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General Introduction

Perovskite-type materials occupy a central place in contemporary research in materials
science and solid-state physics. First identified in 1839 by the mineralogist Gustav Rose, these
compounds have steadily attracted growing interest due to their remarkable structural and
functional versatility. Their archetypal crystal structure, denoted as ABX3, where A and B
represent cations and X is an anion (commonly oxygen or a halogen), serves as the foundation
of an extraordinarily rich family of materials. This structure can be generalized to double
perovskites of the A2BB'Os type, in which two distinct cations occupy the B site, thereby
enabling an even broader diversity of physical properties and functionalities.

One of the most compelling aspects of perovskites lies in the possibility of finely tuning
their properties through cationic or anionic substitution. This tunability makes them particularly
attractive for a wide range of strategic applications. For instance, in the field of photovoltaics,
perovskite-based solar cells have achieved efficiencies exceeding 25% in less than two decades,
a rate of progress unmatched by most other photovoltaic technologies. Beyond solar energy,
these compounds also hold great promise in photonics and optoelectronics, where their strong
light absorption and intense photoluminescence can be harnessed for efficient light-emitting
devices and detectors. In addition, perovskites play an increasingly important role in energy
storage and conversion technologies, whether as electrode materials for batteries or as redox-
active catalysts. Certain members of this material family also exhibit noteworthy magnetic
behaviors, opening the door to potential applications in spintronics, magnetic sensors, and
multifunctional devices.

Despite these considerable advantages, perovskites still face two major obstacles that
hinder their large-scale deployment. The first challenge is stability: many halide perovskites are
prone to degradation when exposed to humidity, elevated temperatures, or prolonged light
irradiation, which severely limits their long-term durability in devices. The second challenge
concerns toxicity, particularly that of lead (Pb). The highest-performing halide perovskites
generally contain lead, raising serious environmental and health concerns and creating barriers
to their widespread industrial implementation.

In light of these challenges, significant research efforts are currently devoted to the

development of alternative materials that are both lead-free and more stable, without sacrificing



high performance. In this context, theoretical ab initio methods, especially those based on
density functional theory (DFT), provide a powerful framework for exploring and predicting
the properties of new compounds prior to experimental synthesis. By employing DFT in
combination with robust computational codes such as WIEN2k and BoltzTraP, it becomes
possible to accurately evaluate a broad range of material characteristics, including structural,
electronic, optical, elastic, and thermoelectric properties.

The present dissertation is firmly embedded within this research landscape. It offers a
comparative study of oxide and halide perovskites, with the overarching goal of identifying
lead-free compounds that combine structural stability with promising optoelectronic behavior
and notable thermoelectric efficiency. More specifically, two families of materials are
investigated: the simple oxide perovskites CeBeOs and CeMgOs, and the halide double
perovskites K2BBiBrs (with B = Cu or Ag).

The manuscript is structured into five chapters. Chapter | presents the state of the art on
simple and double perovskites, including a detailed overview of their crystallographic
structures, stability criteria, main physical properties, synthesis techniques, as well as their most
prominent applications and current scientific and technological challenges. Chapter 1l
introduces the theoretical framework and computational methods employed, with particular
emphasis on density functional theory, exchange correlation approximations, the full-potential
linearized augmented plane wave (FP-LAPW) method, and their implementation within the
WIENZ2k code. Chapter 1l focuses on an in-depth investigation of the structural, electronic,
optical, elastic, and thermoelectric properties of simple oxide perovskites. Chapter 1V extends
this analysis to halide double perovskites, examining their structural, electronic, mechanical,
optical, and transport properties. Finally, Chapter V draws upon the insights gained throughout
the thesis to discuss the prospects for integrating the studied materials into embedded systems,
thereby bridging the gap between fundamental materials research and potential technological

applications.



CHAPTER I

STATE OF THE ART
ON SIMPLE AND DOUBLE
PEROVSKITE

LLINTrodUCTION .....ei e 5
1.2 Description of the simple perovskite structure ..................coooiiiiiin.n. 6
1.2.1 From simple perovskite to double perovskite (A2BB’Og) ................... 6
1.3 The structural stability of perovskites ...............cocoiiiiiiiiiiiii 7
a) Tolerance factor Goldschmidt analysis ..............cccooeviiiiiiiiiiininnn 7

b) lonicity of the bonds ... 8

1.4 Crystallographic structure of Perovskites ...............cooiiiiiiininn.. 9
1.4.1 Ideal Cubic Perovskite Structure .............coooiiiiiiiiiiiiiiiiieen 9
1.4.2 Distorted Perovskite Structures ...........coooviiiiiiiiiiiiieeeen, 10
1.5 General Properties of perovskites ............coooiiiiiiiiiiiiiiine, 11
1.6 Methods of synthesis of compounds ...............coooviiiiiiiiiiiiiin. 12
1.6.1 Czochralski crystal growth method .................ocoiiiiiiiiii 13
1.6.2 Solid-state reaction method .............oooiiiiiiii 14
1.7 Applications of Perovskites in modern technologies ........................... 14
@) SOlar Cells ... 14

b) LEDs and Photodetectors ...........ooovviriiiiiiiiiie e 15

C) Catalysis and Batteries ..........c.ovveririiitiiii e, 15

1.8 Synthesis of Perovskite compounds - Challenges and opportunities ...... 15
1.9 ThesisS MOtIVAtioN ... ..ot e 17

RETEIENCES ..o e 19



Chapter | State of the Art on Simple and Double Perovskites

1.1 Introduction

Perovskites materials represent a unique class of inorganic crystalline solids that are
widely recognized for their remarkable and varied physical properties. First discovered in 1839
by the German geologist Gustav Rose in the Ural Mountains of Russian [1]. Rose subsequently
named this mineral in honor of Russian mineralogist Count Lev Alekseevich Von Pevosky
(1792-1856) [2]. The significance of this discovery extends far beyond its historical origins.
What began as a the identification of a single mineral has evolved into the recognition of an
entire structural family encompassing thousands of compounds with the general formula ABXs,
where A and B represent cations of different sizes and X typically represents an anion, most
commonly oxygen or halogen [3]. These compounds have become famous due to their
fascinating material properties and their extensive applications, particularly in fields such as
optoelectronics, catalysis, energy storage, and renewable energy technologies. Their versatility,
ranging from high-performance photovoltaic devices to sensors and spintronic systems, makes
them a central focus of modern materials research. [4]. Figure 1.1 represents natural perovskite
mineral (CaTiOs3) crystal structure showing the characteristic cubic arrangement.

Figure 1.1 Calcium Titanate Perovskite (CaTiOz)

The typical perovskite crystal structure has drawn significant attention over the past decade,
owing to its wide range of physical properties that have driven major advancements in various
technological fields. For instance, these materials have demonstrated promising
superconducting properties [5], in addition to other exceptional characteristics such as high
ionic conductivity and optical non-linearity [6]. Perovskites are generally classified into two
categories: simple perovskites and complex perovskites, each of which exhibits distinct

structural and functional attributes [7].
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1.2 Description of the simple perovskite structure

The simple perovskite structure is a highly efficient crystal configuration with a distinct
atomic arrangement that influences its physical properties. In the perovskite structure, the A
cation is typically large and occupies the corners of the unit cell, while the smaller B cation is
located at the center, surrounded by six oxygen atoms arranged in an octahedral coordination.
Oxygen atoms are positioned to form cubic and octahedral arrangements around the A and B
cations, respectively. This arrangement leads to a stable and compact structure. Approximately
74% of the volume in a perovskite unit cell is occupied by atoms, leaving the remaining space
unoccupied [8]. This packing efficiency indicates a tightly packed structure, which is crucial
for the material’s stability and its ability to accommodate different cations at both the A and B
sites, enhancing its versatility in various applications. The atomic positions are typically defined
as follows: A at (0, 0, 0), B at (0.5, 0.5, 0.5) and X atoms (usually oxygen) at the positions (0.5,
0.5, 0), (0.5, 0, 0.5), and (0, 0.5, 0.5) as shown in Figure 1.2, [9-10].

A

B

0,

Figure 1.2 Representation of the ABO3 perovskite structure by the unit cell

1.2.1 From simple perovskite to double perovskite (A2BB’Qg)

Double perovskites follow the general formula A2BB'Os, which results in a unit cell that is
twice the size of a simple perovskite. This structure emerges from the combination of two
materials, each having a perovskite-type framework, with one exhibiting an ABO3 composition
and the other an AB'Os composition. The ordered arrangement of the double perovskite
A>BB'Og is illustrated in Figure 1.3 [11]. In this structure, each B or B* cation is surrounded by
oxygen octahedra, with each B cation coordinating with six B" cations and vice versa. When
there is a significant difference in the size or valence between the B and B" ions, they tend to
occupy alternating positions in the crystal lattice. This results in an arrangement where B-type

atoms are exclusively in contact with B'-type atoms, and vice versa, forming two interwoven
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sublattices of BOs and B'Os octahedral. Other possible structural variations of double
perovskites include AA'B.Os or AABB'Os. The versatility and adaptability of double
perovskites, due to their unique atomic arrangement and the possibility of incorporating
different cations at the A, B and B" sites, contribute to their potential applications in areas such
as photocatalysis, magnetic materials and energy storage [12-13]. Their structure can also
accommodate various substitutions, allowing for fine-tuning of their electronic and optical
properties, which makes them particularly attractive for optoelectronic devices and solar energy

applications [14-15].

Figure 1.3 Unit cell of the ordered double perovskite (A2BB’Os)

1.3 The structural stability of perovskites
In an ideal perovskite structure, the ions are in contact with each other, and the BXe octahedra
are perfectly aligned, forming an undistorted three-dimensional network with cubic symmetry.

The stability of this ideal structure depends on two factors:

c) Tolerance factor Goldschmidt analysis

The ABO3 perovskite structure exhibits substantial flexibility, allowing for a wide array of
applications based on the positions of the A and B cations. The relationship between the A—O
and B—O bond lengths is fundamental for determining the various properties of these materials.

In an ideal cubic crystal structure, the distance between the B and O ions is equal to a/2 (where

a represents the lattice constant) and the distance between the A and O ions isa/v2. The

relationship between the A and B atoms is given by:
Ry + Ro = V2(Rg + Rg) (1.1)

However, in ABOz-type perovskite compounds, this ideal equation is not always satisfied. In
1926, Victor Moritz Goldschmidt [16] introduced the concept of the tolerance factor, which has

become a standard tool for assessing the structural stability of perovskites based on the
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interatomic distances Ra and Ro. The tolerance factor (t) is calculated by the following
expression:

Ra + Rg

t=m (12)

Here, Ra, Rs denote the ionic radii of the A and B cations, respectively, while Ro corresponds
to the ionic radius of the oxygen anion.

The values of the ionic radii used for calculating t were empirically determined and are listed
in the Shannon and Prewitt table [17].

Depending on the value of t, structural deviations from the ideal cubic structure are observed.
When the value of t approaches 1, the ideal cubic perovskite structure is retained. As long as t
remains between 0.75 and 1.06, the material preserves a perovskite-like structure [18]. The ratio
of the volume of the A-site cation polyhedron (Va) to that of the B-site cation (Vs) is exactly
5. This ratio Va/Vs is a useful parameter that characterizes the degree of distortion of the
perovskite structure. The smaller this ratio, the greater the structural distortion.

