⃗⃗𝟏) 𝝍𝟐(𝒓⃗⃗𝟏) ⋯ 𝝍𝑵𝒆
(𝒓⃗⃗𝟏)

𝝍𝟏(𝒓⃗⃗𝟐) 𝝍𝟐(𝒓⃗⃗𝟐) ⋯ 𝝍𝑵𝒆
(𝒓⃗⃗𝟐)

⋮ ⋮ ⋱ ⋮
𝝍𝟏(𝒓⃗⃗𝑵𝒆

) 𝝍𝟐(𝒓⃗⃗𝑵𝒆
) ⋯ 𝝍𝑵𝒆

(𝒓⃗⃗𝑵𝒆
)

||                   (II.19) 

1

√𝑁𝑒!
 is the normalization factor, and 𝜎 represents the spin. 𝜓i(𝑟i, σ⃗⃗⃗i) is the single-electron 

wave function depending on the spatial coordinates 𝑟i and spin σ⃗⃗⃗i. The function 𝜓e given by 

Equation (II.19) leads to the Hartree-Fock equations for a single-particle system. While the 

Hartree method fails to account for the impossibility of two electrons with the same spin 

occupying the same quantum state, the Hartree-Fock method addresses this issue by introducing 

quantum effects known as ‘exchange interactions’ (as represented by the last term in Equation 

(II.20). In the Hartree-Fock framework, each electron creates a region of reduced electron 

density, termed an ‘exchange hole,’ around itself. This exchange interaction lowers the system’s 

energy. The difference between the ground state energy calculated using Equation (II.17) and 

that determined from Equation (II.20) is referred to as the exchange energy [9,10]. 

[−
ℏ𝟐

𝟐𝒎𝒆
𝛁𝒊

𝟐 + 𝑽ext (𝒓⃗⃗) + ∑𝒋=𝟏
𝑵𝒆  ∫

|𝝓𝒋(𝒓⃗⃗′)|
𝟐

|𝒓⃗⃗−𝒓⃗⃗𝟕|
𝒅𝟑𝒓′] 𝝓𝒊(𝒓⃗⃗) − ∑𝒋=𝟏,𝒋≠𝒊

𝑵𝒆  𝜹𝝈𝒊𝝈𝒋
∫

𝝓𝒋(𝒓⃗⃗′)𝝓𝒊(𝒓⃗⃗)

|𝒓⃗⃗−𝒓⃗⃗′|
𝒅𝟑𝒓′𝝓𝒋(𝒓⃗⃗) (II.20) 

In this model, electron-electron interactions are described as each electron interacting 

with an average field created by the other electrons. This model does not include the strong 

correlation that exists between two electrons with opposite spins, which keeps them at a certain 

distance from each other. The difference between the true ground state energy and the energy 

determined from (II.20) is the correlation energy. Slater's approach helps to address the lack of 

correlation by introducing an expression for the exchange potential. 

𝑽𝒙(𝒓⃗⃗) = −𝟔𝜶 (
𝟑𝝆(𝒓⃗⃗)

𝟒𝝅
)

𝟏/𝟑

                                                   (II.21) 

where 𝛼 is a dimensionless parameter, and 𝜌(𝑟) is the charge density. Slater sets 𝛼 = 1, 

corresponding to a homogeneous non-interacting electron gas. Slater's method highlights two 

essential points: the simplicity of this potential compared to the Hartree-Fock approximation, 

and it provides a straightforward form for the exchange correlation term. As the number of 
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electrons increases, the Hartree-Fock-Slater approximation becomes computationally 

demanding. This method incorporates several key components necessary for solving the 

Schrödinger equation: the kinetic energy of a non-interacting electron system, the Hartree 

potential, as well as exchange and correlation terms. These elements form the basis for Density 

Functional Theory (DFT), a more computationally efficient approach, which will be discussed 

in the next section. 

II.4 Density Functional Theory (DFT) 

Density Functional Theory (DFT) has become a cornerstone in the analysis and 

understanding of the physical and chemical properties of complex systems with many electrons. 

Its significance lies in its ability to offer a practical approach to the many-body quantum 

problem, which is central to fields like computational chemistry and condensed matter physics 

[11-13]. Unlike traditional methods such as Hartree and Hartree-Fock, which rely on the wave 

function, DFT uses the electronic density as the fundamental variable. This shift simplifies the 

problem, making calculations more feasible and efficient for large systems. The conceptual 

foundation of DFT dates back to the late 1920s, with the pioneering work of Llewellyn Thomas 

and Enrico Fermi. They proposed an approach that utilized electronic density instead of the 

wave function to describe a system [14]. Their early model treated the electron system as a 

homogeneous gas and considered the kinetic energy as a functional of the local density. 

However, this initial approximation did not adequately account for electron-electron 

interactions, leading to limitations in accuracy. A significant advancement in DFT came in 1930, 

when Paul Dirac introduced the local exchange approximation, which incorporated exchange-

correlation effects critical interactions resulting from the antisymmetric of the wave function 

and electron correlation [15]. This refinement addressed the shortcomings of the Thomas-Fermi 

model and made the functional approach more applicable to real-world systems where electron 

interactions are crucial. The goal of DFT is to determine the ground state properties of a system 

of electrons interacting with point-like nuclei, based solely on the electronic density. This focus 

on density simplifies the computational process while providing comprehensive insights into 

the system's properties. 
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II.4.1 Electron density 

In earlier sections, we described electrons as indefinite particles, an electron can be 

considered as a material point localized by its probability of presence within a volume element 

devoid of potential, near the electronic density ρ(𝑟). The electronic density ρ(𝑟) should be 

viewed collectively, as part of the electron cloud, which provides a means to define the total 

number of electrons exceeding a given potential. The electronic density ρ(𝑟) depends solely on 

the three spatial coordinates (x, y, z). In fact, in a classical approach, this expression represents 

Ne, the total number of electrons [16,17]. 

{
𝝆(𝒓⃗⃗ → ∞) = 𝟎

𝝆(𝒓⃗⃗) = 𝑵𝒆

                                                          (II.22) 

ρ(𝑟) represents the probability of finding an electron within a unit volume dτ defined by 

the position vector 𝑟. Unlike the wave function, electron density is an observable quantity that 

can be measured experimentally, such as through X-ray diffraction. Moreover, electron density 

ρ(𝑟) appears to carry enough information to describe a system, whereas the wave function Ψ 

contains more details, some of which are unnecessary for explaining chemical bonding. These 

considerations suggest that electron density alone may be sufficient to fully determine the 

properties of an atomic system. This idea led to several efforts to develop a quantum formalism 

based on electron density. However, it was Hohenberg and Kohn who introduced an exact 

formalism (free from approximations), presented as two fundamental theorems. 

II.4.2 Hohenberg-Kohn Theorem 

The two theorems proposed by Hohenberg and Kohn provide a theoretical framework 

that allows solving the Schrödinger equation using electron density as the primary variable [18]. 

II.4.2.1 First theorem of the Hohenberg-Kohn Theorem 

The first theorem of the Hohenberg-Kohn (HK) theorem is a cornerstone of Density 

Functional Theory (DFT), establishing that the ground-state properties of a many-body system 

of interacting particles are uniquely determined by its electron density ρ(𝑟). This theorem 

asserts that there exists a one-to-one correspondence between the ground-state density ρ(𝑟) and 
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the external potential 𝑉ext(𝑟) in a quantum mechanical system. Mathematically, the total energy 

𝐸[ρ(𝑟)] of a system can be expressed as a functional of the electron density [19]. 

𝑬[𝛒(𝒓⃗⃗)] = 𝑭𝑯𝑲[𝛒(𝒓⃗⃗)] + ∫ 𝛒(𝒓⃗⃗)𝑽ext(𝒓⃗⃗)  𝒅𝒓                                  (II.23) 

where 𝐹𝐻𝐾[ρ(𝑟)] is the universal functional of the density that encompasses the kinetic 

energy and the electron-electron interaction energy. Furthermore, the functional 𝐹𝐻𝐾[ρ(𝑟)] can 

be decomposed into contributions from the electronic kinetic energy 𝑇𝑒[ρ(𝑟)] and the electron-

electron interaction potential 𝑉𝑒𝑒[ρ(𝑟)]. 

𝑭𝑯𝑲[𝛒(𝒓⃗⃗)] = 𝑻𝒆[𝛒(𝒓⃗⃗)] + 𝑽𝒆𝒆[𝛒(𝒓⃗⃗)]                                         (II.24) 

Thus, the total energy can also be reformulated as: 

𝑬[𝛒(𝒓⃗⃗)] = 𝑻𝒆[𝛒(𝒓⃗⃗)] + 𝑽𝒆𝒆[𝛒(𝒓⃗⃗)] + 𝑽𝑵−𝒆[𝛒(𝒓⃗⃗)]                             (II.25) 

where 𝑉𝑁−𝑒[ρ(𝑟)] represents the interaction between the nuclei and the electrons. The 

significance of the first theorem lies in its implication that the ground-state density can be used 

to compute all ground-state properties of the system, enabling a reformulation of quantum 

mechanics in terms of density rather than wave functions. This forms the foundation for the 

development of practical computational methods in DFT, making it a powerful tool for studying 

electronic systems in various fields of physics and materials science. The classical form of the 

electron-electron interaction energy, which can be extracted from the Hartree functional, is 

expressed as: 

𝑽𝒆𝒆[𝛒] =
𝟏

𝟐
∫ ∫

𝛒(𝒓⃗⃗)𝛒(𝒓′⃗⃗ ⃗⃗ )

|𝒓⃗⃗−𝒓′⃗⃗ ⃗⃗ |
 𝒅𝒓 𝒅𝒓′                               (II.26) 

where |𝑟 − 𝑟′⃗⃗⃗⃗ | is the distance between two points in space. 

II.4.2.2 Second theorem of the Hohenberg-Kohn Theorem 

The second theorem of the Hohenberg-Kohn (HK) theorem provides a vital criterion for 

confirming that a given electronic density corresponds to the ground state of a many-body 

system. However, a pertinent question arises: how can we be certain that a given density is 

indeed the sought ground state density [20]. Hohenberg and Kohn address this concern through 
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a second postulate, which can be stated as follows: the energy 𝐸[ρ], associated with any trial 

electronic density ρ, corresponds to the ground state energy (the minimum of the functional 

𝐸[ρ] is achieved at the equilibrium density ρ0(𝑟)). This second postulate guarantees the 

uniqueness of the electronic density for any ground state system. The Hohenberg-Kohn theorem 

represents a substantial conceptual simplification of the quantum mechanical problem of 

determining the physical properties of the ground state of an interacting electron system. It 

replaces the traditional wave function description (which depends on 3𝑁𝑒 variables, where 𝑁𝑒 

is the total number of electrons) with a more manageable description in terms of electronic 

density, which depends solely on the three spatial coordinates. The primary drawback of this 

theorem for practical applications is that the form of the functional 𝐸[ρ] is unknown. This issue 

can be circumvented through approximations, the most widespread of which is the Kohn-Sham 

approach. Satisfying the necessary boundary conditions, the second theorem states that for any 

trial density ρ, associated with an external potential 𝑉ext(𝑟), the energy 𝐸[ρ] is greater than or 

equal to the energy associated with the ground state electronic density ρ0(𝑟) [21]. 

𝑬[𝛒] ≥ 𝑬[𝛒𝟎]                                               (II.27) 

This theorem can be seen as the variational principle expressed for energy functionals 

of a density ρ rather than a wave function ψ. From this, we can establish a correspondence 

between the variational principle in its wave function version and its density functional version 

𝑬[𝛒] ≥ 𝐦𝐢𝐧
𝛒

[⟨𝛙|𝑯̂|𝛙⟩]                                        (II.28) 

The energy of the system 𝐸[ρ] reaches its minimum value if and only if the density ρ 

corresponds to the true ground state density ρ0(𝑟). 

II.4.3 Kohn-Sham Equations 

In their groundbreaking reformulation of Density Functional Theory (DFT), Kohn and 

Sham introduced a pivotal idea that significantly advanced the practical calculation of ground-

state properties of many-electron systems. Their approach centers on the transformation of the 

complex many-body problem into a more tractable one by introducing a fictitious system of 

non-interacting electrons. This reference system is constructed such that it yields the same 
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ground-state electron density ρ(r) as the true, interacting system [22]. This conceptual shift 

offers an elegant resolution to one of the principal challenges of many-body quantum 

mechanics: the exact treatment of electron–electron interactions and the corresponding kinetic 

energy. While the classical Coulomb energy (Hartree energy) can be expressed exactly in terms 

of the electron density, the true kinetic energy of an interacting system remains inaccessible in 

closed form. Kohn and Sham circumvented this issue by asserting that the kinetic energy of a 

system of non-interacting particles with the same density as the interacting system could serve 

as a reference. This allows one to write an exact expression for the kinetic energy Ts[ρ] of non-

interacting electrons as a functional of the density. Mathematically, the total energy functional 

of the system is expressed as. 

𝑬[𝝆] = 𝑻𝒔[𝝆] + ∫ 𝑽ext(𝐫)𝝆(𝐫) 𝒅𝐫 +
𝟏

𝟐
∫

𝝆(𝐫)𝝆(𝐫′)

|𝐫−𝐫′|
 𝒅𝐫 𝒅𝐫′ + 𝑬xc[𝝆]                (II.29) 

Were, 𝑇𝑠[𝜌] denotes the kinetic energy of a fictitious system of non-interacting 

electrons, 𝑉ext(𝐫) is the external potential due to the nuclei or applied fields, The double integral 

represents the classical electrostatic (Hartree) energy 𝐸𝐻[𝜌], 𝐸xc[𝜌] is the exchange-correlation 

energy functional, which encapsulates all remaining quantum mechanical effects, including 

electron exchange, correlation, and the difference between the true and reference kinetic 

energies. This decomposition has far-reaching implications. The many-body wavefunction 

𝛹(r1, … , r𝑁), which depends on all spatial and spin coordinates of 𝑁 electrons, is replaced by a 

set of 𝑁 single-particle wavefunctions 𝜓𝑖(r), and the electron density is recovered via. 

𝝆(𝐫) = ∑ |𝝍𝒊(𝐫)|𝟐𝑵
𝒊=𝟏                                                  (II.30) 

The central result of the Kohn–Sham formalism is a set of self-consistent equations 

derived from the variational principle applied to the total energy functional under the 

orthonormality constraint of the single-particle orbitals. These equations resemble the 

Schrödinger equation. 

[−
ℏ𝟐

𝟐𝒎
𝛁𝟐 + 𝑽eff(𝐫)] 𝝍𝒊(𝐫) = 𝜺𝒊𝝍𝒊(𝐫)                                 (II.31) 

where the effective potential 𝑉eff(𝐫) is composed of three contributions. 
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𝑽eff(𝐫) = 𝑽ext(𝐫) + 𝑽𝑯(𝐫) + 𝑽xc(𝐫)                                   (II.32) 

The individual terms are defined as follows. 

𝑽ext(𝐫) = ∑
−𝒁𝜶𝒆𝟐

|𝐫−𝐑𝜶|𝜶                                               (II.33) 

𝑽𝑯(𝐫) = ∫
𝝆(𝐫′)

|𝐫−𝐫′|
 𝒅𝐫′                                            (II.34) 

𝑽xc(𝐫) =
𝜹𝑬xc[𝝆]

𝜹𝝆(𝐫)
                                                  (II.35) 

These three equations must be solved iteratively to achieve self-consistency. The process 

is typically carried out through the following steps, initialize a trial electron density 𝜌(0)(𝐫), 

Compute 𝑉eff

(0)(𝐫) using Eq. (II.31), Solve the Kohn–Sham equations to obtain the orbitals 

𝜓𝑖(𝐫), Reconstruct the density. 

𝝆(𝟏)(𝐫) = ∑ |𝝍𝒊
(𝟎)(𝐫)|

𝟐
𝑵
𝒊=𝟏                                            (II.36) 

Repeat until 𝜌(𝑛+1)(𝐫) ≈ 𝜌(𝑛)(𝐫). The success of the Kohn–Sham method hinges on the 

treatment of the exchange-correlation energy 𝐸xc[𝜌]. This term is defined to contain everything 

not known exactly [22,23]. 

𝑬xc[𝝆] = (𝑻[𝝆] − 𝑻𝒔[𝝆]) + (𝑽ee[𝝆] − 𝑬𝑯[𝝆])                       (II.37) 

Since 𝐸xc[𝜌] is not known exactly, it is subject to approximations, such as, Local Density 

Approximation (LDA) assumes that 𝐸xc depends only on the local density, Generalized Gradient 

Approximation (GGA) includes gradients of the density, Hybrid Functionals mix exact 

exchange from Hartree–Fock theory with GGA terms. By isolating the complexity into a single 

term, Kohn and Sham minimized the error introduced by approximations. Since 𝐸xc[𝜌] typically 

represents only a small fraction of the total energy, the overall error remains modest even for 

relatively simple forms of the functional. 
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II.5 Exchange-Correlation Treatment 

An essential component of Density Functional Theory (DFT) is the exchange-

correlation (XC) functional, which captures many-body interactions among electrons beyond 

the classical Coulomb terms [24]. Since the exact form of the exchange-correlation energy 

functional 𝐸xc[𝜌] is unknown, several approximations have been developed. This section 

presents the three principal forms used in this work Local Density Approximation (LDA), 

Generalized Gradient Approximation (GGA), and the modified Becke-Johnson (mBJ) potential 

as well as their extensions to include spin-polarization and Hubbard U corrections. 

II.5.1 Local Density Approximation (LDA) 

The LDA is the simplest and historically earliest approximation in DFT. It assumes that 

the exchange-correlation energy at a point in space depends only on the local electron density, 

as in a homogeneous electron gas. The functional form is given by [25,26]. 

𝑬xc
LDA[𝝆] = ∫ 𝝆(𝐫) 𝜺xc

unif(𝝆(𝐫)) 𝒅𝐫                                   (II.38) 

where 𝜀xc
unif(𝜌) is the exchange-correlation energy per particle of a uniform electron gas 

with density 𝜌. LDA typically overbinds atoms and underestimates band gaps in semiconductors 

and insulators. 

II.5.2 Generalized Gradient Approximation (GGA) 

The GGA improves upon the LDA by including the gradient of the electron density. It 

incorporates non-uniformity effects by expanding the exchange–correlation functional to 

depend on both 𝜌(𝐫) and its gradient ∇𝜌(𝐫)[𝟐𝟕], [𝟐𝟖]. 

𝑬xc
GGA[𝝆] = ∫ 𝒇(𝝆(𝐫), 𝛁𝝆(𝐫)) 𝒅𝐫                                 (II.39) 

One of the most widely used GGA functionals is that of Perdew-Burke-Ernzerhof (PBE) [27], 

which offers a balanced description of exchange and correlation energies while preserving the 

exact properties of the uniform electron gas in the slowly varying density limit Beyond PBE, 

several other GGA functionals have been developed to address specific limitations or to 

improve predictive accuracy for particular classes of materials. For example, the revised PBE 
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for solids (PBEsol) [29], modifies the gradient dependence to yield better lattice constants and 

bulk moduli, making it more suitable for solid-state systems. The Wu-Cohen (WC) GGA [30], 

is another variant designed to further improve structural predictions for dense solids. 

Additionally, functionals such as BLYP (Becke-Lee-Yang-Parr) [31], are commonly employed 

in molecular and chemical simulations due to their accurate treatment of exchange-correlation 

effects in molecular systems, although they are less commonly used in solid-state physics. GGA 

functionals provide significantly improved total energies, equilibrium volumes, and atomic 

positions over LDA, while maintaining a relatively modest computational cost. However, they 

still tend to underestimate electronic band gaps due to their inability to capture the derivative 

discontinuity of the exchange-correlation potential. This shortcoming has motivated the 

development of more advanced approaches such as meta-GGA and hybrid functionals. 

II.5.3 Modified Becke-Johnson Potential (mBJ) 

The mBJ potential is a semi-local exchange potential developed to improve band gap 

predictions while retaining computational efficiency. It modifies the Becke–Roussel (BR) 

exchange potential by introducing a term involving the kinetic energy density [32]. 

𝒗x
mBJ(𝐫) = 𝒄 𝒗x

BR(𝐫) + (𝟑𝒄 − 𝟐)
𝟏

𝝅
√

𝟓

𝟏𝟐
√

𝟐𝒕(𝐫)

𝝆(𝐫)
                           (II.40) 

Where, 𝑡(𝐫) is the kinetic energy density, 𝜌(𝐫) is the electron density, and 𝑐 is a semi-

empirical parameter dependent on the system. The mBJ potential often gives band gaps close 

to experimental values, making it a preferred choice for studying electronic and optical 

properties. 

II.5.4 Spin-Polarized LDA, GGA, and mBJ Approximations 

In magnetic systems, electron spin must be explicitly considered. This leads to the spin-

density functional theory (SDFT), where the total electron density 𝜌(𝐫) is decomposed into 

spin-up (𝜌↑) and spin-down (𝜌↓) components [33]. 

𝝆(𝐫) = 𝝆↑(𝐫) + 𝝆↓(𝐫),  𝜻(𝐫) =
𝝆↑(𝐫)−𝝆↓(𝐫)

𝝆(𝐫)
                                    (II.41) 

The spin-polarized LDA (LSDA) exchange–correlation energy becomes. 
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𝑬xc
LSDA[𝝆↑, 𝝆↓] = ∫ 𝝆(𝐫) 𝜺xc

unif(𝝆↑(𝐫), 𝝆↓(𝐫)) 𝒅𝐫                               (II.42) 

Similarly, the GGA and mBJ functionals can be spin-polarized. The spin-polarized mBJ 

potential is expressed as. 

𝒗xc,𝝈
mBJ(𝐫) = 𝒄𝝈 𝒗x,𝝈

BR(𝐫) + (𝟑𝒄𝝈 − 𝟐)
𝟏

𝝅
√

𝟓

𝟏𝟐
√

𝟐𝒕𝝈(𝐫)

𝝆𝝈(𝐫)
,  𝝈 =↑, ↓             (II.43) 

These spin-polarized versions are crucial for accurate modeling of ferromagnetic and 

antiferromagnetic materials, as they allow for the calculation of spin-resolved electronic 

structures and magnetic moments. 

II.5.5 LDA, GGA, and mBJ with Hubbard 𝑼 Correction 

For materials with localized electrons (e.g., 3𝑑 or 4𝑓 orbitals), standard DFT functionals 

often fail due to the self-interaction error and inadequate treatment of strong on-site Coulomb 

repulsion. To correct this, the DFT+𝑈 method adds an explicit Hubbard-like term to the total 

energy [34,35]. 

𝑬DFT+𝑼 = 𝑬DFT + 𝑬𝑼 − 𝑬dc                                      (II.44) 

where 𝐸DFT is the total energy from LDA, GGA, or mBJ, 𝐸𝑈 is the Hubbard correction, 

and 𝐸dc is the double-counting term. In the rotationally invariant form by Dudarev et al., the 

correction simplifies to [34]. 

𝑬𝑼 =
𝑼eff

𝟐
∑ (𝒏𝒎𝝈 − 𝒏𝒎𝝈

𝟐 )𝒎,𝝈                                   (II.45) 

where 𝑈eff = 𝑈 − 𝐽 is the effective on-site interaction, and 𝑛𝑚𝜎 is the occupation number of the 

localized orbital with magnetic quantum number 𝑚 and spin 𝜎. 

This correction improves predictions for systems with electron correlation effects, such 

as Mott insulators, transition metal oxides, and rare-earth compounds. It is particularly effective 

when combined with the mBJ potential (mBJ+𝑈), allowing for accurate determination of 

electronic band gaps and magnetic properties. 
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II.6 Full-Potential Linearized Augmented Plane Wave Method (FP-LAPW) 

The Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method is one of the 

most accurate and widely used approaches for electronic structure calculations within the 

framework of Density Functional Theory (DFT) [36]. It is particularly effective for treating 

systems with localized d or f electrons, complex crystal structures, and anisotropic charge 

densities. 

II.6.1 Augmented Plane Wave Method (APW) 

The original Augmented Plane Wave (APW) method was introduced by Slater in 1937 

to solve the Kohn–Sham equations more accurately than traditional plane wave methods by 

taking into account the atomic nature of the potential. The method divides the unit cell into two 

distinct regions [37,38]. 

• Muffin-tin spheres: Non-overlapping spheres centered at atomic nuclei, within which the 

potential is assumed to be spherically symmetric. 

• Interstitial region: The space outside the muffin-tin spheres, where the potential is constant 

or slowly varying. 

In the APW method, the basis functions are constructed as follows. 

𝝓𝐤+𝐆(𝐫) = {
∑ 𝑨𝓵𝒎

𝐤+𝐆
𝓵,𝒎 𝒖𝓵(𝒓, 𝑬𝓵)𝒀𝓵𝒎(𝐫̂), inside muffin-tin spheres

𝒆𝒊(𝐤+𝐆)⋅𝐫, in the interstitial region
                (II.47) 

where 𝑢ℓ(𝑟, 𝐸ℓ) are radial solutions of the Schrödinger equation at fixed energy 𝐸ℓ, and 

𝑌ℓ𝑚 are spherical harmonics. The coefficients 𝐴ℓ𝑚
𝐤+𝐆 ensure the continuity of the basis functions 

at the sphere boundaries. 

A major limitation of APW is that the basis functions depend on the eigenvalues through 

𝑢ℓ(𝑟, 𝐸ℓ), making the secular equation nonlinear and computationally expensive. 

II.6.2 Principle of the Linearized Augmented Plane Wave Method (LAPW) 

To overcome the nonlinearity in the APW method, Andersen introduced the Linearized 

APW (LAPW) method, where the energy dependence of the radial wavefunctions is removed 
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via a linear expansion around a fixed energy 𝐸ℓ. Inside the muffin-tin spheres, the basis 

functions are expanded as [39,40]. 

𝒖𝓵(𝒓, 𝑬) ≈ 𝒖𝓵(𝒓, 𝑬𝓵) + (𝑬 − 𝑬𝓵)𝒖̇𝓵(𝒓, 𝑬𝓵)                             (II.48) 

where 𝑢̇ℓ(𝑟, 𝐸ℓ) =
∂𝑢ℓ(𝑟,𝐸)

∂𝐸
|

𝐸=𝐸ℓ

 is the energy derivative of the radial function. Thus, the 

LAPW basis set takes the form. 

𝝓𝐤+𝐆(𝐫) = {
∑ [𝑨𝓵𝒎

𝐤+𝐆𝒖𝓵(𝒓, 𝑬𝓵) + 𝑩𝓵𝒎
𝐤+𝐆𝒖̇𝓵(𝒓, 𝑬𝓵)]𝓵,𝒎 𝒀𝓵𝒎(𝐫̂), 𝒓 ≤ 𝑹MT

𝒆𝒊(𝐤+𝐆)⋅𝐫, 𝒓 > 𝑹MT

         (II.48) 

This linearization allows for a generalized eigenvalue problem and significantly 

improves computational efficiency while maintaining accuracy. 

II.6.3 Concept of the Full-Potential LAPW Method (FP-LAPW) 

In standard LAPW, the potential and charge density are approximated using the muffin-

tin approximation, assuming a spherical potential inside the spheres and a constant potential in 

the interstitial. However, this approximation becomes inadequate for materials with strong 

anisotropies or non-spherical charge distributions [36]. The Full-Potential LAPW (FP-LAPW) 

method removes these shape approximations. The total potential 𝑉(𝐫) and the electron density 

𝜌(𝐫) are expanded without spherical constraints: 

𝑽(𝐫) = {
∑ 𝑽𝓵𝒎𝓵,𝒎 (𝒓)𝒀𝓵𝒎(𝐫̂), 𝒓 ≤ 𝑹MT

∑ 𝑽𝐆𝐆 𝒆𝒊𝐆⋅𝐫, 𝒓 > 𝑹MT

                                (II.49) 

The FP-LAPW method thus uses. 

• A full-potential expansion no shape approximation for either the potential or the charge 

density. 

• Augmented plane wave basis with linearization. 

• Local orbitals (LOs) to treat semicore states and enhance flexibility. 

The addition of local orbitals is especially useful for describing states with energies close to 

core levels or for improving the variational flexibility [41]. 
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𝝓𝓵𝒎
LO(𝐫) = {

[𝒖𝓵(𝒓, 𝑬𝓵) + 𝒂𝓵 𝒖̇𝓵(𝒓, 𝑬𝓵) + 𝒃𝓵 𝒖𝓵(𝒓, 𝑬𝓵
LO)]𝒀𝓵𝒎(𝐫̂), 𝒓 ≤ 𝑹MT

𝟎, 𝒓 > 𝑹MT

      (II.50) 

where 𝑎ℓ and 𝑏ℓ are coefficients chosen to ensure normalization and orthogonality. the FP-

LAPW method offers the highest precision among all DFT-based methods for solving the Kohn-

Sham equations, particularly when dealing with systems that exhibit complex structural, 

electronic, or magnetic characteristics. 

II.7 The WIEN2k Code and Its Auxiliary Programs 

WIEN2k is a powerful and extensively validated computational software package 

designed for the calculation of the electronic structure of periodic solids using density functional 

theory (DFT). It is based on the full-potential (linearized) augmented plane wave plus local 

orbitals method, one of the most accurate all-electron approaches available for crystalline 

materials. Unlike pseudopotential-based methods, WIEN2k treats all electrons explicitly and 

does not approximate the potential or electron density within the so-called muffin-tin spheres 

or in the interstitial region. This results in highly precise total energies, electronic structures, 

and derived properties, especially for systems containing transition metals, heavy elements, or 

materials with low symmetry. Developed and maintained by Peter Blaha and collaborators, 

WIEN2k is the successor to the original WIEN code and is written predominantly in Fortran. It 

has evolved to support a wide variety of physical calculations, including structural optimization, 

electronic and magnetic properties, density of states (DOS), band structure, optical spectra, 

electric field gradients (EFG), hyperfine interactions, and thermoelectric transport coefficients 

[42,43]. 

II.7.1 Core Theoretical Framework 

The FP-LAPW method employed in WIEN2k expands the Kohn-Sham wave functions 

differently in two distinct regions of the unit cell: inside the muffin-tin spheres (around atomic 

nuclei) and in the interstitial space. Within the spheres, radial solutions of the Schrödinger 

equation multiplied by spherical harmonics are used, while plane waves are used in the 

interstitial. The “+lo” extension allows the inclusion of additional local orbitals that improve 

the variational flexibility of the basis set, particularly for semicore and high-lying unoccupied 

states. This is essential for accurate band gap calculations and for materials with complex 
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valence electronic configurations. Relativistic effects are included in a scalar-relativistic fashion 

for valence electrons and fully relativistically for core states. For heavy elements, spin-orbit 

coupling (SOC) is included using a second-variational scheme, which is computationally 

efficient and accurate. 

II.7.2 Input Structure and Initialization 

WIEN2k uses a modular architecture wherein each module is responsible for a specific 

part of the calculation. The workflow typically begins with the init_lapw script, which generates 

all necessary input files. This step involves specifying the crystal structure (lattice type, space 

group, and atomic positions), the muffin-tin radii (RMT) for each atom, the basis set cutoff 

parameter RMT×Kmax, and the exchange-correlation functional to be used. The symmetry 

module is invoked to detect the space group symmetries and reduce the number of k-points 

needed for Brillouin zone integration. The choice of RMT×Kmax, which is the product of the 

smallest muffin-tin radius and the maximum reciprocal lattice vector of the plane wave 

expansion, governs the basis set size. A typical value ranges from 6 to 9, but convergence tests 

are essential for accurate total energies and electronic properties. 

II.7.3 SCF Cycle and Main Executables 

Once initialized, the self-consistent field (SCF) cycle is run using run_lapw, which 

orchestrates several key modules: 

• lapw0 computes the Coulomb and exchange-correlation potential on a mesh, including 

potential contributions from core and valence charge densities. 

• lapw1 solves the Kohn–Sham equations and determines the energy eigenvalues and 

eigenfunctions by diagonalizing the Hamiltonian in the APW basis. 

• lapw2 computes the total electron density from the eigenfunctions, including both muffin-

tin and interstitial contributions. 

• mixer compares the input and output charge densities to assess convergence, applying 

mixing algorithms (e.g., Broyden mixing) to accelerate convergence. 
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• lapwso (optional) adds spin-orbit interaction using the second-variational procedure. 

The SCF loop continues until the energy and charge convergence criteria are met. The 

convergence threshold for energy is typically set to 0.0001 Ry or lower, while the charge density 

is required to change by less than 0.001 e or smaller between cycles. 

II.7.4 Advanced Functionalities and Post-processing Modules 

WIEN2k includes a wide range of auxiliary programs that extend its capabilities beyond 

the basic electronic structure: 

• spaghetti: Generates the electronic band structure by calculating eigenvalues along high-

symmetry directions in the Brillouin zone. It allows visual inspection of band dispersion, 

energy gaps, and critical points. 

• tetra: Implements the tetrahedron method for accurate Brillouin zone integration, 

particularly for the DOS and optical spectra. It subdivides the Brillouin zone into small 

tetrahedra and integrates over them analytically. 

• dos and tetra: Used in combination to compute the total and partial density of states. 

• optic and joint: These programs calculate frequency-dependent optical properties, including 

the complex dielectric function (ε₁(ω), ε₂(ω)), refractive index, reflectivity, and absorption 

coefficient. optic uses the momentum matrix elements from lapw1, while joint calculates 

the joint DOS. 

• lapw2 -qtl: Generates the orbital character of the electronic bands, which is useful for 

plotting fat bands or analyzing the contribution of atomic orbitals to each band. 

• qtl: Produces the orbital-projected DOS (also called partial DOS or PDOS) by projecting 

the wave functions onto atomic-like orbitals. 

• irrep: Computes the irreducible representations of eigenstates at symmetry points, aiding in 

symmetry analysis and characterization of degeneracies. 
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• efg: Computes the electric field gradient tensor at the nuclei, which is relevant for 

interpreting Mössbauer spectroscopy, NMR, and nuclear quadrupole resonance (NQR) 

experiments. 

• nmr: Calculates NMR chemical shielding and spin densities. 

• lapwdm: Computes the spin and orbital magnetic moments inside the muffin-tin spheres. 

• xcrysden and VESTA (external programs): WIEN2k provides compatible output formats 

for visualization of crystal structures, charge densities, and potential maps using these 

widely used visualization tools. 

II.7.5 Parallel Execution and Scalability 

To handle the high computational demands of all-electron calculations, WIEN2k is 

parallelized at multiple levels. Parallelism can be applied over k-points, symmetry operations, 

and bands. For distributed memory systems, MPI (Message Passing Interface) is used, while 

OpenMP is employed for shared-memory parallelism within nodes. This scalability allows 

efficient use of high-performance computing resources, enabling the study of large unit cells 

and complex magnetic configurations. In addition, hybrid parallelization combining MPI and 

OpenMP is supported for modules such as lapw1, lapw2, and lapwso. The parallelization is 

particularly advantageous when dealing with large k-point meshes or when using 

computationally demanding hybrid functionals or spin–orbit coupling. 