Table 1.1 presents the various crystal structures that emerge based on the value of the

Goldschmidt tolerance factor.

Table 1.1 Evolution of the crystal structure as a function of the

tolerance factor value

t<0.75 IImenite
0.75<t<0.90 Orthorhombic Distortion
0.90 <t<0.95 Orthorhombic Distortion
0.95<t<1.06 Cubic

t>1.06 Hexagonal

d) lonicity of the bonds
One of the critical parameters for determining the stability of a material is the ionicity of the
anion-cation bond. The average ionic character of the ABO3 perovskite structure can be

quantified by examining the differences in electronegativity, as defined by Pauling's scale [19].

AX ap = XB— Xa (1.3)

AX a0 = Xo — Xa (1.4)
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Where Ay 45 and Ay 4o denote the electronegativity differences between cations A and B, and
between cation A and the oxygen anions, respectively. The stability of the perovskite structure
is enhanced when the involved bonds exhibit a significant ionic character. Lead-based
perovskites, which exhibit a more covalent character, are generally less stable than more ionic

perovskites such as BaTiOs [20].

1.4 Crystallographic structure of Perovskites

Perovskites are a class of materials with a characteristic crystal structure that is of great
interest due to their electrical, magnetic and optical properties. These materials typically
crystallize in a cubic structure, but can also undergo distortions, leading to variations such as

rhombohedral, orthorhombic or other lower symmetry structures as illustrated in (Figure 1.4)

W

Cubic Rherirfechoctal
Orthorhiombic Lowers

Figure 1.4 Crystallographic structures of Perovskites: cubic, rhombohedral, orthorhombic,
and lower symmetry variants
1.4.1 Ideal Cubic Perovskite Structure
The ideal perovskite is a simple cubic structure and belongs to the space group Pm-3m.
It has a motif of one molecule per unit cell (Z = 1). The crystallographic motif of the perovskite
ABX3 contains five atoms (see Figure 1.2). The larger A cations are located at the corners of
the cube, with a coordination number of 12. These A cations are typically alkali ions (e.g., K™,
Na*), alkaline-earth ions (e.g., Sr2*, Ca®"), or rare-earth ions (e.g., La®*). The smaller B cations,
which are six-coordinated, are usually transition metals (e.g., Mn®*, Mn**, Ti**) and occupy the
center of the cube. Oxygen anions, which are also six-coordinated, occupy the center of each
face of the cube [22].
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In the case of manganite, such as LaMnOs, the manganese forms octahedral MnOe units, as
shown in Figure 1.2 [23]. The ideal cubic perovskite structure is characterized by an
electroneutrality condition, where the sum of the charges of the A and B cations equals the total
charge of the oxygen anions. Depending on the charge of the cations, the material can adopt
different oxidation states, leading to variations such as monovalent (A*B®"), divalent (A?*B*"),
or trivalent (A3*B3") oxidation states [24].

As an illustration, the parent compound LaMnO, behaves as an insulating antiferromagnet due
to super exchange coupling between Mn®* ions [25]. However, by modifying the stoichiometry
of oxygen or substituting La®* with a divalent element (such as Sr?*), Mn** ions appear and the

material becomes metallic with a ferromagnetic double-exchange mechanism [26].

(D)
— ¢

£ B X7 B S
2’, B N
(S8 NB

& B =

»

Figure 1.5 Structure model of an ideal perovskite

1.4.2 Distorted Perovskite Structures

While the ideal cubic structure is the most basic form, many perovskite compounds do
not crystallize in this structure. Rather, they undergo distortions that lead to rhombohedral,
orthorhombic, or other lower symmetry structures [27] These distortions often arise from
factors such as changes in the ionic radii of the A and B cations or from electronic ordering
phenomena like the Jahn-Teller effect [28]. The presence of different anions, such as chlorine
(CI) or iodine (1), can also influence the crystal structure, creating double perovskites or other
variants with slightly different characteristics [29]. For example, the A and B cations may still
retain their basic positions, but halide anions replace oxygen, leading to distinct structural
modifications. Other examples of such perovskites include compounds like SroFeMoOs [30],
which display similar distortion patterns depending on their specific ionic configuration.
It can be concluded that the crystallographic structure of perovskites is highly dependent on the
ionic sizes of the constituent elements and the specific distortions that occur due to factors like
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electronic ordering and ionic radii. These distortions can have significant impacts on the
material's physical properties, making perovskites a versatile and important class of materials
in both fundamental and applied research [31].

1.5 General Properties of perovskites

Perovskites are a diverse family of crystalline materials, characterized by their structural
flexibility, chemical richness and ability to exhibit multiple properties within a single phase.
They are defined not just by their chemical formula, but by their intrinsic nature as adaptive,
multifunctional solids capable of exhibiting complex electronic, magnetic, optical, and catalytic
behaviors. This nature arises from their ordered three-dimensional architecture, which
accommodates a wide variety of atomic species without compromising structural coherence.
Classical oxide perovskites Such as, SrTiOsdemonstrate both quantum paraelectricity and high
electron mobility, making it useful in power electronics and as a substrate for thin-film
deposition [32-33]. Perovskites can also be ferroelectric. BaTiOs was the first such material to
be discovered and remains widely used in capacitors and ferroelectric memory devices due to
its reversible electric polarization under an external field. Regarding piezoelectricity,
Pb(Zr1xTix)O3(PZT) is considered the benchmark material, as it efficiently converts mechanical
stress into electrical signals, which is crucial in ultrasound transducers and actuators [34-35].
Optically, many perovskites, especially halide perovskites, exhibit strong light absorption and
tunable band gaps. CHsNH3Pbls, for example, absorbs visible light efficiently and has an ideal
bandgap (~1.55 eV) for solar energy conversion, enabling solar cell efficiencies exceeding
25%, which rivals traditional silicon technologies [36-37]. The all-inorganic variant CsPbBrs3
is notable for its stability and intense photoluminescence, making it suitable for LEDs and low-
threshold lasers [38]. On the magnetic side, perovskites such as Lai-xCaxMnOs exhibit colossal
magnetoresistance, characterized by a dramatic change in electrical resistance under the
influence of a magnetic field, making them particularly attractive for spintronics and magnetic
sensors [39-40]. Others, like YFeOgs are antiferromagnetic, relevant in nonlinear optics and
spin-wave devices [41]. In heterogeneous catalysis, perovskites are widely studied for their
redox activity and oxygen mobility, for example, LaCoOs and Lai-xSrxMnQs serve as efficient
electrodes in solid oxide fuel cells, while SrFeOs;s is known for its high oxygen ion
conductivity, useful in gas separation membranes and chemical looping [42-43]. Thermally,
perovskites like BaZrOs and LaAlOz are highly stable at >1000°C, used as substrates for the
epitaxial growth of high-temperature superconductors and oxide films [44-45]. Despite their

high optoelectronic efficiency, hybrid organic-inorganic perovskites, such as CHzNH3zPbls, are
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sensitive to moisture, heat and UV light, posing challenges for long-term stability in devices.
Significant research is underway to enhance their robustness via encapsulation and chemical
modifications [46-47]. Fundamentally, the nature of perovskites resides in their ability to host
multiple physical phenomena in a unified crystal structure, making them essential materials for

advanced technologies in energy, electronics, photonics and catalysis.

1.6 Methods of synthesis of compounds

Preparing of perovskite compounds, whether in a simple or double, is one of the most
important steps in determining their purity, crystal quality, grain size and functional properties
such as magnetism, conductivity and optical behavior. A wide range of synthesis methods has
been developed, each suited to specific types of perovskites and applications. One of the most
traditional and widely used techniques is solid-state synthesis, which involves high-temperature
reactions between solid precursors. For example, early studies on double perovskites like
Sr.FeMoOs and Ba:FeMoOs used this method by mixing oxide or carbonate powders such as
Fe,03, MoOzand SrCOs often with metallic Mo, followed by repeated calcination steps between
900°C and 1200°C. The challenge with this approach is incomplete reaction or formation of
impurity phases, such as SrMoO4 or BaMoOs, especially when the synthesis is performed at
lower temperatures or without a reducing atmosphere. Researchers have developed purification
techniques, such as magnetic separation in CCls, to remove diamagnetic impurities [48]. To
improve phase purity, especially for oxygen-sensitive perovskites, some studies used sealed
silica ampoules under vacuum or controlled atmospheres. In these cases, adding metallic iron
Inside the ampoule allowed for precise control of the oxygen partial pressure, which helped
obtain pure phases but could still lead to oxygen vacancies if the reduction was too strong [49].
More recent approaches avoid ampoule-based synthesis and instead use gas mixtures, such as
H2/CO2 or Ho/Ar, to control the atmosphere during high-temperature treatments [50]. These
methods enable fine-tuning of oxygen stoichiometry, which is crucial for the electronic and
magnetic properties of double perovskites. For example, Sro.FeMoOe synthesized under 1% H;
in Ar at 1200°C shows improved magnetic ordering due to better Fe/Mo cation ordering and
reduced impurity phases [51] To synthesize nanostructured perovskites or to improve
homogeneity, wet-chemical routes such as sol-gel methods are employed. Here, metal salts like
Fe(NOz)s, Sr(NOs3)2 and (NH4)sMo7024 are dissolved in nitric acid, forming a gel upon solvent
evaporation [52]. Subsequent calcination at 700—-1000°C under reducing conditions yields
nanoparticles with grain sizes as small as 30-50 nm, depending on temperature [53-54].

Similarly, the citrate precursor method uses citric acid and metal salts to form a resin, which is
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decomposed at moderate temperatures, followed by reduction at higher temperatures to form
highly reactive precursor powders that easily transform into the perovskite phase [55]. Another
increasingly popular method is combustion synthesis, which involves exothermic reactions
between metal nitrates and organic fuels (e.g., hydrazine derivatives or glycine) [56]. This
method is fast, producing fine powders (100-200 nm) with high surface area and short reaction
times [57]. Combustion synthesis is especially useful for perovskites used in catalysis or as
magnetic materials, where particle size and surface reactivity are important [58]. In all these
methods, the choice of temperature, atmosphere, and precursor type is critical for achieving
phase purity and desired functional properties. Modern synthesis also focuses on controlling
cation ordering (especially in double perovskites), which can be enhanced by atomic-level
mixing of precursors, as seen in polyacrylamide gel combustion or advanced sol-gel processes.
These techniques have allowed the fabrication of highly ordered and pure perovskites with
tailored properties for applications in spintronics, sensors, photovoltaics and fuel cells [59].
Several traditional and modern approaches can be distinguished for the synthesis of perovskites,
such as solid-state reaction, sol-gel method, and combustion techniques. In the specific case of
fluoro-perovskites, different routes are employed, including crystal growth by the Czochralski
method and solid-state reactions. Among these, the Czochralski technique [60] remains the

most widely used, as it enables the growth of large single crystals.

1.6.1 Czochralski crystal growth method

In this method, a single-crystal seed (Figure 1.6), or alternatively a platinum rod when a
seed is unavailable, is brought into contact with the surface of the molten material in a crucible
maintained close to its melting temperature. Capillary action causes the melt to rise a few

millimeters and adhere to the seed, forming a triple interface of solid—liquid—vapor.
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Figure 1.6: Schematic diagram of the Czochralski method
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While continuously rotating, the seed is slowly pulled upward at a recrystallization rate of about
0.6 to 2.5 mm/h, keeping the triple interface close to the melt surface. Under appropriate
conditions, the material withdrawn from the melt develops into a single crystal [61-62] (Figure
1.7).

Figure 1.7: Single crystals of KMgFs (a) and BaLiF3 (b) grown by the Czochralski method.

1.6.2 Solid-state reaction method

A compound of the form ALiFs3 can be synthesized by a solid-state reaction starting from
high-purity powders (99.9%). The stoichiometric starting mixture is prepared from LiF and AF2
powders. Initially, the constituent elements are pre-dried at 150 °C under a controlled
atmosphere (Oo, Ar, etc.). The starting powders are then weighed and thoroughly mixed in an
agate mortar to homogenize the reaction mixture. Usually, the reactions are carried out in
crucibles made of gold, platinum or alumina (pre-degassed at 600°C for 30 minutes). The heat
treatment is performed in furnaces capable of heating under controlled atmosphere (O, Ar, N2)
or under vacuum, at high temperatures (>800 °C) to allow the solid-state reaction to proceed.
The resulting products appear as crystallites typically about tens of microns in size.

1.7 Applications of Perovskites in modern technologies
a) Solar Cells

Perovskites have become essential in the field of solar energy due to their high light
absorption, low-cost processing and high efficiency. A widely used simple perovskite is
CH3NH3Pblz (methylammonium lead iodide). This material has been used in perovskite solar
cells since 2009 and today enables devices with over 25% efficiency, thanks to its excellent
optoelectronic properties and ease of fabrication at low temperatures. A more stable simple
inorganic perovskite is CsPbls (cesium lead iodide), which offers better thermal and humidity
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stability. It is particularly suited for outdoor solar panels and is also used in tandem solar cells
in combination with silicon [63]. As a lead-free alternative, the double perovskite Cs,AgBiBre
(cesium silver bismuth bromide) has attracted interest. Although its solar efficiency is lower, it
is non-toxic and chemically stable, making it a promising material for environmentally friendly

solar cells [64].

b) LEDs and Photodetectors

Perovskites are also used in light-emitting diodes (LEDs) and photodetectors due to their
strong luminescence and ability to efficiently convert light into electricity or vice versa. A well-
known simple perovskite used in LEDs is CsPbBrs (cesium lead bromide), which emits bright
green light with high color purity and is used in display technology and lighting. For
photodetectors, a widely studied simple perovskite is CH3NHsPbBrsz (methylammonium lead
bromide), which is sensitive to visible light and is used in cameras, motion detectors, and
medical imaging devices [65]. As a lead-free option, the double perovskite Cs,AgBiCls (cesium
silver bismuth chloride) is being developed for blue-emitting LEDs. It offers better

environmental safety, although its efficiency is still being improved [66].

c) Catalysis and Batteries

Oxide perovskites are extensively used in catalysis and energy storage, especially due to
their stability, conductivity, and ability to promote chemical reactions. A widely applied simple
perovskite in catalysis is LaMnOgz (lanthanum manganite), which is used in fuel cell electrodes
and automotive catalytic converters for cleaning exhaust gases. Another important simple
perovskite, LaFeOs (lanthanum ferrite), is employed for carbon monoxide oxidation and in air
purification systems. It is known for its good catalytic activity and chemical durability. In
battery technology, the simple perovskite LizxLa2/>—xTiOs (LLTO) is used as a solid electrolyte
in solid-state lithium batteries. It is valued for its high lithium-ion conductivity and enhanced
safety, compared to liquid electrolytes [67]. A practical example of a double perovskite in
catalysis and sensing is Ba,FeMoOs (barium iron molybdate). It has good electrical
conductivity and thermal stability, making it suitable for chemical sensors and multi-functional
catalytic devices [68].

1.8 Synthesis of Perovskite compounds - Challenges and opportunities

One of the foremost challenges in the development of perovskite-based technologies is
ensuring their long-term stability and resistance to degradation. Many perovskites, particularly
halide types, are known to degrade when exposed to air, water vapor, light and elevated
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temperatures. For example, the 2D hybrid perovskite (BA)2Pbls (where BA = butylammonium)
offers improved moisture resistance over 3D perovskites but still suffers from photochemical
degradation under continuous illumination [69]. Perovskite films can also experience phase
transitions for instance, CsPbBrs, while more thermally stable than some organic-inorganic
perovskites, may degrade at high temperatures or under intense light exposure, leading to loss
of optical and electronic performance [70]. The migration of halide ions (e.g., Br") within the
crystal lattice under an electric field also contributes to instability, causing performance drift in
devices like LEDs and solar cells [71]. To address these issues, compositional engineering has
been explored, such as incorporating rubidium or potassium ions to stabilize the perovskite
lattice [72], or using core shell nanostructures, where the perovskite core is coated with a
protective shell, such as SiO., to block moisture [73]. Additionally, encapsulation techniques
using polymer barriers (e.g., polyvinylidene fluoride) and inert gas-filled packaging have
successfully extended device life under real-world conditions [74]. While significant progress
has been achieved, ensuring decades-long operational stability comparable to silicon-based
technologies remains an urgent and promising area of research.

In addition to instability, toxicity concerns, particularly regarding heavy metal content, pose a
significant obstacle to the mass deployment of perovskite materials. The primary concern is
environmental contamination due to lead (Pb) leaching from damaged or discarded devices. To
reduce risk, researchers have developed bismuth-based perovskite derivatives, such as
MAGBI2lg, which offer a safer alternative, albeit with lower efficiency due to indirect band gaps
[75]. Another example of a non-toxic perovskite system is Cs2AgInCls, a copper-based
perovskite, explored for photon detection with promising safety and stability profiles [76].
Additionally, antimony chalcogenides like Sb»Ss are being researched as non-toxic light
absorbers in thin-film solar cells [77]. These alternatives, while safer, often exhibit inferior
charge transport or lower light absorption than lead-based perovskites. Some strategies to
mitigate lead exposure include barrier layers to prevent leakage and the development of
recycling protocols with lead-capture resins that recover toxic elements from end-of-life
devices [78]. The search for high-performance, environmentally benign perovskites remains a
significant challenge and opportunity in the field.

Another major challenge is the compatibility of perovskites with other materials and processes
required for integration into commercial devices. For example, in perovskite-silicon tandem
solar cells, perovskites must be processed at low temperatures to avoid damaging the silicon

layer, while maintaining film uniformity and interfacial stability [79]. Additionally, materials
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like zinc oxide (ZnO) used as electron transport layers may react chemically with perovskites,
causing interfacial degradation and performance loss [80]. In photodetectors, aligning energy
levels between perovskites and transport layers such as PTAA or PEDOT: PSS is critical for
efficient charge extraction, but often leads to voltage losses if mismatched [81]. In battery
systems, perovskite-based solid electrolytes must interface with lithium or sodium metal anodes
without inducing dendrite formation or electrochemical breakdown [82]. Solutions include the
use of buffer layers like MoOs3 to improve adhesion and prevent degradation, and the adoption
of vapor deposition methods to achieve precise control of film growth. Flexible electronics also
demand that perovskite layers maintain integrity on plastic substrates like polyethylene
terephthalate (PET), which is challenging under mechanical stress. These challenges underline
the need for comprehensive interface engineering and scalable fabrication processes, which
offer rich opportunities for future technological integration.

Ultimately achieving extremely high efficiency in a variety of applications is one of the greatest
opportunities in Perovskite research. The power conversion of Perovskite solar cells is already
beyond 25% and when combined with silicon, they go over 30%, which gets close to or even
better than old semiconductor technologies. For LEDs, adding certain elements to perovskite
nanocrystals like CsPbBrs:Ni?* makes them shine brighter, lose less energy as heat, and last
longer, so they work well for advanced lighting and screen displays [83]. In LEDs, doped
perovskite nanocrystals such as CsPbBrs:Ni?* have shown enhanced light emission, reduced
non-radiative losses and improved stability, making them suitable for high-performance
lighting and display technologies [84]. Nevertheless, defects, grain boundaries, and ion
migration continue to limit device efficiency and consistency. Strategies such as halide mixing
(e.g., CI"and I" blends), defect passivation using small molecules like thiocyanate or formamide
and advanced light management layers are being actively explored to push perovskites towards

theoretical efficiency limits [85].

1.9 Thesis Motivation

The motivation of this work lies in the fact that most high-performance perovskites contain
lead, a toxic element that is harmful to both the environment and human health, thereby limiting
their large-scale use and integration into embedded devices. To overcome this limitation, the
design and exploration of new lead-free perovskites, which are safer and more sustainable,
represent a research direction that is both strategic and innovative. In this perspective, the
present thesis proposes a comprehensive comparative study of the structural, electronic, optical,

and thermoelectric properties of a series of new lead-free perovskite materials.
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The objective is twofold :

1. To understand, through ab initio calculations and advanced numerical analyses, the
influence of chemical composition and crystallographic parameters on the fundamental
properties of these materials.

2. To identify compounds that offer an optimal balance between stability, optoelectronic
performance, and thermoelectric efficiency, with a view toward practical applications
in embedded systems, where miniaturization, energy efficiency, and durability are
essential.

This doctoral work thus aims to make a significant contribution to the search for sustainable
alternative materials that combine high performance with environmental friendliness, fully

aligning with the current challenges of energy and technological transition.
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I1.1 Introduction

Finding an exact solution to the Schrodinger equation for systems with many electrons is one
of the most challenging problems in quantum chemistry and solid-state physics. When a system
has N electrons, its wave function depends on 3N spatial coordinates plus N spin coordinates. This
complexity grows so quickly that it becomes impossible to handle for systems of realistic size. To
get around this, density functional theory (DFT) introduced by Hohenberg, Kohn and Sham in the
1960 takes a completely different path. By contrast, of working with the massive 3N-dimensional
wave function, DFT focuses on the electron density p(r), which depends only on the three spatial
coordinates, no matter how many electrons are in the system. This shift in perspective has
completely changed computational quantum chemistry, making it possible to model materials with
hundreds or even thousands of atoms while keeping a high level of accuracy. Walter Kohn was
honored with the 1998 Nobel Prize in Chemistry for his role in developing this pioneering method.

11.2 Schrodinger Equation

In multi-particle systems with strong electron-electron interactions, an exact solution of the
Schrodinger equation is only possible through approximations. At the level of ab initio methods,
two main approaches stand out : Hartree-Fock (HF) methods and post-Hartree-Fock methods,

which are widely used in chemistry.

¢+ The Density Functional Theory (DFT) approach, more commonly used by physicists, aims,
like other ab initio methods, to solve the Schrodinger equation [1] without relying on
parameters adjusted to experimental results, in order to determine the energy (E) and the wave

function () of a quantum system.
HY = E¥ (1. 1)
Where H is the Hamiltonian operator, representing the total energy of the system [2].

H= Te +Tn + Vne + Vee +Vnn (“2)

Te =— %Zi V7 is the kinetic energy of the electrons,

2

T, = —EZ& is the Kinetic energy of the nuclei,
A Wp
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V.= —ZZQ is the potential energy of nucleus—electron attraction,
ARy

2— is the potential energy of electron—electron repulsion, and
i <jr

=3 Zalo is the potential energy of nucleus—nucleus repulsion.
A<B AB

In the case of an isolated cluster, this Hamiltonian, expressed in atomic units (A% = e? = m?), is

written as follows:

H=—-2Ypz_ ZZ 21+ZZAZB (IL.3)
24470 2 MA Ry; T A<BRAB '

L

i and j are indices of the electrons, A and B are indices of the nuclei, Ma and Za are respectively
the mass and the charge of a given nucleus and Rai, rij and Rag are respectively the nucleus—

electron, electron-electron, and nucleus-nucleus distances.