II.7.6 Support for Advanced Exchange-Correlation Functionals 

WIEN2k supports a wide range of exchange-correlation (XC) functionals through the 

LibXC library. Among the most widely used are: 

• GGA (Generalized Gradient Approximation – PBE functional): Utilized as the baseline 

exchange–correlation functional, the PBE (Perdew-Burke-Ernzerhof) version of GGA 

improves upon the Local Density Approximation (LDA) by incorporating both the electron 

density and its spatial gradient. This results in enhanced accuracy for structural properties 

such as lattice constants, bond lengths, and bulk moduli, making it widely applicable for 

crystalline solids. 
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• DFT+U method (implemented via the orb module): To correct for the self-interaction 

errors and better treat strong on-site Coulomb interactions, particularly in systems with 

localized d and f electrons (e.g., transition metal oxides and rare-earth compounds), the 

DFT+U approach was employed. The orb module in WIEN2k facilitates the inclusion of the 

Hubbard U parameter, which improves the description of electron correlation, magnetic 

ordering, and possible Mott-insulating behavior in correlated materials. 

• mBJ (modified Becke-Johnson potential): An empirical meta-GGA exchange potential 

introduced by Tran and Blaha, the mBJ potential is specifically designed to improve the 

prediction of electronic band gaps. It mimics the behavior of the exact exchange potential 

from Hartree–Fock theory while maintaining computational efficiency. It is particularly 

effective for semiconductors and insulators, often yielding band gaps that are much closer 

to experimental values than GGA or LDA. 

• Hybrid functionals (using the hf module): These functionals incorporate a portion of exact 

Hartree-Fock exchange with DFT exchange–correlation terms, leading to significantly 

improved accuracy for electronic structure calculations of systems with strong electronic 

localization and correlation. The hf module in WIEN2k enables the implementation of 

screened hybrid functionals in an all-electron full-potential framework. Such methods are 

especially beneficial for capturing the correct band gaps, magnetic properties, and 

localization effects in complex oxides and strongly correlated systems. 

These features make WIEN2k highly versatile for investigating a wide range of material 

classes, including metals, insulators, semiconductors, strongly correlated materials, magnetic 

compounds, and topological phases. 

II.7.7 Magnetism, Spin-Orbit Coupling, and Spin Polarization 

Magnetic calculations are straightforward in WIEN2k. Initial magnetic moments can be 

specified for each atom, and spin-polarized SCF calculations are then carried out using the 

runsp_lapw script. Non-collinear magnetism is also supported, although more complex input 

preparation is required. The lapwso module adds spin-orbit coupling in a second-variational 

approach that requires eigenvectors from lapw1 as input. WIEN2k allows the user to explore 

different magnetic configurations, including ferromagnetic (FM), antiferromagnetic (AFM), 
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and nonmagnetic (NM) phases. By comparing total energies of these configurations, one can 

determine the ground-state magnetic ordering and estimate exchange interactions, particularly 

when combined with supercell approaches or the Heisenberg model. 

II.8 Conclusion 

his chapter has provided a detailed exposition of the theoretical models and 

computational frameworks employed in this work. Starting from the 

foundational Schrödinger equation and the Born-Oppenheimer 

approximation, we explored successive approximations Hartree, Hartree-Fock, and Density 

Functional Theory that render the many-body problem tractable for realistic systems. The 

formal structure of DFT, as articulated through the Hohenberg-Kohn theorems and the Kohn-

Sham approach, was presented with emphasis on the role and approximation of the exchange-

correlation functional. We reviewed the commonly used LDA, GGA (including PBE, PBEsol, 

WC, and BLYP variants), and the mBJ potential, along with spin-polarized and Hubbard-

corrected extensions tailored for magnetic and correlated materials. We then turned to the Full-

Potential Linearized Augmented Plane Wave (FP-LAPW) method, a high-precision approach 

for solving the Kohn-Sham equations without shape approximations. Its implementation within 

the WIEN2k software was outlined, emphasizing the code’s modular design, SCF workflow, 

and capabilities for analyzing a wide range of physical properties. Altogether, the methodologies 

described in this chapter constitute the theoretical and computational backbone of the 

subsequent analyses presented in this thesis. They enable the predictive modeling of structural, 

electronic, magnetic, and optical properties of complex materials, facilitating insights that guide 

experimental validation and technological application. 
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III.1 Introduction 

n this chapter, we present a comprehensive analysis of the electronic properties of several 

structurally diverse materials using first-principles density functional theory (DFT) 

calculations. The materials under investigation include a range of perovskite, double 

perovskite, and antiperovskite compounds. These systems were selected based on their chemical 

diversity, structural stability, and potential applicability in modern electronic and optoelectronic 

technologies. The study employs a multi-step theoretical framework to evaluate the electronic band 

structure and density of states (DOS) of each compound. Exchange-correlation interactions were treated 

within the generalized gradient approximation (GGA) using the Perdew Burke Ernzerhof (PBE) 

functional, supplemented by the Hubbard U correction for materials with localized d or f electrons, and 

the modified Becke-Johnson (TB-mBJ) potential to improve band gap predictions. These computational 

techniques allow for a more accurate description of the electronic structure, particularly in capturing the 

magnitude and character (direct or indirect) of band gaps, which are often underestimated in standard 

DFT. 

III.2 Structural Properties 

III.2.1 Crystal Symmetry and Lattice Systems 

Crystallography provides the formal framework to describe the long-range periodicity of 

atomic arrangements in solids [1]. A crystal lattice can be represented as a set of discrete points 

in space, generated by translations of a unit cell along three non-coplanar vectors. Depending 

on the relationships between the lattice parameters (lengths and angles), crystal structures are 

classified into seven lattice systems and 14 Bravais lattices. Among them, the cubic, tetragonal, 

and hexagonal systems are particularly relevant due to their prevalence in inorganic compounds 

and their influence on physical properties [2]. 

• Cubic systems exhibit high symmetry with equal lattice constants (a=b=c) and angles 

(α=β=γ=90°), often leading to isotropic behavior in mechanical, optical, and electronic 

responses. 

• Tetragonal systems maintain right angles but have one distinct lattice constant (a=b≠c), 

resulting in anisotropic behavior along the c-axis. 

• Hexagonal systems are characterized by two equal lattice constants (a = b ≠ c) and angles 

of α=β=90°, γ=120°, introducing additional anisotropy and complexity in bonding and 

coordination environments. 

The space group of a crystal, combining translational symmetry with point group operations 

such as rotation, reflection, and inversion, plays a crucial role in determining the allowed 

electronic states and selection rules for optical transitions. 

I 



CHAPTER III: ELECTRO-STRUCTURAL PROPERTIES                             P a g e  | 54 

 

III.2.2 Lattice Parameters, Unit Cell Volume, and Atomic Positions 

Quantitative description of a crystal structure includes the lattice constants (a, b, c), 

interaxial angles (α, β, γ), and the atomic coordinates expressed in fractional units relative to 

the unit cell axes. The unit cell volume (V), derived from these parameters, serves as a measure 

of atomic packing and is often related to material density and bulk modulus. Atomic positions 

are typically described using Wyckoff notations, which reflect the symmetry and multiplicity 

of atomic sites. In computational structural optimization, these positions are relaxed to minimize 

the total energy, allowing the system to adopt its most energetically favorable configuration. 

This process involves solving the Kohn-Sham equations iteratively until the forces acting on 

atoms fall below a chosen convergence threshold [1,2]. 

III.2.3 The Goldschmidt tolerance factor 

The Goldschmidt tolerance factor (t) is a key parameter used to predict the stability of 

crystal structures, particularly in perovskite-like materials. It is calculated using the equation 

[3]. 

𝐭 =
𝐫𝐀 + 𝐫𝐗

√𝟐(𝐫𝐁 + 𝐫𝐗)
                                                               (𝐈𝐈𝐈. 𝟏) 

where rA is the ionic radius of the A cation, rB is the ionic radius of the B cation, and rX 

represents the ionic radius of the anion. The tolerance factor helps to assess whether the ionic 

sizes of the cations are compatible with forming a stable crystal structure. When the tolerance 

factor is close to 1, the ionic radii are well-matched, leading to minimal strain and a stable 

lattice. A tolerance factor greater than 1 suggests that the A cation is too large, which causes 

strain in the lattice, while a value less than 1 indicates that the A cation is too small, potentially 

leading to instability. This factor is widely used in materials science to predict the structural 

stability of various materials and their suitability for different applications [4]. 

III.2.4 Formation Energy and Cohesive Energy 

To evaluate thermodynamic stability, two fundamental energetic descriptors are commonly 

employed. The formation energy (ΔHf) is defined as the difference between the total energy of 

the compound and the sum of the energies of its constituent elements in their standard states. 

Mathematically [5]. 

𝚫𝐇𝐟 = 𝐄compound − ∑ 𝐄elements                                                   (III.2) 
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Where 𝐸compound is the total energy of the compound, and 𝐸elements is the sum of the energies 

of the constituent elements in their most stable forms. A negative formation energy implies that 

the compound is thermodynamically stable with respect to decomposition into its elemental 

constituents. The cohesive energy (Ecoh), on the other hand, is calculated as the energy released 

when isolated free atoms bond together to form the crystal [6].  

𝐄𝐜𝐨𝐡 = 𝐄𝐈𝐒𝐎compound
− ∑ 𝐄𝐈𝐒𝐎elements

                                                   (III.3) 

Where 𝐄𝐈𝐒𝐎compound
 is the sum of the total energies of all isolated atoms in their ground state, 

and ∑ 𝐄𝐈𝐒𝐎elements
 is the total energy of the compound per formula unit. It provides a measure of 

bonding strength and internal stability of the structure. Higher cohesive energy generally 

correlates with enhanced mechanical strength and resistance to thermal decomposition. Both 

quantities are crucial in predicting the synthesizability and long-term structural stability of novel 

materials. 

III.2.5 Structural Characterization and X-ray Diffraction 

X-ray diffraction (XRD) is a fundamental experimental technique for determining 

crystal structures as shown in Figure III.1. In computational work, theoretical XRD patterns 

can be simulated based on optimized atomic positions and lattice parameters. These simulations 

are instrumental in validating the predicted structures by comparing them with experimental 

data. Rietveld refinement techniques may also be employed to refine structural models and 

reduce the discrepancy between observed and simulated diffraction profiles [7]. 

 

Figure III.1. X-ray diffraction (XRD) techniques for materials characterization 
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III.3 Electronic Properties 

III.3.1 Band Theory and Electronic States 

The electronic properties of solids arise from the quantum mechanical treatment of 

electrons in a periodic potential. According to band theory, the discrete energy levels of isolated 

atoms broaden into continuous bands when atoms are brought together in a solid. The two most 

significant bands near the Fermi energy are the valence band (VB) and conduction band (CB), 

separated by a band gap (Eg). The position of the Fermi level (EF), defined as the highest 

occupied energy level at 0 K, determines the carrier concentration and electrical behavior as 

depicted in Figure III.2 [8]. 

• In metals, “EF” lies within an overlapping band, allowing free movement of electrons. 

• In semiconductors, “EF” lies within the band gap, with thermal excitation enabling electrons 

to transition from the VB to CB. 

• In insulators, the band gap is too large for significant electronic conduction under normal 

conditions. 

 

Figure III 2. Difference between Conductor, Semiconductor and Insulator 

III.3.2 Direct and Indirect Band Gaps 

The nature of the band gap whether direct or indirect is of paramount importance for 

optoelectronic applications. In a direct band gap material, the minimum of the CB and the 

maximum of the VB occur at the same k-point in reciprocal space, allowing vertical electronic 

transitions (Δk = 0), as shown in Figure III.3. This is favorable for light emission and 

absorption processes. Conversely, an indirect band gap material exhibits a mismatch in k-space 

between VB maximum and CB minimum (Δk ≠ 0), necessitating phonon assistance for optical 
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transitions, which typically reduces the material's optical efficiency. The band gap and its 

character are determined from the computed electronic band structure, obtained by solving the 

Kohn-Sham equations across high-symmetry paths in the Brillouin zone [9]. 

 

Figure III.3. Difference between direct and indirect band gap semiconductor material 

III.3.3 Density of States (DOS): Total, Partial, and Spin-Resolved 

The Density of States (DOS) represents the number of electronic states available per 

unit energy. The Total DOS (TDOS) integrates over all atomic and orbital contributions, while 

the Partial DOS (PDOS) decomposes the contributions by element and orbital type (s, p, d, f). 

The Spin-resolved DOS distinguishes the up and down spin channels, essential for magnetic 

and spintronic materials. The DOS near the Fermi level offers insight into electronic 

conductivity, bonding nature, and reactivity, a high DOS at “EF” may indicate metallic behavior 

or magnetic instabilities, whereas a clean gap indicates insulating or semiconducting 

characteristics as shown in Figure III.4 [10]. 

 

Figure III.4. Density of States (DOS) of a Half-Metallic Material: Spin-Up Metallic and Spin-Down 

Semiconducting Behavior 
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III.3.4 Orbital Contributions to Band Structure 

In multi-element systems, the hybridization of atomic orbitals significantly influences 

the shape and character of the electronic bands. The interaction between transition metal d-

orbitals and p-orbitals from chalcogens or pnictogens often determines the position of band 

edges and the magnitude of the band gap. Furthermore, crystal field effects arising from 

different symmetries (e.g., octahedral, tetrahedral) cause energy-level splitting of degenerate 

orbitals, which directly modulates the band dispersion and DOS features. These effects are 

critical in tailoring the electronic structure through compositional or structural modifications 

[11]. 

III.4 Results and Discussion 

III.4.1 Structural properties 

III.4.1.1 Perovskite ABX3 

For our selection of materials within the ABX3 perovskite family, we conducted a 

comprehensive structural analysis focusing on two distinct groups: halide perovskites ASiCl3, 

where A = Li, Rb, Cs and chalcogenide perovskites CsTaX3, where X = S, Se. The calculated 

Goldschmidt tolerance factors, derived from precise bond length measurements, are 

summarized in Table III.1. These values provide critical insights into the structural stability 

and symmetry of the compounds under investigation.In the halide perovskite series, the A-Cl 

bond lengths range from 3.57 Å in LiSiCl3 to 3.70 Å in CsSiCl3, while the Si-Cl bond lengths 

vary between 2.53 Å and 2.62 Å. These measurements correspond to tolerance factors 

approximately between 0.99 and 1.00. Such values are indicative of a stable cubic perovskite 

structure, as they fall within the optimal range for maintaining cubic symmetry. This structural 

arrangement is characterized by the A-site cations (Li⁺, Rb⁺, Cs⁺) occupying the corners of the 

cube, the Si⁴⁺ cation at the center, and Cl⁻ anions at the face centers, forming a three-dimensional 

network of corner-sharing [SiCl6]
4- octahedra [12]. The unit cell of these compounds adopts the 

cubic space group Pm-3m (No. 221), as depicted in Figure III.5(a). 

Conversely, the chalcogenide perovskites exhibit different structural characteristics. The 

Cs-X bond lengths are measured at 4.21 Å for CsTaS3 and 4.24 Å for CsTaSe3, with 

corresponding Ta-X bond lengths of 2.66 Å and 2.84 Å, respectively. These bond lengths result 

in higher tolerance factors of 1.10 for CsTaS3 and 1.05 for CsTaSe3. Values exceeding unity 

suggest a deviation from the ideal cubic structure, leading to the adoption of a hexagonal 

symmetry. This is consistent with the observed crystallization of these compounds in the 
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hexagonal space group P6₃mc (No. 186). In this configuration, Cs⁺ ions occupy the 2d Wyckoff 

positions at (1/3, 2/3, 3/4), Ta⁵⁺ ions are located at 4e positions with coordinates (0, 0, u), where 

u = 0.045195 for CsTaS3 and u = 0.455105 for CsTaSe3, and the chalcogen atoms (S²⁻, Se²⁻) 

reside at 6h positions with specific fractional coordinates for each compound. The resulting 

structure comprises TaX6 octahedra that share corners and faces, forming a three-dimensional 

network distinct from the cubic arrangement of the halide counterparts [12]. These structural 

configurations are illustrated in Figures III.5(b-e). 

 

Figure III.5. Crystal structures of (a) Cubic ASiCl3 (A = Li, Rb, Cs); (b–e) Hexagonal CsTaX3 (X = S, 

Se) 

Table III.1: Optimized lattice parameters and total energies for ASiCl3 (A = Li, Rb, Cs) in non-

magnetic (NM), ferromagnetic (FM), and antiferromagnetic (AFM) configurations, and for CsTaX3 

(X = S, Se) in the NM state. 

Cubic Symmetry 

Materials State 
Lattice Parameter (Å) 

B′ Emin (Ry) 
Ecoh 

(Ry) 
ΔHf 

(Ry) 
TG 

a c c/a 

LiSiCl3 

NM 5.06 // // 3.83 -3364.417541 

-1.11 -0.56 0.99 FM 5.08 // // 4.01 -3364.417539 

AFM 5.08 // // 3.95 -3364.417538 

RbSiCl3 

NM 5.17 // // 4.53 -9312.466785 

-1.15 -0.89 1.00 FM 5.18 // // 4.87 -9312.466712 

AFM 5.17 // // 3.97 -9312.466696 

CsSiCl3 

NM 5.24 // // 3.84 -18930.082444 

-1.12 -0.78 0.99 FM 5.24 // // 4.36 -18930.082441 

AFM 5.22 // // 3.75 -18930.082427 

Hexagonal Symmetry 

CsTaS3 NM 7.44 6.01 0.81 4.32 -98456.817991 -2.23 -0.55 1.10 

CsTaSe3 NM 7.71 6.14 0.80 4.39 -112829.065766 -1.95 -1.19 1.05 

Other Works 

CsTaS3 NM 7.26e1 5.96e1 // // // // // // 

CsTaSe3 NM 7.50e1 6.18e1 // // // // // // 

CsTaS3 NM 7.25t1 5.94t1 // // // // // // 

Experimental: e1 Ref [13]                        Theoritical: t1 Ref [14] 
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To further elucidate the structural characteristics of our selected ABX3 perovskite 

materials, we performed a comprehensive optimization of their structural properties. Given the 

novelty of the ASiCl3 compounds, we investigated three magnetic configurations non-magnetic 

(NM), ferromagnetic (FM), and antiferromagnetic (AFM) to determine the most stable phase. 

The results, summarized in Table III.1, indicate that the NM state exhibits the lowest total 

energy across all halide perovskite compounds studied, suggesting it as the most stable 

configuration. Analyzing the lattice parameters, we observed a systematic increase in the lattice 

constant 'a' with the substitution of larger A-site cations: 5.06 Å for LiSiCl3, 5.17 Å for RbSiCl3, 

and 5.24 Å for CsSiCl3. This trend reflects the influence of the ionic radius of the alkali metal 

cations on the unit cell dimensions. Such behavior has been reported in other alkali-based 

perovskite materials, including ASnCl3, AGeCl3, and ASnBr3 (A = Li, K, Rb, Cs), where the 

lattice parameters expand with increasing cation size due to the accommodation of larger ions 

within the crystal structure [15-17]. 

For the chalcogenide perovskites, our study focused on the NM state, aligning with 

previous experimental and theoretical findings that classify these compounds as non-magnetic. 

Notably, studies such as those by Pell et al. have demonstrated that CsTaS3 and CsTaSe3 exhibit 

non-magnetic behavior, corroborating our computational results [13]. Our calculated lattice 

parameters for CsTaS3 and CsTaSe3 are 7.44 Å and 7.71 Å for the 'a' axis, and 6.01 Å and 6.14 

Å for the 'c' axis, respectively. These values show a slight increase when substituting sulfur with 

the larger selenium anion, consistent with the expected expansion of the lattice due to the larger 

ionic radius of Se²⁻ compared to S²⁻. This phenomenon has also been observed in related 

compounds such as BaZrX3 (X = S, Se), where the lattice parameters increase with the 

incorporation of heavier chalcogen elements [18]. Our calculated lattice parameters are in 

reasonable agreement with previously reported experimental and theoretical values, supporting 

the validity of our computational approach, Pell et al. and Bie et al. [13,14], reported lattice 

constants of approximately 7.26 Å for 'a' and 5.96 Å for 'c' in CsTaS3, and 7.50 Å for 'a' and 

6.18 Å for 'c' in CsTaSe3, which closely match our findings. 

III.4.1.2 Double Perovskite A2BB’X6 

In this section, we investigate the structural characteristics and magnetic phase stability 

of two double perovskites, Ba2InOsO6 and Sr2MnSbO6, both belonging to the A2BB′X6 family. 

The structural stability was initially assessed using the Goldschmidt tolerance factor (𝑡), 

calculated based on Shannon’s effective ionic radii. For Ba2InOsO6, the ionic radii used were, 
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Ba²⁺: 1.61 Å, In³⁺: 0.80 Å, Os⁵⁺: 0.63 Å, O²⁻: 1.40 Å. Using these values, the tolerance factor 

was found to be TG=1.00, indicating an ideal cubic symmetry. This is in excellent agreement 

with prior experimental results reported by Feng et al. [19], which confirmed that Ba₂InOsO6 

crystallizes in a cubic structure (space group Fm-3m, No. 225). In this phase, Ba atoms occupy 

the 8c Wyckoff positions at (0.25, 0.25, 0.25), In at 4a (0, 0, 0), Os at 4b (0.5, 0.5, 0.5), and O 

at 24e (0.239219, 0, 0), as illustrated in Figure III.6(a).  

The optimized lattice parameters and corresponding energies for different magnetic 

configurations are summarized in Table III.2. Among the considered magnetic phases (NM, 

FM, FiM, and AFM), the ferromagnetic (FM) configuration yielded the lowest total energy, 

signifying its thermodynamic favorability. The optimized lattice parameter for the FM phase is 

a=8.31 Å, which closely matches the experimental value of 8.22 Å [19], further validating the 

robustness of our computational approach. For Sr2MnSbO6, the tolerance factor was similarly 

calculated using, Sr²⁺: 1.44 Å, Mn³⁺: 0.645 Å, Sb⁵⁺: 0.60 Å, O²⁻: 1.40 Å, which gave a value of 

TG=1.05. This deviation from unity suggests the stabilization of a lower-symmetry structure, 

likely tetragonal or hexagonal. Our theoretical predictions were corroborated by a detailed study 

conducted by Sosa-Correa et al. [20], who compared three space groups, No. 225 (cubic), No. 

87 (tetragonal I4/m), and No. 128 (orthorhombic). Their results identified space group No. 87 

as the most energetically stable, which aligns with our findings. In the I4/m tetragonal phase, 

Sr atoms reside at 4d (0.25, 0.75, 0.5), Mn at 2b (0.5, 0, 0), and Sb at 2a (0, 0, 0). Oxygen atoms 

split between two Wyckoff positions: O1 at 4e (0, 0, 0.233504) and O2 at 8h (0.303572, 

0.204493, 0), as shown in Figures III.6(b). The occupancy of distinct oxygen sites ensures 

appropriate local coordination environments for Mn and Sb cations, optimizing bond lengths 

and angles to enhance structural stability. Optimization under four magnetic configurations 

revealed that the FM phase is again the ground state, with the lowest total energy. The 

corresponding lattice parameters were determined to be a=5.52 Å and c=8.52 Å, yielding a c/a 

ratio of 1.53. These values are consistent with prior theoretical and experimental reports by 

Ivanov et al. [21], Cheah et al. [22], Mandal et al. [23], and Sosa-Correa et al. [20], as 

summarized in Table III.2. 
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Table III.2: Optimized Structural Parameters, Ground-State Energies, and Formation Energies for 

Ba2InOsO6 and Sr2MnSbO6 in Various Magnetic Phases 

Material State 
Lattice parameter (Å) 

B′ Emin (Ry) TG 
Ecoh 

(Ry) 
ΔHf 

(Ry) a=b c c/a 
Cubic Symmetry 

Ba2InOsO6 

NM 8.30 // // 4.91 -79791.651946 

1.01 -3.48 -2.32 
FM 8.31 // // 4.86 -79791.689683 
FiM 8.30 // // 4.86 -79791.668953 
AFM 8.30 // // 4.91 -79791.685998 

Other Works 
Ba2InOsO6 FM 8.22e1 // // // // // // // 

Tetragonal Symmetry 

Sr2MnSbO6 

 

NM 5.55 8.41 1.53 4.57 -28907.508863 

1.05 -4.22 -2.52 
FM 5.52 8.52 1.53 4.73 -28907.780769 

FiM 5.51 8.53 1.53 4.79 -28907.590846 

AFM 5.51 8.54 1.53 4.77 -28907.670735 

Other Works 

Sr2MnSbO6 

FM 5.63t1 8.05 1.43 // // // // // 

FM 5.52e2 8.04 1.45 // // // // // 

FM 5.53e3 8.08 1.46 // // // // // 

FM 5.54e4 8.09 1.46 // // // // // 

Experimental: e1 Ref [19], e2 Ref [21],e3 Ref [22],e4 Ref [23] 

Theoritical: t1 Ref [20] 

 

Figure III.6.Crystal structures of (a) Cubic Ba2InOsO6; (b) Tetragonal Sr2MnSbO6 
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III.4.1.3 Double Perovskite (A2BX6) 

In this section, we present a comprehensive analysis of the structural evolution of the 

cubic double perovskite compound Rb₂PtBr₆ under partial substitution of the B-site cation Pt⁴⁺ 

by Pd⁴⁺. The Pd concentration was varied systematically from x = 0.0 to x = 1.0 in steps of 0.25, 

leading to five distinct compositions: Rb₂PtBr₆, Rb₂Pt₀.₇₅Pd₀.₂₅Br₆, Rb₂Pt₀.₅Pd₀.₅Br₆, 

Rb₂Pt₀.₂₅Pd₀.₇₅Br₆, and Rb₂PdBr₆. To initially assess the geometric stability of the resulting 

compositions, we calculated the Goldschmidt tolerance factor (TG), the values employed in our 

calculations were adopted from Shannon’s effective ionic radii, RRb = 1.52 Å, RPt = 0.625 Å, 

RPd = 0.615 Å, and RBr = 1.96 Å. The computed tolerance factors for all compositions are listed 

in Table III.3. The values range narrowly from 0.951 to 0.955 across the alloying series, 

remaining within the accepted stability window for cubic perovskites (0.9 ≤ TG ≤ 1.0). This 

strongly suggests that all Rb₂Pt₁₋ₓPdₓBr₆ compounds are structurally stable and are likely to 

retain cubic symmetry. All five compositions were modeled in the ideal cubic double perovskite 

structure, characterized by the space group Fm3̅m (No. 225). The atomic arrangement follows 

standard Wyckoff positions: the B-site cation (Pt⁴⁺/Pd⁴⁺) resides at 4a (0, 0, 0), Rb⁺ occupies the 

8c (¼, ¼, ¼) site, and Br⁻ anions are positioned at 24e (½, 0, u), where u is the internal anion 

coordinate refined during structural relaxation. In the DFT study of alloying Rb₂PtBr₆ with Pd 

at concentrations of 0.25, 0.5, 0.75, and 1, it was observed that although the structure did not 

naturally maintain its cubic form, the cubic structure was retained for computational 

consistency. This decision was based on the close similarity in the ionic radii of Pt (0.137 nm) 

and Pd (0.137 nm), which would typically suggest that a cubic lattice could remain stable. 

Additionally, the Goldschmidt tolerance factor was calculated, remaining close to unity across 

the alloying concentrations. This factor indicates that the cubic structure should be energetically 

favorable, as the lattice would experience minimal distortion due to the similar ionic radii of Pt 

and Pd. Although the system did not naturally stabilize in a cubic phase in the DFT calculations, 

retaining the cubic structure was considered reasonable, given that the Goldschmidt factor and 

the close ionic radii indicated minimal disruption to the crystal lattice. This behavior is 

consistent with the structural stability observed in other compounds, such as MAPbI₃₋ₓBrₓ and 

CsPbI₃₋ₓBrₓ, where the cubic structure remains stable at lower concentrations due to the ionic 

compatibility between the elements involved. For example, in the case of MAPbI₃₋ₓBrₓ (x < 

0.5), the cubic structure remains stable, and the same trend is observed in CsPbI₃₋ₓBrₓ, where x 

< 0.5 also results in the retention of the cubic phase [24-26]. 
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In this section, we present a comprehensive analysis of the structural evolution of the 

cubic double perovskite compound Rb2PtBr6 under partial substitution of the B-site cation Pt⁴⁺ 

by Pd⁴⁺. The Pd concentration was varied systematically from x = 0.0 to x = 1.0 in steps of 0.25, 

leading to five distinct compositions: Rb2PtBr6, Rb2Pt0.75Pd0.25Br6, Rb2Pt0.5Pd0.5Br6, 

Rb2Pt0.25Pd0.75Br6, and Rb2PdBr6. To initially assess the geometric stability of the resulting 

compositions, we calculated the Goldschmidt tolerance factor (TG), the values employed in our 

calculations were adopted from Shannon’s effective ionic radii, RRb=1.52 Å, RPt=0.625 Å, 

RPd=0.615 Å, and RBr=1.96 Å. The computed tolerance factors for all compositions are listed in 

Table III.3. The values range narrowly from 0.951 to 0.955 across the doping series, remaining 

within the accepted stability window for cubic perovskites (0.9 ≤ TG ≤ 1.0). This strongly 

suggests that all Rb2Pt1-xPdxBr6 compounds are structurally stable and are likely to retain the 

cubic symmetry. All five compositions were modeled in the ideal cubic double perovskite 

structure, characterized by the space group Fm3̅m (No. 225).  The atomic arrangement follows 

standard Wyckoff positions: the B-site cation (Pt⁴⁺/Pd⁴⁺) resides at 4a (0, 0, 0), Rb⁺ occupies the 

8c (¼, ¼, ¼) site, and Br⁻ anions are positioned at 24e (½, 0, u), where u is the internal anion 

coordinate refined during structural relaxation. To accurately represent partial Pd substitution at 

the B-site, 2×2×2 supercells were constructed for the mixed compositions (x = 0.25, 0.5, 0.75), 

allowing for statistical modeling of alloy disorder. The structural models for each composition 

are depicted in Figures III.7(a-e). Based on prior experimental and theoretical studies, both Pt⁴⁺- 

and Pd⁴⁺-based halide perovskites are known to favor non-magnetic (NM) ground states. Hence, 

all structural optimizations in our study were conducted within the NM configuration. The 

optimized parameters are summarized in Table III.3. A clear monotonic trend is observed in 

the lattice parameter as a function of Pd concentration. The lattice constant decreases 

progressively from 10.86 Å for pristine Rb2PtBr6 (x = 0.0) to 10.62 Å for fully substituted 

Rb2PdBr6 (x = 1.0). This contraction of the lattice is attributed to the slightly smaller ionic radius 

of Pd⁴⁺ (0.615 Å) compared to Pt⁴⁺ (0.625 Å), which leads to reduced B-Br bond lengths and 

thus overall lattice shrinkage. This phenomenon of lattice compression upon isovalent 

substitution has been previously observed in similar alloying studies, such as Cs2Ag1-xNaxInCl6 

[27], Cs2Bi1-xInxO6 [28]. Importantly, our computed lattice parameters at the end compositions 

(x = 0.0 and x = 1.0) show strong agreement with previous theoretical and experimental reports. 

For Rb2PtBr6, our calculated value of 10.86 Å closely matches both the theoretical value of 

10.72 Å [29] and the experimental result of 10.86 Å [30]. Similarly, for Rb2PdBr6, we obtained 

a lattice constant of 10.62 Å. This value agrees well with the theoretical prediction of 10.70 Å 
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[29] and is reasonably close to the experimental measurement of 10.02 Å  [30], considering 

possible deviations due to synthesis conditions. These comparisons confirm the reliability and 

accuracy of our structural modeling and computational framework. 

Table III.3: Optimized Structural Parameters, Ground-State Energies, Formation Energies, and 

Goldschmidt Tolerance Factor for Rb2Pt1-xPdxBr6 

Materials 

a (Å) 
B′ Emin (Ry) 

Ecoh 

(Ry) 
ΔHf (Ry) TG This 

work 

Other 
Works 

Exp 

Rb2PtBr6 10.86 10.72t1 10.86e1 4.96 -80099.762807 -3.88 -1.37 0.951 

Rb2Pt0.75Pd0.25Br6 10.80 // // 5.14 -73386.171707 -4.02 -1.33 0.952 

Rb2Pt0.5Pd0.5Br6 10.72 // // 5.33 -66700.077582 -4.55 -1.28 0.953 

Rb2Pt0.25Pd0.75Br6 10.67 // // 5.10 -60091.235481 -4.16 -1.25 0.954 

Rb2PdBr6 10.62 10.7t1 10.02e1 4.69 -53300.388914 -3.56 -1.22 0.955 

Experimental: e1 Ref [30] 

Theoritical: t1 Ref [29] 

 

 

Figure III.7. Crystal structures of Rb2Pt1-xPdxbr6 (a) x = 0.0, (b) x = 0.25, (c) x = 0.5, (d) x = 0.75, and 

(e) x = 1.0. 
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III.4.1.4 Antiperovskite A3BX 

We began our investigation of the A3SbAs (A = Ba, Sr, and Ca) antiperovskite 

compounds by calculating the Goldschmidt tolerance factor based on the optimized bond 

lengths. All the calculated values were found to be close to 1, specifically between 0.99 and 

1.00. This result suggests that the compounds are structurally stable and likely to adopt a cubic 

crystal structure, as tolerance factors in this range are generally indicative of a stable cubic 

phase. These compounds crystallize in the cubic symmetry with space group Pm3̅m (221). A 

detailed analysis of their crystallographic structure shows that the A-site cations (Ba, Sr, and 

Ca) occupy the 3c Wyckoff positions at coordinates (0, 1/2, 1/2), while the Sb atoms are located 

at 1a (0, 0, 0), and the As atoms occupy the 1b (1/2, 1/2, 1/2) sites.  

The ideal cubic structure formed by this arrangement is shown in Figure III.8. To 

determine the ground-state magnetic configuration, we performed structural optimization for 

each compound in three magnetic states, nonmagnetic (NM), ferromagnetic (FM), and 

antiferromagnetic (AFM). According to the total energy results summarized in Table III.4, the 

NM configuration exhibited the lowest ground-state energy in all cases, indicating that this is 

the most stable magnetic state for these materials. Analyzing the optimized lattice constants, we 

observed a clear trend: Ba3SbAs has the largest lattice parameter at 6.18 Å, Sr3SbAs follows 

with 5.84 Å, and Ca3SbAs has the smallest value at 5.49 Å. This decrease in lattice constant 

from Ba to Ca is consistent with the decreasing ionic radii of the A-site cations. As the size of 

the alkaline-earth metal decreases, the overall unit cell volume contracts. This behavior is not 

unique to this system; similar trends have been reported in other antiperovskite materials such 

as Mg3XN and Ca3XN, where X is As, Sb, or Bi [31,32]. 