In this chapter, we will discuss the various levels of approximation necessary to solve the
Schrédinger equation for a complex system. These approximations, common to both the Hartree-
Fock (HF) and density functional theory (DFT) methods, will be presented while neglecting
relativistic effects; consequently, the Dirac equation will not be addressed. In first-principles
calculations, the primary quantity of interest is the energy of the electronic ground state for a given
geometric arrangement. Once the total energy is obtained with sufficient accuracy, other properties
can be derived from it. The main difficulty in a first-principles calculation lies in the strong
electron-electron interaction. The motion of one electron is correlated with that of all other
electrons in the system ; for this reason, the true ground-state wave function cannot be expressed
as a simple product of individual electron wave functions. This dependence of the system’s wave
function on the coordinates of all electrons is so complex that only the hydrogen atom can be

treated exactly.

7

% The adiabatic (Born—Oppenheimer) approximation consists of separating nuclear motion

K2

from electronic motion.

< The orbital approximation, which stems from the equivalence between an interacting

particle system and an independent particle system.
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In the Hartree—Fock method, this is reflected in the decomposition of the multi-electron wave
function into a product of single-electron spin—orbitals, whereas in DFT, the electronic density of

the system is expressed as the sum of the densities associated with each particle.

11.3 Approximations proposed to solve the Schrodinger equation
a) Born-Oppenheimer approximation
This approximation [3] is based on the fact that the mass of any nucleus is significantly
greater than that of an electron. For this reason, the motion of the nuclei relative to the
electrons can be neglected. Consequently, electrons are considered to move in a potential
created by fixed atoms. In this context, the kinetic energy of the nuclei is zero (T»=0), and
the Coulomb energy (Vnn) arising from nucleus—nucleus repulsion becomes a constant. At
this stage, we move from a problem requiring the solution of the Schrédinger equation for
a system of N electrons and M nuclei to solving the Schrodinger equation for a system of
N electrons experiencing the potential of the nuclei.
The Hamiltonian then contains only the following electronic and nuclear contributions:

el———ZVZ ZZRAl . Tu (11.4)

12 Z,Zp
H, =— 2.1 ) (IL.5)
A A<B AB

We now need to solve the Schrddinger equation for Hes in order to determine the electronic
energy Ee and the wave function ¥ of the system:

H,¥W = E,¥ (11 6)
Despite these simplifications, solving this equation remains extremely challenging
because, for a system of N electrons, it depends on 3N spatial coordinates. This is why it is
often coupled with the Hartree approximation.

b) Hartree Fock approximation

In 1927, Hartree proposed a method to calculate approximate multi-electron wave
functions by expressing them as products of single-electron wave functions [4]. Each

electron is associated with an orbital, and the total wave function is written as a product of

single-particle wave functions, which are orthogonal to one another.

Y =P1(r). Pa(r). Ps(rs)..... Yy (ry) (IL.7)
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In 1930, Fock demonstrated that Hartree's method does not respect the anti-symmetry principle of
the wave function [5]. Indeed, according to Pauli's exclusion principle, two electrons cannot
simultaneously occupy the same quantum state.

The Hartree-Fock method [6] provides an approximate solution to the Schrédinger equation for a
guantum system with n electrons and N nuclei, in which the poly-electronic wave function yur is
written as a Slater determinant composed of single-electron spin-orbitals that respect the anti-

symmetry of the wave function.

. Pi(x) . o Pa(x)
Y(xq, X0, X3, Xy) = W (I1.8)
Pi(ew) . Yn(ey)
Or
Yi(x) = ¢i(r)a; () (11.9)

With {; as the spin variable and the spin (J_r%) functions are orthonormal.

fa* (CDa(¢;)dr = 6(¢;, ;) (11.10)

11.4 Density Functional Theory (DFT)

While Hartree—Fock methods express the energy of a system as a functional of its wave function
(P), density functional theory (DFT) methods [7] treat the energy as a functional of the system's
electronic density (p). One of the main advantages of DFT is that it solves the Schrédinger equation
using only the observable p, defined in physical space R3, rather than in the 3N-dimensional
configuration space, where the Hartree—Fock wave function is defined. However, this benefit of
avoiding the many-body problem disappears when an explicit analytical expression for the energy
as a functional of the density is required. Before exploring the basics of density functional theory,

we should first define its core concept: the electronic density (p).

a) Electronic density

In identifying the various contributions to the Hamiltonian, we define electrons as
indivisible and indistinguishable particles. Indeed, an electron cannot be localized as an
individual particle; however, its probability of presence within a volume element can be
estimated, which corresponds to the electronic density (p). Electrons must therefore be
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considered collectively as an electronic cloud, and the electronic density allows us to
determine the regions of space where electrons are most likely to be found. These electrons
are primarily localized near the nuclei. The electronic density p(r) is a positive function
that depends solely on the three spatial coordinates (x, y, z). This quantity vanishes at

infinity and, when integrated over all space, equals N [8].

b) Hohenberg-Kohn theorem

In contrast to the method developed by Hartree-Fock, in which the energy of the system is
a functional of the wave function ¥(¥), the DFT method based on the two theorems of
Hohenberg and Kohn expresses the energy as a functional of the electronic density p(7).
This approach significantly simplifies the solution of the Schrddinger equation. Indeed, the
many-electron problem is replaced by p(7), which depends only on the spatial coordinates.
The fundamental principle of DFT is based on the reformulation of an N-body quantum
problem into a single-particle problem, with the electronic density as the main variable.
Work on density functional theory began in 1964 with physicists Hohenberg and Kohn,
who formulated two essential theorems. The two theorems, also referred to as postulates,
are presented as follows :

» First postulate of the Hohenberg-Kohn theorem
The ground-state energy of a system of interacting electrons in the presence of an external
potential Vext is determined by the ground-state electronic density p (7). Density functional
theory establishes a one-to-one correspondence between the external potential and the
electronic density. Since the electronic density determines the total number of electrons, it
also uniquely specifies the wave function and, consequently, the electronic properties of

the system. Therefore, for a given system, the energy can be expressed as follows :

E[p(®)] = Fuclp(®] + f PPVt (D)7 a1.11)

With:
V..:(T) represents the external potential influencing the particles of the system. As

for Fyk[p(¥)], it is the Hohenberg-Kohn functional, expressed by:

Fuk[p(M)] = Te[p(P] + Ve — E[p(F)] (11.12)
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» Second postulate of the Hohenberg-Kohn theorem
The total functional energy E(p) becomes minimal when the electronic density p(r)
matches that of the ground state po(r). The total energy of the system can therefore be
expressed as follows:
E(po )= min E(p) (1.13)

¢) Kohn-Sham equations

In 1965, Kohn and Sham proposed a method in which the wave function g represents a

system of n non-interacting electrons moving under an effective potential v;\ff(?). The Kohn-

Sham equations are coupled through the electronic density p(r) = X; ¥;(r)*y;(r), with this
coupling accounted for via an iterative, self-consistent procedure. The orbitals can be
expanded using different basis sets ; once a basis is chosen, the orbitals are employed to
compute an improved density (p) through the self-consistent cycle. Kohn and Sham
demonstrated that the true electronic density corresponds to the self-consistent solution of this

set of one-particle Schrodinger-like equations, now known as the Kohn-Sham equations.

1
(=577 + Vs 3ur) = e () 11.14)
p(r) = Zoccupld)i(r)lz (I1.15)
Vis(r) = Vext (r) + Vy (r) + Ve (r) (1. 16)

With

Vxc(1): The exchange-correlation potential, which is given by

0E
Vie(r) = % (1. 17)
And
1
Vy(r) = fp(r) P dr’ (11.18)

The total energy is obtained from the solution of the Kohn-Sham equations using the following

equation:

E(p) = z & — f%drdr’ + Exc(p) —fVXC(r)p(r)dr (I.19)

ioccup
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11.5 Exchange and correlation treatment

As mentioned earlier, within the framework of the Kohn-Sham equations, density functional
theory (DFT) is, in principle, an exact method (apart from the Born-Oppenheimer approximation
and the numerical approaches discussed previously). In this sense, the electronic density that
minimizes the total energy is exactly the density of the interacting N-electron system. However,
DFT remains inapplicable in practice because the exchange-correlation potential which also
includes the correction to the kinetic energy is unknown. Therefore, it is necessary to approximate
this potential. Two main types of approximations exist : the Local Density Approximation (LDA)
and the Generalized Gradient Approximation (GGA), along with derived methods based on non-

local approaches.
a) Local Density Approximation (LDA)

The Local Density Approximation (LDA) [9] is based on the model of a uniform electron gas and
represents the simplest approach for expressing the exchange-correlation energy. It is described

as.
Exclpl = [ &xc (p(r))dr (1. 20)

homo

with exc = e3¢™°(p(r))

Where e;‘é'"(”) is the exchange-correlation energy per electron in a uniform electron gas of density
p. There is also a version of LDA that accounts for electron spin: this is the Local Spin Density
Approximation (LSDA) [10-11]. The exchange-correlation energy Ex. becomes a functional of

the two spin densities, spin-up and spin-down, as follows:

exc(p) = ex(p) + &c(p) (1. 21)

&, is the exchange energy, and & is the correlation energy.
In the Local Density Approximation (LDA), the total exchange-correlation energy Exc[p] is

written as:
82
Eyc = 7f d3Tp(T)8xc[p(T)] (1. 22)

The correlation energy, on the other hand, is overestimated, but since it contributes only weakly
to the total energy, the error is small. When the electronic density is considered locally uniform,

systems where the density changes abruptly cannot be described accurately.
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b) Generalized Gradient Approximation (GGA)

The LDA approach was based on the electron gas model and thus assumed a uniform electronic
density. However, atomic or molecular systems are often very different from a homogeneous
electron gas, and, more generally, all real systems can be considered inhomogeneous, meaning
that the electronic density exhibits spatial variation. Methods known as GGA (Generalized
Gradient Approximation) [12-13], sometimes also referred to as n on-local methods, were
developed to account for this variation in density by expressing the exchange and correlation
energies as a function of both the density and its gradient (i.e., its first derivative). Generally, the

exchange-correlation energy in the GGA approximation is defined as:

B¢ = [ £(pr. 7o) ar (11.22)

The GGA is implemented through various parametrizations of the exchange-correlation functional
[14]. It generally provides good results, improving cohesive energies and lattice parameters.
However, the improvement over LDA is not always systematic, as GGA can sometimes
overcorrect LDA [15-16]. Several expressions for the exchange and correlation energies have been
proposed. In principle, these methods can be combined in different ways, but in practice, only a
few combinations are widely used. Of particular note is the exchange-correlation functional
proposed by Perdew and Wang (PW91) [17], which has been employed here. The GGA
approximation has proven effective in many cases and is known to yield better results than LDA,
especially for magnetic systems. It also provides a more reliable description of systems with large

variations in electronic density.

¢) Modified Becke-Johnson approximation (mBJ)
The mbJ functional was initially introduced by Becke-Johnson [18] and was later refined by Tran
and Blaha [19]. Known as the modified Becke-Johnson Potential (or the TB potential: Tran-Blaha),
this approach quickly showed its superiority when compared to traditional calculation methods
like LDA and GGA. The expression for the mBJ potential proposed by Tran and Blaha is given as
follows:

L

e (11.23)

1[5
Vi (1) = VG () + — \/;\/Pc(r)

Here, p,(r) = XN, |9:(1)|? represents the electron density.
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N

Vi (r) .V, (11 24)
=1

l

1
lo (T) = E

Denotes the kinetic energy density, while the Becke-Roussel exchange potential, was developed
to represent the Coulomb potential generated by the exchange hole [20].

Vig(r) = —

1 1
) (1—e ¥ — > %o (r)e*a(™ (1. 25)
o

The term b, (r) is calculated using the following expression:

x3(re i)

bo () = | gnp ™

(11.26)

The term x, can be determined through an equation that incorporates ps, V), Vzp,,(r), and t,,

where o refers to the spin notation.

Vp(r)
ps (1)

d3(r))1/? (11.27)

1
Xg=a+pf ( f
7 Vcell cell

Here, a and p are adjustable parameters with values of -0.012 (dimensionless) and 1.023 Bohr'?,
respectively [21], and Vcen represents the volume of the unit cell. The modified BJ potential (as

given in equation 11.27) is thus expressed in an enhanced form:

1

1 /5
Voo (r) = V5 () + (B¢ = 2)— ﬁmmm (11.28)

The primary modification in this formulation is the inclusion of the parameter c. It is important to

note that when ¢ = 1, the expression goes back to the original Becke-Johnson form. This parameter

was selected to vary linearly with the square root of the mean of Z”—Eg.

In general, the band gap increases monotonically with respect to the value of ¢, and with the use
of Eq. 11.28, this approach works reliably for a broad range of materials, from small-band-gap
semiconductors to large-band-gap insulators. Notably, even the 22 eV band gap of Ne can be

accurately reproduced, as well as the band gaps in transition metal oxides.

d) The LDA, GGA and mBJ Approximations with Spin Polarization
In magnetic systems, the electronic densities depend on spin polarization, meaning that the

majority spin density (p1) and the minority spin density (p|) are not identical. In this context, the
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exchange-correlation energies can be described using different approximations, such as the Local
Density Approximation (LDA), the Generalized Gradient Approximation (GGA) and the mBJ
(modified Becke-Johnson) method, depending on whether or not gradient corrections are
introduced [22].

The expression for the exchange-correlation energy in the LDA approach is given by:

EXA[p 1 (1), p b ()] = f 01 @) L Mlewpalo T (), p L (DA (11.29)

In the GGA approximation, gradient corrections are introduced and the exchange-correlation
energy becomes a function of not only the electronic densities but also their gradients:

[p 1 (). p L (M= [lp(), eeallp T (), L (1), V,T (1), V,L (D]d*r (I1.30)

The mBJ method is used to improve the description of systems with strong gradients, particularly
in the case of semiconductors and insulators. This method introduces a correction to the Becke-
Johnson potential function to better model electronic properties in systems where the LDA and
GGA approximations may fail, especially for threshold energies and band gaps. Thus, these
approximations allow for a more precise modeling of effects related to spin polarization and

exchange-correlation interactions in magnetic materials.
e) The LDA, GGA and mBJ Approximations with Hubbard Correction

The LDA and GGA methods, although effective for many systems, often underestimate the gap in
semiconductors and insulators. This is particularly problematic for systems with d- and f-orbitals,
where the intra-site Coulomb repulsion (U, the Hubbard term) becomes significant. To address
this issue, the DFT+U method was developed, combining DFT with a Hubbard Hamiltonian to
better account for strong Coulomb interactions between localized electrons [22-23]. This approach

adjusts the exchange-correlation energy by introducing an additional term U, as expressed by:

~ U A w-) L
Hyubbara = 5 Z Mmoo + > Z N6 N, (I1.31)

mmro m#£ml/,o

The total energy in DFT+U becomes [24-25]:

U - N
Eprr+v = Eppr + 5 Z(nm,o‘ — Al o (11.32)
mo
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This approach improves the description of strongly correlated systems, particularly by adjusting
the parameters U and J using constrained LSDA calculations or experimental data [26]. For

systems that demand more accurate a better modeling of strong interactions, the mbJ method is

Start

Initial density
p@)

also employed.

B
-

Calculation of the effective potential
Verr(7) = Verte(T) + Valp(P)] + Vi lp ()]
|
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Figure 11.1 Diagram of density functional theory (DFT)
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11.6 Linearized Augmented Plane Wave method (FP-LAPW)
a) The APW Method

The Augmented Plane Wave (APW) method, first introduced by Slater [27-28] and later
expanded by Andersen [29], was subsequently refined into its linearized form, known as the
LAPW method. In the LAPW formulation, the potential is continuous at the boundary of the

"muffin-tin" (MT) sphere and can be expressed as follows:

( Z Vim )Y (1) inside the sphere
V(r) = J m (IL.33)
LZ V,ekr outside the sphere

Back in 1937, Slater [27] introduced the APW method by noting that, in the vicinity of an atomic
nucleus, the potential and wave functions can be approximated using the Muffin-Tin (MT) model.
Specifically, both the potential and wave functions exhibit characteristics similar to those of an
isolated atom: they vary rapidly but preserve spherical symmetry within any MT sphere of radius
R. Moreover, in the interstitial region between atoms, the potential and the wave functions are
comparatively smooth. From the above, the wave functions of the electrons in the crystal are then
expanded in different basis sets depending on the region: radial solutions of the Schrédinger

equation inside the MT sphere and plane waves in the interstitial region (Figure.l1.2).

Interstitial region .

Figure 11.2 Muffin-Tin Potential

Thus, the wave function ¢(r) assumes the following form:
1 .
EZG CG el(G+k)Tr > Ra

ZlmAlm Ul(r)ylm(r)r < Ra

p(r) = { (1. 34)

Here, R is the radius of the MT sphere, V is the volume of the unit cell, Cc and Aim represent the
expansion coefficients. The function Ui(r) is a regular solution to the radial part of the Schrédinger

equation, and is defined as:
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{_ a2 I(l+1)

2Tz tV() - Ez} rU(r) =0 (11.35)

V(r) denotes the muffin-tin potential and E; is the linearization energy. The radial functions defined
in Eq. (11.35) are orthogonal to all core eigenstates. However, this orthogonality no longer holds
at the sphere boundary as shown by the Schrodinger equation.

erUl d*ru,
(E; — EDrU U, = Uy dr2 17 gr2

(11.36)

In this context, U1 and Uz represent the radial solutions corresponding to the energies E1 and E2
respectively. The overlap is obtained using equation (11.36) together with integration by parts.
Slater justifies the choice of these functions by noting that plane waves are exact solutions of the
Schradinger equation for a constant potential. Whereas, the radial functions are exact solutions for
a spherical potential, with Ei being an eigenvalue. This approximation is highly accurate for
materials with a face-centered cubic structure, but its accuracy diminishes as the crystal symmetry
decreases. To maintain the continuity of the wave function at the MT sphere boundary, the
coefficients Aim must be expressed in terms of the Cg coefficients of the plane waves in the

interstitial regions. After performing algebraic calculations, the relationship is:

QyU D Ceil(K+9R)Y, (K+G) (11.37)
1(R,)
The origin is taken at the center of the sphere and the coefficients Aim are determined from the
plane wave coefficients Cs. The energy parameters E; serve as the variational parameters in the
APW method. The functions indexed by G become compatible with the radial functions inside the
spheres, forming Augmented Plane Waves (APWSs). These APWs satisfy the Schrodinger equation
within the spheres, but only at the specific energy E. As a result, the energy E; must correspond
to the energy of the G indexed band. Therefore, the energy bands for a given k-point cannot be
obtained through by simple diagonalization; instead, the secular determinant must be treated as a
function of energy. In its conventional form, the APW method, faces difficulties related to the
function Ui(Re), which appears in the denominator of equation (11.37). Specifically, depending on
the value of the parameter Ei, Ua(Ros) may approach zero at the MT sphere surface, causing a
separation between the radial functions and the plane wave functions. To address this issue, several
modifications to the APW method have been proposed, particularly those by Koelling [30] and
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Andersen [31]. These improvements involve representing the wave function ¢(r) inside the
spheres as a linear combination of the radial functions Ui(r) and their energy derivatives, Ui(r),
which ultimately lead to the development of the Full Potential-Linearized Augmented Plane Wave
(FP-LAPW) method.

b) Concept of the FP-LAPW method

In the FP-LAPW method, the basis functions within the MT spheres are expressed as linear
combinations of the radial functions U;(r)Y,(r) and their energy derivatives U;Y;,, (). The

functions U are defined in the same way as in the APW method, while the function U;(1)Y j, (1)
must satisfy the following equation:

{ 2 1(l+1)

dr? r2

+V(r) - El}rl.fl(r) =rU;(r) (1. 38)

In the non-relativistic case, these radial functions ensure continuity with the plane waves outside
the MT sphere at its surface. Once augmented in this way, the wave functions constitute the basis
functions (LAPWSs) of the FP-LAPW method.

( 1 {(GH+E)T
! 01/2 Z CGe r> Ra
() = G : (11.39)
lz [AnlUi () + BinlUi ()| Yim@) 7 <Rq
m

Where the coefficients By,, correspond to the function l}, and are of the same nature as the
coefficients A;,,. The LAPW functions are plane waves only in the interstitial regions, similar to
the APW method. Inside the spheres, the LAPW functions are better suited than the APW
functions. Indeed, if E; deviates slightly from the band energy E, a linear combination will better

reproduce the radial function than the APW functions. Consequently, the function U, can be
expanded in terms of its derivative U; with respect to the energy E;.

U,E,r) = Uy(Epr) + (E — EDUL(E, 1) + O((E — E?) (11 40)
Where O((E — E;)?) represents the quadratic energy error.
The FP-LAPW method ensures the continuity of the wave function at the MT sphere boundary.
However, this procedure is slightly less precise compared to the APW method, which reproduces

wave functions with very high accuracy. In FP-LAPW, the wave functions incur an error of order
(E-E;)? , while the band energies have an error of order (E-E))*. Despite this, the LAPW form of
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the functions remains highly effective, enabling all valence bands over a large energy range to be
obtained using a single Ei. When this is not possible, the energy window can generally be split into
two parts, which is a significant simplification compared to the APW method. In general, if Ui is
zero at the surface of the sphere, its derivative Ur will be non-zero. Therefore, the issue of
continuity at the MT sphere surface does not arise in the FP-LAPW method. Takeda and Kubler
[32] proposed a generalization of the LAPW method in which N radial functions and their (N—1)
derivatives are used. Each radial function has its own parameter Eii, ensuring that errors related to
linearization are avoided. The standard FP-LAPW method is recovered for N=2 and Ei1 close to
Er, while for N>2N, the errors can be further reduced. Unfortunately, using higher-order
derivatives to ensure convergence requires significantly more computational time than the standard
FP-LAPW method. Singh modified this approach by adding local orbitals to the basis without
increasing the cutoff energy of the plane waves.