Table III.4: Lattice Parameters, Bulk Moduli, and Energetic Properties of 

A3SbAs Antiperovskite in Different Magnetic States 

Materials State a (Å) B′ Emin (Ry) Ecoh (Ry) ΔHf (Ry) 

Ba3SbAs 

NM 6.18 4.21 -66326.024893 

-1.361 -0.457 FM 6.18 4.25 -66326.022889 

AFM 6.18 4.09 -66326.019766 

Sr3SbAs 

NM 5.84 4.36 -36568.875233 

-1.376 -0.924 FM 5.84 4.79 -36568.874251 

AFM 5.84 3.91 -36568.873792 

Ca3SbAs 

NM 5.49 4.28 -21572.183863 

-1.517 -0.951 FM 5.49 4.34 -21572.182358 

AFM 5.49 3.97 -21572.181851 
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Figure III.8. Crystal structures of A3BX Antiperovskite 

III.4.1.5 Derivative Antiperovskite A3BX3 

In this study, we focus on a new class of materials structurally derived from the 

antiperovskite lattice, which are increasingly being categorized as perovskite-inspired 

compounds due to targeted structural modifications that enhance their dynamic stability. These 

modifications, particularly the redistribution of atomic positions within the crystal, result in 

stable configurations that preserve essential features of the traditional antiperovskite 

framework. To assess the structural stability of these materials, we first applied the Goldschmidt 

tolerance factor. For our A3BiI3 compounds (A = Ba, Sr, Ca), the calculated tolerance factor 

values lie within the range of 0.9 to 1.0, indicating a high likelihood of forming stable cubic 

structures. This is consistent with the structural integrity typically observed in ideal perovskite 

and antiperovskite systems [33]. Figure III.9 schematically illustrates the atomic rearrangement 

strategy employed to derive these new compounds from the parent antiperovskite structure. 

Starting from the conventional cubic antiperovskite configuration with the general formula 

A3BX3 (space group N°221), the B-site cation occupies the center of the cube Wyckoff position 

1b, while the X-site anions and A-site cations occupy the 1a and 3c positions, respectively. To 

engineer derivative structures, the X-site anion is shifted from the 1a site to the 3d positions. 

This redistribution splits the original atomic site into three symmetry-related positions: (0.5, 0, 

0), (0, 0.5, 0), and (0, 0, 0.5), which are now occupied by X atoms (such as halides). To maintain 

charge neutrality, the valence state of the A-site cations is adjusted accordingly. This leads to a 

new family of antiperovskite derivatives of the form A3BX3, where X represents halide ions 

(e.g., F, Cl, Br, I), B is a pnictogen such as Bi or Sb, and A is a divalent alkaline-earth metal. 

Following this structural design, we performed a full optimization of three magnetic 

configurations, nonmagnetic (NM), ferromagnetic (FM), and antiferromagnetic (AFM) for each 
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compound. The results, summarized in Table III.5, clearly based on the fact that the total energy 

in the NM configuration is consistently lower than in either the FM or AFM states indicate that 

all three compounds are energetically most stable in the nonmagnetic phase. A closer 

examination of the optimized lattice parameters reveals a systematic trend correlated with the 

size of the A-site cation. Ba3BiI3 exhibits the largest lattice constant of approximately 7.09 Å, 

followed by Sr3BiI3 at 6.69 Å, and Ca3BiI3 with the smallest value at 6.38 Å. This trend reflects 

the expected contraction in lattice volume as the ionic radius of the A-site cation decreases from 

Ba to Ca. The corresponding bulk modulus values further confirm this behavior, as the lattice 

becomes more compact, the material's resistance to uniform compression increases slightly, 

particularly evident when comparing the values across the series. These structural trends are 

consistent with previous reports on related compounds such as A3SbAs and halide-based 

analogs like Sr3PnCl3 (Pn= P, As, Sb), further validating the observed lattice contraction and 

mechanical stiffening upon substitution of smaller A-site cations [34]. 

 

Figure III.9. Crystal structures of X3BA Antiperovskite compared to Derivative Antiperovskite X3BA3 

structure 

Table III.5: Lattice Parameters, Bulk Moduli, and Energetic Properties of 

A3BiI3 Antiperovskite in Different Magnetic States 

Materials State a (Å) 𝑩′ Emin (Ry) Ecoh 

(Ry) 

∆Hf (Ry) 

Ba3BiI3 

NM 7.09 4.90 -134714.507290 

-1.68 -2.48 FM 7.09 4.77 -134714.506883 

AFM 7.10 4.65 -134714.506297 

Sr3BiI3 

NM 6.69 4.82 -89960.389980 

-1.7 -2.45 FM 6.69 4.88 -89960.383553 

AFM 6.69 4.92 -89960.378658 

Ca3BiI3 

NM 6.38 3.88 -104957.232253 

-1.6 -2.25 FM 6.38 3.79 -104957.230277 

AFM 6.38 3.75 -104957.229988 
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III.4.2 Dynamical stability  

The formation energy and cohesive energy for the various compounds have been 

calculated using the equations outlined in Equations III.1 and III.2, respectively. The results for 

each compound are presented in their respective structural tables, spanning from Table III.1 to 

Table III.5. Upon reviewing the data, it is observed that all compounds exhibit negative 

formation and cohesive energies. A negative formation energy indicates that the formation of 

these compounds from their constituent elements is thermodynamically favorable, meaning that 

the reaction is exothermic and will proceed spontaneously under standard conditions. This 

suggests that the compounds are stable relative to their individual components [5]. Similarly, a 

negative cohesive energy indicates a strong binding between the atoms or molecules within the 

compound, implying that the material is tightly bound and stable. This further confirms the 

robustness and stability of the compounds under normal conditions [6].  

III.4.3 Electronic properties 

III.4.3.1 Perovskite ABX3 

In this section, we analyze the electronic characteristics of the cubic halide perovskites 

ASiCl3 (A = Li, Rb, Cs), focusing on their band structure and density of states (DOS). The 

electronic band diagrams, displayed along the high-symmetry path R-Γ-X-M-Γ, are shown in 

Figure III.10(a-c). From these plots, it is evident that all three compounds exhibit 

semiconducting behavior, as indicated by the presence of an energy band gap. The valence band 

maximum (VBM) and the conduction band minimum (CBM) are both located at the R-point, 

confirming that the materials possess a direct band gap. Using the GGA-PBE approximation, 

the calculated band gap energies for LiSiCl₃, RbSiCl₃, and CsSiCl₃ are approximately 0.243 eV, 

0.205 eV, and 0.358 eV, respectively. further refinements were carried out using the TB-mBJ 

potential. This approach yielded corrected band gaps of 0.287 eV, 0.378 eV, and 0.546 eV for 

LiSiCl₃, RbSiCl₃, and CsSiCl₃, respectively, marking a significant enhancement over the GGA 

values. The variation in band gap across the three compounds is primarily influenced by the 

ionic radius of the A-site cations, which follows the order: Li⁺ < Rb⁺ < Cs⁺. The increase in ionic 

radius alters the position of the CBM, leading to a narrowing of the band gap. Consequently, 

this trend shifts the optical absorption edge from the visible to the infrared region, potentially 

improving electron transport and enhancing the compounds performance in optoelectronic 

applications. 
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Figure III.10. Band structure diagrams for ASiCl3 perovskite using the TB-mBJ approximation 

 

The total and partial density of states (TDOS and PDOS), computed using the TB-mBJ 

functional, are presented in Figure III.11(a-c) over an energy range spanning from –8 eV to +8 

eV. The valence band region lies below (EF), while the conduction band extends above it. The 

clear gap observed around (EF) in all three compounds reaffirms their semiconducting nature. 

The PDOS analysis reveals that in the valence band, the dominant contributions originate from 

the Cl-p orbitals, while in the conduction band, the leading contributions differ among the 

compounds: Si-p states for LiSiCl₃, Rb-d states for RbSiCl₃, and Cs-d states for CsSiCl₃. Near 

the Fermi level, the Cl atoms continue to contribute most significantly, whereas the Si atoms 

play a lesser role, and the A-site cations (Li, Rb, Cs) contribute minimally. Between 

approximately 0.5 eV and 4.5 eV in the conduction band, there is a noticeable hybridization 

between Cl-p and Si-p orbitals, which suggests the presence of covalent character in the 

chemical bonding. Additionally, since the Fermi levels for all three compounds are positioned 

closer to the VBM than the CBM, these materials exhibit a likely p-type semiconducting 

behavior. 
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Figure III.11. DOS & PDOS diagrams for ASiCl3 perovskite using the TB-mBJ approximation 

The electronic band structures of CsTaS₃ and CsTaSe₃, shown in Figure III.12(d-e), 

provide a clear depiction of their semiconducting character. Both compounds exhibit indirect 

band gaps, with the valence band maximum (VBM) located at the Γ point and the conduction 

band minimum (CBM) positioned along the Δ path, confirming the Γ–Δ transition typical of 

indirect semiconductors. For CsTaS₃, the band gap is found to be moderately wide, with the 

corrected value reaching 0.90 eV, indicating that this material could be suitable for certain 

electronic or optoelectronic applications, albeit with limited efficiency in direct optical 

transitions due to its indirect nature. In contrast, CsTaSe₃ exhibits a noticeably narrower band 

gap of 0.41 eV, which suggests a relatively higher intrinsic carrier concentration and enhanced 

electrical conductivity [35]. However, the small gap also implies increased sensitivity to thermal 

excitations and potentially reduced performance in optoelectronic applications where higher 

excitation thresholds are desirable. The reduction in the band gap from CsTaS₃ to CsTaSe₃ 

reflects the substitution of sulfur with the heavier and more polarizable selenium atom, which 

generally leads to a downshift in the conduction band and thus a narrowing of the gap. This 

trend is consistent with general chemical behavior in chalcogenide perovskites. 
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Figure III.12. Band structure diagrams for CsTaX3 perovskite using the GGA-PBE and TB-mBJ 

approximations 

The density of states (DOS) profiles of CsTaS₃ and CsTaSe₃, is presented in Figures 

III.13(a-b). The total and partial DOS highlight the dominant role of Ta 5d orbitals in both the 

valence and conduction bands, particularly near the Fermi level. In the valence band region, 

especially from approximately -3 eV to 0 eV, the Ta 5d states are prominent, indicating their 

significant involvement in the electronic states just below the Fermi level. Deeper in the valence 

band, between -6 eV and -3 eV, a strong hybridization between Ta 5d and chalcogen p orbitals 

(S 3p or Se 4p) is observed. This hybridization suggests the formation of covalent bonds 

between the Ta and X atoms, which is essential for structural stability and influences the 

material's electronic transport properties. The Cs 5s states, in contrast, exhibit minimal 

interaction with the valence or conduction bands, reflecting their core-like, electrostatic role 

rather than a direct contribution to the electronic conduction mechanism. Above the Fermi level, 

the conduction band is once again dominated by Ta 5d states, with contributions from chalcogen 

p states extending into this region as well. Notably, in CsTaSe₃, the Se 4p orbitals show a broader 

overlap with the Ta 5d states in the conduction band compared to the S 3p orbitals in CsTaS₃. 

This broader distribution reflects a stronger Ta-Se interaction, which correlates with the smaller 

band gap observed in CsTaSe₃ and supports a higher density of available states for conduction 

near the Fermi level. 
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Figure III.13. DOS & PDOS diagrams for CsTaX3 perovskite using the TB-mBJ approximation 

III.4.3.2 Double perovskite A2BB’X6 

Moving to the double perovskite family, we investigated the electronic structure of 

Ba₂InOsO₆ by performing spin-polarized band structure calculations using various exchange-

correlation approximations. The results, illustrated in Figure 14(a-f). Under the standard GGA-

PBE approximation, the spin-up channel exhibits semiconducting behavior with a direct band 

gap of 0.61 eV at the X-point. In contrast, the spin-down channel shows an indirect band gap of 

1.95 eV along the Γ-W direction, reflecting a semiconducting nature in both spin channels. 

These results represent the system without corrections for strong electron-electron interactions 

or relativistic effects. Upon incorporating the Hubbard U correction through the GGA+U 

method, Ba₂InOsO₆ transitions to a half-metallic state. In this case, the spin-up channel becomes 

metallic, while the spin-down channel remains semiconducting, with an enhanced indirect band 

gap of 2.28 eV. This enhancement arises from the improved treatment of on-site Coulomb 

interactions, particularly affecting the 5d orbitals of the Os atoms, which are inadequately 

described by GGA alone. Application of the TB-mBJ potential combined with Hubbard U 

(mBJ+U) further amplifies the band gap in the spin-down channel to 3.62 eV, representing a 

58.8% increase compared to GGA+U. The spin-up channel remains metallic.  While the spin-

orbit coupling (SOC) effect was also considered in our calculations. SOC plays a crucial role in 

systems containing heavy atoms like Os, where relativistic effects significantly influence the 

electronic structure. In Ba₂InOsO₆, the inclusion of SOC leads to the equalization of band gaps 

in both spin channels, with the spin-down band gap reduced to 2.27 eV. This reduction is 

attributed to the mixing of spin states, which weakens the localization effects introduced by the 

U term and the TB-mBJ potential.  
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Figure III.14. Band structure diagrams for Ba2InOsO6 double perovskite using the GGA, GGA+U 

and TB-mBJ+U approximations 

The TDOS and PDOS for Ba₂InOsO₆ are presented in Figure III.15(a-b) and Figure 

III.16, calculated using three exchange-correlation approximations: GGA, GGA+U, and 

mBJ+U. Within the energy range of -6 eV to +6 eV relative to the Fermi level (EF), the PDOS 

reveals a series of distinct peaks that clarify the nature of the electronic states. The valence band, 

primarily localized between -6 eV and -2 eV, is dominated by oxygen 2p states, with minor 

hybridization from Os 5d states. This hybridization reflects covalent interactions between Os 

and O atoms, which are essential for the material’s structural stability. The conduction band, 

beginning just above the Fermi level, features significant contributions from Os 5d orbitals, 

along with moderate participation from Ba 4d and In 5p states. Under the GGA approximation, 

Ba₂InOsO₆ displays semiconducting behavior in both spin channels, with noticeable asymmetry 

between them. However, upon introducing the Hubbard U correction (GGA+U), the spin-up 

channel becomes metallic while the spin-down channel retains a clear band gap, confirming the 

emergence of half-metallicity. This behavior intensifies under the mBJ+U approximation, where 
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the spin-up metallicity is preserved and the spin-down band gap is further widened. In all cases, 

the dominant states at the Fermi level in the spin-up channel arise from Os 5d orbitals, indicating 

that these orbitals govern the half-metallic nature of the compound. The strong spin polarization 

observed in the DOS, driven by exchange splitting of the Os 5d orbitals, aligns well with the 

band structure findings and explains the calculated magnetic moment of the material. This half-

metallicity, along with full spin polarization at the Fermi level, suggests that Ba₂InOsO₆ is a 

promising candidate for spintronic applications.  

 

 

Figure III. 15. DOS & PDOS diagrams for Ba2InOsO6 perovskite using GGA and GGA+U 

approximations 
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Figure III. 16. DOS & PDOS diagrams for Ba2InOsO6 perovskite using mBJ+U approximation 

Now that we have discussed the cubic Ba₂InOsO₆ in earlier sections, we shift our focus 

to the tetragonal Sr₂MnSbO₆, which reveals distinct yet complementary electronic and magnetic 

characteristics under the same theoretical framework. After confirming the stability of 

Sr₂MnSbO₆ in the ferromagnetic (FM) state, we proceeded to investigate the influence of the 

Hubbard parameter U on both the magnetic moment and the band gap. Due to the lack of 

experimental data for this specific compound, we systematically varied the U value to identify 

the most physically meaningful results. Based on the data shown in Figure III.17, a value of U 

= 4 eV yields the most favorable outcomes, especially in terms of magnetic moment 

enhancement. The band gap in the spin-down channel increases with increasing U, reflecting 

stronger electron correlation effects. Our choice of U = 4 eV is consistent with values used in 

other Mn-based double perovskites such as A2FeReO6 (A =Ba, Sr, Ca) and Sr2MMoO6 (M =Cr, 

Mn, Fe, Co) [36], where U = 4 eV has been shown to reproduce essential magnetic and 

electronic features. Furthermore, Sosa-Correa et al. have also adopted this value in related 

studies, reinforcing the credibility of our selection [20]. 
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Figure III.17. Variation of Total Magnetic Moment and Band Gap with Respect to the U Value 

We then examined the electronic structure of Sr₂MnSbO₆ in its tetragonal configuration 

using three exchange-correlation schemes: GGA, GGA+U, and mBJ+U. The band structure 

results are presented in Figure III.18(a-f). For the spin-up channel, the compound behaves as 

a semiconductor with an indirect band gap of approximately 0.20 eV along the Γ-N direction 

under GGA. However, when the U correction is applied, this gap closes, and the system 

transitions to a metallic state. Notably, this metallic nature persists even with the use of the mBJ 

functional, suggesting that the spin-up channel is intrinsically metallic when electron correlation 

is considered. This shift highlights the crucial role of electronic correlations in shaping the band 

structure. In contrast, the spin-down channel retains an indirect semiconducting nature 

throughout all computational schemes. The band gap increases with the inclusion of U, rising 

from 2.19 eV (GGA) to 2.72 eV (GGA+U) and reaching 3.79 eV with mBJ+U. This trend 

confirms that the unoccupied Mn-3d states are pushed further into the conduction band due to 

stronger on-site Coulomb repulsion. Consequently, Sr₂MnSbO₆ demonstrates half-metallic 

behavior, with a metallic spin-up channel and a semiconducting spin-down channel. This half-

metallicity leads to 100% spin polarization at the Fermi level, a highly desirable characteristic 

for spintronic applications. 
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Figure III.18. Band structure diagrams for Sr2MnSbO6 double perovskite using the GGA, GGA+U 

and TB-mBJ+U approximations 

The DOS and PDOS of Sr2MnSbO6 have been plotted in Figure III.19(a-c) under three 

different approximations: GGA, GGA+U, and mBJ+U, all these approximations show 

consistent contributions from similar atomic orbitals. In the valence band (VB), the oxygen 

atoms O1 and O2 play a crucial role through their 2p orbitals, which hybridize extensively with 

Mn 3d orbitals, especially the t2g states. This strong Mn–O hybridization stabilizes the lower-

energy region of the VB. Near the valence band maximum (VBM), the Mn 3d orbitals dominate 

the electronic states, while the Sb 5p orbitals contribute only weakly at deeper energies, and Sr 

orbitals have minimal influence near the Fermi level. In the conduction band (CB), Mn 3d eg 

orbitals are the main contributors at the conduction band minimum (CBM). Sb 5p orbitals 

become more prominent at higher energies, particularly under the mBJ+U approximation, 

indicating increasing hybridization with Mn states. Oxygen orbitals have a reduced role in the 

CB, mostly appearing at higher energies. When examining the spin channels, GGA results show 

that Sr2MnSbO6 behaves as a semiconductor in both spin-up and spin-down states, with a clear 

band gap. However, introducing the Hubbard U correction (GGA+U) causes the spin-up 

channel to become metallic as the Mn 3d states shift and cross the Fermi level, closing the band 
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gap. The spin-down channel remains semiconducting, maintaining its band gap. This metallic 

behavior in the spin-up channel is confirmed and refined in the mBJ+U approach, which better 

accounts for electron localization and band energies.  

Figure III.19. DOS & PDOS diagrams for Sr2MnSbO6 perovskite using the different approximations 
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III.4.3.3 Double perovskite A2BX6 

The band gap analysis of the Rb₂Pt₁₋ₓPdₓBr₆ (x = 0.0, 0.25, 0.5, 0.75, and 1.0) double 

perovskites reveals interesting insights into the evolution of electronic properties as a function 

of Pd substitution as plotted in Figure III.20(a-e) and Figure III.21(a-e). For the parent 

compound Rb₂PtBr₆, the calculated band gap shows an indirect character with values of 1.34 

eV (GGA-PBE) and 2.18 eV (TB-mBJ). These results are in good agreement with previous 

studies, confirming the reliability of the computational methods used. The indirect nature of the 

band gap, where the valence band maximum (VBM) is located at the R point and the conduction 

band minimum (CBM) is at the Γ point, suggests that the material may have relatively slower 

charge carrier dynamics compared to direct band gap materials. As Pd is progressively 

incorporated into the lattice, the band gap shows a marked reduction. At x = 0.25 

(Rb₂Pt₀.₇₅Pd₀.₂₅Br₆), the band gap decreases to 0.99 eV (GGA-PBE) and 1.69 eV (TB-mBJ), 

with a notable shift from an indirect to a direct band gap. This transition is particularly 

significant for optoelectronic applications, as direct band gaps enable more efficient optical 

absorption and emission, making this composition of interest for devices such as light-emitting 

diodes and photovoltaic absorbers. Further substitution at x = 0.50 (Rb₂Pt₀.₅Pd₀.₅Br₆) leads to a 

further narrowing of the band gap, down to 0.80 eV (GGA-PBE) and 1.52 eV (TB-mBJ), with 

a return to an indirect band gap. This reversion highlights the complex interplay between Pd 

and Pt in tuning the electronic properties, particularly with respect to the spatial separation 

between the VBM and CBM. For compositions with higher Pd content, such as x = 0.75 

(Rb₂Pt₀.₂₅Pd₀.₇₅Br₆), the band gap continues to narrow, showing values of 0.72 eV (GGA-PBE) 

and 1.44 eV (TB-mBJ), while maintaining a direct band gap at the Γ point. This indicates a non-

monotonic behavior in the band gap as a function of Pd concentration, with the system 

displaying alternating direct and indirect band gap characteristics. Finally, for the fully Pd-

substituted compound Rb₂PdBr₆, the band gap is reduced to 0.50 eV (GGA-PBE) and 1.20 eV 

(TB-mBJ), maintaining an indirect nature, consistent with previous theoretical studies. 
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Figure III.20. Band structure diagrams for Rb2Pt1-xPdBr6 double perovskite using the GGA-PBE and 

TB-mBJ approximations 

 

Figure III.21. Band structure diagrams (zoomed) for Rb2Pt1-xPdBr6 double perovskite using the GGA-

PBE and TB-mBJ approximations 
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The electronic structure of the Rb₂Pt1-xPdxBr₆ series has been analyzed through total and 

partial density of states (TDOS and PDOS), as presented in Figures III.22, III.23 and III24. 

These plots illustrate the evolution of orbital contributions across the valence and conduction 

bands as Pd is progressively substituted for Pt. Key features include the dominant role of Br-4p 

and transition metal (Pt-5d or Pd-4d) orbitals near the Fermi level, with minimal contribution 

from Rb atoms due to their closed-shell configuration. The increasing presence of Pd enhances 

hybridization with Br, leading to notable changes in the band edge characteristics. For clarity 

and to avoid redundancy, the detailed orbital contributions in different energy intervals across 

the series are comprehensively summarized in Table III.6. This table outlines the specific roles 

of atomic orbitals in the lower valence band, upper valence band, and conduction band for each 

composition. 

 

Table III.6: The analysis of the partial densities of states across different regions of the band structure 

of the Rb2Pt1-xPdxBr6 double perovskite 

Materials 
The energy intervals in the Band structure 

Lower Valence Band Upper Valence Band Conduction Band 

Rb2Pt1-xPdBr6 -5.00 to -3.00 eV -3.00 to 0.00 eV 0.00 to 5.00 eV 

Concentrations Atoms Orbitals Contributions Orbitals Contributions Orbitals Contributions 

X=0 

Rb (s, p) Low (s, p, d) Low (s, p, d) Low 

Pt d Dominant d Moderate d Dominant 

Br p Moderate p Dominant p Moderate 

X=0.25 

Rb p low (s, p, d) Low (s, p, d) Low 

Pt d Dominant d Moderate d Dominant 

Pd d Moderate d Low d Dominant 

Br p Moderate p Dominant p Moderate 

X=0.5 

Rb p Low (s, p, d) Low (s, p, d) Low 

Pt d Dominant d Moderate d Dominant 

Pd d Dominant d Moderate d Dominant 

Br p Moderate p Dominant p Moderate 

X=0.75 

Rb p Low (s, p, d) Low (s, p, d) Low 

Pt d Moderate d Low d Dominant 

Pd d Dominant d Moderate d Dominant 

Br p Moderate p Dominant p Moderate 

X=1 

Rb (s, p) Low (s, p, d) Low (s, p, d) Low 

Pd d Dominant d Moderate d Dominant 

Br p Moderate p Dominant p Moderate 
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Figure III.22. DOS & PDOS diagrams for Rb2XBr6 (X=Pt and Pd) perovskite using the TB-mBJ 

approximation 

 

Figure III.23. DOS & PDOS diagrams for Rb2Pt1-xPdBr6 (x=0.25 and 0.5) perovskite using the TB-

mBJ approximation 
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Figure III. 24. DOS & PDOS diagrams for Rb2Pt1-xPdBr6 (x=0.75) perovskite using the TB-mBJ 

approximation 

III.4.3.4 Antiperovskite A3BX 

The calculated band structures, presented in Figure III.25(a-c), clearly indicate that the 

A₃SbAs (A = Ba, Sr, and Ca) antiperovskites exhibit direct band gap semiconducting behavior, 

with both the VBM and CBM located at the Γ point in the Brillouin zone. A comparative analysis 

of the three compounds reveals that Ca₃SbAs possesses the widest band gap, followed by 

Sr₃SbAs, and then Ba₃SbAs, within the TB-mBJ approximation. This trend is consistent with 

the decrease in the ionic radius and increase in electronegativity from Ba to Ca, which modifies 

the crystal field environment and the degree of orbital hybridization. In Ca₃SbAs, the smaller 

Ca²⁺ cations exert a stronger electrostatic potential, pulling the anionic orbitals closer and 

thereby widening the energy gap between the valence and conduction bands. The band 

dispersion around the VBM and CBM is moderate, indicating relatively low effective masses 

for both electrons and holes, which is advantageous for carrier mobility [37]. The curvature is 

more pronounced in Ca₃SbAs, suggesting slightly enhanced transport properties in this 

compound compared to its Ba and Sr analogues. However, all three maintain relatively 

dispersive bands near the Fermi level, pointing to their potential for electronic transport and 



CHAPTER III: ELECTRO-STRUCTURAL PROPERTIES                             P a g e  | 85 

 

photovoltaic performance. The subsequent use of the TB-mBJ potential provides a substantial 

correction, yielding band gaps of 0.978 eV for Ba₃SbAs, 1.003 eV for Sr₃SbAs, and 1.195 eV 

for Ca₃SbAs. These corrected values place all compounds within the optimal range for solar 

energy harvesting, particularly under the Shockley-Queisser limit (≈1.34 eV), suggesting strong 

potential for single-junction solar cell applications. 

 

Figure III.25. Band structure diagrams for A3SbAs antiperovskite using the GGA-PBE and TB-mBJ 

approximations 

The total and partial density of states (DOS and PDOS) for A₃SbAs (A = Ba, Sr, Ca), 

shown in Figure III.26(a-c), provide valuable insight into the orbital interactions and electronic 

structure near the Fermi level (EF). In the valence band region (-6 to -2 eV), As-4p orbitals 

dominate and strongly overlap with Sb-5p orbitals, indicating significant p-p hybridization 

between arsenic and antimony atoms. This covalent-like interaction stabilizes the valence band 

and the crystal structure. Closer to EF, the DOS is mainly shaped by Sb-5p states, with smaller 

contributions from As-4p, showing that Sb atoms are the primary contributors to electronic 

activity near EF. The d-orbitals of the A-site cations (Ba-5d, Sr-4d, Ca-3d) partially overlap with 

Sb-5p orbitals at the valence band edge and conduction band onset, indicating d-p hybridization 

that enhances charge carrier delocalization and electronic transitions. The s-states of the alkaline 

earth metals lie well below -6 eV and do not significantly contribute near EF, confirming that 

A-site cations primarily play an electrostatic role in stabilizing the octahedral Sb-As sublattice 

without directly influencing the frontier electronic states. In the conduction band, the DOS 

increase beyond the band gap consists mainly of hybridized As-4p, Sb-5p, and A-site d-states, 

with Ba-5d states contributing more prominently in Ba₃SbAs. This affects electron effective 
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mass and transport properties. Similar DOS features observed for Ba₃SbAs, Sr₃SbAs, and 

Ca₃SbAs suggest that electronic structure variations are mainly driven by the A-site cation size 

and electronic configuration, subtly modifying hybridization and band widths. These trends 

align with previous reports on related antiperovskite materials such as X₃ZN (X = Ca, Sr, Ba; Z 

= As, Sb, Bi) [38]. 

 

Figure III.26. DOS & PDOS diagrams for A3SbAs perovskite using the TB-mBJ approximation 
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III.4.3.5 Derivative Antiperovskite A3BX3 

The electronic band structures of the antiperovskite compounds Ca₃BiI₃, Sr₃BiI₃, and 

Ba₃BiI₃ plotted in Figure III.27(a-c), computed using the GGA-PBE and TB-mBJ exchange-

correlation functionals, reveal semiconducting characteristics with direct band gap nature in all 

three cases. These results provide important insights into their potential performance in 

optoelectronic applications. For Ca₃BiI₃ and Sr₃BiI₃, the GGA-PBE calculations yield band gaps 

of 1.36 eV and 1.30 eV, respectively, while Ba₃BiI₃ shows a smaller band gap of 0.85 eV. These 

moderate values are typical of materials with visible to near-infrared photon absorption 

capabilities. When the TB-mBJ potential is applied, a notable enhancement in the band gap is 

observed: Ca₃BiI₃ increases to 1.61 eV (a rise of 18.38%), Sr₃BiI₃ to 1.79 eV (a 37.69% 

increase), and Ba₃BiI₃ to 1.43 eV (a substantial 68.24% increase). The improved accuracy of 

the TB-mBJ functional for estimating band gaps brings these values closer to the ideal range 

(1.1–1.6 eV) for single-junction photovoltaic devices, as prescribed by the Shockley-Queisser 

limit. 

 

Figure III.27. Band structure diagrams for A3BiI3 Derivative Antiperovskite using the GGA-PBE and 

TB-mBJ approximations 

The total and partial density of states (DOS and PDOS), presented collectively in Figure 

III.28(a-c), offer essential insights into the electronic structure of the inorganic perovskite 

compounds A₃BiI₃ (A = Ca, Sr, Ba). By resolving the contributions from individual atomic 

orbitals, this analysis reveals the nature of chemical bonding, the character of the valence and 

conduction bands, and the potential of these materials for optoelectronic and thermoelectric 

applications. Across all A₃BiI₃ compounds, the DOS is examined over the energy range from -

5 eV to +5 eV, encompassing both the valence and conduction band regions. The valence band 
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region (-5 eV to 0 eV) is predominantly composed of iodine (I) 5p and bismuth (Bi) 6p states. 

The lower energy segment, particularly from -5 eV up to approximately -2.5 eV, shows strong 

contributions from I-5p orbitals. As the energy increases toward the valence band maximum 

(VBM), the Bi-6p orbitals become increasingly significant, leading to clear evidence of 

hybridization between I-5p and Bi-6p states. This hybridization plays a crucial role in defining 

the chemical bonding and electronic properties of the compounds, particularly by enhancing 

charge delocalization. The presence of a sharp peak near the VB indicates a high density of 

available electronic states, which is essential for efficient hole conduction, especially under 

thermal or optical excitation. This is indicative of p-type semiconducting behavior, consistent 

across the A₃BiI₃ family.  

 

Figure III.28. DOS & PDOS diagrams for A3BiI3 perovskite using the TB-mBJ approximation 

The conduction band region (0 eV to +5 eV) reveals an initial increase in the total DOS 

just above the Fermi level, indicating the onset of unoccupied states. These states are primarily 

derived from Bi-6p orbitals, confirming their role in the electronic transition from the valence 
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to conduction band. As the energy increases further, contributions from the A-site cations (Ca, 

Sr, Ba) become evident through their respective d-orbitals. For Ca₃BiI₃ and Sr₃BiI₃, the Ca-3d 

and Sr-4d states begin to influence the upper conduction band, while for Ba₃BiI₃, the Ba-5d 

orbitals contribute more significantly beyond ≈1.5 eV. These differences reflect the impact of 

the A-site ionic radius and electronic configuration on the conduction characteristics and 

potentially on the effective mass of charge carriers. 

III.5 Conclusion 

his chapter provided a comprehensive investigation into the structural and 

electronic properties of various classes of materials, including perovskites, 

double perovskites, and antiperovskites, using advanced first-principles 

density functional theory (DFT) calculations. By employing methodologies such as GGA-PBE, 

Hubbard U corrections, and the modified Becke-Johnson potential (TB-mBJ), the study 

achieved improved accuracy in predicting key electronic features, particularly band gaps. The 

analysis demonstrated that crystal structure and symmetry critically influence the materials’ 

stability and electronic behavior. The calculated negative formation and cohesive energies 

confirmed the thermodynamic stability and feasibility of synthesizing these compounds. 

Electronic band structures revealed a range of behaviors from semiconducting (direct and 

indirect band gaps) to half-metallicity, highlighting potential applications in optoelectronics and 

spintronics. Furthermore, trends in lattice parameters and electronic properties were consistently 

linked to ionic sizes and chemical composition, confirming known physical principles and 

aligning well with available experimental data. 
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IV.1 Introduction 

his chapter addresses the mechanical and dynamical stability of a range of 

perovskite and antiperovskite materials, focusing on their elastic, mechanical, 

and vibrational properties as determined through first-principles calculations. 

Building upon the framework of elasticity theory, we begin by presenting the fundamental role 

of elastic constants, derived from the stress-strain relationships encoded in the stiffness tensor, 

and the Born-Huang mechanical stability criteria that ensure thermodynamic stability under 

infinitesimal deformations. Using Density Functional Theory (DFT) and the stress-strain 

method, we compute the complete elastic tensor for each compound, considering their 

respective crystallographic symmetries (cubic, tetragonal, or hexagonal). From these, we derive 

key mechanical parameters such as bulk modulus, shear modulus, Young’s modulus, Poisson’s 

ratio, anisotropy factors, and the Pugh ratio, all critical for characterizing macroscopic 

mechanical behavior, including ductility and brittleness. Furthermore, to assess dynamic 

stability, phonon dispersion relations are calculated using DFT-based lattice dynamics, 

identifying the presence or absence of imaginary phonon modes as an indicator of the system’s 

resilience to lattice vibrations and potential phase transitions. This chapter integrates detailed 

computational results with theoretical models, providing a rigorous assessment of the 

mechanical integrity and vibrational stability of these advanced materials, thereby laying the 

groundwork for their potential applications in functional devices. 

IV.2 Elastic Constants and Mechanical Stability Criteria 

Elastic constants are fundamental parameters that characterize the response of a 

crystalline solid to small mechanical deformations. They provide quantitative insight into the 

stiffness of a material and are essential for evaluating mechanical stability, anisotropy, and 

elastic behavior under stress. These constants originate from the second-order derivatives of the 

total energy with respect to strain and are represented by a fourth-rank tensor Cijkl, which links 

the stress tensor σij  to the strain tensor εkl via the generalized Hooke’s law [1]. 

𝛔𝒊𝒋 = 𝑪𝒊𝒋𝒌𝒍 𝛆𝒌𝒍                                                        (IV.1) 

Due to the symmetries of stress and strain tensors and the intrinsic symmetry of the 

crystal, the number of independent elastic constants is significantly reduced. In practice, the 

T 
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elastic stiffness tensor is commonly represented in Voigt notation as a 6×6 matrix Cij. The 

number of independent elastic constants varies with the crystal system, cubic systems have 3, 

hexagonal have 5, tetragonal have 6 or 7 (depending on subtype), orthorhombic have 9, 

monoclinic have 13, and triclinic systems require 21 independent constants [2]. 

Each constant within the matrix Cij reflects a specific mechanical response: 

• Diagonal terms such as C11, C22, and C33, correspond to axial stiffness along principal 

directions. 

• Off-diagonal terms like C12, C13, and C23, represent coupling between axial stresses and 

orthogonal strains. 

• Shear constants, including C44, C55, and C66, quantify resistance to shape deformation under 

shear stress. 

The elastic constants must satisfy the Born-Huang mechanical stability criteria, which 

depend on the crystal symmetry. These criteria ensure that the elastic strain energy density 

remains positive for any small, arbitrary deformation a necessary condition for mechanical and 

thermodynamic stability. Violation of these conditions indicates mechanical instability and may 

lead to structural phase transitions under stress or pressure [3,4]. Mathematically, the elastic 

strain energy per unit volume U can be expressed as [5]. 

𝐔 =
𝟏

𝟐
∑ 𝐂𝐢𝐣

𝟔

𝐢,𝐣=𝟏

 𝛆𝐢 𝛆𝐣 > 𝟎 for all non-zero strains 𝛆𝐢                        (𝐈𝐕. 𝟐) 

This condition implies that the stiffness matrix Cij must be positive definite, meaning 

that all of its eigenvalues are positive and its leading principal minors are greater than zero. 

Physically, this requirement guarantees that any infinitesimal distortion increases the system’s 

total energy, thus ensuring stability at the equilibrium configuration. Although the general 

condition of positive definiteness is universally applicable, explicit analytical expressions for 

the mechanical stability criteria vary depending on the symmetry of the crystal structure. These 

symmetry-dependent conditions ensure that the elastic energy remains positive for any 

infinitesimal strain. For commonly studied systems, the criteria are as follows [6,7]. 
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Cubic systems: 3 independent constants (C11, C12, C44) 

𝐂𝟒𝟒 > 𝟎;    𝐂𝟏𝟏 − 𝐂𝟏𝟐 > 𝟎;    𝐂𝟏𝟏 + 𝟐𝐂𝟏𝟐 > 𝟎;     𝐂𝟒𝟒 > 𝟎                 (𝐈𝐕. 𝟑) 

Tetragonal systems: 6 or 7 independent constants, depending on the subtype 

𝐂𝟔𝟔 > 𝟎;    𝐂𝟏𝟏 >∣ 𝐂𝟏𝟐 ∣;     𝟐𝐂𝟏𝟑
𝟐 < 𝐂𝟑𝟑(𝐂𝟏𝟏 + 𝐂𝟏𝟐);     𝐂𝟒𝟒 > 𝟎;   𝐂𝟔𝟔 > 𝟎         (𝐈𝐕. 𝟒) 

Hexagonal systems: 5 independent constants (C11, C12, C13, C33, C44) 

𝐂𝟒𝟒 > 𝟎;    𝐂𝟏𝟏 >∣ 𝐂𝟏𝟐 ∣;      𝟐𝐂𝟏𝟑
𝟐 < 𝐂𝟑𝟑(𝐂𝟏𝟏 + 𝐂𝟏𝟐);      𝐂𝟒𝟒 > 𝟎              (𝐈𝐕. 𝟓) 

These inequalities ensure that the crystal maintains mechanical integrity under all 

infinitesimal deformations. Violations of any of these conditions suggest that the structure may 

be mechanically unstable and could undergo spontaneous symmetry breaking or phase 

transitions. 

IV.3 Calculation of Elastic Constants Using Density Functional Theory (DFT) 

In this study, the elastic constants were determined using first-principles calculations 

based on Density Functional Theory (DFT), which provides a reliable and parameter-free 

approach to predicting mechanical properties of solids. Specifically, the stress-strain method 

was employed, which involves computing the stress response of the system to small, symmetry-

adapted deformations. 

The procedure consists of the following steps: 

1. Structural Optimization: The equilibrium geometry of the unit cell is obtained by 

minimizing the total energy and atomic forces. 

2. Application of Strain: A set of small deformations (typically ±4.5%) are applied 

individually to the optimized structure. These deformations are designed to extract specific 

components of the elastic tensor. 

3. Stress Tensor Calculation: For each strained configuration, the resulting stress tensor is 

computed self-consistently within the DFT framework. 
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4. Elastic Tensor Extraction: By fitting the stress-strain data using a linear regression model 

consistent with Hooke’s law, the independent components of the stiffness tensor Cij are 

determined. 

These calculations were conducted using the WIEN2k software package, and strict 

convergence criteria were maintained to ensure the reliability of the obtained results. 

IV.4 Mechanical Moduli and Derived Elastic Parameters 

To evaluate the macroscopic mechanical behavior of crystalline materials, it is essential 

to derive a set of scalar moduli from the elastic constants. These include the bulk modulus (B), 

shear modulus (G), Young’s modulus (E), Poisson’s ratio (ν), anisotropy factor (A), and the 

Pugh’s ratio (B/G). These parameters offer critical insights into the resistance of a material to 

deformation, its stiffness, ductility, and elastic anisotropy. The following subsections present 

the theoretical background and mathematical formulations of these quantities. 

IV.4.1 The bulk modulus (B) 

The bulk modulus B, also called the incompressibility modulus, quantifies a material’s 

resistance to uniform volumetric compression and is defined as [8]. 

𝐁 = −𝐕 (
𝛛𝐏

𝛛𝐕
)

𝐓
                                                        (𝐈𝐕. 𝟔) 

For anisotropic crystals, B can be derived from elastic constants Cij, with expressions 

depending on symmetry. In tetragonal crystals, where a = b ≠ c, the bulk modulus is given by. 

𝐁 =
𝟐(𝐂𝟏𝟏 + 𝐂𝟏𝟐) + 𝟒𝐂𝟏𝟑 + 𝐂𝟑𝟑

𝟗
                                         (𝐈𝐕. 𝟕) 

This expression accounts for the stiffness along both in-plane and out-of-plane 

directions. Notably, the same formula applies to hexagonal systems because they share the same 

relevant elastic constants C11, C12, C13, C33, and their response to hydrostatic pressure is 

analogous despite structural differences. In contrast, cubic crystals, having higher symmetry 

with only three independent elastic constants, use a simplified form [9]. 
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𝐁 =
𝟏

𝟑
(𝐂𝟏𝟏 + 𝟐𝐂𝟏𝟐)                                                          (𝐈𝐕. 𝟖) 

Here, the symmetry leads to identical mechanical behavior in all directions, and 

constants like C13 and C33 are not independently defined. Thus, while cubic systems exhibit 

isotropic compression, tetragonal and hexagonal systems require more directional elastic 

information to compute B. 

IV.4.2 The shear modulus (G) 

The shear modulus G, also known as the modulus of rigidity, measures a material’s 

resistance to shape deformation under applied shear stress. It is defined as the ratio of shear 

stress to the corresponding shear strain and is expressed in terms of the elastic constants. For 

anisotropic crystals, G depends on crystal symmetry and is often calculated using the Voigt, 

Reuss, or Hill approximations for polycrystalline materials [10]. In the Voigt approximation, 

which assumes uniform strain throughout the material, the shear modulus for a tetragonal crystal 

is given by [11]. 

𝐆𝐕 =
𝟏

𝟏𝟓
(𝟐𝐂𝟏𝟏 + 𝐂𝟑𝟑 − 𝐂𝟏𝟐 − 𝟐𝐂𝟏𝟑 + 𝟔𝐂𝟒𝟒 + 𝟑𝐂𝟔𝟔)                  (𝐈𝐕. 𝟗) 

In the Reuss approximation, which assumes uniform stress, it is expressed as. 

𝐆𝐑 = [
𝟏𝟓

𝟒(𝐒𝟏𝟏 + 𝐒𝟑𝟑 − 𝟐𝐒𝟏𝟑 − 𝐒𝟏𝟐) + 𝟔𝐒𝟒𝟒 + 𝟑𝐒𝟔𝟔
]

−𝟏

                 (𝐈𝐕. 𝟏𝟎) 

where Sij are the elastic compliance constants, i.e., the elements of the inverse of the 

stiffness tensor Cij. The Hill average, GH, considered the most realistic estimate for 

polycrystalline aggregates, is the arithmetic mean of the Voigt and Reuss bounds. 

𝐆 =
𝐆𝐕 + 𝐆𝐑

𝟐
                                                       (𝐈𝐕. 𝟏𝟏) 

The same expressions apply to hexagonal crystals, as the symmetry constraints in both 

tetragonal and hexagonal systems lead to similar forms of elastic behavior under shear. For 

cubic crystals, the shear modulus is often approximated by [10-12]. 
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𝐆 =
𝟏

𝟓
(𝐂𝟏𝟏 − 𝐂𝟏𝟐 + 𝟑𝐂𝟒𝟒)                                            (𝐈𝐕. 𝟏𝟐) 

due to the higher symmetry and fewer independent elastic constants. The shear modulus is a 

key parameter in assessing the rigidity and mechanical stability of materials, and in conjunction 

with the bulk modulus B, it helps determine other important mechanical properties such as 

Young’s modulus and Poisson’s ratio. 

IV.4.3 Young’s modulus (E) 

Young’s modulus E, also referred to as the modulus of elasticity, characterizes a 

material’s resistance to uniaxial deformation. It is defined as the ratio of tensile (or compressive) 

stress to the corresponding strain along a specific direction. In anisotropic crystals, E varies with 

crystallographic orientation and can be derived from the bulk modulus B and shear modulus G 

using isotropic approximations, particularly suitable for polycrystalline materials [13]. For 

polycrystalline aggregates, assuming quasi-isotropy, E is expressed by the well-known 

relation[13,14]. 

𝐄 =
𝟗𝐁𝐆

𝟑𝐁 + 𝐆
                                                    (𝐈𝐕. 𝟏𝟐) 

where B is the bulk modulus and G is the shear modulus, typically obtained through the 

Hill averaging scheme. This equation provides a good estimate of elastic stiffness for materials 

lacking strong anisotropy. Since both tetragonal and hexagonal crystals require directional 

stiffness data (due to lower symmetry than cubic), E is usually evaluated using the same 

isotropic approximation when discussing polycrystalline behavior. For cubic crystals, the 

approximation also holds, though more precise orientation-dependent expressions may be 

derived using elastic compliance constants. 

IV.4.4 Poisson’s ratio (𝜈) 

Poisson’s ratio ν quantifies the transverse strain response of a material to uniaxial stress. 

It is defined as the negative ratio of transverse strain to axial strain in the elastic deformation 

regime. For polycrystalline and quasi-isotropic materials, ν can be estimated using the bulk 

modulus B and shear modulus G through the following relation[12,14]. 
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𝛎 =
𝟑𝐁 − 𝟐𝐆

𝟐(𝟑𝐁 + 𝐆)
                                                (𝐈𝐕. 𝟏𝟑) 

This expression arises from the assumption of isotropy and is widely used to evaluate 

the elastic behavior of polycrystalline materials, regardless of crystal symmetry. In practice, the 

values of B and G are typically calculated using the Hill averaging method to account for both 

the Voigt and Reuss bounds. For tetragonal and hexagonal systems, although anisotropy may 

exist, the same isotropic relation is frequently adopted for approximate evaluation of the 

macroscopic Poisson’s ratio in polycrystalline aggregates. In the case of cubic crystals, this 

expression also applies due to their higher symmetry and isotropic mechanical behavior in the 

polycrystalline state. Poisson’s ratio provides insight into the ductility and interatomic bonding 

characteristics of materials. Values of ν > 0.26 generally indicate ductile behavior, whereas 

lower values suggest brittleness. 

IV.4.5 The anisotropy factor (A) 

The anisotropy factor A quantifies the degree of directional dependence in the elastic 

properties of a material. It is a measure of the extent to which the material’s mechanical 

properties, such as the bulk modulus, shear modulus, or Young’s modulus, differ along different 

crystallographic directions. A high anisotropy factor indicates significant directional 

dependence, whereas a low value suggests near-isotropic behavior. For a material with 

orthorhombic symmetry, the anisotropy factor for Young’s modulus AE can be expressed as 

[15]. 

𝐀𝐄 =
𝐄max

𝐄min

                                                                  (𝐈𝐕. 𝟏𝟒) 

where Emax and Emin are the maximum and minimum values of Young’s modulus, 

respectively, observed along different crystallographic directions. A similar definition holds for 

other mechanical moduli, such as the shear modulus G and the bulk modulus B, where the 

maximum and minimum values are taken along the principal directions. For cubic crystals, the 

material’s isotropy leads to an anisotropy factor A = 1, meaning that all mechanical properties 

are identical in every direction. In contrast, for hexagonal and tetragonal crystals, the anisotropy 
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factor is typically greater than 1, reflecting the inherent directional dependence in these systems 

due to their lower symmetry. The anisotropy factor is important for understanding the material’s 

performance in various applications, such as the design of structural components or for 

optimizing materials in devices that experience directional stresses [15]. 

IV.4.6 The Pugh ratio (B/G) 

The Pugh ratio 
B

G
, also known as the ratio of bulk modulus to shear modulus [16], is an important 

indicator used to predict the mechanical behavior of a material. It is particularly useful in 

evaluating the ductility or brittleness of materials [16]. 

𝐁

𝐆
=

Bulk Modulus

Shear Modulus
                                                (𝐈𝐕. 𝟏𝟓) 

According to Pugh’s criterion, materials with a Pugh ratio 
B

G
> 1.75 are generally 

considered ductile, whereas materials with a ratio 
B

G
< 1.75 tend to be brittle. This empirical 

relationship arises from the fact that a high bulk modulus B relative to the shear modulus G 

indicates a material that can better accommodate elastic deformation under pressure without 

undergoing shear failure. For polycrystalline materials, such as those with cubic, tetragonal, or 

hexagonal symmetries, the Pugh ratio provides a rough approximation of the material’s ability 

to withstand mechanical stress. In general, materials with higher values of 
B

G
 exhibit greater 

resistance to brittle fracture and are more likely to deform plastically, while those with lower 

values are more prone to fracture under stress. 

IV.5 Phonons and Dynamic Stability 

Phonons are quantized vibrations of atoms within a crystal lattice and are essential for 

understanding the thermal, mechanical, and electrical properties of solids. In the context of 

dynamic stability, phonons provide insight into the behavior of materials under small 

perturbations. The phonon dispersion curves, which map the energy of phonons as a function 

of their wavevector, are crucial for assessing stability. The absence of imaginary frequencies in 

these curves indicates dynamic stability, meaning the atoms in the material will return to 
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equilibrium after a disturbance. Imaginary frequencies, on the other hand, signal instability, 

where atoms would move away from equilibrium [17]. 

Phonons also play a central role in phase transitions, especially in systems exhibiting 

soft modes. Soft modes are phonon modes with low frequencies that become increasingly 

unstable as a material approaches a phase transition, leading to structural changes, in 

ferroelectric materials, the appearance of soft modes is a precursor to symmetry-breaking 

transitions from a high-temperature paraelectric phase to a ferroelectric phase [18]. 

Thermally, phonons are the primary carriers of heat through lattice vibrations. The 

thermal conductivity of materials is largely governed by phonons, with higher-frequency 

phonons contributing more at higher temperatures and lower-frequency phonons dominating at 

lower temperatures. Phonon-phonon interactions, or scattering, can reduce thermal 

conductivity, which is particularly important in nanomaterials and thermoelectric devices, 

where managing heat flow is essential for efficiency. Similarly, phonons contribute to the 

specific heat of a material, with low-temperature specific heat being primarily phonon-driven, 

as described by the Debye model. At higher temperatures, the specific heat reaches a constant 

value as more phonon modes are excited [19]. Phonon scattering, driven by defects, grain 

boundaries, and interfaces, plays a significant role in thermal management. In thermoelectric 

materials, reducing phonon scattering improves efficiency by insulating heat while maintaining 

good electrical conductivity. In nanostructured materials, where surface-to-volume ratios are 

high, phonon scattering is particularly pronounced, allowing for tailored control of thermal 

properties [20,21]. 

IV.5.1 Phonon Dispersion Calculation Using Density Functional Theory (DFT) 

To calculate the phonon dispersion curve using Density Functional Theory (DFT), we 

employed the Phonopy software in combination with a 2x2x2 supercell to model the material's 

lattice vibrations. The supercell was chosen to ensure that the interactions between atoms are 

accurately represented without excessive computational cost. A k-point mesh of 10x10x10 was 

used for sampling the Brillouin zone, providing a sufficient level of precision for the phonon 

calculations. The Phonopy package was used to generate the necessary force constants by 

calculating the forces on the atoms in the supercell after small displacements. These force 
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constants were then used to compute the phonon frequencies at each k-point in the Brillouin 

zone, resulting in the phonon dispersion curve. This approach allows for the detailed study of 

the material's vibrational properties and dynamic stability [22]. 

IV.6 Results and discussion 

IV.6.1 Elastic Constants 

The elastic constants of various perovskite and antiperovskite materials spanning 

classical, double, and derivative structures have been computed using Density Functional 

Theory (DFT) as described in Section IV.3. These materials exhibit different crystallographic 

symmetries, including cubic, tetragonal, and hexagonal phases. For all compounds under 

investigation, the independent elastic constants C11, C12, and C44 have been evaluated. 

Additionally, for tetragonal Sr2MnSbO6 and hexagonal CsTaX3 (X = S, Se), the symmetry-

specific constants C13, C33 and C66 were also determined to account for their anisotropic 

mechanical responses. Notably, several of the cubic double perovskite compounds such as Rb2

PtBr6 and its Pd-substituted derivatives exhibit low values of C11 and C44, indicating moderate 

stiffness and suggesting that they are relatively soft materials, a feature that may benefit 

applications requiring mechanical flexibility. The Ba2InOsO6 compound, by contrast, exhibits 

significantly higher values, reflecting a higher mechanical rigidity, consistent with its high 

atomic weight and denser crystal packing. 

The calculated elastic constants are summarized in Table IV.1. These constants provide 

critical insights into the material’s resistance to various types of mechanical deformation, such 

as uniaxial stress and shear. To assess the mechanical stability of the compounds, the computed 

constants were examined using the Born mechanical stability criteria [4], with the appropriate 

equations (IV.3, IV.4, and IV.5) applied based on the symmetry of each compound cubic, 

tetragonal, or hexagonal, respectively. In all cases, the criteria were satisfied, confirming that 

the structures are mechanically stable under small deformations. Table IV.1 not only includes 

the complete elastic tensor components but also indicates ductility for selected materials based 

on the Pugh’s ratio and related criteria. These elastic constants form the foundation for further 

mechanical and thermodynamic property evaluations, including bulk modulus, shear modulus, 

Young’s modulus, and Poisson’s ratio. 
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Table IV.1: Calculated Elastic Constants (in GPa) for Various Perovskite Compounds with 

Cubic, Tetragonal, and Hexagonal Symmetries 

Elastic Constant C11  C12  C13  C33  C44  C66  Classification 

Cubic symmetry 

LiSiCl3 47.96 11.09 // // 6.44 // Ductile 

RbSiCl3 46.48 10.10 // // 11.86 // Brittle 

CsSiCl3 32.91 10.68 // // 9.31 // Ductile 

Ba2InOsO6 261.497 85.844 // // 84.107 // Ductile 

Ba3SbAs 56.256 2.374 // // 16.51 // Brittle 

Sr3SbAs 73.771 2.491 // // 16.381 // Brittle 

Ca3SbAs 94.668 6.681 // // 15.666 // Brittle 

Ba3BiI3 58.170 5.736 // // 10.284 // Brittle 

Sr3BiI3 64.361 7.939 // // 13.670 // Ductile 

Ca3BiI3 70.542 12.531 // // 10.365 // Ductile 

Rb2PtBr6 21.523 10.847 // // 8.736 // Ductile 

Rb2Pt0.75Pd0.25Br6 21.320 10.750 // // 8.750 // Ductile 

Rb2Pt0.5Pd0.5Br6 20.911 10.608 // // 8.810 // Ductile 

Rb2Pt0.25Pd0.75Br6 20.450 10.422 // // 8.857 // Ductile 

Rb2PdBr6 20.351 11.254 // // 8.805 // Ductile 

Hexagonal symmetry 

CsTaS3 100.228 30.762 20.112 130.246 15.716 16.593 Ductile 

CsTaSe3 90.025 25.106 18.515 110.398 12.732 14.177 Ductile 

Tetragonal symmetry 

Sr2MnSbO6 262.042 84.524 121.847 140.389 64.158 97.422 Ductile 

IV.6.2 Mechanical Moduli and Derived Elastic Parameters 

Based on the obtained elastic constants, various mechanical moduli and derived elastic 

parameters have been calculated using the relations defined in Eqs. (IV.6) to (IV.15). These 

include the bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio, Cauchy pressure, 

anisotropic factor, and Pugh’s ratio. The computed results for all studied compounds are 

comprehensively presented in Table IV.2. 

IV.6.2.1 The bulk modulus (B) 

The bulk moduli of the compounds show clear trends based on their ionic radii and 

bonding characteristics. LiSiCl3, RbSiCl3, and CsSiCl3 exhibit decreasing bulk moduli, with the 

trend reflecting the increasing ionic radius of the A-site cation (Li⁺ < Rb⁺ < Cs⁺). The smaller 

Li⁺ cation results in stronger electrostatic interactions and a stiffer lattice, making LiSiCl3 the 

least compressible. In contrast, the larger Cs⁺ ion leads to weaker bonding and greater 
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compressibility, making CsSiCl3 the most compressible. CsTaS3 and CsTaSe3 have bulk moduli 

of 52.52 GPa and 46.08 GPa, respectively. The substitution of sulfur (S) by selenium (Se) 

reduces lattice stiffness due to the larger atomic size of Se, leading to lower compressibility 

resistance. Despite this, both compounds possess relatively high bulk moduli, reflecting their 

robust mechanical structures. In the A3SbAs series, bulk moduli increase from Ba3SbAs (20.13 

GPa) to Sr3SbAs (24.25 GPa), and then to Ca3SbAs (35.34 GPa). This trend is attributed to the 

decreasing ionic radius of the A-site cation, which strengthens the lattice and enhances structural 

rigidity. Ca3SbAs shows the highest bulk modulus, indicating superior resistance to volume 

deformation and mechanical durability. Similarly, in the A3BiI3 series, bulk moduli increase 

from Ba3BiI3 (23.05 GPa) to Sr3BiI3 (31.22 GPa) and then to Ca3BiI3 (38.20 GPa), following 

the trend of decreasing A-site ionic radius and stronger lattice cohesion. Ca3BiI3 demonstrates 

the highest bulk modulus, reflecting enhanced structural integrity. Ba2InOsO6 exhibits a 

significantly higher bulk modulus of 144.40 GPa, which is much higher than the other cubic 

compounds. This is due to the presence of heavy transition metals (In and Os) and strong metal 

oxygen bonding, contributing to its exceptional resistance to volume changes. Sr2MnSbO6 has 

the highest bulk modulus of all compounds studied, at 146.77 GPa. Its tetragonal structure, 

combined with strong Mn-O and Sb-O bonds, contributes to its remarkable mechanical rigidity, 

making it highly resistant to compression. The bulk moduli of the Rb2Pt1-xPdxBr6 compounds 

range narrowly between 14.27 GPa and 14.41 GPa, indicating relatively soft lattices [23]. The 

minimal variation in bulk modulus with changing Pt/Pd ratios suggests that substitution between 

Pt and Pd does not significantly affect the material’s compressibility. 

IV.6.2.2 The shear modulus (G) 

The shear modulus for the ASiCl3 (A = Li, Rb, Cs) cubic perovskites demonstrates a 

trend where RbSiCl3 exhibits the highest resistance to shear deformation (14.68 GPa), while 

CsSiCl3 shows the lowest (10.03 GPa). LiSiCl3, with a shear modulus of 11.45 GPa, falls in 

between. The variation is due to a combination of ionic size and bonding strength. The smaller 

Li⁺ cation, while contributing to a stronger electrostatic interaction, has relatively weaker 

bonding compared to Rb⁺, leading to a lower modulus despite the small ionic size. In contrast, 

the larger Cs⁺ cation induces lattice expansion and reduces interatomic forces, weakening the 

shear modulus. In the hexagonal CsTaX3 series (X = S, Se), the shear modulus values are 26.64 
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GPa for CsTaS3 and 23.46 GPa for CsTaSe3. The stronger shear resistance in CsTaS3 is 

attributed to the higher electronegativity and smaller atomic radius of sulfur compared to 

selenium. These characteristics result in stronger Ta–S bonds, contributing to the higher shear 

modulus. The shift from sulfur to selenium reduces bond strength and lattice rigidity, which is 

reflected in the lower shear modulus of CsTaSe3. In the A3SbAs (A = Ba, Sr, Ca) 

antiperovskites, the shear modulus increases with the decreasing ionic radius of the A-site 

cation: 26.94 GPa for Ba3SbAs, 35.64 GPa for Sr3SbAs, and 43.99 GPa for Ca3SbAs. This trend 

suggests that smaller cations allow for denser atomic packing and stronger covalent interactions, 

leading to higher shear resistance. The high shear modulus of Ca3SbAs (43.99 GPa) indicates 

enhanced angular stiffness and structural integrity, likely resulting from its more tightly packed 

lattice and stronger A-X bond lengths. Similarly, the A3BiI3 series (A = Ba, Sr, Ca) shows a 

gradual increase in shear modulus: 26.21 GPa for Ba3BiI3, 28.21 GPa for Sr3BiI3, and 29.51 

GPa for Ca3BiI3. The trend mirrors that seen in the A3SbAs series, with the increase in shear 

modulus attributed to the smaller ionic radii of the A-site cations. The smaller cations lead to 

stronger bonding and increased rigidity of the lattice, which results in a higher shear modulus. 

For the Rb2Pt1-xPdxBr6 compounds with cubic symmetry, the shear modulus values remain 

relatively constant, ranging from 10.51 GPa for Rb2PtBr6 to approximately 10.5-10.66 GPa for 

the doped variants. The minimal variation in the shear modulus with Pt/Pd substitution indicates 

that partial replacement of Pt with Pd does not significantly affect the shear resistance. This is 

likely due to the similar bonding characteristics of the Pt–Br and Pd–Br interactions, which do 

not drastically alter the shear behavior of the lattice. The double perovskite Ba2InOsO6 stands 

out with a high shear modulus of 85.60 GPa. This value reflects the strong resistance to angular 

deformation, largely due to the robust In-O and Os-O bonds in the perovskite structure. The 

presence of heavy transition metal elements (In and Os) enhances the material's rigidity, making 

it less susceptible to shear deformation compared to other compounds in the dataset. Lastly, the 

tetragonal Sr2MnSbO6 exhibits an even higher shear modulus of 90.72 GPa, indicating 

exceptional shear rigidity. The strong shear resistance in Sr2MnSbO6 is attributed to its mixed-

valence B-site configuration and the robust oxygen framework, which are reinforced by 3d–5p 

interactions. These interactions strengthen the lattice and make it highly resistant to angular 

deformation under shear stress. This exceptional shear modulus suggests that Sr2MnSbO6 may 
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be particularly suitable for applications where high mechanical strength under shear stress is 

required. 

IV.6.2.3 The Young's modulus (E) 

The Young's modulus values for the ASiCl3 (A = Li, Rb, Cs) cubic perovskites are 29.52 

GPa for LiSiCl3, 36.09 GPa for RbSiCl3, and 25.39 GPa for CsSiCl3. RbSiCl3 exhibits the 

highest stiffness, suggesting greater resistance to axial deformation, while CsSiCl3 shows the 

lowest due to its expanded lattice and weaker interatomic forces. In the hexagonal CsTaX3 

compounds, CsTaS3 has a higher Young's modulus (68.36 GPa) than CsTaSe3 (60.17 GPa), 

attributed to the stronger Ta–S bonds resulting from sulfur's smaller size and higher 

electronegativity. The A3SbAs (A = Ba, Sr, Ca) series shows an increasing Young's modulus 

with decreasing ionic radius: 17.42 GPa for Ba3SbAs, 29.97 GPa for Sr3SbAs, and 56.78 GPa 

for Ca3SbAs. Smaller cations enhance atomic packing, leading to stronger interatomic bonding 

and improved resistance to strain. The A3BiI3 (A = Ba, Sr, Ca) series displays a similar trend, 

with the Young's modulus increasing from 29.71 GPa for Ba3BiI3 to 53.67 GPa for Ca3BiI3, 

reflecting stronger bonding interactions and a more compact structure in the smaller cation 

variants. For the Rb2Pt1-xPdxBr6 cubic halide double perovskites, the Young's modulus remains 

nearly constant, ranging from 17.5 GPa in Rb2PtBr6 to 18.4 GPa in Rb2Pt0.25Pd0.75Br6. This 

minimal variation indicates that partial Pd substitution does not significantly alter axial stiffness. 

Ba2InOsO6, a cubic double perovskite, exhibits a high Young's modulus of 214.42 GPa, 

reflecting strong In-O and Os-O bonds and a tightly packed perovskite structure, contributing 

to its excellent resistance to deformation. Sr2MnSbO6, a tetragonal double perovskite, has the 

highest Young's modulus at 225.80 GPa. This exceptional stiffness results from strong Mn–O 

and Sb–O bonds and the anisotropic lattice structure, making it highly resistant to elastic 

deformation. 

IV.6.2.4 The Poisson’s ratio (ν) 

In the ASiCl3 (A = Li, Rb, Cs) cubic compounds, the Poisson's ratios are 0.29 for 

LiSiCl3, 0.23 for RbSiCl3, and 0.27 for CsSiCl3. LiSiCl3 and CsSiCl3 are ductile, while RbSiCl3, 

with a lower ratio, is more brittle due to stronger directional bonding. In the hexagonal CsTaX3 

series, Poisson's ratios are 0.283 for CsTaS3 and 0.282 for CsTaSe3, both indicating ductile 
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behavior, reflecting their strong metallic-covalent bonding and ability to withstand plastic 

deformation. The A3SbAs (A = Ba, Sr, Ca) compounds show very low Poisson's ratios: 0.02 for 

Ba3SbAs, 0.033 for Sr3SbAs, and 0.066 for Ca3SbAs. These low values suggest brittle fracture 

due to strong directional bonding, with a slight increase in ductility in Ca3SbAs. For the A3BiI3 

(A = Ba, Sr, Ca) series, Poisson's ratios range from 0.186 for Ba3BiI3 to 0.291 for Ca3BiI3. 

Ba3BiI3 is more brittle, while Sr3BiI3 and Ca3BiI3 show more ductile behavior, with Sr₃BiI₃ 

approaching the critical ductile threshold. In the Rb2Pt1-xPdxBr6 halide double perovskites, 

Poisson’s ratios remain near 0.235-0.239 across compositions, suggesting moderate ductility 

and minimal impact of Pt ↔ Pd substitution on elasticity. Ba2InOsO6 has a Poisson’s ratio of 

0.253, indicating a mixed bonding character and moderate ductility, suggesting it can withstand 

some plastic deformation without fracture Sr2MnSbO6, with a Poisson’s ratio of 0.2438, is 

slightly on the brittle side, showing high stiffness but limited plastic deformation due to its 

directional bonding in the tetragonal lattice. 

IV.6.2.5 Cauchy pressure 

In the cubic ASiCl3 (A = Li, Rb, Cs) family, the Cauchy pressures are 4.65 for LiSiCl3, 

-1.76 for RbSiCl3, and 1.37 for CsSiCl3. The positive values for LiSiCl3 and CsSiCl3 suggest 

ductile behavior with ionic or metallic bonding, while the negative value for RbSiCl3 indicates 

stronger covalent bonding and brittleness, consistent with its Poisson ratio. In the hexagonal 

CsTaX3 series, the Cauchy pressures are 15.05 for CsTaS3 and 12.37 for CsTaSe3, indicating 

ductility and metallic bonding. The large positive values reflect strong d-electron bonding 

interactions in the Ta-centered octahedra. The A3SbAs (A = Ba, Sr, Ca) compounds show highly 

negative Cauchy pressures: -14.136 for Ba3SbAs, -13.89 for Sr3SbAs, and -8.985 for Ca3SbAs, 

suggesting directional covalent bonding and brittleness. The less negative value for Ca3SbAs 

indicates reduced brittleness, likely due to increased structural compactness and bond 

symmetry. In the A3BiI3 (A = Ba, Sr, Ca) series, Cauchy pressures range from -4.548 for Ba3BiI3 

to 2.166 for Ca3BiI3. The positive value for Ca3BiI3 suggests improved ductility with more 

isotropic bonding, while the negative values for Ba3BiI3 and Sr3BiI3 reflect brittleness due to 

higher covalent bonding. In the halide double perovskites Rb2Pt1-xPdxBr6, Cauchy pressures 

range from 1.224 to 1.032, consistently positive, indicating ductile behavior across 

compositions. Substitution of Pt by Pd does not significantly alter the mechanical properties. 
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Ba2InOsO6 has a Cauchy pressure of 1.737, indicating a mixed ionic-covalent bonding character 

with moderate ductility, suggesting mechanical robustness. Finally, Sr2MnSbO6 has the highest 

Cauchy pressure of 20.366, indicating strong ductility and metallic bonding tendencies due to 

Mn-O and Sb-O orbital hybridization. 