11.7 Wien2k code

The Wien2k code is an implementation of the FP-LAPW method. It was developed by Blaha and
his collaborators [33]. Its applications are numerous, including calculations of the electric field
gradient [34-35], studies of high-temperature superconducting systems, minerals [36], transition
metal surfaces, and non-ferromagnetic oxides. The Wien2k code consists of several independent
programs that are interconnected through C-shell scripts. The calculations are performed in three

main steps. The role of the different programs is illustrated in Figure 11.3.

a) Initialization: To determine the properties of a given material, the starting data must be
generated, which is found in the file case.struct. This file contains the lattice parameters,
the crystal structure, the muffin-tin radii, symmetry operations, etc. This step is performed
to prepare the SCF cycle. These elements are generated by a series of small programs:

NN: Provides the distances between nearest neighbors and helps determine the muffin-
tin sphere radius.

LSTART: Generates the atomic densities and determines how the different orbitals are
treated in the band structure calculation (i.e., core states and valence states with or
without local orbitals, etc.).

SYMMETRY: Generates spatial symmetry operations, identifies atomic site point
groups, constructs LM expansions for lattice harmonics, and determines local rotation

matrices.
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KGEN: Generates a k-mesh in the Brillouin zone.
DSTART: Generates a starting density for the SCF cycle by superimposing the atomic
densities generated in LSTART.

b) SCF Calculation: The SCF cycle includes the following steps:
o LAPWO: Generates the potential from the density.
o LAPWI.: Calculates the valence bands (eigenvalues and eigenvectors).
o LAPW?2: Calculates the valence densities from the eigenvectors.
o LCORE: Calculates the core states and densities.

o MIXER: Mixes the valence and core densities to produce the new density.

c) Property Calculation: The calculation of physical properties is performed using the

following programs:

e« OPTIMISE: Determines the total energy as a function of volume, which is used to
calculate the lattice parameter, compressibility modulus, and its derivative.

e TETRA: Calculates the total and partial density of states.

e SPAGHETTI: Calculates the band structure using the eigenvalues generated by
LAPWI1.

o OPTIC: Calculates the optical properties.

e XSPEC: Calculates the absorption and emission X-ray spectra structures.
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Chapter 111 Simple Perovskite CeBO3 (B = Be, Mg)

I11.1 Introduction

Perovskite oxides have attracted considerable attention due to their exceptional structural
flexibility and diverse physical properties, including electronic, optical, and thermoelectric
characteristics. Owing to this versatility, they are promising candidates for applications in
energy-related devices, optoelectronics, superconductivity, and catalysis. These materials are
also of fundamental interest because even slight modifications in their crystal structure or
chemical composition can significantly influence their physical behavior. To contribute to a
better understanding of perovskite oxide properties, we have investigated the structural, elastic,
electronic, and thermoelectric characteristics of the compound CeBeOs and CeMgQs. Our
theoretical predictions are compared with available experimental data and previous theoretical

studies on similar perovskite oxides.

I11.2 Calculation methods and data

In our work, we employed an ab initio method, namely the full-potential linearized
augmented plane-wave method (FP-LAPW) [1], which is based on density functional theory
(DFT) [2] as implemented in the WIEN2k code [3]. Among the exchange-correlation
functionals, the generalized gradient approximation (GGA) [4-5] and the Tran and Blaha
modified Becke-Johnson method (TB-mBJ) [6] were selected for this study. The explicit
valence electrons for the CeBeOs and CeMgOs primal cell are Ce (4f15d26s2), Be (2s2), Mg (3s?)
and O (2s22p*). Muffin tin radius (RMT) values of 2.44 a.u, 1.49 a.u and 1.73 a.u were used to
Ce, Be/Mg, and O elements respectively. Other input parameters, such as k-point mesh (Kmax),
RMT*wave-vector, Gaussian parameter and the maximum angular momentum were selected
to 12*12*12, 7.0, 12 and 10 respectively. The energy interval between core and valence states
was set to -6.0 Ry. The convergence criteria for the structure relaxation are set as 10~ eV/atom
and 0.03 eV/ A for the energies and forces, respectively. Mechanical parameters were derived
from elastic constants using the IRELAST package developed by J. Morteza [7]. Optical
responses were determined by the complex dielectric function () through the Kramer—Kronig
relation [8-10]. The electron transport properties are determined under a fine mesh of 46x46x46
by the semi-classical Boltzmann transport equation (BTE) [11] as given in the BoltzTraP code.

111.3 Structural properties
The crystal structure of CeBeOs and CeMgOs perovskite materials, drawn using the
Vesta software [12] is shown in Figure I11.1. These compounds crystallize in a cubic structure

with the space group Pm — 3m (N°221), where the trivalent inorganic cation (Ce**) occupies
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the A site, the divalent cations (Be*" or Mg?") is situated at the B site, and the oxygen anion is
positioned at site X. In this structure, each B-site cation coordinates with six oxygen anions
forming a network of corner-sharing [BOs]* octahedra. The cerium atom resides in the
cuboctahedral cavity formed between the octahedra, occupying the eight corners of the cubic
lattice [position 1a (0, 0, 0)]. The beryllium (magnesium) ions are located at the lattice center
[position 1b (Y%, %, %2)], while the oxygen atoms are positioned in the middle of each edge
[position 3d (0, 0, ¥2)] [13-15].

Figure I11.1: Crystal structure for CeBeOs and CeMgOs perovskite compounds

The equilibrium structural parameters of the CeBeOs and CeMgOs compounds were
determined by calculating the total energy for various lattice parameters and fitting the

calculated values to the Birch—Murnaghan equation of state given by the following expression:

B,V (V"/V) VoB,

Ex(V) =
(V) B, |B, -1

(I1L. 1)

Where Vo is the static equilibrium volume of the primitive cell, Eo is the total energy per
primitive cell at equilibrium, Bo is the bulk modulus and Bo’ is its pressure derivative at constant
temperature. The values of Ve and Eo are obtained from the minimum of the E1 (V) curve, while
the bulk modulus B is determined from the curvature at Vo using the following relation (111.2).

By = V@ (111.2)

dv?

The optimization computations were conducted in the nonmagnetic (NM), ferromagnetic (FM),
and antiferromagnetic (AFM) states. For both perovskites, the lowest ground state energies
were observed in the NM configuration, with energy values of -18212.408936 Ry for CeBeO3

and -18583.482478 Ry for CeMgOs. Consequently, all subsequent computations will be
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performed in this non-magnetic state, as it represents the most energetically stable state. The
calculated lattice parameters are 3.60 A for CeBeOj3 and 3.85 A for CeMgOs. These values are
in perfect harmony with those of other oxide perovskite, type semiconductor, such as SrvVO3
(3.86 A) [16], CsGaOs (3.75 A) [17], and AgNbOs3 (3.95 A) [18]. In comparison to CeBeOs
perovskite, the CeMgOs compound exhibits a larger ao value, attributed to the larger atomic
radius of Mg (1.45 A) compared to Be (1.12 A). For a more detailed description of the crystal
structure, we calculated bond lengths, including Ce-O, Ce-Be, Ce-Mg, Be-O, and Mg-O. The
values, summarized in Table I11.1, reveal an increasing trend as the B cation varies from Be to
Mg. This variation in bond lengths is likely influenced by the electronegativity difference and
the size between Be and Mg atoms. Furthermore, the lattice parameter of CeBeOs perovskite
is 7% larger than that of CeMgOs perovskite, a proportion reflected in the average lengths of

Be-O and Mg-O bonds. This comparative rate is consistent across the two-perovskite structures.

Table I11.1 Calculated structural equilibrium lattice constant a(A), the pressure
derivatives B’, ground state energies Emin (Ry), cohesive energy E..n(eV/atom),
formation energy AHy(eV/atom) and bond length (A) of CeBeOs and CeMgOs
perovskites.

Alloys | State | a Bo’ Emin Ec AHg Bond length

NM | 3.60 | 4.36 | -18212.408936 | -6.44 | -1.18
Ce-0O=254
CeBeOs | FM | 3.60 | 4.24 | -18212.408667 | -6.43 | -1.14 Be-O=1.80
Ce-Be=3.11

AFM | 3.62 | 4.11 | -18212.408515 | -7.23 | -1.14

NM | 3.85 | 4.25 | -18583.482478 | -5.85 | -1.11
Ce-0=2.72
CeMgOs | FM | 3.85 | 4.01 | -18583.482473 | -5.87 | -1.09 Mg-O =1.92
Ce-Mg =3.33

AFM | 3.88 | 4.39 | -18583.482453 | -6.77 | -1.10

In order to evaluate the structural stability and potential synthesis of both materials, we calculate

the formation energies AHy (eq I11.3) and cohesion energies E,p, (eq I11.4) [19].

AHf = ESY;, — (ER* + EpM* + 3ERK) (I1L 3)
Econ = EYz, — (EX° + E¥° + 3E%° (1L 4)

45



Chapter 111 Simple Perovskite CeBO3 (B = Be, Mg)

Where E§;’,§Z3 represents the total energy of the primitive cell, Ebuik is the energy per atom of
constituent atoms in bulk and E*° is the energy of an isolated atom. The negative values
obtained for AH; (CeBeOQa: -0.434 Ry, CeMgOs: -0.408 Ry) indicate thermodynamic stability
in both compounds, confirming the feasibility of their synthesis. Additionally, the negative

values of E,,, (refer to Table I11. 1) substantiate the structural stability of these perovskites.

I11.4 Electronic properties

A comprehensive understanding of a material’s electronic structure is essential for
predicting and tailoring its physical and chemical properties. For the cubic perovskites CeBeOs
and CeMgOs, this requires a detailed analysis of their electronic band structures and densities
of states (both total and partial). These analyses offer key insights into the distribution of
electronic states across different energy ranges and reveal the nature of bonding interactions
among Ce, the B-site cations (Be/Mg), and O atoms. In particular, they help identify the
dominant atomic orbitals contributing to the valence and conduction bands, clarify
hybridization effects, and assess how B-site substitution influences the electronic behavior.
Such insights are crucial for optimizing these materials for electronic, optical, and energy-
related applications.

a) Band structure

In this part, we explore the electronic properties of oxide cubic perovskites CeBO3 (B= Be
and Mg), properties which are summed up by the energy band structures by using the GGA
approximation, we determined that the band gaps for the CeBeO3s and CeMgQO3s compounds are
0.47 and 0.33 eV, respectively. To address the underestimation of the band gap resulting from
the GGA approximation, we employed the Tran-Blaha modified Becke-Johnson (TB-mBJ)
approach. This adjustment led to a significant enhancement in the band gaps (Table Il1. 2),
resulting in new values of 0.73 eV (+55%) for CeBeOs and 0.51 eV (+54%) for CeMgOs.
Similar improvements have been observed in various perovskite materials, including CsMgCls
[20], PbGeOs [21], TIPbCIs [22] and ANbO3[23]. These low values of bandgap energies allow
easy transport of electrons from the VBM to VBM,; thus, optical absorption and conductivity
may become more advantageous for optoelectronic applications. Figure I11. 2, gives along the
following k-path: R-I'-X-M-T', the electronic band structures of the CeBeOs and CeMgOs
materials calculated by the TB-mBJ approach. The electronic band structure provides us the
energy range in which a probable number of electrons exist (energy band) and the region where

there are no electrons (gap band). One can see that the minima of conduction band (CBM) and
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maxima of valence band (VBM) do not overlap with each other around the Fermi level. This
implies that both CeBeOs and CeMgOs exhibit semiconductor behavior. Both predicted
perovskites, CeBeOs and CeMgOs, exhibit energy bandgaps of an indirect nature (Z-M for
CeBeOs and M-X for CeMgO:s).
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Figure 111.2: The band structures for (a) CeBeOsz and (b) CeMgOs calculated using TB-mBJ
approximation.