IV.6.2.6 The anisotropic factor  

In the cubic ASiCl3 (A = Li, Rb, Cs) compounds, the anisotropic factors range from 0.34 

for LiSiCl3 to 0.83 for CsSiCl3. LiSiCl3 shows the least anisotropy, indicating more isotropic 

mechanical properties, while RbSiCl3 and CsSiCl3 exhibit higher anisotropic factors, reflecting 

a greater directional dependence due to variations in ionic radii and crystal structure. For the 

hexagonal CsTaX3 series, the anisotropic factors are low: 0.452 for CsTaS3 and 0.392 for 

CsTaSe3, suggesting moderately isotropic mechanical properties, consistent with the lower 

anisotropy expected in hexagonal symmetry. The A3SbAs (A = Ba, Sr, Ca) compounds show a 

range of anisotropic factors. Ba3SbAs has an anisotropic factor of 0.32, while Sr3SbAs and 

Ca3SbAs have even lower values (0.243 and 0.169, respectively), indicating more isotropic 

mechanical properties due to smaller cations and more compact structures. In the A3BiI3 (A = 

Ba, Sr, Ca) series, the anisotropic factors are higher: 0.714 for Ba3BiI3, 0.654 for Sr3BiI3, and 

0.530 for Ca3BiI3, suggesting greater anisotropy due to variations in ionic sizes and bonding in 

the Bi-centered perovskite structure. For the Rb2Pt1-xPdxBr6 series, anisotropic factors decrease 

slightly as Pd content increases, ranging from 0.607 for Rb2PtBr6 to 0.514 for Rb2PdBr6, 

indicating a small increase in isotropy. Ba2InOsO6, with a cubic structure, has an anisotropic 

factor of 0.958, indicating nearly isotropic mechanical properties due to strong metallic bonding 

and uniform crystal structure. Finally, Sr2MnSbO6, a tetragonal compound, has an anisotropic 

factor of 0.723, indicating moderately anisotropic mechanical properties, consistent with its 

tetragonal symmetry. 

IV.6.2.7 The Pugh ratio 

In the cubic ASiCl3 (A = Li, Rb, Cs) series, the Pugh ratios vary from 2.04 for LiSiCl3 

(ductile) to 1.51 for RbSiCl3 (borderline ductile and brittle), and 1.80 for CsSiCl3 (relatively 

ductile). The differences in Pugh ratios reflect the varying ionic radii of the cations, influencing 

bond strength and mechanical response. For the hexagonal CsTaX3 series, the Pugh ratios of 
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1.97 for CsTaS3 and 1.96 for CsTaSe3 indicate ductile behavior, exceeding the critical value of 

1.75. The slight differences between the materials can be attributed to variations in ionic sizes 

and bonding interactions. In the A3SbAs (A = Ba, Sr, Ca) compounds, Pugh ratios range from 

0.32 for Ba3SbAs (highly brittle) to 0.803 for Ca3SbAs, with Sr3SbAs having 0.679. These low 

ratios suggest these compounds are brittle, likely due to their specific bonding and crystal 

structures. In the A3BiI3 (A = Ba, Sr, Ca) series, the Pugh ratios are higher, with Ba3BiI3 at 

0.878, Sr3BiI3 at 1.107, and Ca3BiI3 at 1.295, indicating more ductility than the A3SbAs series. 

The increase in Pugh ratio correlates with increasing ionic radii, suggesting more ductile 

behavior due to altered bonding and structural interactions. For the Rb2Pt1-xPdxBr6 series, the 

Pugh ratios range from 2.17 to 2.26, indicating ductility, with a slight reduction in ductility as 

Pd content increases. All values suggest the materials are suitable for flexible applications. 

Ba2InOsO6 has a Pugh ratio of 1.687, indicating it is ductile but closer to the brittle threshold. 

Sr2MnSbO6, with a Pugh ratio of 1.618, is also ductile but exhibits more brittleness compared 

to other materials with higher ratios. 

Table IV.2: Calculated Mechanical Properties of Different Perovskite Compounds 

Property 
Bulk 

Modulus 

Shear 

Modulus 

Young 

Modulus 

Poisson 

Ratio 

Cauchy 

Pressure 

Anisotropic 

Factor 

Pugh 

Ratio 

Cubic symmetry 

LiSiCl3 23.38 11.45 29.52 0.29 4.65 0.34 2.04 

RbSiCl3 22.23 14.68 36.09 0.23 -1.76 0.63 1.51 

CsSiCl3 18.09 10.03 25.39 0.27 1.37 0.83 1.80 

Ba2InOsO6 144.395 85.595 214.42 0.253 1.737 0.958 1.687 

Ba3SbAs 20.126 26.941 17.423 0.02 -14.136 0.32 0.32 

Sr3SbAs 24.246 35.64 29.973 0.033 -13.89 0.243 0.679 

Ca3SbAs 35.344 43.993 56.783 0.066 -8.985 0.169 0.803 

Ba3BiI3 23.047 26.217 29.708 0.186 -4.548 0.714 0.878 

Sr3BiI3 31.220 28.211 40.262 0.297 -5.731 0.654 1.107 

Ca3BiI3 38.201 29.506 53.670 0.291 2.166 0.530 1.295 

Rb2PtBr6 14.406 10.514 18.449 0.235 1.224 0.607 2.26 

Rb2Pt0.75Pd0.25Br6 14.273 10.535 18.376 0.236 1.213 0.607 2.24 

Rb2Pt0.5Pd0.5Br6 14.375 10.601 18.236 0.237 1.173 0.585 2.21 

Rb2Pt0.25Pd0.75Br6 14.265 10.664 18.064 0.239 1.136 0.566 2.17 

Rb2PdBr6 14.286 10.599 17.505 0.236 1.032 0.514 2.19 

Hexagonal symmetry 

CsTaS3 52.52 26.64 68.36 0.283 15.05 0.452 1.97 

CsTaSe3 46.08 23.46 60.17 0.282 12.37 0.392 1.96 

Tetragonal symmetry 

Sr2MnSbO6 146.768 90.716 225.8 0.2438 20.366 0.723 1.618 
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IV.6.3 Phonon Dispersion 

The phonon dispersion curves for the studied compounds, namely A3SbAs, A3BiI3, 

Rb2Pt1-xPdxBr6 (with x = 0.25, 0.5, and 0.75), and the double perovskite Ba2InOsO6 and 

Sr2MnSbO6, were calculated and are depicted in Figures IV.1 to IV.4. The absence of any 

imaginary phonon frequencies (negative values) across the entire Brillouin zone in all these 

compounds indicates their dynamic stability at 0 K. This confirms that these materials are 

thermodynamically stable and free from soft phonon modes that typically signal structural 

instability. It is worth noting that while Rb2PtBr6, Rb2PdBr6, and CsTaX3 (X = S, Se) were not 

included in the present phonon calculations, prior theoretical studies have verified their dynamic 

stability, providing supporting evidence for their stable crystal structures under standard 

conditions. In contrast, the ASiCl3 (A = Li, Rb, Cs) perovskite series exhibited imaginary 

phonon frequencies, indicating dynamic instability in their cubic phase. Such instabilities are 

typically manifested through soft modes near high-symmetry points in the Brillouin zone and 

suggest a tendency of the crystal to undergo a structural distortion or phase transition. However, 

it is important to emphasize that the presence of imaginary phonon modes does not necessarily 

imply that a compound is entirely unstable. Several materials, including many perovskites, 

exhibit phonon instabilities in their high-symmetry phases but become dynamically stable at 

finite temperatures due to anharmonic lattice effects or through structural distortions that lower 

the symmetry. For example, CsSnI3, a well-known halide perovskite, shows imaginary 

frequencies in its high-temperature cubic phase but becomes dynamically stable in its low-

symmetry tetragonal or orthorhombic phases at lower temperatures. This phenomenon reflects 

the role of temperature-dependent lattice dynamics and entropy in stabilizing perovskite phases 

that would otherwise appear unstable at 0 K within the harmonic approximation. 

Figure IV.1. Phonon dispersion curves of A3SbAs 
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Figure IV.2. Phonon dispersion curves of A3BiI3 

 

 

Figure IV.3. Phonon dispersion curves of Rb2Pt1-xPdxBr6 (with x = 0.25, 0.5, and 0.75) 

 

 

Figure IV.4. Phonon dispersion curves of Ba2InOsO6 and Sr2SbMnO6 
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IV.7 Conclusion 

n this chapter, we have conducted a comprehensive analysis of the mechanical and 

dynamical stability of selected perovskite and antiperovskite compounds through 

an integration of first-principles calculations and elasticity theory. The evaluation 

of elastic constants and derived mechanical parameters confirms that most studied materials 

satisfy the symmetry-adapted Born-Huang criteria, indicating mechanical robustness under 

small deformations. The derived moduli and Pugh ratios reveal detailed insights into the 

ductility, stiffness, and anisotropic mechanical behavior of these materials, with trends 

systematically linked to cation size, bonding characteristics, and crystal symmetry. Phonon 

dispersion calculations further validate the dynamical stability of several compounds, while 

highlighting instabilities in others, particularly within cubic ASiCl3 systems, suggesting 

possible temperature-driven phase transitions or symmetry-lowering distortions. Taken 

together, these results not only advance our fundamental understanding of the mechanical and 

vibrational properties of these complex materials but also provide valuable guidelines for their 

selection and optimization in technological applications, where mechanical resilience and 

thermal stability are critical performance factors. 
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V.1 Introduction 

hermoelectric materials have garnered significant attention due to their unique 

ability to convert heat into electricity, offering a promising solution for energy 

harvesting and waste heat recovery. This direct energy conversion process is 

vital for developing sustainable technologies that can efficiently utilize otherwise lost energy in 

industrial processes, automotive systems, and even everyday electronic devices. Thermoelectric 

materials have applications ranging from power generation to solid-state cooling, highlighting 

their versatile potential across various industries. The purpose of this chapter is to provide an 

in-depth analysis of thermoelectric properties, focusing on the theoretical and practical aspects 

of these materials. By exploring how thermoelectric materials operate and their potential 

applications, this chapter seeks to emphasize their growing importance in the field of energy 

conversion and sustainability. In this work, structural and electronic optimization was 

performed on an initial set of twenty-five compounds to evaluate their stability and fundamental 

electronic properties. These materials have already been reported in eleven international 

publications in renowned journals, attesting to their scientific interest. Based on the results of 

this first phase, two compounds were selected for an in-depth thermoelectric investigation. This 

choice resulted from a comparative analysis of calculated parameters such as band gap nature 

and magnitude, density of states near the Fermi level, and crystal symmetry, indicating 

promising thermoelectric potential 

V.2 Thermoelectricity 

The various thermoelectric effects, including the Seebeck effect, the Peltier effect, and 

the Thomson effect, were discovered in the 19th century. Initially, these effects were observed 

in metallic conductors, and later, in semiconductors [1]. 

V.2.1 The Seebeck Effect 

The Seebeck effect, first observed by German physicist Thomas Johann Seebeck in 

1821, involves the generation of an electric current when heat is transferred across the junction 

between two different conductors or semiconductors. When a temperature gradient is applied 

between the two materials, a potential difference is created at the junction [1]. This phenomenon 

T 
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is linked to an intrinsic property of the materials, historically referred to as the thermoelectric 

power and now known as the Seebeck coefficient (S). The Seebeck effect can be described by 

the following equation [2]. 

𝑬 = 𝑺𝑨𝑩 ⋅ 𝛁𝑻                                                               (𝐕. 𝟏)                                                       

Where SAB is the difference in the Seebeck coefficients of the two materials (A and B), 

and ∇T is the temperature gradient across the junction. The induced electric field, E, is 

proportional to the temperature gradient, with the proportionality constant being the Seebeck 

coefficient, which characterizes the thermoelectric response of the materials. 

V.2.2 The Peltier Effect 

In 1834, the French physicist Jean Peltier discovered the reverse thermoelectric effect, 

known as the Peltier effect. This effect occurs when an electric current is passed through the 

junction of two different materials [3]. Depending on the direction of the current, thermal energy 

is either absorbed or released at the junction. Essentially, when a current flows across the 

interface, heat is transferred, causing either cooling or heating at the junction. The amount of 

heat absorbed or released, Q can be expressed by the following equation [4]. 

𝐐 = 𝚷𝐀𝐁 ⋅ 𝐈                                                          (𝐕. 𝟐)                                                      

Where ΠAB, is the Peltier coefficient that characterizes the strength of the effect for the 

specific materials, and I is the electric current. The Peltier effect is the basis for thermoelectric 

cooling and heating applications, where heat can be controlled by adjusting the current. 

V.2.3 The Thomson Effect 

The Seebeck effect connects a temperature difference with a voltage difference, and the 

Peltier effect links an applied current to the heat absorbed or released at the junction of two 

materials. In 1851, William Thomson (later known as Lord Kelvin) identified another 

thermoelectric phenomenon, now known as the Thomson effect. He observed that when a 

conductor is exposed to a temperature gradient and carries an electric current, heat is either 

absorbed or released within the conductor itself. This heat exchange is proportional to both the 
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applied current I and the temperature gradient  
𝒅𝑻

𝒅𝒙
  within a small segment of the conductor. The 

Thomson effect can be described by the following relationship [5,6]. 

𝒅𝑸

𝒅𝒙
= 𝒉 ⋅ 𝑰 ⋅

𝒅𝑻

𝒅𝒙
                                                         (𝐕. 𝟑) 

Where, 
𝒅𝑸

𝒅𝒙
 is the rate of heat exchange along the conductor, h is the Thomson coefficient, 

and 
𝒅𝑻

𝒅𝒙
 is the temperature gradient. Thomson also demonstrated that there is a direct relationship 

between the Seebeck, Peltier, and Thomson effects. He established the following equations 

linking the Seebeck coefficient SAB, the Peltier coefficient ΠAB, and the Thomson coefficient h 

[5]. 

𝚷𝑨𝑩 = ∫𝑺𝑨𝑩  𝒅𝑻                                                        (𝐕. 𝟒)                                                      

𝒉 = 𝑺𝑨 − 𝑺𝑩                                                             (𝐕. 𝟓)                                                         

Here, SA and SB are the Seebeck coefficients of materials A and B, respectively. This 

shows that these thermoelectric effects are interconnected and can be understood as different 

aspects of the same underlying phenomenon. 

V.2.4 Transport Equations 

The thermoelectric transport phenomena in p-type and n-type semiconductor legs are 

governed by coupled electrical and thermal processes, which are captured by a set of 

fundamental transport equations [7]. These equations quantify how heat flux and temperature 

gradients develop inside each leg under the combined influence of electrical current, material 

properties, and boundary conditions. Starting with the temperature gradient inside the legs, 

equations (IV.6) and (IV.7) describe how Joule heating alters the otherwise linear temperature 

distribution caused by the imposed hot and cold side temperatures. Specifically, the thermal 

conduction term 𝜿𝑨
𝒅𝑻

𝒅𝒛
 in each leg balances the internal volumetric heat generation due to Joule 

heating, expressed as 
𝑰𝟐𝝆

𝑨
 spread along the length 𝑳. The temperature gradient in the p-type leg 

is therefore [8]. 
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𝜿𝒑𝑨𝒑

𝒅𝑻

𝒅𝒛
= −

𝑰𝟐𝝆𝒑 (𝒛 −
𝟏
𝟐𝑳𝒑)

𝑨𝒑
+

𝜿𝒑𝑨𝒑(𝑻𝒉 − 𝑻𝒄)

𝑳𝒑
                     (𝐕. 𝟔) 

Similarly, the n-type leg gradient is. 

𝜿𝒏𝑨𝒏

𝒅𝑻

𝒅𝒛
= −

𝑰𝟐𝝆𝒏 (𝒛 −
𝟏
𝟐𝑳𝒏)

𝑨𝒏
+

𝜿𝒏𝑨𝒏(𝑻𝒉 − 𝑻𝒄)

𝑳𝒏
                  (𝐕. 𝟕) 

These expressions reveal a superposition of two effects: the linear temperature gradient 

resulting from the fixed boundary temperatures at the hot and cold ends, and a parabolic 

component due to Joule heating, which peaks at the leg midpoint 
𝟏

𝟐
𝑳. The parabolic term reduces 

the steepness of the temperature gradient near the center and indicates a localized temperature 

rise caused by internal resistance to current flow. This non-uniform temperature distribution is 

critical for accurately predicting device performance, as it directly influences the Seebeck effect 

and thermal losses. The total heat flux at the interface between p-type and n-type materials, 

typically located at 𝒛 = 𝟎, is given by equation (IV.8) [9]. 

𝑸𝒕 = (𝑺𝒑 − 𝑺𝒏)𝑰𝑻𝒇 − 𝜿𝜟𝑻 −
𝟏

𝟐
𝑰𝟐𝑹                                        (𝐕. 𝟖) 

This equation encapsulates the net heat transferred at the junction, balancing three terms. 

The first, (𝑺𝒑 − 𝑺𝒏)𝑰𝑻𝒇, corresponds to the useful Peltier heat transported by the current, with 

𝑻𝒇 representing the effective junction temperature, usually approximated as an average between 

𝑻𝒄 and 𝑻𝒉. The second term, 𝜿𝜟𝑻 accounts for conductive heat leakage through the device due 

to the temperature difference 𝜟𝑻 = 𝑻𝒉 − 𝑻𝒄. The last term, 
𝟏

𝟐
𝑰𝟐𝑹 describes Joule heating losses 

inside the device, where only half of the heat dissipated is considered at the cold side because 

the other half appears at the hot side. This highlights the fundamental tradeoff in thermoelectric 

devices: while the electrical current drives useful heat pumping, it simultaneously generates 

resistive heating that counteracts cooling. The device’s overall thermal and electrical transport 

characteristics are quantified by the effective thermal conductance 𝐊 and electrical resistance 𝑹, 

expressed as the sums of contributions from each leg [10]. 
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𝐊 =
𝜿𝒑𝑨𝒑

𝑳𝒑
+

𝜿𝒏𝑨𝒏

𝑳𝒏
                                                   (𝐕. 𝟗) 

𝑹 =
𝑳𝒑𝝆𝒑

𝑨𝒑
+

𝑳𝒏𝝆𝒏

𝑨𝒏
                                                (𝐕. 𝟏𝟎) 

Here, the terms 
𝜿𝑨

𝑳
 and 

𝑳𝝆

𝑨
 represent the thermal conductance and electrical resistance of 

each leg, respectively. These parameters are pivotal in device design because they control how 

easily heat and current flow through the materials. Minimizing 𝑹 reduces Joule heating losses, 

while minimizing 𝐊 limits conductive heat leakage, both of which improve device efficiency. 

The electrical work 𝑾 needed to maintain current 𝑰, is given by [11]: 

𝑾 = 𝑰[(𝑺𝒑 − 𝑺𝒏) ⋅ 𝜟𝑻 + 𝑰𝑹]                                      (𝐕. 𝟏𝟏) 

This expression includes two components: the voltage generated by the Seebeck effect 

across the temperature difference 𝜟𝑻, and the voltage drop due to the internal resistance 𝑹. The 

work done on the device must overcome both to sustain current flow. The efficiency or 

coefficient of performance (COP) of the thermoelectric cooler is defined as the ratio of heat 

removed at the cold side to the electrical power input [11]. 

𝜺𝒄 =
𝑸𝒕

𝑾
=

(𝑺𝒑 − 𝑺𝒏)𝑰𝑻𝒇 − 𝑲𝜟𝑻 −
𝟏
𝟐 𝑰𝟐𝑹

𝑰[(𝑺𝒑 − 𝑺𝒏) ⋅ 𝜟𝑻 + 𝑰𝑹]
                          (𝐕. 𝟏𝟐) 

This equation reflects how the useful Peltier cooling, thermal conduction losses, and 

Joule heating together determine the device’s cooling performance relative to input power. In 

more practical scenarios, additional parasitic resistances 𝑟 exist, leading to a modified efficiency 

expression [12,13]. 

𝜺𝒑 =
𝑾useful

𝑸
=

𝑰 ⋅ [(𝑺𝒑 − 𝑺𝒏) ⋅ 𝜟𝑻 + 𝑰𝑹]

(𝑺𝒑 − 𝑺𝒏)𝑰𝑻𝒇 − 𝑲𝜟𝑻 −
𝟏
𝟐 𝑰𝟐(𝑹 + 𝒓)

                (𝐕. 𝟏𝟑) 

This formulation accounts for extra resistive losses not included in the ideal model, 

providing a more realistic efficiency estimate for device operation. The quality of thermoelectric 

materials is often assessed by the figure of merit 𝒁, which combines the Seebeck coefficient, 
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electrical resistivity, and thermal conductivity. For a thermoelectric couple, this is expressed as 

[14]. 

𝒁𝒑𝒏 =
(𝑺𝒏 − 𝑺𝒑)

𝟐

(√𝜿𝒑𝝆𝒑 + √𝜿𝒏𝝆𝒏)
𝟐                                           (𝐕. 𝟏𝟒) 

This expression shows that maximizing the difference in Seebeck coefficients and 

minimizing the combined resistive and thermal losses leads to better device performance. For a 

single thermoelectric material, the figure of merit is [14,15]: 

𝒁 =
𝑺𝟐

𝝆 ⋅ 𝜿
=

𝑺𝟐𝝈

𝜿
                                                         (𝐕. 𝟏𝟓) 

Where 𝝈 = 𝟏/𝝆 is the electrical conductivity. This ratio encapsulates the intrinsic trade-

off among the Seebeck effect, electrical transport, and thermal conduction. Finally, the 

dimensionless figure of merit 𝒁𝑻, which is temperature-dependent and widely used as a 

benchmark for thermoelectric materials, is given by [16]. 

𝒁𝑻 =
𝑺𝟐𝝈𝑻

𝜿𝒆 + 𝜿𝒍
                                                    (𝐕. 𝟏𝟔) 

Here, the total thermal conductivity is split into electronic 𝜿𝒆 and lattice 𝜿𝒍 

contributions. A high 𝒁𝑻 signifies that a material can efficiently convert heat to electricity or 

vice versa, driving ongoing research efforts to engineer materials with high Seebeck 

coefficients, high electrical conductivity, and low thermal conductivity. 

V.3 Boltzmann Transport Theory in Thermoelectric Materials 

The Boltzmann transport equation (BTE) is a fundamental framework used to describe 

the behavior of charge carrier’s electrons and holes in thermoelectric materials under the 

influence of external fields and temperature gradients. It provides a detailed description of how 

the distribution of carriers evolves in time and space, enabling the prediction of key transport 

properties such as electrical conductivity, Seebeck coefficient, and thermal conductivity. The 

electrical current density 𝐉 in a material can be expressed as the sum over all charge carriers, 

where each carrier contributes according to its distribution function 𝒇 and velocity v [17]. 
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𝐉 = 𝒆∑𝒇 ⋅ 𝐯 = 𝝈 ⋅ 𝐄                                                  (𝐕. 𝟏𝟕) 

Here, 𝒆 is the elementary charge, 𝝈 is the electrical conductivity tensor, and 𝐄 is the 

applied electric field. This equation succinctly connects microscopic carrier dynamics to 

macroscopic electrical response. The time evolution of the distribution function 𝒇(𝐫, 𝐩, 𝒕), 

which represents the probability of finding a carrier at position r with momentum p at time 𝒕, is 

governed by the Boltzmann transport equation [18]. 

𝛛𝒇

𝛛𝒕
+

𝒅𝐫

𝒅𝒕
⋅ 𝛁𝐫𝒇 +

𝒅𝐩

𝒅𝒕
⋅ 𝛁𝐩𝒇 = (

𝛛𝒇

𝛛𝒕
)
𝒄
                                    (𝐕. 𝟏𝟖) 

This equation balances the change in distribution due to particle motion in real and 

momentum space (left side) against the change due to collisions or scattering events (right side) 

denoted by (
𝛛𝒇

𝛛𝒕
)
𝒄
. Because solving the full BTE is often complex, a common approach is to use 

the relaxation time approximation (RTA). It assumes that after a disturbance, the distribution 

function relaxes exponentially back to its equilibrium state 𝒇𝟎 over a characteristic timescale 𝝉. 

𝛛𝒇

𝛛𝒕
=

𝒇 − 𝒇𝟎

𝝉
                                                  (𝐕. 𝟏𝟗) 

This implies the deviation 𝒇 − 𝒇𝟎 decays as. 

𝒇 − 𝒇𝟎 = 𝑪𝒆−
𝒕
𝝉                                                    (𝐕. 𝟐𝟎) 

Where 𝑪 is a constant determined by initial conditions. Under a small-applied electric 

field and steady-state conditions, the non-equilibrium distribution can be linearized as. 

𝒇 = 𝒇𝟎 + 𝒆(−
𝛛𝒇𝟎

𝛛𝜺
) 𝐯 ⋅ 𝐄                                          (𝐕. 𝟐𝟏) 

Where 𝜺 is the carrier energy, and the derivative −
𝛛𝒇𝟎

𝛛𝜺
 reflects how carriers near the 

Fermi surface contribute most significantly to transport. From this, the electrical conductivity 

𝝈 can be formulated as a sum over all carrier states weighted by their velocity squared and 

scattering time. 

𝝈 = 𝒆𝟐∑(−
𝛛𝒇𝟎

𝛛𝜺
)𝒗𝟐𝝉                                           (𝐕. 𝟐𝟐) 



CHAPTER V: Thermoelectric Properties                                            P a g e  | 119 

In practical materials, this sum is converted into an integral over energy and crystal 

momentum k in the Brillouin zone, leading to. 

𝝈(𝜺) =
𝒆𝟐

𝑵𝜴
∫ 𝒅𝜺 (−

𝛛𝒇𝟎

𝛛𝜺
)∑𝝉𝒏,𝒌

𝒏,𝒌

𝒗⃗⃗ 𝒏,𝒌 ⊗ 𝒗⃗⃗ 𝒏,𝒌𝜹(𝜺 − 𝜺𝒏,𝒌)              (𝐕. 𝟐𝟑) 

Where 𝑵 is the number of sampled k-points, 𝜴 the unit cell volume, 𝝉𝒏,𝒌 the relaxation 

time for band 𝒏 and wavevector 𝐤, and 𝜹 is the Dirac delta function ensuring integration only 

over states at energy 𝜺. The velocity 𝒗⃗⃗ 𝒏,𝒌 of carriers is obtained directly from the electronic band 

structure 𝜺𝒏,𝒌 as. 

𝒗⃗⃗ 𝒏,𝒌 =
𝟏

ℏ

𝛛𝜺𝒏,𝒌

𝛛𝐤
                                            (𝐕. 𝟐𝟒) 

Linking quantum mechanical band theory with semiclassical transport. When a 

temperature gradient 𝛁𝑻 exists alongside an electric field, the total charge current density is 

influenced not only by electrical forces but also by thermal diffusion of carriers. This leads to 

the generalized transport relation 

𝐉 = 𝝈𝐄 − 𝝈𝑺𝛁𝑻                                             (𝐕. 𝟐𝟓) 

Where 𝑺 is the Seebeck coefficient, quantifying the voltage generated per unit 

temperature gradient. The heat current density 𝐉𝒒 is related to the entropy flux 𝐉𝑺 as 

𝐉 = 𝑻𝐉𝑺 = 𝑺𝑻𝐉 − 𝜿𝛁𝑻                                       (𝐕. 𝟐𝟔) 

With 𝜿 representing the electronic thermal conductivity. Using Onsager reciprocal 

relations, the Seebeck coefficient and electronic thermal conductivity can be rigorously 

expressed via integrals over the electronic structure as: 

𝑺 =
𝒆𝒌𝑩

𝑵𝜴
𝝈−𝟏∫ 𝒅𝜺 (−

𝛛𝒇𝟎

𝛛𝜺
) (

𝜺 − 𝝁

𝒌𝑩𝑻
)∑𝝉𝒏,𝒌

𝒏,𝒌

𝒗⃗⃗ 𝒏,𝒌 ⊗ 𝒗⃗⃗ 𝒏,𝒌𝜹(𝜺 − 𝜺𝒏,𝒌)           (𝐕. 𝟐𝟕) 

𝜿𝒆 =
𝒌𝑩

𝟐𝑻

𝑵𝜴
∫ 𝒅𝜺 (−

𝛛𝒇𝟎

𝛛𝜺
) (

𝜺 − 𝝁

𝒌𝑩𝑻
)
𝟐

∑𝝉𝒏,𝒌

𝒏,𝒌

𝒗⃗⃗ 𝒏,𝒌 ⊗ 𝒗⃗⃗ 𝒏,𝒌𝜹(𝜺 − 𝜺𝒏,𝒌) − 𝑻𝝈𝑺𝟐         (𝐕. 𝟐𝟖) 
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Where 𝝁 is the chemical potential and 𝒌𝑩 the Boltzmann constant. These equations 

establish a direct link between microscopic electronic structure details such as band energies, 

carrier velocities, and scattering times and macroscopic transport coefficients measurable in 

experiments. The Boltzmann transport formalism thus forms the theoretical foundation for 

predicting and optimizing the performance of thermoelectric materials, guiding the design of 

new compounds with enhanced efficiency for energy conversion applications. 

V.4 Results and Discussion 

V.4.1 Seebeck Coefficient (S) 

For Ba2InOsO6, the GGA results Figure V.1 (a) show that the Seebeck coefficient 

remains zero below 175 K, indicating negligible carrier excitation at low temperature. As the 

temperature increases beyond this point, S drops sharply to -2.59 µV/K and then gradually 

increases to -1.60 µV/K at room temperature (300 K) and -0.73 µV/K at 800 K. This trend 

reflects a typical n-type thermoelectric behavior, where electron carriers dominate transport, 

and their thermal activation increases with temperature [19]. The GGA+U approximation 

Figure V.1 (b) yields a similar overall trend, with slightly lower magnitudes: S reaches -2.61 

µV/K at 175 K, -1.74 µV/K at 300 K and -0.74 µV/K at 800 K, indicating that electron-electron 

correlations slightly reduce the thermopower but maintain the same conduction mechanism. 

Under the mBJ+U functional Figure V.1(c), a different behavior is observed: the 

Seebeck coefficient remains zero until 375 K, after which it sharply decreases to -2.86 µV/K 

and increases steadily to -1.42 µV/K at 800 K. The delayed onset of non-zero values indicates 

that mBJ+U predicts a larger band gap, requiring higher thermal energy for carrier excitation 

[20]. The mBJ+U+SOC results Figure V.1 (d), significantly alters the thermoelectric response. 

S is no longer zero at low temperature, starting at -0.16 µV/K at 50 K and showing a shallow 

decrease to -0.26 µV/K at 300 K before slightly increasing to -0.24 µV/K at 800 K. This muted 

thermoelectric response and weak temperature dependence suggest that spin-orbit coupling 

modifies the electronic structure by reducing band asymmetry or introducing degeneracies, 

leading to a lower Seebeck magnitude [21]. Nonetheless, Ba2InOsO6 consistently displays n-

type conduction across all approximations, with the transport properties being strongly 

influenced by the functional choice and the inclusion of SOC. 
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In the case of Sr2MnSbO6, which crystallizes in the tetragonal phase, the Seebeck 

coefficient was analyzed in two crystallographic directions (X and Z) due to anisotropy. Under 

the GGA approximation Figure V.1 (a), both directions exhibit nearly identical thermoelectric 

behavior. The Seebeck coefficient remains zero below 250 K and then shows a sharp drop to -

2.59 µV/K at 250 K, followed by a gradual increase to -0.94 µV/K at 800 K. This behavior 

again reflects n-type transport, with similar thermopower in both directions, indicating isotropic 

electronic behavior within the studied range [19]. However, when the Hubbard U correction is 

applied Figure V.1 (b), the sign of the Seebeck coefficient changes, indicating a switch to p-

type behavior [19]. S remains zero below 250 K, but then increases sharply to +2.85 µV/K at 

250 K, followed by a decrease with increasing temperature. At 800 K, the Seebeck coefficient 

reaches +1.04 µV/K in the X direction and +0.99 µV/K in the Z direction, suggesting weak but 

measurable anisotropy in hole-dominated transport. 

 

Figure V.1. Seebeck Coefficient of Double Perovskite Compounds Ba₂InOsO₆ and Sr₂MnSbO₆ under 

various approximations, (a) GGA, (b) GGA+U, (c) mBJ+U, and (d) mBJ+U+SOC 
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The mBJ+U approximation Figure V.1(c), maintains this p-type character, with the 

Seebeck coefficient reaching +2.60 µV/K (X direction) and +2.69 µV/K (Z direction) at 300 K, 

followed by a gradual decrease to about +0.95 µV/K at 800 K for both directions. This confirms 

the enhancement of the transport gap and stabilization of hole-type carriers in the mBJ+U 

approach. Upon including SOC Figure V.1 (d), the overall positive thermopower is preserved, 

but the directional anisotropy becomes more apparent. At low temperature (50 K), the Seebeck 

coefficient is +0.14 µV/K in the X direction and +0.15 µV/K in the Z direction. As temperature 

increases, the values diverge slightly: +0.22 µV/K (X) and +0.21 µV/K (Z) at 300 K, and +0.23 

µV/K (X) versus +0.22 µV/K (Z) at 800 K. These small but consistent differences suggest that 

spin-orbit coupling subtly affects the electronic band curvature differently along each axis, 

leading to a modest directional dependence in thermoelectric performance [21]. 

V.4.2 The Electrical Conductivity (σ/τ) 

The temperature-dependent electrical conductivity divided by relaxation time, σ/τ, 

expressed in units of (Ω·cm·s)⁻¹, was analyzed for Ba2InOsO6 in its cubic phase using four 

different computational schemes: GGA, GGA+U, mBJ+U, and mBJ+U+SOC, as shown in 

Figure V.2(a–d). Under the GGA approximation Figure V.2 (a), the electrical conductivity 

remains zero until approximately 150 K. At 175 K, it begins to increase, reaching 1.3×10⁶ 

(Ω·cm·s) ⁻¹. This value continues to rise sharply with temperature, reaching 3.0×10¹¹ at 300 K 

and 2.84×10¹⁶ (Ω·cm·s) ⁻¹ at 800 K. This strong temperature dependence is consistent with 

semiconducting behavior, where thermal excitation significantly increases the number of charge 

carriers. The GGA+U method Figure V.2 (b), yields a similar profile, maintaining zero 

conductivity below 150 K, followed by a rapid increase from 175 K. The values closely mirror 

those obtained with GGA, indicating that the on-site Coulomb interaction (U) does not 

drastically alter the carrier activation trend but may slightly affect the carrier concentration [21]. 

The mBJ+U approximation Figure V.2(c) predicts a larger transport gap, as indicated 

by the conductivity remaining nearly zero until 375 K. At this temperature, σ/τ reaches 3.54×10⁶ 

(Ω·cm·s) ⁻¹ and continues to rise with temperature, reaching 1.22×10¹³ (Ω·cm·s) ⁻¹ at 800 K. 

This delayed onset is in agreement with the Seebeck coefficient behavior under the same 

approximation and reflects the sensitivity of transport properties to the size of the predicted 
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band gap. A distinctly different behavior is observed with the inclusion of spin–orbit coupling 

(SOC) in the mBJ+U+SOC approximation Figure V.2 (d). In this case, the electrical 

conductivity is already significant at very low temperatures, starting with a high value of 

3.26×10¹⁶ (Ω·cm·s) ⁻¹ at 50 K. This value increases further to 4.29×10¹⁷ at 300 K and reaches a 

maximum of 2.39×10¹⁸ (Ω·cm·s) ⁻¹ at 800 K. The absence of a thermal activation threshold and 

the high conductivity values even at low temperatures indicate a transition toward metallic-like 

behavior. This suggests that SOC significantly alters the band structure likely narrowing the 

band gap or causing band overlap, which leads to a continuous increase in carrier density and 

mobility [22]. 

 

Figure V.2. The Electrical Conductivity of Double Perovskite Compounds Ba₂InOsO₆ and Sr₂MnSbO₆ 

under various approximations, (a) GGA, (b) GGA+U, (c) mBJ+U, and (d) mBJ+U+SOC 
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For Sr2MnSbO6, which crystallizes in a tetragonal phase, the electrical conductivity was 

evaluated along both the X and Z crystallographic directions. Under the GGA, GGA+U, and 

mBJ+U approximations Figures V.2(c), σ/τ is zero below 150 K for both directions, indicating 

semiconducting character. Above this threshold, conductivity increases with temperature. At 

300 K, the GGA approximation gives a conductivity of 9.38×10⁶ (Ω·cm·s) ⁻¹, while the GGA+U 

value is substantially higher at 9.80×10¹⁶ (Ω·cm·s) ⁻¹. The mBJ+U approximation yields a value 

of 1.62×10⁷ (Ω·cm·s) ⁻¹ at 300 K for both directions, consistent with its prediction of a larger 

band gap. Directional differences become more apparent upon including SOC in the 

mBJ+U+SOC approximation Figure V.2 (d). At 300 K, the conductivity in the X direction is 

1.76×10¹⁷ (Ω·cm·s) ⁻¹, while in the Z direction it is notably higher at 7.79×10¹⁷ (Ω·cm·s) ⁻¹. 

This anisotropy becomes increasingly pronounced at higher temperatures. At 800 K, the 

conductivity reaches 8.26×10¹⁴ (Ω·cm·s)⁻¹ for GGA-X, 8.62×10¹⁴ for GGA-Z, 8.71×10¹⁴ for 

GGA+U-X, and 2.44×10¹⁵ (Ω·cm·s)⁻¹ for GGA+U-Z. For mBJ+U, the conductivity is 1.91×10¹⁵ 

(Ω·cm·s) ⁻¹ in the X direction and 3.19×10¹⁵ in the Z direction. With mBJ+U+SOC, the 

conductivity significantly increases to 8.08×10¹⁷ (Ω·cm·s) ⁻¹ along X direction and 3.25×10¹⁸ 

along Z direction, confirming a strong directional anisotropy induced by SOC at high 

temperatures. These results suggest that SOC not only increases the conductivity by modifying 

the band structure but also affects the band curvature differently along each crystallographic 

axis, leading to anisotropic transport. 

V.4.3 The Electronic Thermal Conductivity 

The electronic part of thermal conductivity divided by relaxation time (κe/τ), as a 

function of temperature, was calculated for Ba2InOsO6 in its cubic phase using four different 

exchange-correlation approximations: GGA, GGA+U, mBJ+U, and mBJ+U+SOC, shown in 

Figure V.3 (a–d). The thermal conductivity trend follows the same pattern observed for the 

electrical conductivity and Seebeck coefficient. For both GGA and GGA+U Figure V.3 (a) and 

Figure V.3 (b), the thermal conductivity remains null at low temperatures, indicating absence 

of thermally activated carriers [23]. It starts increasing with temperature and reaches 

approximately 2.32×10⁸ (W·K⁻¹·cm⁻¹·s⁻¹) at 300 K for GGA and 1.83×10⁸ for GGA+U. The 

values continue rising, reaching 1.19×10¹³ and 1.09×10¹³, respectively, at 800 K. These results 
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indicate a thermally driven increase in carrier concentration, and the similarity with the 

electrical conductivity behavior reflects their direct relation via the Wiedemann-Franz law [24]. 

In the mBJ+U approximation Figure V.3(c), a larger transport gap delays the onset of 

thermal conductivity, remaining negligible until 375 K. After this point, (κe/τ) starts rising and 

reaches 1.99×10¹⁰ (W·K⁻¹·cm⁻¹·s⁻¹) at 800 K. This delayed activation is in line with the behavior 

of the Seebeck and electrical conductivity under the same approximation, again reinforcing the 

prediction of a larger band gap. When spin-orbit-coupling (SOC) is included, Figure V.3 (d), 

the behavior changes substantially. The conductivity is no longer null at low temperatures and 

starts at 1.13×10¹¹ at 50 K, increases to 1.19×10¹¹ at 300 K, and reaches 1.31×10¹⁴ 

(W·K⁻¹·cm⁻¹·s⁻¹) at 800 K. This significant increase and the absence of a temperature threshold 

suggest that SOC strongly modifies the band structure, enhancing electronic contributions to 

thermal transport even at cryogenic temperatures, likely due to enhanced carrier mobility and 

possible band overlap. 

For Sr2MnSbO6, which adopts a tetragonal phase, the electrothermal conductivity was 

calculated along both X and Z directions. Under the GGA, GGA+U, and mBJ+U 

approximations Figures V.3 (a–c), (κe/τ) remains zero below 200 K in both directions, 

consistent with a semiconducting ground state. Above 200 K, conductivity begins to rise and 

reaches nearly identical values in both directions at room temperature. At 300 K, the thermal 

conductivity is 1.77×10⁵ for GGA, 1.53×10⁵ for GGA+U, and 4.08×10⁵ (W·K⁻¹·cm⁻¹·s⁻¹) for 

mBJ+U. These similar values along X and Z directions suggest minimal anisotropy at this 

temperature range. However, upon inclusion of SOC Figure V.3 (d), a clear directional 

dependence emerges. At 300 K, the X direction exhibits a value of 4.64×10¹², while the Z 

direction reaches 1.93×10¹³, indicating that SOC introduces significant band structure 

anisotropy that strongly affects the thermal transport. 

This anisotropy becomes even more pronounced at higher temperatures. At 800 K, the 

full set of values shows a significant divergence between directions: for GGA, the conductivity 

is 6.20×10¹¹ (X) and 6.29×10¹¹ (Z); for GGA+U, it increases to 7.70×10¹¹ (X) and 1.94×10¹² 

(Z); for mBJ+U, values are 1.46×10¹² (X) and 2.35×10¹² (Z). With SOC (mBJ+U+SOC), the 

difference becomes particularly striking: 4.44×10¹³ in the X direction versus 1.72×10¹⁴ 
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(W·K⁻¹·cm⁻¹·s⁻¹) in the Z direction. These results confirm that SOC plays a dominant role in 

altering the electronic structure to favor directional transport properties, likely due to lifting of 

band degeneracies and enhancement of effective masses differently along the crystallographic 

axes. 

 

Figure V.3. The electronic part of Thermal Conductivity of Double Perovskite Compounds Ba₂InOsO₆ 

and Sr₂MnSbO₆ under various approximations, (a) GGA, (b) GGA+U, (c) mBJ+U, and (d) 

mBJ+U+SOC 

V.4.4 The figure of merit (ZT) 

The figure of merit (ZT), was calculated for both Ba₂InOsO₆ and Sr₂MnSbO₆ across 

various temperature ranges (50 K to 800 K) and under different approximations: GGA, 

GGA+U, mBJ+U, and mBJ+U+SOC, as shown in Figures V.4 (a–d). For Ba₂InOsO₆ in the 

cubic phase, the results using GGA, GGA+U, and mBJ+U demonstrate a decreasing trend in 

(ZT) as temperature increases. Although the decrease is not drastic, all approximations show 
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(ZT) values ranging from 0.99 to 0.94 across the entire temperature range, from 50 K to 800 K. 

This suggests that the material maintains a relatively stable thermoelectric performance within 

the given range, with no significant enhancement observed in the figure of merit. In contrast, 

when spin–orbit coupling (SOC) is applied Figure V.4 (d), the trend changes significantly. The 

(ZT) value initially starts at 0.51 at 50 K, then increases sharply to 0.74 at 200 K. After a slight 

decrease around room temperature (0.72), (ZT) rises again to reach 0.84 at 800 K, reflecting an 

improvement in thermoelectric efficiency with increasing temperature due to the influence of 

SOC. This behavior suggests that SOC enhances the material's performance by affecting the 

electronic structure, likely through a reduction in thermal conductivity or improvement in 

carrier mobility. 

 

Figure V.4. The electronic part of Thermal Conductivity of Double Perovskite Compounds Ba₂InOsO₆ 

and Sr₂MnSbO₆ under various approximations, (a) GGA, (b) GGA+U, (c) mBJ+U, and (d) 

mBJ+U+SOC 
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For Sr₂MnSbO₆ in the tetragonal phase, the trend is similar but with some differences in 

the directional dependence of (ZT). In both the X and Z directions, the GGA, GGA+U, and 

mBJ+U approximations Figures V.4 (a–c) show nearly identical behavior. The (ZT) values for 

the X direction range between 0.998 and 0.983, while in the Z direction, the values range 

between 0.998 and 0.992. These values indicate a slight directional dependence, with the Z 

direction performing marginally better in all three approximations. However, this difference is 

not significant enough to greatly affect the overall performance of the material. After applying 

SOC Figure V.4 (d), both directions exhibit a clear increase in (ZT) with temperature, similar 

to the behavior observed for Ba₂InOsO₆. At 50 K, (ZT) starts at 0.47, rises to 0.72 at 300 K, and 

further increases to 0.75 at 800 K. Interestingly, the difference between the X and Z directions 

remains minimal, suggesting that the influence of SOC on the directional dependence of the 

thermoelectric properties is not as pronounced as in Ba₂InOsO₆. 

V.5 Conclusion 

his chapter has provided an in-depth analysis of the thermoelectric properties 

of materials, focusing on the theoretical and practical aspects that govern their 

performance in energy conversion applications. Through the examination of 

key thermoelectric effects Seebeck, Peltier, and Thomson this chapter has highlighted how these 

phenomena underpin the conversion of heat into electricity, making thermoelectric materials 

crucial for sustainable technologies aimed at energy harvesting and waste heat recovery. A 

detailed study of compounds like Ba₂InOsO₆ and Sr₂MnSbO₆ has demonstrated how different 

computational approximations (such as GGA, GGA+U, mBJ+U, and mBJ+U+SOC) affect their 

thermoelectric characteristics, including the Seebeck coefficient, electrical conductivity, 

thermal conductivity, and the figure of merit (ZT). The results indicate that spin-orbit coupling 

(SOC) significantly influences the electronic structure, enhancing carrier mobility and 

modifying thermal transport properties, thereby improving the overall thermoelectric 

performance, especially at higher temperatures. The chapter also emphasized the directional 

anisotropy observed in Sr₂MnSbO₆, which became more pronounced when SOC was included, 

indicating the importance of considering crystallographic directionality in material design. 

Moreover, while Ba₂InOsO₆ exhibited relatively stable thermoelectric performance, the 

inclusion of SOC led to notable improvements in its figure of merit, particularly at elevated 

T 
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temperatures. These findings underscore the necessity of optimizing material properties, 

particularly by engineering electronic structure, to enhance the efficiency of thermoelectric 

devices. Future advancements in this field will likely involve tailored materials with improved 

thermoelectric properties, providing promising solutions for energy conversion technologies in 

diverse applications, from industrial waste heat recovery to solid-state cooling systems. Thus, 

this chapter not only advances our understanding of thermoelectric materials but also lays the 

groundwork for future research and development aimed at creating more efficient and 

sustainable thermoelectric systems. 
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VI.1 Introduction 

his chapter explores the optical properties of various perovskite materials, 

focusing on the theoretical background and the equations that govern their 

interaction with electromagnetic radiation. The complex dielectric function 

plays a pivotal role in determining a material's optical behavior, and its components namely, the 

real and imaginary parts are fundamental for calculating optical constants such as refractive 

index, extinction coefficient, absorption coefficient, and energy loss function. First-principles 

calculations are employed to investigate these properties across a range of materials, including 

ASiCl₃, A₃SbAs, A₃BiI₃, and Rb₂Pt₁₋ₓPdₓBr₆, in the near-infrared (NIR), visible, and ultraviolet 

(UV) regions. By analyzing the frequency-dependent behavior of the dielectric function, we 

aim to gain deeper insights into the optical characteristics of these materials and their potential 

for applications in optoelectronics, photonics, and energy harvesting technologies. In this work, 

structural and electronic optimization was carried out on an initial set of fourteen compounds to assess 

their stability and fundamental electronic properties. These materials have already been the subject of 

eleven international publications in renowned journals, highlighting their scientific interest. Based on 

these results, four compounds were selected for in-depth optical investigation. This choice followed a 

rigorous comparative analysis of key parameters, such as crystal stability (formation energy, structural 

cohesion), band gap width, and the nature of electronic transitions (direct or indirect). 

VI.2 Complex Dielectric Function 

The complex dielectric function plays a central role in the theoretical description of how 

a material interacts with electromagnetic radiation. In solid-state physics and materials science, 

it serves as a fundamental link between a material’s electronic structure and its optical behavior. 

From a microscopic perspective, the dielectric function arises from the linear response of the 

electron system to an external perturbation, such as an applied electric field associated with an 

incident photon. It describes how the internal polarization of the medium screens the external 

field, influencing the propagation of electromagnetic waves within the material. 

Mathematically, it is a frequency-dependent complex function denoted as [1]. 

𝛆(𝛚) = 𝛆𝟏(𝛚) + 𝐢𝛆𝟐(𝛚)                                              (𝐕𝐈. 𝟏)                                          

Where ω is the angular frequency of the incident light. In first-principles calculations, 

the dielectric function is evaluated using time-dependent perturbation theory within the 

T 
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independent particle approximation (IPA) or the more accurate random phase approximation 

(RPA), which includes many-body effects without electron-hole interactions. 

VI.2.1 Real Part of the Dielectric Function 𝛆𝟏(𝛚) 

The real part of the complex dielectric function, denoted as 𝛆𝟏(𝛚), describes the 

dispersive response of a material to an external electromagnetic field. Physically, it represents 

the material’s ability to polarize in response to the oscillating electric field of incident radiation, 

thereby affecting the phase velocity of the propagating wave. In essence, 𝛆𝟏(𝛚) governs how 

light bends and slows down as it travels through the medium.  In the low-frequency limit, the 

static dielectric constant 𝛆𝟏(𝟎) provides crucial information about the polarizability of the 

system in the absence of absorption. A high value of 𝛆𝟏(𝟎) generally indicates a strong 

polarization response, which is often associated with high lattice or electronic polarizability. 

This is particularly relevant in semiconducting and insulating materials, where ionic 

displacements and electronic cloud deformation contribute significantly to the dielectric 

screening [2]. 

Importantly, the behavior of 𝛆𝟏(𝛚) is not computed directly in first-principles methods. 

Instead, it is derived from the imaginary part 𝛆𝟐(𝛚) via the Kramers-Kronig relations, which 

ensure that causality is preserved in the optical response [3]. 

𝛆𝟏(𝛚) = 𝟏 +
𝟐

𝛑
𝓟 ∫

𝛚′𝛆𝟐(𝛚′)

𝛚′𝟐 − 𝛚𝟐

∞

𝟎

 𝐝𝛚′                                       (𝐕𝐈. 𝟐) 

Where 𝓟 denotes the principal value of the integral. This relationship guarantees that 

the real and imaginary components of the dielectric function are not independent but are 

interlinked through fundamental physical constraints. 

VI.2.2 Imaginary Part of the Dielectric Function 𝛆𝟐(𝛚) 

The imaginary part of the complex dielectric function, denoted 𝛆𝟐(𝛚), quantifies the 

absorptive behavior of a material when subjected to an external electromagnetic field. It 

represents the dissipation of electromagnetic energy due to electronic excitations, particularly 

interband transitions, and is directly related to the material’s ability to absorb photons at specific 

energies. In the framework of linear response theory and within the independent particle 
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approximation (IPA), 𝛆𝟐(𝛚) can be computed directly from first-principles using the following 

expression [1]. 

𝛆𝟐
𝛂𝛃(𝛚) =

𝟒𝛑𝟐𝐞𝟐

𝛀
𝐥𝐢𝐦
𝐪→𝟎

𝟏

𝐪𝟐
∑ 𝟐

𝐤,𝐯,𝐜

𝐰𝐤𝛅(𝐄𝐜𝐤 − 𝐄𝐯𝐤 − ℏ𝛚) ⟨𝐮𝐜𝐤+𝐞𝛂𝐪|𝐮𝐯𝐤⟩⟨𝐮𝐯𝐤|𝐮𝐜𝐤+𝐞𝛃𝐪⟩  (𝐕𝐈. 𝟑) 

where 𝐯 and 𝐜 denote valence and conduction band states, respectively; 𝐤 are the 

wavevectors in the Brillouin zone; 𝐰𝐤 are the corresponding weights; 𝛀 is the unit cell volume; 

and 𝛂, 𝛃 refer to Cartesian directions of the electric field polarization. The delta function 

enforces energy conservation, ensuring that only transitions with photon energies matching the 

band-to-band energy difference contribute to 𝛆𝟐(𝛚). The spectral features of 𝛆𝟐(𝛚) are closely 

tied to the electronic structure of the material. Peaks in 𝛆𝟐(𝛚) correspond to regions in the 

energy spectrum where high densities of allowed electronic transitions occur. These features 

are influenced by the joint density of states (JDOS), and the transition dipole matrix elements, 

both of which are determined by the nature of the band structure and the symmetry of the 

wavefunctions involved [3]. 

VI.3 Derived Optical Constants 

Once the complex dielectric function 𝛆(𝛚) is obtained, a set of important optical 

constants can be derived. These constants provide physical insights into how electromagnetic 

waves propagate through and interact with the material. Using well-established mathematical 

relations, one can compute the refractive index, extinction coefficient, reflectivity, absorption 

coefficient, and energy loss function. Each of these quantities reveals specific aspects of the 

optical behavior, such as transparency, reflectance, and electronic excitation characteristics. In 

the following subsections, we present a detailed analysis of each of these optical parameters as 

derived from first-principles calculations. 

VI.3.1 Complex Refractive Index 

The complex refractive index provides a comprehensive description of the propagation 

of electromagnetic radiation in a medium by accounting for both the phase shift and the 

attenuation of light. It is defined as [4]: 
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𝐧̃(𝛚) = 𝐧(𝛚) + 𝐢𝐤(𝛚)                                                 (𝐕𝐈. 𝟒) 

Where, 𝐧(𝛚) is the real part known as the refractive index, and 𝐤(𝛚) is the imaginary 

part, referred to as the extinction coefficient. This complex quantity is derived from the 

frequency-dependent dielectric function and links theoretical calculations with experimentally 

accessible optical parameters. Its accurate evaluation provides essential insights for applications 

in photonics, photovoltaics, and transparent electronics. In the following subsections, each 

component of 𝐧̃(𝛚) is analyzed separately, with emphasis on its physical significance and 

behavior in perovskite materials [4-6]. 

VI.3.1.1 Real Part: Refractive Index 

The real part of the complex refractive index, 𝐧(𝛚), determines the phase velocity of 

light within the material and governs optical phenomena such as refraction, waveguiding, and 

dispersion. It reflects the extent to which light slows down as it traverses the medium, and its 

spectral variation is closely linked to the underlying electronic structure. Mathematically, 𝐧(𝛚) 

is obtained from the dielectric function as [4].  

𝐧(𝛚) = √
|𝛆(𝛚)| + 𝛆𝟏(𝛚)

𝟐
                                       (𝐕𝐈. 𝟓) 

Where  

|𝛆(𝛚)| = √𝛆𝟏
𝟐(𝛚) + 𝛆𝟐

𝟐(𝛚)                                       (𝐕𝐈. 𝟔) 

In the low-energy regime, the static value 𝐧(𝟎) is a key parameter for optical design, 

especially for antireflection coatings and multilayer structures. Materials with high 𝐧 values 

tend to exhibit strong light confinement, which is advantageous in photonic devices. In 

perovskites, the refractive index can be modulated by composition, phase, and electronic 

configuration, allowing for tunable dispersion across visible and ultraviolet regions. The 

evolution of 𝐧(𝛚) with photon energy provides insight into the density and nature of optical 

transitions. Peaks and variations in its dispersion curve often correspond to strong interband 

activity, offering clues about band symmetry and transition probabilities. 
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VI.3.1.2 Imaginary Part: Extinction Coefficient 

The imaginary part of the complex refractive index, 𝐤(𝛚), describes the attenuation of 

electromagnetic wave intensity due to absorption as it propagates through the material. It is 

directly associated with optical losses arising from electronic excitations and provides valuable 

information on the absorption profile of the material. It is calculated from the dielectric function 

using the expression [4]. 

𝐤(𝛚) = √
|𝛆(𝛚)| − 𝛆𝟏(𝛚)

𝟐
                                               (𝐈𝐕. 𝟕) 

In energy regions below the fundamental band gap, 𝐤(𝛚) is effectively zero, indicating 

transparency. Once the photon energy surpasses the threshold for interband transitions, 𝐤(𝛚) 

increases, reflecting the onset of significant light absorption. This absorption is influenced by 

the joint density of states and the oscillator strength of transitions between occupied and 

unoccupied states. In complex oxides and perovskites, pronounced features in 𝐤(𝛚) spectra 

result from transitions involving metal-oxygen hybridized orbitals. These features define the 

spectral regions of optical activity and are crucial for tailoring materials for applications such 

as UV-blocking layers, light-absorbing coatings, and photodetectors. Together, 𝐧(𝛚) and 𝐤(𝛚) 

fully characterize the amplitude and phase behavior of light within the material, providing the 

foundation for understanding and engineering advanced optical functionality [6]. 

VI.3.2 Absorption Coefficient 𝛂(𝛚) 

The absorption coefficient 𝛂(𝛚) quantifies the attenuation of electromagnetic radiation 

as it propagates through a medium due to photon absorption. It represents the rate at which light 

intensity decreases with penetration depth and is one of the most direct indicators of a material’s 

optical absorption strength at a given photon energy. Defined as a function of angular 

frequency 𝛚, the absorption coefficient is related to the extinction coefficient 𝐤(𝛚) through the 

following expression [7]. 

𝛂(𝛚) =
𝟐𝛚𝐤(𝛚)

𝐜
                                                 (𝐕𝐈. 𝟖) 
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Where 𝐜, is the speed of light in vacuum. This relation enables the calculation of 𝛂(𝛚) 

from the dielectric function via its connection to the complex refractive index. At photon 

energies below the electronic transition threshold typically the band gap in insulating and 

semiconducting systems the absorption coefficient remains close to zero, indicating that the 

material is effectively transparent in that region. As the photon energy increases and surpasses 

the threshold for allowed interband transitions, 𝛂(𝛚) rises sharply. This increase marks the 

onset of significant optical absorption and provides insight into the material’s electronic 

structure. The behavior of 𝛂(𝛚) across the electromagnetic spectrum reflects both the 

availability of electronic states and the strength of transition matrix elements. Sharp onsets or 

steep absorption edges are often associated with direct transitions between well-defined energy 

bands, while more gradual increases may indicate indirect or forbidden transitions that require 

phonon assistance or involve weak oscillator strengths. The profile of 𝛂(𝛚) is essential for 

assessing a material’s suitability in optical and optoelectronic applications. For example, 

materials with high absorption in the visible range are desirable for photodetection and energy 

harvesting, whereas low absorption is preferred for transparent optical coatings and window 

layers. In addition to identifying absorption thresholds, the magnitude and bandwidth of peaks 

in 𝛂(𝛚) inform on the intensity and spectral selectivity of light–matter interactions. These 

characteristics are critical in determining light penetration depth, optical efficiency, and 

frequency selectivity in both passive and active photonic systems [8]. 

VI.3.3 Reflectivity 𝐑(𝛚) 

Reflectivity 𝐑(𝛚) is a fundamental optical property that describes the proportion of 

incident electromagnetic radiation reflected at the surface of a material. It is an essential quantity 

in optics and photonics, directly linked to how efficiently a material reflects light as a function 

of photon energy. Reflectivity is calculated from the complex refractive index 𝐧̃(𝛚) using the 

Fresnel equations. For normal incidence, the reflectivity [9] is given by. 

𝐑(𝛚) = |
𝐧̃(𝛚) − 𝟏

𝐧̃(𝛚) + 𝟏
|

𝟐

=
(𝐧(𝛚) − 𝟏)𝟐 + 𝐤𝟐(𝛚)

(𝐧(𝛚) + 𝟏)𝟐 + 𝐤𝟐(𝛚)
                                (𝐕𝐈. 𝟗) 

This expression accounts for both the phase mismatch (through 𝐧(𝛚)) and absorption 

losses (through 𝐤(𝛚)) encountered by the incoming wave at the interface. The spectral behavior 
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of 𝐑(𝛚) is governed by the electronic structure and optical response of the material. At low 

photon energies particularly below the absorption threshold the reflectivity tends to be moderate 

and primarily influenced by dispersion. As the photon energy increases and electronic 

transitions become active, the reflectivity can rise sharply, especially in regions where 𝐤(𝛚) 

becomes large. This corresponds to strong absorption and higher surface impedance mismatch. 

In highly dispersive or metallic materials, reflectivity may approach unity over specific 

frequency ranges, indicating strong opposition to electromagnetic wave penetration. 

Conversely, materials designed for optical transparency or anti-reflective applications aim to 

minimize 𝐑(𝛚) over designated spectral windows. Reflectivity is not only critical in 

determining the visual appearance and surface brightness of materials but also plays a key role 

in the performance of optical devices such as mirrors, coatings, filters, and multilayer stacks. 

Its calculation from first-principles allows for predictive modeling of optical interface behavior 

without relying on empirical input. Therefore, the analysis of 𝐑(𝛚) complements other optical 

parameters by offering a surface-sensitive view of light–material interaction, which is 

particularly important in layered, stratified, or nanostructured systems where interface effects 

dominate [10]. 

VI.3.4 Energy Loss Function 𝐋(𝛚) 

The energy loss function 𝐋(𝛚) characterizes the energy dissipated by a fast-moving 

charged particle typically an electron as it traverses a material. It reflects the collective 

excitation behavior of the electron system, particularly the response of valence electrons to 

external perturbations, and is crucial for interpreting spectroscopic techniques such as electron 

energy loss spectroscopy (EELS). Defined in terms of the complex dielectric function 𝛆(𝛚), the 

energy loss function is given by [11]. 

𝐋(𝛚) = Im [−
𝟏

𝛆(𝛚)
]                                                   (𝐕𝐈. 𝟏𝟎) 

This expression quantifies how strongly the medium resists the passage of high-energy 

electrons by inducing polarization, resulting in energy transfer from the electron to the material. 

The spectral features of 𝐋(𝛚) are typically characterized by well-defined peaks that correspond 

to plasmon resonances, where electrons oscillate collectively at a characteristic frequency. The 
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main plasmon peak often occurs at the frequency where the real part of the dielectric function 

𝛆𝟏(𝛚) crosses zero and the imaginary part 𝛆𝟐(𝛚) is small but finite. This condition indicates 

that the system supports longitudinal charge oscillations with minimal damping. 

In addition to plasmon peaks, secondary features in 𝐋(𝛚) may arise from interband 

transitions or surface-related excitations, particularly in thin films and nanostructures. These 

peaks can provide detailed insight into the electronic structure and energy-level distribution 

within the material. From a practical standpoint, the energy loss function is an important tool 

for assessing optical losses in high-frequency or high-energy regimes. It is also central to the 

design of materials for applications such as shielding, beam propagation in electron optics, and 

dielectric response modeling at nanoscales. Unlike reflectivity or absorption, which describe 

transverse electromagnetic wave interactions, 𝐋(𝛚) provides information about longitudinal 

excitation modes. Its accurate evaluation therefore complements the optical constants discussed 

previously, offering a broader understanding of both surface and bulk electronic dynamics [12]. 

VI.4 Results and Discussion 

VI.4.1 Dielectric function  

VI.4.1.1 Real part  

In this section, we explore the dielectric function 𝛆𝟏 of various materials across different 

energy ranges, including the static dielectric permittivity 𝛆𝟏(𝛚𝟎) as well as their dynamic 

behavior in the near-infrared (NIR) ~0 to 1.63 eV, visible ~1.63 to 3.26 eV, and ultraviolet (UV) 

+3.26 eV regions. The analysis of 𝛆𝟏 provides insight into the material's ability to polarize in 

response to an external electric field and its interaction with electromagnetic radiation. By 

interpreting 𝛆𝟏 over a wide range of photon energies, we can gain a deeper understanding of the 

material's optoelectronic, plasmonic, and dielectric properties, which are crucial for a variety of 

applications. 

For LiSiCl₃, RbSiCl₃, and CsSiCl₃ perovskites Figure VI.1(a), the 𝛆𝟏 values at 0 eV 

𝛆𝟏(𝟎) are 12.25, 7.82, and 102.55, respectively, indicating that CsSiCl₃ exhibits the strongest 

polarization at zero frequency. This suggests that CsSiCl₃ is particularly suitable for applications 

that require high dielectric responses [13]. In the optical range, CsSiCl₃ shows a sharp decrease 

in 𝛆𝟏 until it reaches negative values at around 0.85 eV, before rising again. It also exhibits a 
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peak in the visible energy range around 2.16 eV with a value of 2.77, followed by a second peak 

in the UV range around 3.51 eV with a value of 4.46, and a third peak in the UV range around 

4.64 eV with a value of 2.97. RbSiCl₃ shows a moderate increase in 𝛆𝟏, peaking in the NIR 

range (around 1.08 eV) with a value of 8.20 before decreasing. LiSiCl₃ shows two peaks in the 

NIR range: the first at around 1.70 eV with a value of 14.40 and the second at around 1.20 eV 

with a value of 6.10, before transitioning to negative values between 1.20 eV and 1.70 eV. 

LiSiCl₃ then continues to increase in the visible and UV ranges, showing a peak around 4.64 eV 

with a value of 2.97. 

For A₃SbAs (A = Ba, Sr, Ca) antiperovskites Figure VI.1(b), the 𝛆𝟏 values at 0 eV range 

from 10.12 for Ca₃SbAs, 9.23 for Ba₃SbAs, and 8.94 for Sr₃SbAs, with Ca₃SbAs showing the 

strongest polarization. In the NIR range, Ca₃SbAs exhibits the highest interaction with photons, 

peaking at around 1.29 eV with a value of 14.18, followed by Sr₃SbAs and Ba₃SbAs, with values 

of 12.29 at 1.08 eV and 11.99 at 1.39 eV, respectively. In the visible range, all materials 

maintain positive 𝛆𝟏 values, but Ba₃SbAs becomes negative at around 2.80 eV, indicating a 

plasmonic response [13,14]. In the UV range, Ba₃SbAs becomes positive again at around 3.32 

eV and turns negative at around 4.29 eV, while Sr₃SbAs and Ca₃SbAs show negative ε₁ values 

around 3.30 eV and 3.34 eV, respectively. At higher photon energies around 13.5 eV, all 

materials return to positive values, indicating normal dielectric behavior [15]. 

For A₃BiI₃ (A = Ba, Sr, Ca) derivative antiperovskites Figure VI.1(c), the 𝛆𝟏 values at 

0 eV are 5.98 for CA₃BiI₃, 6.27 for Sr₃BiI₃, and 5.81 for Ba₃BiI₃, suggesting significant static 

dielectric responses that indicate strong polarization in all three materials [13]. Among them, 

Sr₃BiI₃ shows the highest static dielectric permittivity at zero frequency. In the visible range, all 

three materials show a steady increase in 𝛆𝟏, reflecting a strong interaction with visible light, 

which is beneficial for optoelectronic applications. This trend suggests that these materials can 

be used in devices that require effective light absorption and polarization in the visible spectrum 

[14]. In the NIR range, the dielectric function values are lower compared to the visible range, 

indicating a weaker interaction with NIR radiation. This behavior suggests that these materials 

may not be as efficient for applications that depend on NIR light, such as certain photodetectors. 

However, in the UV range (above 3.26 eV), all three materials exhibit a significant increase in 

𝛆𝟏, showing a strong response to UV light. Specifically, in the UV range, Ba₃BiI₃, CA₃BiI₃, and 
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Sr₃BiI₃ show substantial increases in 𝛆𝟏, with CA₃BiI₃ reaching a maximum value around 3.26 

eV. This strong UV response makes these materials suitable for UV photodetection and other 

high-energy applications [15]. 

Our study also focuses on the dielectric function of Rb₂Pt₁₋ₓPdₓBr₆ (x = 0.00, 0.25, 0.50, 

0.75, and 1.00), evaluated in the energy range from 0 to 11 eV, as illustrated in Figure VI.1(d). 

The static dielectric constant 𝛆𝟏(𝟎), which represents the material’s dielectric permittivity at 

zero frequency, plays a pivotal role in determining excitonic effects and screening behavior in 

simulations. The calculated  𝛆𝟏(𝟎) values increase gradually with Pd concentration: 3.35 for x 

= 0.00, 3.55 for x = 0.25, 3.68 for x = 0.50, 3.84 for x = 0.75 and reach 4.50 for x = 1.00. This 

increase suggests that Pd incorporation enhances the polarization ability of the material, making 

it more suitable for applications that rely on strong dielectric responses [13]. In NIR region, 

 𝛆𝟏 increases for all compositions and continues to rise into the visible range, where distinct 

peaks are observed. For x = 0.00,  𝛆𝟏 peaks at 5.87 around 2.64 eV, indicating significant 

polarization at this photon energy. For x = 0.25, two notable peaks are seen: the first at 5.10 at 

1.95 eV, and the second at 4.64 at 2.73 eV. Similarly, for x = 0.50, the first peak is observed at 

1.95 eV with a value of 5.89, and the second peak appears at 2.73 eV with a value of 4.97. For 

x = 0.75, the material shows a prominent peak of 6.70 at 1.92 eV, suggesting an enhanced 

polarizability at this concentration. For x = 1.00, the highest  𝛆𝟏 peak of 8.12 is found at 1.77 

eV, indicating the maximum polarization capability at this Pd concentration, making this 

material particularly effective in the NIR region [14]. In UV region,  𝛆𝟏 begins to oscillate, 

decreasing and increasing until it becomes negative in the range between approximately 3.77 

eV and 5.27 eV, indicative of plasmonic resonance. This oscillatory behavior signifies a 

complex interaction with high-energy photons, where the material’s dielectric response shifts 

as a result of collective oscillations of the charge carriers. After this plasmonic resonance range, 

ε₁ returns to positive values, demonstrating normal dielectric behavior at higher photon energies, 

which is typical for materials that do not exhibit active plasmonic effects beyond a certain 

energy threshold [14, 15]. 
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Figure VI.1. Dielectric Function ε₁ of Various Perovskite Compounds (a) ASiCl₃ (b) A₃SbAs (c) 

A₃BiI₃ and (d) Rb₂Pt₁₋ₓPdₓBr₆ 

VI.4.1.2 Imaginary part of the dielectric function 

In the analysis of the imaginary part of the dielectric function, 𝛆𝟐, for various materials 

across different energy ranges, the behavior of the compounds reveals important insights into 

their optical absorption properties, particularly in the near-infrared (NIR), visible, and 

ultraviolet (UV) regions.  