A modification in the conduction band minimum is observed when the B-cation site is
replaced by a less electronegative element with a larger ionic radius (ry, > 7g,), leading to a
decrease in the gap energy (Eg). This modification in Eg values results in a shift of the band
gap towards the infrared region. The valence band maximum (VBM) and the conduction band
minimum (CBM) are formed through a covalent interaction between the Ce-4f and O-2p states,
and the gap between them arises from their hybridization. The range of the obtained bandgap
values has also been noticed in many oxide perovskite such as BaTbOz [24], CuScO3z and
CuSn03 [25], Mn2ScTaOe [26], Mn2FeMoOs [27] and BiFeOs [28].
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Table I11. 2 Calculated band gap E 4, optical gap of CeBeOs and
CeMqgOs perovskites
Gap (eV) Optical Gap (eV)
Alloy
GGA TB-mBJ TB-mBJ
CeBeOs 0.47 0.73 0.95
CeMgOs3 0.33 0.51 0.53

b) Density of state

In order to gain a deeper understanding of the electronic characteristics of the cubic oxide
perovskites CeBO3 (where B = Be or Mg), we conducted a comprehensive analysis of their
electronic density of states (DOS). The DOS represents the distribution of electronic states as a
function of energy, indicating the number of states available for occupation at each energy level.
To further refine this analysis, we examined the partial density of states (PDOS), which
decomposes the total DOS into contributions from specific atomic orbitals (s, p, d, and f). This
approach provides valuable information on the role of each element in chemical bonding and
the nature of orbital interactions within the crystal structure.

For these calculations, we employed the Tran-Blaha modified Becke-Johnson (TB-mBJ)
potential, which is well-known for improving the accuracy of band gap estimations compared
to standard GGA approximations. Using this method, we computed both the total DOS (TDOS)
and the PDOS, taking the Fermi level as the zero-energy reference point. The results are
illustrated in Figures 111.3 and 111.4, where we present the TDOS and PDOS plots for CeBeOs
and CeMgOs in their non-magnetic configurations. These plots cover an energy window
ranging from -10 eV to +10 eV, which includes all significant features of the electronic
structure. The Fermi energy (En) is marked by a dashed vertical line for clarity.

A closer examination of the TDOS graphs (Figures I11.3a and I11.4a) reveals four distinct
energy regions, each corresponding to different electronic contributions. The first region
extends from approximately -7 eV to 0 eV for CeBeOs and from -5 eV to 0 eV for CeMgOs.
This energy interval is predominantly influenced by the strong contribution of the oxygen 2p
orbitals, as shown in the PDOS plots (Figures I11.3b and I111.4b). These oxygen-derived states
play a fundamental role in the valence band formation and highlight the significant

hybridization between O-2p and the cation states within the perovskite lattice.
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Figure 111.3 Total and partial density of states (TDOS / PDOS) for CeBeOs3 calculated using
TB-mBJ approximation.
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Figure 111.4 Total and partial density of states (TDOS / PDOS) for CeMgOs calculated using
TB- mBJ approximation.

The other elements present in the structure contribute only very weakly to these energy regions,
their influence being practically negligible (as illustrated in Figures I111.3c, 111.3d, and I11.4c,
I11.4d). The second energy region is characterized by the appearance of a moderate interval,
estimated at about 0.73 eV for CeBeOs and 0.51 eV for CeMgOs, which confirms the
semiconducting nature of these perovskite materials. The third energy region extends from 1.7
to 2.9 eV for CeBeOs and from 1.2 to 3.8 eV for CeMgOs ; this zone is dominated by the
contribution of the Ce-4f orbitals, indicating a strong involvement of the 4f electrons in the
electronic states located at these energy levels. Finally, beyond 5 eV, the energy spectrum is
mainly governed by the Ce-5d orbitals, reflecting a transition toward more dispersive and

higher-energy electronic states.
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I11.5. Elastic properties

The elasticity of a solid describes its ability to undergo small deformations under external
mechanical stresses. These stresses are represented by tensors that specify both the force
direction and the plane on which they act. For cubic perovskites such as CeBeOs and CeMgOs,
elastic properties are closely linked to fundamental solid-state characteristics, including the
equation of state, specific heat, thermal expansion, Debye temperature, and melting point.
Elastic constants provide essential insights into the bonding strength between adjacent atomic
planes, the anisotropic nature of the bonding, and the overall structural stability of these

materials.

The three independent elastic constants for a cubic single crystal are Ci1, Ci2 and Ca4. The
crystal's resistance to uniaxial compression along the principal directions, or to tensile or
compressive stress applied on the (100) planes along the [100] direction, is represented by the
elastic constant Ci1. The resistance to shear stress applied on the (100) plane along the [010]
direction is reflected in the elastic constant Caa. On the other hand, Ci2 alone does not have a
straightforward physical meaning, but when paired with other constants, it offers more insight
into the elastic behavior of cubic materials. For instance, the following expression can be used

to estimate the bulk modulus B by combining C11 and Cui2:

1

Understanding the three independent elastic constants Ci1, Ci2, Cas [29] is fundamental for
assessing essential mechanical properties such as hardness, stiffness, ductility, brittleness,
stability, and the nature of atomic bondings. These constants serve as the basis for deducing
other mechanical parameters like shear modulus (G), elastic anisotropy factor (A), Young’s
modulus (v), and Poisson’s ratio (v). Equations (I11.5) to (I111.9) provide the mathematical

expressions through which these main mechanical parameters can be estimated [30].

Ci11—C12 +3Cyy

G = 1L 6
= ( )
2C44
A=_ 4 (1L 7)
Ci1—Cq2
9BG
E = I1I.
3B+ G (II1. 8)
_3B-E (111.9)
vV=—cp .
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Examining the elastic constants achieved at zero pressure (Table 111.3), we find that the
mechanical stability given by Born-Huang criteria [31] (C11 — C12 > 0); (C11 + 2C12 > 0); (Cu1
> 0); (Cas > 0) and (C12 < B < Cn) is entirely satisfied for both perovskites. The Ci1 elastic
constant signifies the material's flexibility in intermolecular interactions along the lattice
direction, while C12 and Ca4 denote flexibility resulting from phase transformation [32]. In the
case of CeBeOs, the Ci1 value surpasses those of C12 and Ca4, indicating low resistance to shear
deformation and greater resistance to unidirectional compression [33]. Both perovskites exhibit
high compressibility modulus values, confirming their resistance to compression and limited
flexibility or deformability. The shear modulus, also known as the rigidity modulus (G),
quantifies the change in bond angle when a material experiences elastic shear stress. The order
of magnitude of the calculated shear modulus values (168 GPa for CeMgOs and 90 GPa for
CeBeO3) indicates that both materials exhibit covalent and rigid behavior. Young's modulus
measures a material's ability to resist changes in length during lengthwise compression.
Covalently bonded and hard materials typically have higher values of Young’s modulus, as
observed in the studied compounds. Poisson’s ratio can predict the bonding nature in solids. A
completely covalent crystal is characterized with a Poisson’s ratio equal or less than 0.1 (as in
the case of CeMgQOs). A perfectly metallic compound possesses a Poisson’s ratio equal to or
greater than 0.33 [34]. The Poisson’s ratio of CeBeOs lies between 0.1 and 0.33, indicating that
the chemical bonding is a combination of metallic and covalent natures [35]. Anisotropy factor
(A) defines if a material acts in an isotropic or anisotropic direction. A value of A#1 indicates
anisotropic behavior, while A=1 signifies isotropy. The anisotropy factor of CeBeOs is larger
than that of CeMgOs, this may be is due to the increase in atomic radius (Rmg> Ree). Both
perovskites exhibit elastically anisotropic behavior, with an anisotropy factor greater than unity
(A >1) [36], indicating that mechanical properties vary in all directions. The recorded degree
of anisotropy is insignificant, thus implying a low probability of microcrack formation. The
Pugh B/G criterion is employed to predict the ductility and fragility of a material [37]. Materials
are considered ductile when B/G > 1.75 and brittle when B/G < 1.75. Based on the values listed
in Table I11. 3, we can conclude that CeBeOs is ductile and CeMgOs is brittle.
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Table I111.3 The computed elastic constants Cij (GPa), bulk modulus B(GPa), Shear
modulus G(GPa), Young’s modulus E(GPa), Poisson’s ratio (v), anisotropic factor (A),
and Pugh’s ratio (Bl G) of CeBeOs and CeMgOs perovskites.

A||0yS C11 C12 C44 B G E A% A B/G

CeBeOs | 251.61 | 126.54 | 106.33 | 168.27 | 90.95 | 231.20 | 0.27 | 1.58 | 1.85

CeMgOs | 345.04 | 43.01 | 180.82 | 143.66 | 168.91 | 364.05 | 0.08 | 1.20 | 0.85

111.6 Optical properties

The comprehension of optical properties, including the complex dielectric function e(w),
absorption coefficient a(w), refractive index n(w), reflectivity R(w), and energy loss function
L(w), is pivotal for determining the suitability of ternary CeBOs (B = Be and Mg) oxide-
perovskites in diverse applications within the optoelectronic field and allied devices. The
response of these materials to electromagnetic radiation is linked to the speed of electron
transition and recombination. In the context of semiconductor-type materials, such as the
compounds under investigation, the research focuses exclusively on inter-band transitions due
to their significant role. It's worth noting that intra-band transitions are more pertinent to

materials with a metallic nature [38].

111.6.1 Computational approach for optical properties

The description of these optical effects requires parameters that quantify, on both a
macroscopic and intrinsic scale, the interaction between an electromagnetic wave and a material
medium (excluding scattering, which also depends on the material’s morphology). According
to Maxwell’s equations in a medium, the response of a material to an electromagnetic wave can
be completely characterized by three fundamental parameters that fully describe the material.
The general equations of electromagnetism for macroscopic fields in a vacuum, in the presence

of charges and currents, can be expressed in the Sl system as follows :

VD=p VBE=0
VxH=j+ oD (111.10)
XxH=j+— :
LRNFY
V.E = o8
ot

These equations are sufficient to describe the entire interaction of an electromagnetic wave with

matter, provided the assumptions mentioned above are satisfied. In these equations p and j are
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considered the sources of the electric and magnetic fields, D and H . All of these quantities are

vectors J, Dand B (except p) are related in pairs through constitutive relations:
j=6E, D=%tE B=pH (11 11)

Here, we assume the media are linear, meaning that j, D and B do not depend on higher-order
powers of E and H. The dielectric function & can be considered a local quantity that depends

only on the angular frequency m, since in the optical range the wave vector k is small.
In the case of a dynamic field, the dielectric constant g(w) is a complex function (eq. 111.12):
g(w) = &g(w) +igy(w) (II1.12)

Where &, (w) represents the real transition between the occupied and unoccupied states while
£1(w) depicts the electronic polarizability under incident light [39]. The imaginary part of the
dielectric function &, (w) is derived from the electronic band structure computations with the

help of the following relation
4m?e? R 3
e2@) = (oz ) Y [ (M2 S~ £08(E; - B - )k (11.13)
ij

Where e,m, w and M represent the electron charge, electron mass, photon frequency and
dipole matrix, respectively. E; is the electron energy of the initial state, E; is the electron energy
of the final state, and f; is the Fermi occupation factor of the single-particle state i. The real
part £ (w) of the dielectric function derives from &, (w) by using the Kramers-Kronig relations
[40-42]:

2 mw’s w'
£(w) = 1+—PJ —22( ) 4o (111 14)
2 w'* — w?