For CsSiCl₃, as shown in Figure VI.2(a), the first peak occurs at 0.10 eV with a value 

of 67.51, indicating a significant increase in absorption at low energies. This large initial peak 

suggests that CsSiCl₃ strongly absorbs photons in the low-energy range [16]. Following this, 

there is a sharp decrease in absorption, with the second peak appearing at 0.73 eV, where  𝛆𝟐 
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reaches 23.54. A third peak emerges in the visible range at 2.35 eV with a value of 5.17, 

indicating moderate absorption in the visible region. After this point, the  𝛆𝟐 curve stabilizes, 

with fluctuations that eventually merge into a steady region as the energy moves into the far UV 

range, suggesting that CsSiCl₃ becomes less responsive to higher-energy photons [17]. RbSiCl₃ 

shows a different absorption pattern. Its first peak appears in the NIR range at 0.47 eV with a 

value of 1.75. As the photon energy increases, it reaches a second peak at 2.15 eV in the visible 

range, where  𝛆𝟐 rises to 5.51. Unlike CsSiCl₃, the increase in absorption is more gradual, and 

after the peak, RbSiCl₃ starts to decrease more slowly as it enters the UV range, showing a less 

pronounced shift in absorption. For LiSiCl₃, two peaks are observed in the NIR range: the first 

at 0.56 eV with a value of 11.99 and the second at 1.09 eV with a value of 10.11. These peaks 

indicate that LiSiCl₃ absorbs well in the NIR range. However, after these peaks, the absorption 

sharply decreases as it approaches zero in the visible range, followed by a slight increase in the 

UV range around 4 eV. The absorption remains low for the rest of the UV spectrum, showing 

limited effectiveness in the higher-energy regions. 

Moving to the A₃SbAs compounds, as shown in Figure VI.2(b), none of the materials 

exhibit peaks in the NIR range, indicating minimal absorption in that region. Instead, all 

compounds show their first peaks in the visible to UV transition. For Ba₃SbAs, the first peak is 

observed at 2.69 eV with a value of 10.04, suggesting moderate absorption in the visible range 

[17]. Ca₃SbAs peaks at a higher energy of 3.10 eV with a value of 15.42, indicating stronger 

absorption in the visible range compared to BA₃SbAs. Sr₃SbAs is unique, as its first peak appears 

in the early UV region at 3.29 eV with a value of 15.52, highlighting a shift towards higher 

energy absorption compared to the other two materials. After these peaks, all three materials 

exhibit a sharp decrease in absorption as the photon energy increases, indicating that they 

become less effective at absorbing photons at higher energies [18]. This behavior suggests that 

while these materials are efficient at absorbing visible and early UV light, they are less 

responsive to higher-energy UV light, with absorption rapidly diminishing in the far UV range. 

This trend makes the A₃SbAs compounds suitable for applications that require absorption in the 

visible to early UV regions, such as in optoelectronics and UV photodetectors [19]. 

For the A₃BiI₃ series, shown in Figure VI.2(c), all compounds exhibit their first peaks 

in the visible range, with Ca₃BiI₃ and Sr₃BiI₃ each showing a single peak. Ca₃BiI₃ peaks at 2.57 
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eV with a value of 2.87 and Sr₃BiI₃ peaks at 2.54 eV with a value of 2.44. Ba₃BiI₃, however, 

shows two peaks in the visible range: one at 1.91 eV with a value of 1.79 and another at 3.09 

eV with a value of 2.43. This indicates that Ba₃BiI₃ has a broader absorption profile in the visible 

range compared to the others [17]. In the mid-UV range, all compounds show their highest 

peaks. Ba₃BiI₃ reaches a value of 6.37 at 6.69 eV, Sr₃BiI₃ peaks at 6.46 at 6.97 eV, and Ca₃BiI₃ 

peaks at 6.24 at 6.86 eV. After these peaks, all materials experience a sharp decrease in 𝛆𝟐, 

indicating less efficient absorption at higher energies. This behavior suggests that the 

compounds are highly responsive to visible and mid-UV light, with diminishing absorption in 

the higher-energy UV region [19]. 

 

Figure VI.2. Dielectric Function ε2 of Various Perovskite Compounds (a) ASiCl₃ (b) A₃SbAs (c) 

A₃BiI₃ and (d) Rb₂Pt₁₋ₓPdₓBr₆. 
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Finally, for Rb₂Pt₁₋ₓPdₓBr₆, as shown in Figure VI.2(d), the  𝛆𝟐 values remain low in 

the NIR range for all compositions, below 0.5, indicating minimal absorption in this region. As 

the photon energy increases into the visible and UV regions,  𝛆𝟐 rises sharply, with the highest 

value observed for Rb₂PdBr₆ (x = 1.00) at 2.01 eV, reaching 7.07. This indicates significant 

absorption in the visible range. The other compositions show peaks in the UV region, with 

Rb₂PtBr₆ (x = 0.00) peaking at 4.53 eV with a value of 5.46, Rb₂Pt₀.₇₅Pd₀.₂₅Br₆ (x = 0.25) at 4.52 

eV with a value of 4.72, and Rb₂Pt0.5Pd0.5Br₆ (x = 0.50) at 3.66 eV with a value of 4.62. 

Rb2Pt₀.₂₅Pd₀.₇₅Br6 (x = 0.75) peaks at 3.66 eV with a value of 5.73. Beyond 4.6 eV,  𝛆𝟐 decreases 

sharply for all compositions, indicating a reduction in absorption, before a second increase near 

6.7 eV, suggesting complex interband transitions. This behavior emphasizes the strong light-

matter interaction, particularly in the UV range, making these materials suitable for applications 

in photodetectors and optoelectronics [19]. 

VI.4.2 Complex Refractive Index 

The refractive index trends observed in the figures for the four different perovskite series 

exhibit patterns that closely mirror the behavior of the real part of the dielectric function, ε₁. 

This similarity arises because the refractive index (n) is directly related to ε₁ through the 

equation 𝒏 = √ 𝛆𝟏. As ε₁ increases, the refractive index increases, and vice versa, leading to 

similar peak positions and overall trends in both quantities. 

For the ASiCl₃ (A = Cs, Rb, Li) series, as shown in Figure IV.3(a), the refractive index 

shows a sharp contrast across the different alkali metal compositions in the near-infrared (NIR) 

energy range. The Cs-based compound exhibits the highest refractive index value of around 10 

at 0 eV, reflecting strong polarization, while the Rb-based and Li-based compounds show lower 

values of 2.8 and 3.5, respectively, before decreasing. These differences suggest that Cs has a 

stronger optical response compared to Rb and Li in the studied energy range. 

Moving to the A₃SbAs (A = Ba, Sr, Ca) serie, as shown in Figure IV.3(b), the refractive 

index exhibits a trend similar to ε₁, with all compounds showing a peak in the NIR range. The 

refractive index values for this peak range from 3.5 to 3.8, followed by a second, smaller peak 

in the visible range, before decreasing across the UV spectrum. This indicates that the 



CHAPTER VI: Optical Properties                                                P a g e  | 145 

 

 

compounds have good optical response in the NIR region but a less pronounced response in the 

UV. 

 

Figure VI.3. Dielectric Function ε2 of Various Perovskite Compounds (a) ASiCl₃ (b) A₃SbAs (c) 

A₃BiI₃ and (d) Rb₂Pt₁₋ₓPdₓBr₆ 

In the A₃BiI₃ (A = Ba, Sr, Ca) serie, as shown in Figure IV.3(c), the refractive index 

trend is also similar to ε₁, but with some notable variations based on the specific alkali metal 

used. The Ba-based compound shows a significant peak in the NIR region, followed by a smaller 

peak in the visible range, which indicates a strong polarization in the NIR. In contrast, the Sr-

based compound exhibits peaks primarily in the visible range, with the second smaller peak 

appearing in the early UV range. The Ca-based compound shows the largest peaks in both the 

early and late visible range, suggesting a more complex response to light across the visible 

spectrum. 
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Lastly, the Rb₂Pt₁₋ₓPdₓBr₆ alloys (x = 0, 0.25, 0.5, 0.75, 1), as shown in Figure IV.3(d), 

show a different pattern. For these compounds, the refractive index first peaks in the visible 

range and exhibits several smaller peaks in the UV range before gradually decreasing in the late 

UV spectrum. This suggests a strong optical response in the visible region with additional fine 

structure in the UV range, likely due to the varying concentrations of Pd in the alloy, which may 

introduce different electronic or vibrational modes affecting the light-matter interaction. 

VI.4.3 Absorption coefficient 

In the absorption spectra shown across the four panels, each compound demonstrates 

distinct absorption behavior in the UV, visible, and NIR regions.  

Figure VI.4(a) presents the absorption data for LiSiCl₃, RbSiCl₃, and CsSiCl₃. In the 

UV region, CsSiCl₃ exhibits the highest absorption coefficient, peaking at approximately 81.82 

× 10⁴ cm⁻¹, while RbSiCl₃ and LiSiCl₃ show lower absorption coefficients, ranging from 60 to 

70 × 10⁴ cm⁻¹. This suggests that CsSiCl₃ is the most efficient in absorbing UV light. In the 

visible region, all three materials experience a significant drop in absorption. LiSiCl₃ shows 

values ranging from 3 to 23 × 10⁴ cm⁻¹, RbSiCl₃ drops from 11 to 35 × 10⁴ cm⁻¹, and CsSiCl₃ 

ranges from 23 to 27 × 10⁴ cm⁻¹. This indicates that LiSiCl₃ maintains some stability across the 

visible range, while CsSiCl₃ and RbSiCl₃ perform moderately, with RbSiCl₃ experiencing a 

sharper drop. In the NIR region, absorption decreases further, with LiSiCl₃ and CsSiCl₃ 

maintaining slightly higher values (around 25 × 10⁴ cm⁻¹), while RbSiCl₃ drops below 8 × 10⁴ 

cm⁻¹. This suggests that RbSiCl₃ is less effective in absorbing light across the entire spectrum 

compared to LiSiCl₃ and CsSiCl₃. 

Figure VI.4(b) shows the absorption spectra for Ba₃SbAs, Sr₃SbAs, and Ca₃SbAs. In 

the UV region, Ca₃SbAs exhibits the highest absorption coefficient, peaking at 120 × 10⁴ cm⁻¹, 

followed by Sr₃SbAs at 104 × 10⁴ cm⁻¹ and Ba₃SbAs at 101 × 10⁴ cm⁻¹. This indicates that 

Ca₃SbAs is the best performer in the UV region. In the visible region, all materials experience 

a sharp decline in absorption. Ba₃SbAs shows the highest value in this region, with absorption 

ranging from 70 to 84 × 10⁴ cm⁻¹, while Sr₃SbAs and Ca₃SbAs decrease to 17 × 10⁴ cm⁻¹ by the 

end of the visible region. This suggests that while Ba₃SbAs performs better in the visible range, 

all three materials still experience significant reductions in absorption. In the NIR region, 
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absorption further decreases, with Ba₃SbAs at 11 × 10⁴ cm⁻¹, Sr₃SbAs at 9 × 10⁴ cm⁻¹, and 

Ca₃SbAs at 10 × 10⁴ cm⁻¹. This shows that these compounds have limited potential in the NIR 

region and are primarily useful for UV-based applications. 

Figure VI.4(c) presents the absorption spectra for Ba₃BiI₃, Sr₃BiI₃, and Ca₃BiI₃. In the 

UV region, Sr₃BiI₃ shows the highest absorption, peaking at 122 × 10⁴ cm⁻¹, followed by Ca₃BiI₃ 

at 118 × 10⁴ cm⁻¹ and Ba₃BiI₃ at 111 × 10⁴ cm⁻¹. These results suggest that Bi-based compounds 

are generally good absorbers in the UV region. In the visible range, all three materials show a 

significant decline in absorption, with Ba₃BiI₃ performing better due to its more stable 

absorption values ranging from 5 to 14 × 10⁴ cm⁻¹. Sr₃BiI₃ and Ca₃BiI₃ drop more sharply, with 

Sr₃BiI₃ reaching as low as 3 × 10⁴ cm⁻¹ and Ca₃BiI₃ ranging from 3 to 25 × 10⁴ cm⁻¹. In the NIR 

region, the absorption of all compounds is quite low, with Sr₃BiI₃ and Ca₃BiI₃ at around 1 × 10⁴ 

cm⁻¹, and Ba₃BiI₃ at approximately 4 × 10⁴ cm⁻¹. These results indicate that although the Bi-

based compounds are efficient in the UV region, they are not well-suited for applications 

requiring strong performance in the visible or NIR regions. 

Figure VI.4(d) focuses on Rb₂Pt₁₋ₓPdₓBr₆ with varying Pd concentrations (x = 0, 0.25, 

0.5, 0.75, and 1). At x = 0 (pure Rb₂PtBr₆), the absorption coefficient peaks in the UV region at 

about 82 × 10⁴ cm⁻¹. As Pd is introduced, the absorption shifts towards the visible region, and 

the UV absorption decreases. At x = 0.5, the UV absorption drops to 57 × 10⁴ cm⁻¹, and at x = 

1, it drops to around 62 × 10⁴ cm⁻¹. This shift towards visible absorption is due to the 

modification of electronic properties with Pd doping. In the visible region, absorption increases 

as the Pd concentration rises, with values ranging from 10.31 × 10⁴ cm⁻¹ at x = 0.25 to 34.26 × 

10⁴ cm⁻¹ at x = 1. This suggests that increasing Pd content enhances the material's absorption in 

the visible region, which could make it more suitable for visible-light applications. However, in 

the NIR region, absorption remains low for all concentrations, not exceeding 4 × 10⁴ cm⁻¹. This 

indicates that while Pd doping improves the absorption in the visible range, the material does 

not significantly absorb in the NIR region. 
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Figure VI.4. Absorption Coefficients of Various Perovskite Compounds (a) ASiCl₃ (b) A₃SbAs (c) 

A₃BiI₃ and (d) Rb₂Pt₁₋ₓPdₓBr₆. 

VI.4.4 Reflectivity 

Reflectivity of different perovskite materials is analyzed for various compositions across 

three regions: the Near-Infrared (NIR), Visible, and Ultra-Violet (UV) regions. 

Starting with the ASiCl₃ series (A = Li, Rb, Cs) as depicted in Figure VI.5(a), we 

observe that RbSiCl₃ and LiSiCl₃ exhibit nearly identical performance in the NIR region, 

maintaining a high reflectivity below 0.40. However, CsSiCl₃ shows a weaker performance, 

with a maximum reflectivity just under 0.70 and a minimum around 0.35. In the visible region, 

all compounds perform similarly, with maximum reflectivity values around 0.25. LiSiCl₃ stands 
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out with a remarkable drop in reflectivity, reaching as low as 0.025. Moving into the UV region, 

all compounds show reflectivity below 0.23, indicating a significant increase in absorption. The 

low reflectivity in the UV region makes them promising for other optoelectronic applications 

that require efficient absorption in this range. 

Next, the A₃SbAs series (A = Ba, Sr, Ca), plotted in Figure VI.5(b), reveals that the 

compounds exhibit very similar behavior across all regions with only slight differences in 

performance. In the NIR region, all compounds show reflectivity values between 0.25 (lower 

bound) and 0.35 (higher bound). In the visible region, reflectivity increases slightly to reach a 

maximum of 0.45, continuing to rise as we move into the early UV region, reaching a peak 

reflectivity value of 0.55 before beginning to decline around 4.5 eV, with a final value of 0.43. 

These compounds exhibit a relatively stable reflectivity profile across the entire range. 

Moving on to the A₃BiI₃ series (A = Ba, Sr, Ca), shown in Figure VI.5(c), this series 

demonstrates superior performance compared to the previous two, ASiCl₃ and A₃SbAs. In the 

NIR region, it maintains a low reflectivity with a maximum of 0.18. As we transition to the 

visible region, Ba₃BiI₃ shows a slightly higher maximum reflectivity of 0.22, but Ba₃BiI₃ 

emerges as the most promising compound, showing the lowest reflectivity of 0.16 across the 

entire visible range. This suggests that Ba₃BiI₃ could be an excellent candidate for use as an 

active layer in solar cells due to its low reflectivity across both the visible and NIR regions. In 

the UV region, the reflectivity increases but remains low, peaking at 0.35, indicating minimal 

reflection and greater absorption, ideal for optoelectronic applications [20]. 

Finally, the double perovskite alloys Rb₂Pt₁₋ₓPdₓBr₆ with varying concentrations (0, 

0.25, 0.5, 0.75, and 1), shown in Figure VI.5(d), exhibit an interesting trend. In the NIR region, 

all concentrations show low reflectivity, with a maximum value around 0.20. Reflectivity 

increases slightly in the visible region, reaching a maximum value of 0.29. However, the most 

intriguing feature of this series is the noticeable drop in reflectivity between 4.5 eV and 6 eV, 

where the reflectivity becomes almost negligible, approaching a value of 0. This behavior 

suggests that the double perovskite alloys could be tuned for specific optical properties, making 

them potentially useful in devices that require minimal reflectivity in certain energy ranges [21]. 
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Figure VI.5. Reflectivity of Various Perovskite Compounds (a) ASiCl₃ (b) A₃SbAs (c) A₃BiI₃ and (d) 

Rb₂Pt₁₋ₓPdₓBr₆. 

VI.4.5 Energy Loss 

In the energy loss trends for the different perovskite series shown in Figures VI.6(a-d), 

each series exhibits distinct behaviors across the NIR, visible, and UV regions. Starting with 

the ASiCl₃ series (A=Li, Rb, Cs) plotted in Figure VI.6(a), all three compounds demonstrate 

similar trends in the NIR region, with energy loss values remaining below 0.10, indicating 

minimal absorption or scattering in this range. However, in the visible region, RbSiCl₃ and 

CsSiCl₃ show lower energy losses, not exceeding 0.20, suggesting efficient transmission of 

visible light, while LiSiCl₃ exhibits a significant peak in energy loss at 0.75, possibly due to 

stronger electronic transitions or absorption in this range. In the UV region, LiSiCl₃ shows a 
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decrease in energy loss to a maximum of 0.30, implying a shift in its behavior compared to the 

visible region. In contrast, RbSiCl₃ and CsSiCl₃ show an increase in energy loss, reaching values 

between 0.40 and 0.45, suggesting increasing absorption as energy transitions into the UV. 

Moving to the A₃SbAs series (A=Ba, Sr, Ca) shown in Figure VI.6(b), the compounds 

in the NIR region show almost negligible energy loss, with values close to zero, indicating low 

interaction with light in this region. In the visible range, the compounds display a similar trend, 

reaching a maximum energy loss of around 0.20. However, as the energy shifts toward the UV 

region, energy loss begins to increase significantly, starting at approximately 0.20 around 4 eV 

and rising sharply to exceed 2 at the high-energy UV region near 12 eV, indicating stronger 

absorption in the UV. 

For the Ba₃BiI₃ series (A=Ba, Sr, Ca) shown in Figure VI.6(c), all compounds show a 

similar trend, with negligible energy loss in the NIR region, close to zero. In the visible range, 

energy loss is low, not exceeding 0.11, which suggests that these materials have minimal 

absorption or scattering of visible light. As with the previous series, the energy loss increases in 

the UV region but remains relatively low, not exceeding 0.8 in the far UV range around 12 eV, 

indicating that these materials absorb UV light moderately but do not exhibit significant energy 

loss even at higher energies. 

Finally, in the double perovskite alloys Rb₂Pt₁₋ₓPdₓBr₆, shown in Figure VI.6(d) with 

varying concentrations (0, 0.25, 0.5, 0.75, and 1), all concentrations show negligible energy loss 

in the NIR region. In the visible range, the energy loss does not exceed 0.4, indicating low 

absorption or scattering. However, these alloys exhibit notable high energy loss in the UV region 

between 4.5 and 6 eV, with energy losses reaching up to 3. This is the same region where zero 

reflectivity is observed in Figure VI.5(d), suggesting a significant interaction between the 

material and the incident UV light in this energy range, possibly due to electronic transitions or 

absorption processes that are not reflected. After this peak, the energy loss decreases, staying 

below 0.5 in the rest of the studied UV region, showing a shift in the material's behavior as the 

energy continues to increase. 
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Figure VI.6. Energy Loss of Various Perovskite Compounds (a) ASiCl₃ (b) A₃SbAs (c) A₃BiI₃ and (d) 

Rb₂Pt₁₋ₓPdₓBr₆. 

VI.5 Conclusion 

his chapter has provided a comprehensive analysis of the optical properties of 

several perovskite materials, revealing important insights into their behavior 

in response to electromagnetic radiation across the NIR, visible, and UV 

regions. The study of the complex dielectric function, including both its real and imaginary 

parts, has allowed for a detailed examination of key optical characteristics such as refractive 

index, absorption coefficient, reflectivity, and energy loss. The results highlight the distinct 

optical behaviors of materials like CsSiCl₃, Ba₃SbAs, and Rb₂Pt₁₋ₓPdₓBr₆, which exhibit 

significant absorption in the UV region, tailored refractive indices, and unique reflectivity 

profiles. These findings suggest that these materials are highly suitable for applications in 

T 
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photodetectors, solar cells, and transparent electronics. By utilizing first-principles calculations, 

this study demonstrates the importance of theoretical methods in predicting and optimizing the 

optical properties of materials, paving the way for the design of advanced optical devices. 

Ultimately, the insights gained here contribute to the ongoing development of next-generation 

materials with tailored optical functionalities for a variety of technological applications. 
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VII.1 Introduction 

his chapter explores the integration of Perovskite Solar Cells (PSCs) into 

embedded systems, with a focus on their application in solar-powered 

embedded systems, particularly in the context of autonomous devices. 

Embedded systems are specialized computing units designed to perform dedicated tasks, and 

when powered by renewable energy sources like solar cells, they present a sustainable solution 

for devices operating in remote or off-grid environments. The chapter delves into the properties 

and working principles of PSCs, highlighting their advantages over traditional silicon-based 

solar cells, such as higher efficiency, lower production costs, and flexibility. Additionally, it 

examines the challenges faced by PSCs, particularly related to their stability and environmental 

concerns, while also showcasing simulation tools like SCAPS-1D to model their performance. 

The chapter concludes by discussing the integration of PSCs into real-world applications, 

particularly in agricultural drones, demonstrating how these cells can contribute to the 

autonomy and sustainability of embedded systems. 

VII.2 Applications of Solar Cells in Embedded Systems 

VII.2.1 Definition and Role of Embedded Systems 

An embedded system is a specialized computing system designed to perform dedicated 

functions within a larger system. Unlike general-purpose computers, embedded systems are 

optimized for specific tasks and operate with limited resources such as memory, processing 

power, and storage. These systems are commonly found in devices such as household 

appliances, medical equipment, automotive systems, industrial machines, and consumer 

electronics. Their role is crucial in ensuring that the devices they control perform with high 

efficiency, reliability, and real-time responsiveness [1]. Embedded systems are typically 

characterized by real-time operation, energy efficiency, and stability. The design of these 

systems often requires considerations for hardware and software integration, where software is 

tightly coupled with the hardware to optimize performance and functionality [2]. For a visual 

understanding of embedded systems, refer to Figure VII.1, which illustrates the structure of a 

typical embedded system, highlighting its interaction with various hardware components and 

sensors. 

T 
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Figure VII.1. Structure of a typical embedded system 

VII.2.2 Powering Embedded Systems with Solar Energy 

Powering embedded systems with solar energy is an innovative solution to provide 

sustainable and eco-friendly energy for low-power devices. These systems are independent of 

human interaction and are designed to operate autonomously in remote or off-grid locations, 

where conventional power sources are unavailable or impractical. Solar-powered embedded 

systems rely on photovoltaic cells to convert sunlight into electrical energy, which is then used 

to power sensors, communication modules, or processing units. Examples of such systems 

include solar-powered weather stations, autonomous drones, and smart irrigation systems [3]. 

These systems offer the advantage of long-term operation without the need for frequent battery 

replacements or external power sources, ensuring minimal human intervention. As we see in 

Figure VII.2, the integration of solar panels with embedded systems is shown, demonstrating 

the energy conversion and storage process for continuous, independent system operation [4]. 
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Figure VII.2. Integration of solar panels with embedded systems 

VII.3 Perovskite Solar Cells (PSCs) 

VII.3.1 Definition of Perovskite Solar Cells (PSCs) 

Perovskite Solar Cells (PSCs) are a type of solar cell that utilizes perovskite-structured 

compounds as the light-absorbing material. These materials have a unique crystalline structure 

that enables efficient light absorption and conversion into electricity [5]. PSCs have gained 

significant attention in the field of solar energy due to their high-power conversion efficiency, 

low production costs, and ease of fabrication compared to traditional silicon-based solar cells. 

They are lightweight, flexible, and can be made using solution-based processes, making them 

suitable for a wide range of applications, from portable devices to large-scale solar installations. 

The development of perovskite solar cells has the potential to revolutionize the solar energy 

industry due to their promising performance and scalability [6]. 

VII.3.2 Working Principle of Perovskite Solar Cells (PSCs) 

Perovskite Solar Cells (PSCs) operate based on the principle of converting sunlight into 

electricity through the photovoltaic effect. When light strikes the perovskite layer, it excites 

electrons, creating electron-hole pairs [7]. These charge carriers are then separated by an internal 

electric field and collected by the electrodes, generating electrical current. The perovskite 

material, often a combination of organic and inorganic compounds, plays a key role in this 
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process by efficiently absorbing light across a wide range of the solar spectrum. The simplicity 

of the PSC structure, which typically consists of a transparent electrode, a perovskite absorber 

layer, and a back electrode, allows for effective energy conversion. As we see in Figure VII.3, 

the diagram illustrates the layered structure of a typical PSC and the movement of charge 

carriers during operation [8]. 

 

Figure VII.3. Layered structure of a typical PSC and the movement of charge carriers during operation 

VII.3.3 Types of Perovskite Solar Cell (PSC) Architectures 

Perovskite Solar Cells (PSCs) are typically designed using two main types of structures: 

n-i-p and p-i-n, referring to the arrangement of layers in the cell. In the n-i-p structure, the 

electron transport layer (n-type) is positioned on top of the perovskite absorber layer, followed 

by the hole transport layer (p-type). This configuration is commonly used for its high efficiency 

and ease of fabrication. On the other hand, the p-i-n structure reverses this order, with the hole 

transport layer (p-type) placed on top of the perovskite layer, and the electron transport layer 

(n-type) at the back. This design offers better stability and charge carrier dynamics. 

Additionally, PSCs can be fabricated using mesoporous or planar architectures. In 

mesoporous PSCs, the perovskite layer is deposited on a porous scaffold material, such as 

titanium dioxide (TiO₂), which helps facilitate better charge transport and collection. Planar 

PSCs use a flat substrate without the mesoporous layer, offering simpler manufacturing 
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processes, though they often require more precise control of the perovskite deposition. As we 

see in Figure VII.4, the diagram illustrates both n-i-p and p-i-n structures. 

 

Figure VII.4. Diagram illustrates both n-i-p and p-i-n structures 

VII.3.4 Challenges and Stability Issues of Perovskite Solar Cells (PSCs) 

Despite their high efficiency and low-cost fabrication, Perovskite Solar Cells (PSCs) 

face several challenges, particularly regarding their stability and long-term performance. One 

of the main issues is the degradation of the perovskite material when exposed to moisture, 

oxygen, and ultraviolet (UV) light, which can cause the cell's efficiency to decline over time. 

Additionally, thermal instability is a concern, as high temperatures can lead to the breakdown 

of the perovskite layer. Another challenge is the use of toxic materials in some PSCs, such as 

lead, which raises environmental and health concerns. Researchers are working on developing 

more stable and environmentally friendly materials, improving encapsulation techniques, and 

enhancing the overall durability of the cells. Overcoming these stability issues is crucial for the 

widespread commercialization of PSCs in real-world applications [9]. 

VII.4 Review of SCAPS-1D Simulation Tool 

VII.4.1 Introduction to SCAPS-1D 

SCAPS-1D (Solar Cell Capacitance Simulator) is a simulation tool developed by the 

University of Gent, Belgium, primarily designed for modeling thin-film solar cells. It allows 

users to simulate the electrical and optical behavior of various solar cell structures. SCAPS-1D 

operates based on several fundamental equations, including Poisson's equation, continuity 

equations for electrons and holes, drift-diffusion equations, recombination equations, and 
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current-voltage (I-V) characteristics. These equations enable the software to predict the 

performance of solar cells under different operating conditions [10]. 

VII.4.2 Governing Equations 

In solar cell simulations, one of the fundamental equations is Poisson’s equation, which 

describes the relationship between the electrostatic potential and the charge distribution in a 

semiconductor. This equation is essential for modeling the electric fields within the solar cell 

and is particularly crucial for understanding how charges accumulate and how they influence 

the movement of charge carriers such as electrons and holes. Poisson's equation is given by [11]: 

𝐝𝟐𝛙(𝐱)

𝐝𝐱𝟐
= −

𝐪

𝛆(𝐱)
[𝐩(𝐱) − 𝐧(𝐱) + 𝐍𝐃

+ − 𝐍𝐀
− + 𝛒def(𝐱)]                     (𝐕𝐈𝐈. 𝟏) 

Where ψ(x) is the electrostatic potential, q is the elementary charge, ε(x) is the position-

dependent dielectric permittivity, p(x) and n(x) are the hole and electron concentrations, 𝐍𝐃
+ 

and 𝐍𝐀
− are the densities of ionized donors and acceptors, and ρdef(x) accounts for the charge 

density due to defects or traps. This equation plays a pivotal role in determining the electric 

field within the device, which, in turn, affects the transport of carriers across the solar cell layers. 

By solving Poisson’s equation, SCAPS-1D can accurately model how the device's built-in 

electric field influences carrier behavior, thus providing insights into the performance and 

efficiency of the solar cell. 

The continuity equations for electrons and holes describe the conservation of charge 

carriers within a semiconductor. These equations account for the generation, recombination, and 

transport of electrons and holes, which are crucial for understanding the dynamics of charge 

carriers in a solar cell. The continuity equations are essential for modeling how the carrier 

concentration evolves over time and space within the device. For electrons, the continuity 

equation is [12]. 

𝟏

𝒒

𝒅𝑱𝒏(𝒙)

𝒅𝒙
= 𝑮(𝒙) − 𝑹(𝒙)                                             (𝐕𝐈𝐈. 𝟐) 
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For holes, the continuity equation is: 

−
𝟏

𝒒

𝒅𝑱𝒑(𝒙)

𝒅𝒙
= 𝑮(𝒙) − 𝑹(𝒙)                                          (𝐕𝐈𝐈. 𝟑) 

Where Jn and Jp are the electron and hole current densities, G(x) is the position-dependent 

photogeneration rate, and R(x) represents the total recombination rate including Shockley-

Read-Hall (SRH), radiative, and Auger processes. These equations describe how carriers move, 

recombine, and are generated within the solar cell. 

VII.4.3 Required Inputs and Output Parameters 

In SCAPS-1D simulations, the required inputs are the material properties, device 

structure, and operating conditions that define the solar cell. These inputs include the 

semiconductor layer thicknesses, doping concentrations, carrier mobilities, recombination 

coefficients, and light intensity. Additionally, boundary conditions such as the applied voltage 

or external illumination are specified. These inputs are essential for setting up the simulation 

and obtaining realistic results [13]. 

The output parameters of the simulation provide crucial performance metrics of the solar 

cell. These include the current-voltage (I-V) characteristics, open-circuit voltage (VOC), short-

circuit current (ISC), fill factor (FF), and power conversion efficiency (PCE). Other important 

outputs might include the carrier concentrations, electric fields, and recombination rates, which 

help in analyzing the internal behavior and efficiency-limiting processes within the device. 

These parameters allow for a comprehensive understanding of the solar cell's performance 

under various conditions [14]. 

VII.5 Results and Discussion 

VII.5.1 SCAPS-1D Simulation of Perovskite Solar Cell 

VII.5.1.1 Device construction and simulation techniques 

To assess the photovoltaic performance of the Rb₂Pt₁₋ₓPdxBr₆ alloyed double perovskite 

absorber, numerical simulations were carried out using SCAPS-1D. The simulation focused on 

a conventional five-layer architecture consisting of FTO/SnS₂/Rb₂Pt₁₋ₓPdxBr₆/MoO₃/Au, where 

FTO serves as the transparent front contact, SnS₂ is the electron transport layer (ETL), MoO₃ is 
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the hole transport layer (HTL), and Au is the back contact. This structure is depicted in Figure 

VII.5. 

The device simulation was conducted under standard AM1.5G illumination, with an 

incident power of 1000 W/m² and a constant temperature of 300 K. The absorber layer thickness 

was varied to optimize photogeneration and carrier collection, while the transport layers were 

kept at fixed, optimized values based on existing literature. The electronic and optical 

parameters for each material, such as band gap, electron affinity, carrier mobilities, and defect 

densities, were based on experimental data and theoretical calculations, as summarized in 

Tables VII.1 and VII.2. 

The simulations were designed to evaluate the influence of varying the composition of 

the Rb₂Pt₁₋ₓPdxBr₆ absorber material. Key performance metrics were extracted from the 

simulations, including the current-voltage (I-V) characteristics, short-circuit current, open-

circuit voltage, fill factor, and power conversion efficiency. Additionally, the external quantum 

efficiency (EQE) was calculated, providing insight into the spectral response of the device.  

 

Figure VII.5. Schematic Representation of the Device Architecture for the Five Photovoltaic Devices 
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Table VII.1: Material Parameters of FTO, MoO3, SnS2, and Rb2Pt1-xPdxBr6 for SCAPS-1D Device Simulation 

Parameter FTO ETL Absorber Layer (Rb2Pt1-xPdxBr6) HTL 

SnS2 X = 0 X = 0.25 X = 0.5 X = 0.75 X = 1 MoO3 

Thickness (µm) 0.20 0.05 0.45 0.45 0.45 0.45 0.45 0.15 

Band Gap (eV) 3.6 2.24 2.18 1.69 1.52 1.44 1.20 3.0 

Electron 

Affinity (eV) 

4.5 4.24 4.11 4.06 4.02 3.97 3.95 2.5 

Dielectric 

Constant (εr) 

10 10 3.35 3.55 3.68 3.84 4.56 12.5 

CB effective 

density of states 

NC 

2×1018 2.2×1018 1.53×1019 1.83×1019 8.31×1018 1.72×1019 1.59×1019 2.2×1018 

VB effective 

density of states 

Nv 

1.8×1019 1.8 9.36×1018 1.23×1019 8.73×1018 8.52×1018 9.59×1018 1.9×1019 

Electron 

Mobility 

(cm²/V·s) 

100 50 50 50 50 50 50 25 

Hole Mobility 

(cm²/V·s) 

20 50 25 25 25 25 25 100 

Doping Type n-type n-type intrinsic intrinsic intrinsic intrinsic intrinsic p-type 

Doping 

Concentration 

(cm⁻³) 

1018 1017 1015 1015 1015 1015 1015 1018 

Defect Density 

(cm⁻³) 

1014 1014 1014 1014 1014 1014 1014 1014 

 

Table VII.2: Interface Parameters for Solar Cell Devices 

Parameters Absorber/ETL HTL/Absorber 

Defect type neutral neutral 

σe (cm²) 1×10¹⁹ 1×10¹⁹ 

σh  (cm²) 1×10¹⁹ 1×10¹⁹ 

Er 0.6 0.6 

Interface defect density, nt 

(cm⁻²) 

10¹¹ 10¹¹ 

Energetic distribution single single 

Working temperature (K) 300 300 
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VII.5.1.2 Energy Band Alignment and Interfacial Offset Analysis 

The energy band diagram, shown in Figure VII.6, depicts the vertical structure of the 

proposed solar cell device, consisting of the layers MoO3 (HTL), Rb2Pt1−𝑥PdxBr6 (Absorber), 

SnS2 (ETL), and FTO. Simulations were conducted for various doping concentrations of 𝑥 =

𝟎. 𝟎, 𝟎. 𝟐𝟓, 𝟎. 𝟓, 𝟎. 𝟕𝟓, 𝟏. 𝟎. The diagram clearly illustrates the conduction band (E𝒄), valence 

band (E𝒗), and the Fermi levels for both electrons (F𝒏) and holes (F𝒑). The alignment of these 

bands at the interfaces between layers plays a crucial role in determining the efficiency of charge 

carrier separation and transport. 

As the doping concentration of Pd increases, the bandgap of the absorber layer can be 

tuned, with values ranging from 2.24 eV at 𝑥 = 0 to 1.44 eV at 𝑥 = 1. This tunability in bandgap 

is key for optimizing light absorption and adjusting the device’s spectral response. Specifically, 

the bandgap values for each absorber composition are as follows: 𝑥 = 0 yields 𝐸𝑔 = 2.24 eV, 

𝑥 = 0.25 gives 𝐸𝑔 = 2.18 eV, 𝑥 = 0.5 shows 𝐸𝑔 = 1.69 eV, 𝑥 = 0.75 results in 𝐸𝑔 = 1.52 eV, 

and 𝑥 = 1.0 corresponds to 𝐸𝑔 = 1.44 eV. This variation shifts the absorption window from the 

near-ultraviolet to the visible spectrum, providing flexibility for both single-junction and 

tandem solar cell designs. 

To assess the interfacial charge transport, the conduction band offset (CBO) at the 

absorber/ETL interface (Rb2Pt1−𝑥PdxBr6/SnS2) and the valence band offset (VBO) at the 

HTL/absorber interface (MoO3/Rb2Pt1−𝑥PdxBr6) were calculated. The CBO is crucial for 

determining the efficiency of electron extraction, while the VBO impacts hole extraction. The 

CBO values were found to increase with Pd content: for 𝑥 = 0, 0.25, 0.5, 0.75, and 1.0, the 

values were 0.26 eV, 0.39 eV, 0.44 eV, 0.48 eV, and 0.55 eV, respectively. A slightly positive 

CBO (around 0.3 eV) is ideal for facilitating electron transport while hindering hole movement. 

However, as Pd concentration increases, a higher CBO may impede electron transport due to 

the larger barrier. 

Similarly, the VBO values for the absorber/HTL interface were calculated as -1.00 eV, -

1.08 eV, -1.16 eV, -1.20 eV, and -1.24 eV for 𝑥 = 0,0.25,0.5,0.75, and 1.0, respectively. These 

increasingly negative VBO values create a deep barrier at the HTL/absorber interface, which 
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promotes hole extraction but may also lead to higher recombination rates at the interface, 

especially at higher Pd concentrations. 

 

Figure VII.6. Band Diagram of the Photovoltaic Devices 

VII.5.1.3 Photovoltaic Performance Analysis 

Figure VII.7 illustrates the current density-voltage (J-V) characteristics of five solar cell 

devices employing Rb2Pt1-xPdxBr6 double perovskite absorbers, where the Pd concentration (x) 

varies from 0 to 1 in steps of 0.25. As expected for typical photovoltaic behavior, all devices 

exhibit a negative current density in the fourth quadrant under illumination, indicating power 

generation. The short-circuit current density (JSC) corresponds to the current value at zero 

voltage (V = 0), and the open-circuit voltage (VOC) is the voltage at which the current becomes 

zero. For Device I (x = 0), the JSC is approximately 9.01 mA/cm², and the VOC is 1.37 V. Device 

II (x = 0.25) shows a significantly higher JSC of 19.72 mA/cm² with a VOC of 1.28 V, indicating 

improved light absorption and carrier collection with partial Pd substitution. Device III (x = 0.5) 

achieves a further enhanced JSC of 24.77 mA/cm² with a VOC of 1.14 V, reflecting an optimal 

balance between absorption and charge transport. Device IV (x = 0.75) exhibits a higher JSC of 

27.60 mA/cm², although the VOC decreases to 1.05 V, suggesting increased recombination losses 

at elevated Pd content. Device V (x = 1) achieves the maximum JSC of approximately 32.07 

mA/cm² but experiences a significant drop in VOC to 0.82 V, indicating that full Pd substitution, 
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while beneficial for photocurrent generation, compromises voltage due to increased non-

radiative recombination or unfavorable band alignment. All extracted photovoltaic parameters 

are summarized in Table VII.3. Comparatively, the substitution of Pt by Pd consistently 

enhances current generation across the composition range due to improved optical absorption 

or better carrier dynamics, as evidenced by the increasing JSC. However, the VOC trend reveals 

a trade-off, where higher Pd content leads to voltage deterioration. From a device optimization 

standpoint, Device III (x = 0.5) offers the most balanced performance, combining a high JSC 

with a moderate VOC, thereby achieving the highest power conversion efficiency (PCE).  

The external quantum efficiency (EQE) spectra of the five investigated solar cell 

devices, plotted in the spectral range of 300 to 900 nm, reveal key insights into the light-

harvesting capabilities of each structure across varying wavelengths. At lower wavelengths 

(300-400 nm), the EQE increases progressively for all devices, with the highest efficiency 

consistently observed in the device with the fifth concentration level. This early spectral region 

highlights the superior photon conversion efficiency of this device in the ultraviolet-blue range.  

Between 400 and 550 nm, the EQE values for all devices continue to rise, albeit at varying rates, 

converging toward a common trend. Notably, the fifth device maintains its performance lead, 

indicating an optimized absorption and carrier collection efficiency likely due to favorable 

material quality or band alignment. The spectral region between 550 and 590 nm marks the peak 

EQE response for all devices. At 570 nm, the highest EQE is recorded, reaching approximately 

96.17% for the third device, and marginally lower values for the others. This narrow band 

represents the optimal operating window of the devices, where photo-generated carriers are 

most efficiently collected [15, 16]. The consistency in peak values across devices suggests that 

all architectures possess similarly effective photon absorption and charge transport mechanisms 

in this range, possibly governed by intrinsic material properties rather than external structural 

differences. Beyond 590 nm, a notable trend emerges the EQE curves of all five devices begin 

to converge, exhibiting minimal variation across the near-infrared region. This convergence 

implies that, at longer wavelengths, the differences in device configuration or concentration no 

longer significantly affect carrier generation or collection. Instead, the limiting factor is likely 

the reduced photon energy in this spectral region, which may fall below the bandgap threshold 

of some layers, thereby reducing the absorption probability. Toward the end of the spectrum 

(above 750 nm), a steep decline in EQE is observed for all devices, eventually approaching 
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negligible values beyond 780 nm. This decline corresponds to the long-wavelength limit of 

photon absorption, where insufficient photon energy fails to excite electrons across the bandgap, 

thus terminating effective charge carrier generation. Minor residual EQE values in this region 

may be attributed to sub-bandgap absorption or defect-assisted transitions, more prominent in 

the fifth device, which shows slightly higher EQE in the tail region [17, 18]. 

The fill factor (FF) is a vital performance metric in solar cell evaluation, representing 

the ratio of the maximum obtainable power to the product of open-circuit voltage (VOC) and 

short-circuit current density (JSC). Mathematically, it is defined as [19]: 

FF =
𝑷max

𝑽oc × 𝑱sc

                                                     (𝐕𝐈𝐈. 𝟒) 

A higher FF signifies lower internal resistive losses and better carrier extraction 

efficiency. From Table VII.3, the FF values for the five devices range from 77.56% to 84.79%. 

The highest FF of 84.79% is observed in Device-II (Rb2Pt0.75Pd0.25Br6), suggesting this 

composition yields an optimal balance between series and shunt resistance, promoting efficient 

charge transport and minimal recombination losses. Device-III and Device-IV also maintain 

relatively high FFs of 83.45% and 82.69%, respectively, indicating good electrical 

characteristics across intermediate alloying concentrations. Notably, Device-V (Rb2PdBr6), 

despite demonstrating the highest short-circuit current density (32.07 mA/cm²), exhibits a 

reduced FF of 77.56%, suggesting the presence of increased resistive losses or charge 

recombination at higher Pd content.  

The power conversion efficiency (PCE) quantifies the effectiveness of a solar cell in 

converting incident light into electrical energy and is calculated as [20]: 

PCE =
𝑽oc × 𝑱sc × FF

𝑷in

                                              (𝐕𝐈𝐈. 𝟓) 

Where Pin  is the incident solar power, typically 100 mW/cm² under standard AM1.5G 

conditions. The PCE values obtained range from 10.10% to 24.04%. Device-I (Rb2PtBr6) 

demonstrates the lowest PCE (10.10%), constrained primarily by a low JSC of 9.01 mA/cm² 

despite a relatively high VOC (1.37 V) and FF (81.58%). Upon partial substitution of Pt with Pd, 

Device-II exhibits a significant enhancement in all photovoltaic parameters, culminating in a 
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PCE of 21.53%. The PCE reaches its peak value of 24.04% in Device-IV (Rb2Pt0.25Pd0.75Br6), 

where a well-optimized JSC (27.60 mA/cm²), reasonable VOC (1.05 V), and high FF (82.69%) 

synergistically yield the most efficient energy conversion. Device-V, although having the 

highest JSC, records a slightly lower PCE (22.16%) due to its diminished VOC (0.82 V) and FF, 

highlighting the trade-offs associated with complete substitution of Pt by Pd. 

Table VII.3: Photovoltaic Performance Parameters of the Devices I to V 

Absorber Material VOC (V) FF (%) JSC (mA/cm-2) PCE (%) 

Device-I (Rb2PtBr6) 1.37 81.58 9.01 10.10 

Device-II (Rb2Pt1-0.25Pd0.25Br6) 1.28 84.79 19.72 21.53 

Device-III (Rb2Pt1-0.5Pd0.5Br6) 1.14 83.45 24.77 23.74 

Device-IV (Rb2Pt1-0.75Pd0.75Br6) 1.05 82.69 27.60 24.04 

Device-V (Rb2PdBr6) 0.82 77.56 32.07 22.16 

 

 

Figure VII.7. (a) Current-Voltage J-V Characteristics and (b) External Quantum Efficiency EQE for 

the Five Devices 

VII.5.2 Integration of PSC in Embedded System 

The integration of a Perovskite Solar Cell (PSC) into the embedded system of an 

agricultural quadcopter represents a significant step toward achieving energy autonomy and 

reducing human intervention in field operations. In this design, the PSC is strategically 

positioned on the upper surface of the quadcopter, as illustrated in Figure VII.8, to maximize 

solar energy capture during flight and idle periods. The harvested solar energy is used to charge 
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the onboard battery and directly supplement the power requirements of the quadcopter’s 

embedded systems, thereby reducing dependency on ground-based charging infrastructure. This 

approach not only extends operational endurance but also enhances the sustainability of 

agricultural spraying missions, where the quadcopter is deployed to distribute agrochemical 

products for crop protection, pest control, and fertilization. By leveraging the high efficiency 

and lightweight properties of perovskite solar technology, the proposed system ensures a self-

powered, power-independent solution that aligns with modern precision agriculture goals. 

 

Figure VII.8. 3D View of Simulated Agricultural Quadcopter with Integrated Solar Panel 
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Following the comprehensive characterization of the five perovskite solar cell 

prototypes presented in Section VII.5.1, it was determined that Device 4 delivered the most 

favorable performance parameters for integration into the quadcopter’s embedded power 

system. This device, based on the composition Rb₂Pt₁₋₀.₇₅Pd₀.₇₅Br₆, demonstrated under standard 

test conditions AM 1.5G, 1000 W/m², active area = 1 cm² an open-circuit voltage (VOC) of 1.05 

V, a short-circuit current density (JSC) of 27.60 mA/cm², and a fill factor (FF) of 82.69 %, 

yielding a power conversion efficiency (PCE) of 24.04 %. The corresponding maximum output 

power can be calculated as [21]: 

𝑷𝒎𝒂𝒙 = 𝑽𝑶𝑪 × 𝑱𝑺𝑪 × 𝑭𝑭 ≈ 𝟏. 𝟎𝟓 × 𝟐𝟕. 𝟔𝟎 mA × 𝟎. 𝟖𝟐𝟔𝟗 ≈ 𝟐𝟑. 𝟗𝟖 mW                (VII.6) 

per cell of 1 cm² active area. This high output power, combined with the lightweight 

nature of the perovskite layer, makes the device highly suitable for airborne energy harvesting. 

To meet the operational voltage and current requirements of the quadcopter encompassing both 

battery charging and direct powering of low-voltage embedded electronics multiple cells will 

be interconnected in series and/or parallel. Furthermore, the integration of a maximum power 

point tracking (MPPT) charge controller, modeled in Section 6.1, will ensure that the PSC array 

operates consistently at peak efficiency under varying environmental conditions, enabling a 

self-powered agricultural spraying platform with minimal human intervention. 

VII.5.2.1 Modeling of Charge Controller Circuit 

a- Mission assumptions for our prototype 

In this section, we outline the mission assumptions for the quadcopter prototype, 

focusing on the battery charging process using perovskite solar cells. The quadcopter is 

designed to cover a field of 1.08 hectares, with a total weight ranging between 4.5 kg and 5.5 

kg. The quadcopter is powered by a Li-Po 22,000 mAh 6S (22.2 V) 25C battery, which is 

charged at stations strategically placed along the field's border. These stations are primarily 

powered by solar cells and include human intervention for urgent situations. The goal is to use 

perovskite solar cells for recharging the battery, with the power generation and panel 

dimensions optimized through MATLAB modeling. 
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b- Perovskite Solar Cell Design and Optimization 

The perovskite solar cells used in the quadcopter charging stations are designed to achieve 

a target power output of 30 W. To determine the optimal panel dimensions and the number of 

cells required, we need to ensure that the system delivers the desired voltage and current.  

• Series Configuration: The number of cells connected in series is calculated to meet the 

required voltage. The voltage per cell under open-circuit conditions (VOC) is 1.05 V, and the 

target voltage (Vtarget) is 18.8 V. Therefore, the number of cells in series (nseries) is determined 

as [22]. 

𝒏series = ⌈
𝑽target

𝑽oc

⌉ = ⌈
𝟏𝟖. 𝟖

𝟏. 𝟎𝟓
⌉ = 𝟏𝟖                                          (𝐕𝐈𝐈. 𝟕) 

• Parallel Configuration: To achieve the desired current of at least 100 mA, the number of 

parallel strings of cells (nparallel) is calculated based on the current per cell (Icell), which is 

𝐼cell = 𝐽sc × area = 27.60 mA/cm2 × 1 cm2 = 27.60 mA. The number of parallel strings 

required is [22]. 

𝒏parallel = ⌈
𝑰target

𝑰cell
⌉ = ⌈

𝟑𝟎𝟎

𝟐𝟕. 𝟔𝟎
⌉ = 𝟏𝟏                                        (𝐕𝐈𝐈. 𝟖) 

Thus, the total number of cells required is the product of the number of cells in series 

and the number of parallel strings [22]. 

𝒏total = 𝒏series × 𝒏parallel = 𝟏𝟖 × 𝟏𝟏 = 𝟏𝟗𝟖                                     (𝐕𝐈𝐈. 𝟗) 

The resulting total active area of the module is 198 cm² (e.g., 18.0 cm × 11.0 cm), as 

shown in Figure VII.9. With these dimensions, the theoretical output of the solar module is 

estimated as follows: 

• Open-circuit voltage (VOC): 18.9 V (calculated as 18×1.05 V). 

• Maximum current (Imax) : 303.6 mA (calculated as 11×27.60 mA). 
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• Estimated maximum power output (Ptotal): 47.47 W, calculated using the following 

formula. 

𝐏total = 𝐕total × 𝐈total × 𝐅𝐅                                        (𝐕𝐈𝐈. 𝟏𝟎) 

This estimated maximum power indicates that the module can provide enough energy 

for a drone's battery charging system. 

 

Figure VII.9. Layout of Perovskite Solar Panel (11 × 18 Cells) for Drone Battery Charging 

c- Charging System Design 

Building upon the previous work where the perovskite solar cell model was developed 

and simulated in MATLAB to predict the photovoltaic (PV) output, this section focuses on 

implementing the Maximum Power Point Tracking (MPPT) system for optimizing the power 

extracted from the perovskite solar panel. The MATLAB model provided crucial insights into 

the behavior of the solar panel under various environmental conditions, including irradiance 

and temperature changes. These insights serve as the foundation for designing the MPPT 

system, which will control the power extraction from the panel in real-time. 
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In this section, the PV output derived from the MATLAB simulation is applied to a 

MPPT charging circuit implemented with an Arduino Uno microcontroller. The primary 

objective of this MPPT system is to dynamically adjust the operating point of the solar panel to 

maximize its power output, ensuring the most efficient use of the harvested solar energy. The 

PV panel used in this system is based on the TDC_M20_36 model, which is controlled through 

an Arduino board for real-time MPPT operation. 

The circuit diagram of the system is shown in Figure VII.10(a), illustrating the 

integration of the PV panel, Arduino Uno, and the supporting components. The PV panel 

generates a variable output in terms of voltage and current, which are monitored by the Arduino 

Uno via a current sensor (INA169), depicted in Figure VII.10(b), and a voltage sensor (B25), 

shown in Figure VII.10(c). These sensors provide real-time data to the Arduino, enabling it to 

calculate the power output from the PV panel. Based on this data, the microcontroller adjusts 

the MOSFET (Q1) in the DC-DC converter circuit, ensuring the panel operates at its maximum 

power point. 

The DC-DC converter, comprising components like the inductor (L), capacitors (C0 and 

C1), and diode (D1), regulates the output voltage to the load while optimizing power extraction 

from the PV panel. The MOSFET is controlled by the TC4420 driver, which interfaces with the 

Arduino to manage the switching operation. By adjusting the duty cycle of the MOSFET, the 

system ensures that the PV panel operates at its optimal power point under varying conditions. 

The LCD display in Figure VII.10(d) is connected to the Arduino to provide real-time 

system feedback, such as voltage, current, and power output. This visual display allows for easy 

monitoring of the system’s performance, ensuring that the MPPT algorithm is effectively 

tracking and adjusting the power extraction in response to changing environmental conditions. 

The MPPT algorithm’s effectiveness can be assessed through the analogue analysis 

section, which demonstrates how the panel’s power output varies over time as it adjusts to 

different irradiance levels. This system, designed using the insights from the MATLAB 

simulation, shows the feasibility and efficiency of employing Arduino-based control for 

optimizing the power output of solar energy systems. 
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Finally, this circuit will be integrated with a drone flight controller, which is also based 

on an Arduino platform. This integration will enable the drone to harness solar energy during 

flight, thereby extending its operational time and providing a sustainable power source, 

particularly in remote or off-grid areas where access to conventional power sources is limited. 

 

Figure VII.10. MPPT Charging Circuit with Arduino, Current and Voltage Sensor Circuits, and LCD 

Display for System Monitoring 
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VII.6 Conclusion 

he integration of Perovskite Solar Cells (PSCs) into embedded systems offers 

a promising solution to the challenges of powering autonomous devices in 

remote locations. PSCs' unique properties, such as high efficiency, low cost, 

and flexibility, make them an ideal candidate for energy harvesting in embedded systems, 

particularly in applications like agricultural drones. Despite the challenges related to stability 

and environmental concerns, ongoing research and technological advancements continue to 

improve the performance and longevity of PSCs. The use of simulation tools such as SCAPS-

1D provides valuable insights into optimizing the design of PSCs, further enhancing their 

efficiency in real-world applications. As demonstrated through the case of the agricultural 

quadcopter, PSCs have the potential to enable energy autonomy, reduce human intervention, 

and contribute to the sustainability of embedded systems, marking a significant step towards 

more eco-friendly and efficient technologies. 
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General Conclusion 

This thesis has presented a comprehensive theoretical and computational study on the 

potential of perovskite, double perovskite, and antiperovskite compounds for renewable energy-

powered embedded systems. Motivated by the global need for sustainable and cost-effective 

alternatives to conventional materials such as silicon, lithium, and III–V compounds, this 

research has investigated a wide range of structural, electronic, optical, elastic, and 

thermoelectric properties using Density Functional Theory (DFT) with advanced exchange-

correlation functionals, the Full-Potential Linearized Augmented Plane Wave (FP-LAPW) 

method, and complementary simulation tools such as SCAPS-1D, MATLAB, and Proteus. 

The results confirmed the thermodynamic stability of several studied compounds 

through negative formation energies and robust cohesive properties. Electronic structure 

analyses revealed semiconducting gaps favorable for photovoltaic applications as well as half-

metallic behaviors with potential in spintronics. Elastic and vibrational studies showed that 

many compounds satisfy mechanical stability criteria, combining ductility, stiffness, and 

thermal robustness key attributes for their integration into real-world devices. 

Thermoelectric investigations highlighted the promising performance of Ba₂InOsO₆ and 

Sr₂MnSbO₆, especially under spin–orbit coupling, with improved carrier transport and enhanced 

figures of merit (ZT). Optical property analyses of ASiCl₃, A₃SbAs, A₃BiI₃, and Rb₂Pt₁₋ₓPdₓBr₆ 

alloys revealed strong absorption and favorable dielectric behavior, confirming their suitability 

for solar cells, LEDs, and infrared sensors. SCAPS-1D simulations further demonstrated the 

potential of Rb₂Pt₁₋ₓPdₓBr₆ alloys in photovoltaic devices, achieving efficiencies up to 24%, 

thereby validating their promise for efficient and cost-effective renewable energy harvesting. 

Finally, the integration of perovskite solar cells (PSCs) into embedded systems, with 

emphasis on agricultural and off-grid applications, demonstrated their ability to enhance energy 

autonomy, reduce operational costs, and minimize human intervention. While challenges 

remain—including long-term stability, toxicity, and environmental resilience—this work 

establishes a solid scientific and technological foundation for the adoption of perovskites in 

embedded system applications. 
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Perspectives 

Looking forward, the findings of this thesis open several avenues for future research and 

technological development. On the materials side, efforts should focus on lead-free and 

environmentally benign perovskite compositions, as well as hybrid oxide–halide systems that 

combine stability with high efficiency. Machine learning–guided high-throughput DFT 

screening could accelerate the discovery of optimal compounds, extending beyond those 

investigated here. 

From the device engineering perspective, improved solar cell architectures, interfacial 

engineering, and encapsulation strategies are needed to enhance the operational lifetime of 

perovskite-based devices under real-world conditions. Combining photovoltaic and 

thermoelectric functionalities within the same material platform may also enable 

multifunctional embedded systems capable of harvesting both solar and waste heat. 

At the system level, integrating perovskite solar cells into embedded applications such 

as autonomous drones, agricultural sensors, and medical devices offers new possibilities for 

energy self-sufficiency. Coupling computational predictions with experimental synthesis and 

prototype validation will be essential to translate these findings into practical solutions. 

From a societal perspective, the successful implementation of stable and non-toxic 

perovskite compounds could reduce dependence on scarce raw materials, lower production 

costs, and advance the global transition to cleaner technologies. By contributing both 

fundamental insights and applied strategies, this thesis provides a foundation upon which future 

interdisciplinary research can build, ultimately accelerating the deployment of sustainable, 

intelligent, and energy-efficient embedded systems. 
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A.1 Magnetic Properties 

Table A.1 and Table A.2 presents the calculated magnetic properties of Ba₂InOsO₆ and 

Sr₂MnSbO₆. Ba₂InOsO₆ exhibits a net magnetic moment of 3 μB, primarily originating from the 

Os 5d electrons, consistent with its half-metallic nature. In contrast, Sr₂MnSbO₆ shows a larger 

local moment on Mn, reflecting the strong exchange interactions of 3d orbitals. The difference 

between the two compounds can be attributed to the variation in B-site cations (In vs. Mn, Os 

vs. Sb), which modifies the degree of hybridization and superexchange pathways. 

Table A.1: Magnetic Moments (μ) of Ba2InOsO6 Under Different Approximations 

Material Approximation μBa μIn μOs μO μint μcell 

Ba2InOsO6 

GGA 0.01353 0.00022 1.61120 0.12051 0.64833 3.00988 

GGA + U (U = 2.84) 0.01120 -0.00122 1.72125 0.10917 0.60744 3.00489 

mBJ+U 0.00082 -0.00361 2.02885 0.09328 0.41350 3.00005 

mBJ+U+SOC 0.00090 -0.00359 1.98738 0.09126 0.40415 2.94332 

 
Table A.2: Magnetic Moments (μ) of Sr2MnSbO6 Under Different Approximations 

Material Approximation ΜSr ΜMn μSb μO1 μO2 μint μcell 
Sr2MnSbO6 GGA 0.00136 3.28353 0.02260 0.03129 0.03566 0.48595 4.00001 

GGA + U (U = 4) 0.00179 3.47788 0.01568 0.02098 0.00891 0.44635 4.02106 

mBJ+U -0.00031 3.59033 0.01239 0.02566 0.01383 0.29132 4.00007 

mBJ+U+SOC -0.00031 3.58985 0.01235 0.02549 0.01357 0.29263 3.99949 

 

 



 

Appendix - B 
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B.1 Flight Controller 

The flight controller Figure B.1, implemented on an Arduino Nano board, integrates 

inertial measurement unit (IMU) sensors (e.g., MPU6050) for stabilization, and distributes 

control signals to the ESCs to regulate the quadcopter’s four motors. 

 

Figure B.1. Wiring schematic of the flight controller using Arduino Nano and MPU6050 sensor 

B.2 Receiver Circuit 

The receiver circuit employs an Arduino Nano connected to the nRF24L01 module 

Figure B.2, which decodes the received signals and forwards control commands to the 

electronic speed controllers (ESCs). 
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Figure B.2. Circuit diagram of the quadcopter receiver module implemented with Arduino Nano and 

nRF24L01 

B.3 Transmitter Circuit 

The transmitter circuit Figure B.3, integrates joystick modules with the Arduino 

microcontroller, which encodes user commands and transmits them via the nRF24L01 RF 

module. 

 

Figure B.3. Circuit diagram of the quadcopter transmitter module based on Arduino Nano and 

nRF24L01 
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B.4 Quadcopter Circuit 

Figure B.4 presents the circuit diagrams of the quadcopter system developed in this 

research. It covers the transmitter, as well as the receiver and flight controller, which were built 

using Arduino microcontrollers and RF communication modules. The detailed circuit diagrams 

of the receiver and flight controller are provided in Sections B.2 and B.3. These materials 

complement the discussion in Chapter VII and serve as a reference for reproducibility and 

future development. 

 

 

Figure B.4. Circuit diagram of the quadcopter 

 

 

 

 

 



 



 



 



 



 



 



 



 



 



 



 



Abstract: This thesis explores the potential of perovskite-based materials for renewable energy-powered 

embedded systems, with a focus on addressing the challenges posed by rising raw material costs and resource 

scarcity. By leveraging the unique properties of perovskites, including their structural flexibility, tunability, and 

promising optoelectronic characteristics, this research investigates alternative materials to conventional silicon, 

lithium, and III-V compounds used in energy-related components. The study employs theoretical and 

computational methods, including Density Functional Theory (DFT) and simulation tools such as SCAPS-1D, to 

analyze the structural, electronic, elastic, optical, and thermoelectric properties of various perovskite materials. 

The perovskites studied include ASiCl₃ (where A = Cs, Rb, Li), A₃SbAs (where A = Ba, Sr, Ca), A₃BiI₃ (where A 

= Ba, Sr, Ca), Rb₂Pt₁₋ₓPdₓBr₆ (a double perovskite alloy), Sr₂MnSbO₆, Ba₂InOsO₆, and CsTaX₃ (where X = S, Se). 

Key findings include the identification of perovskites with high photovoltaic efficiencies (up to 24%) and 

excellent potential for applications in solar cells, LEDs, and infrared sensors. The work also highlights the 

suitability of these materials for agricultural and off-grid embedded systems, paving the way for more cost-

effective, sustainable, and energy-efficient technologies. This thesis contributes valuable insights into the 

development of advanced embedded systems with a focus on renewable energy solutions, offering a foundation 

for future research in the field. 

Keywords: Perovskite materials, Renewable energy, Embedded systems, Photovoltaic efficiency, SCAPS-1D 

simulation. 

 

تستعرض هذه الأطروحة إمكانيات المواد القائمة على البيروفيسكايت لأنظمة المدمجة المعتمدة على الطاقة المتجددة، مع التركيز على : الملخص

ه  ذلك مرونتمعالجة التحديات الناجمة عن زيادة تكلفة المواد الخام ونقص الموارد. من خلال الاستفادة من الخصائص الفريدة للبيروفيسكايت، بما في  

لليثيوم، والمركبات  الهيكلية، قابلية تعديله، وخصائصه البصرية والإلكترونية الواعدة، تبحث هذه الدراسة في البدائل للمواد التقليدية مثل السيليكون، وا

 (DFT) ذلك نظرية الوظائف الكثافةالمستخدمة في المكونات المتعلقة بالطاقة. تعتمد الدراسة على أساليب نظرية وحسابية، بما في   III-V من النوع

مثل المحاكاة  المواد SCAPS-1D وأدوات  من  للعديد  للكهرباء  والحرارية  والبصرية  والمرنة  والإلكترونية  الهيكلية  الخصائص  لتحليل   ،

المدروسة المواد  تشمل   ,ASiCl₃ (A = Cs, Rb, Li), A₃SbAs (A = Ba, Sr, Ca), A₃BiI₃ (A = Ba, Sr, Ca)البيروفيسكايت. 

Rb₂Pt₁₋ₓPdₓBr₆ Sr₂MnSbO₆, Ba₂InOsO₆, and CsTaX₃ (X = S, Se)  تشمل النتائج الرئيسية تحديد مواد بيروفيسكايت تتمتع بكفاءات

، وأجهزة استشعار الأشعة تحت الحمراء. كما تسلط  LED %( وإمكانات ممتازة للاستخدام في خلايا شمسية، وأجهزة24ضوئية عالية )تصل إلى  

أكثر فعالية    الدراسة الضوء على ملاءمة هذه المواد لأنظمة مدمجة في الزراعة والتطبيقات المستقلة عن الشبكة الكهربائية، مما يمهد الطريق لتقنيات

يمة حول تطوير الأنظمة المدمجة المتقدمة مع التركيز على حلول  من حيث التكلفة ومستدامة وموفرة للطاقة. تساهم هذه الأطروحة في تقديم رؤى ق

 .الطاقة المتجددة، مما يوفر أساسًا للبحوث المستقبلية في هذا المجال 

 SCAPS-1D محاكاة ,كفاءة الخلايا الشمسية ,الأنظمة المدمجة ,الطاقة المتجددة ,مواد البيروفيسكايت :الكلمات الرئيسية

 

Résumé : Cette thèse explore le potentiel des matériaux à base de pérovskites pour les systèmes embarqués 

alimentés par des énergies renouvelables, en mettant l'accent sur les défis posés par la hausse des coûts des 

matières premières et la rareté des ressources. En exploitant les propriétés uniques des pérovskites, telles que leur 

flexibilité structurelle, leur modulabilité et leurs caractéristiques optoélectroniques prometteuses, cette recherche 

examine des matériaux alternatifs aux matériaux traditionnels comme le silicium, le lithium et les composés III-

V utilisés dans les composants énergétiques. L’étude utilise des méthodes théoriques et computationnelles, telles 

que la théorie de la fonctionnelle de densité (DFT) et des outils de simulation comme SCAPS-1D, pour analyser 

les propriétés structurelles, électroniques, élastiques, optiques et thermoélectriques de divers matériaux 

pérovskites. Parmi les principaux résultats, on identifie des pérovskites ayant des rendements photovoltaïques 

élevés (jusqu'à 24 %) et un excellent potentiel pour des applications dans les cellules solaires, les LED et les 

capteurs infrarouges. Les matériaux étudiés incluent ASiCl₃ (où A = Cs, Rb, Li), A₃SbAs (où A = Ba, Sr, Ca), 

A₃BiI₃ (où A = Ba, Sr, Ca), Rb₂Pt₁₋ₓPdₓBr₆ (un alliage de pérovskite double), Sr₂MnSbO₆, Ba₂InOsO₆, et CsTaX₃ 

(où X = S, Se). Le travail met également en évidence la pertinence de ces matériaux pour des systèmes embarqués 

agricoles et hors réseau, ouvrant la voie à des technologies plus rentables, durables et efficaces en termes 

d'énergie. Cette thèse apporte des éclairages précieux sur le développement des systèmes embarqués avancés, en 

mettant l'accent sur les solutions d'énergie renouvelable, et offre une base pour les recherches futures dans ce 

domaine. 

Mots-clés: Matériaux pérovskites, Énergie renouvelable, Systèmes embarqués, Efficacité photovoltaïque, 

Simulation SCAPS-1D. 