Where P is the Cauchy principal value.

Other important optical parameters, such as the absorption coefficient a(w), reflectivity R(w),
and refractive index n(w), can be determined from the calculated values of the real and
imaginary parts of the dielectric function. These fundamental quantities make it possible to
derive the necessary relationships to characterize the optical behavior of the material [43]. They
also provide an essential basis for analyzing optoelectronic performance and designing photonic

devices.
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1
/2

a(w) = @(\/si(w) + &2(w) — 81((»)) (II1. 15)

2
R(w) = [LE@) 1 (IIL. 16)
c(w)+1
_ 1/2
n(w) = Vel (w) + 3222 (w) + el(w)] (1L.17)

a) The dielectric function

The dielectric function €(w) serves as a crucial descriptor of a material's optical properties,
offering insights into its linear response to an external electromagnetic field. Figure I11. 5a
illustrates the evolution of the real part £;(w), of the dielectric function across an incident
energy spectrum from 0 to 12 eV. The real part &;(w), essentially unveils the degree of
polarization exhibited by the material, a parameter determined through the Kramers-Kronig
transformation [44]. The static dielectric constant, £; (w) manifests distinctively in CeBeOs
and CeMgOs, with values of 14.22 and 105.28, respectively. The optical response of the
CeBeOs compound gradually increases from the zero-frequency limit and reaches its maximum
value of 21.06 at 0.90 eV, then it tends towards low values with an almost linear profile in the
visible and ultraviolet range. For the CeMgOs compound, the value of &; (@) shows a drastic
decrease, in the energy interval between 0 and 0.45 eV, it goes from its maximum value of
105.28 towards a negative value of -4,10. Between 0.45 and 0.85 eV, &;(w) goes from a
negative value of -4.10 to 8.55, then it relapses in the visible and ultraviolet range to show a
similar behavior to that of the CeBeOs perovskite. The occurrence of negative values in €4 (w)
indicates energy loss within the material, resulting in poor light transmission and significant
reflection. Particularly in the ultraviolet (UV) range, for energies surpassing 4 eV, &; (w) tends
to hover around zero. This observation suggests the possible emergence of plasmonic-type
oscillations [45]. Plasmonic oscillations can influence the behavior of light within the material,
affecting its transmission and reflective properties. The absorption of photon energy by a
material is quantified by the imaginary part of the dielectric function &, (w). The calculation of
&, (w) involves the use of momentum matrix elements between occupied and unoccupied
electronic states [46]. From Figure I11. 5b, one can observed the rapid increase in £, (w) in the
low energy area of CeMgO3s compared to CeBeOs, leading to maximum peaks at 0.14 eV for
CeMgOs and 1.16 eV for CeBeOs. Beyond these peak values, a rapid decrease in

&, (w) becomes apparent, a phenomenon associated with plasmon oscillations [47]. The highest
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values of the real and imaginary components of the dielectric function in CeBOs compounds
(where B is either Be or Mg) manifest prominently within the infrared domain. This trend aligns

with observations in various oxide-perovskites, including NdInOs [48], MgZnOs3 [49], CsGaO3
[17], and BaRuO3 [50].
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Figure I11.5 Illustration of (a) real &,(w) and (b) imaginary €,(w) component of dielectric
function, (c) absorption coefficient a(w), (d) refractive index n(w), (e) reflectivity R(w) and
() electron energy loss L(w) for CeBeOs and CeMgOs perovskite compounds.
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b) The absorption coefficient

The absorption coefficient a(w) makes it possible to see the adequacy of a semiconductor
against photocatalytic application. In Figure I11. 5c, it is evident that all peaks originate from
the origin, indicating zero photon absorption in the absence of light, specifically for zero
incident photon energy. Within the visible domain, both ternary oxides perovskites exhibit a
comparable absorption rate, approximately 40.10* cm. This absorption rate surpasses values
reported for various oxide perovskites, including SrvVOz, BaVOs [16], CaZrOz, CaHfO3 [51],
and CsNbO3z [52]. The maximum absorption coefficients a(w) for CeBeOs and CeMgOs3
compounds are noteworthy, reaching values of 155.10* and 126.10* cm™, respectively. These
peaks are observed in the ultraviolet range at energies of 11.42 eV and 9.95 eV. At higher
energies within the ultraviolet domain, both perovskites exhibit a substantial absorption
potential. This behavior hints at the possibility of interband transitions rather than the
conventional valence band - conduction band transitions. The absorption spectrum width of
both CeBeOs and CeMgOs perovskites spans a wide energy range, indicating their capacity to

absorb frequencies across the spectrum.

¢) The refractive index

The transparency of a material to light radiation is a property characterized by the refractive
index n(w) [53]. Figure I11. 5d gives the evolution of n(w) as a function of the photon energy
for CeBOs (B = Be, Mg) compounds. The static values n(0) are of 3.78 and 10.56 respectively
for the CeBeOs and CeMgOs compounds. The highest values of n(w) are achieved in the near
infrared range. Among both investigated perovskites, CeBeOs has slightly elevated
n(w) compared to CeMgOs, i.e. the incident photons interact with more valence electrons,
causing thus more polarization associated with a reduction in the speed of light. It can be seen
that the substantial reflection occurred in the infrared region, domain where both perovskites
exhibit their weakest absorption. The drop of the refractive index values in the visible domain

is a result of the optical dispersion, i.e.; light separation into individual colors.

d) Reflectivity

Figure I1l. 5e depicts the evolution of reflectivity R(w) with respect to phonon energy.
Reflectivity quantifies the percentage of light that a surface reflects under a given frequency of
electromagnetic waves. The static values of R(w) are 34% and 70% for CeBeOs and CeMgO3
compounds, respectively. In the energy range of 0 to 1.5 eV, CeMgOs exhibits a high
reflectivity of around 71%, while CeBeOs shows a value of 44%. This result suggests that

CeMqgOs is nearly opaque in the infrared domain. With a low R(w) value, approximately below
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3% recorded around 4 eV (near-ultraviolet domain), CeMgOs demonstrates a highly
transparent character, positioning it as a potential candidate for transparent coatings [54]. Due
to their interband transition, the two perovskites exhibit their maximum values of R(w) at low
energy. In the visible range, the CeBeOs compound has more throughput to that of CeMgOs,

making it good for lower excitation gap solar systems.

e) Energy loss function

Figure 111 .5f illustrates the variation of the energy loss function L(w) as a function of photon
energy for CeBeOs and CeMgOs compounds. In the visible domain, L(w) is observed to be
less than 0.15 for CeBeOs and 0.35 for CeMgOs compound. Both perovskites exhibit a
substantial increase in L(w) values in the ultraviolet (UV) range. The CeMgOs compound
displays two prominent peaks in the UV region. The first peak, measuring 0.47, is situated at
3.54 eV, while the more intense peak, with a value of 1.39, is located at 10.80 eV. For the
CeBeOs compound, a notable peak of 0.32, situated at 4.68 eV, has been observed. This peak
corresponds to a decline in &;(w) within the same energy range. These energy losses are
attributed to electronic excitations and the diffusion of fast electrons through the material. The
maximum value of L(w) observed in the UV range is also found in this same energy range in

other perovskite [55].

The static values of the permittivity coefficient £4(0), refractive index n(w), and reflectivity
R(w) are listed in Table 111.4. As a conclusion to this optical study, the determined band gap
energies of 0.73 eV for CeBeOs (equivalent to 1698 nm in the Near Infrared) and 0.51 eV for
CeMgOs (equivalent to 2431 nm in the Near Infrared) suggest that these compounds may not
be directly suitable for solar cells due to their band gap less than 1 eV. Nevertheless, external

factors such as temperature, pressure, or doping hold the potential to modify their properties.

Table 111. 4 Calculated band gap E 4, optical gap, static dielectric

constant £, (0), static refractive index n(0) and static reflectivity
R(0) of CeBeOs and CeMgQOs perovskites.

Alloys £,(0) n(0) R(0)
CeBeOs 14.22 3.78 0.34
CeMgOs 105.28 10.56 0.70

However, these semiconductor perovskites exhibit promise in the realm of optoelectronic

components, finding applications in devices like light-emitting diodes (LEDs) and photodiodes.
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Moreover, they can be harnessed for specific types of transistors and electronic devices, serving
purposes such as near-infrared light sensors, heat sensors, or responding to other stimuli [56-
59]. With narrow band gap of 0.73 eV and an absorption coefficient of 4.10° cm™ in visible
range, the CeBeOs perovskite has potential suitability for absorbing specific wavelengths of
sunlight, pointing to its potential utilization in certain contexts. In the absence of experimental
data on bandgap energies and static dielectric constants, it becomes imperative to rely on first-
principles predictions as the primary tool to obtain crucial optical information about these

compounds.

I11.7 Thermoelectric properties

Assessing the suitability of a compound for thermoelectric applications requires a
comprehensive understanding of how temperature affects its transport properties. In this work,
we employ the BoltzTraP code [11] within the framework of the constant relaxation time
approximation for charge carriers, which is widely used for predicting thermoelectric
performance. Based on semi-classical Boltzmann transport equations (BTE) [60], this approach
enables the calculation of essential transport parameters, including the Seebeck coefficient (S),
electrical conductivity (e/t), and electronic thermal conductivity (xe/t). Furthermore, the
dimensionless figure of merit (ZT), which combines these properties with thermal and electrical

contributions, is also evaluated to provide an overall measure of thermoelectric efficiency.

Oop(T, ) = % j 0op(€) [—0f (T, €)|de (111. 18)
Kep(T, 1) = e;mj oupe(e — p)? % (111.19)
S = —] 0ops(8) (e — p) [ ot (T, s)l (11 20)
7T = SZ:T (111 21)

Q,f,un,0,x,SandZ denotes respectively the unit-cell volume, Fermi-Dirac distribution
function, chemical potential, electrical conductivity, thermal conductivity, Seebeck coefficient
and merit factor. All transport properties are examined as functions of temperature (300, 600,
and 900 K) and chemical potential (i) within the range of —0.10 to +0.10 eV.
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111.7.1 Temperature dependence of thermoelectric properties

e) Seebeck coefficient

One can see from Fig Ill. 6a, that the Seebeck coefficient (S) of the CeMgOs compound
achieves its maximum value of 279 uV/K at the room temperature. In contrast, the CeBeO3
compound attains its utmost value of 248 uV/K at 100 K while its value recorded at room
temperature is of 241 pV/K. Throughout the entire temperature spectrum considered in this
study, the Seebeck coefficients (S) consistently maintain positive values, indicating that holes
are the dominant charge carriers, classifying these compounds as n-type conductors. As the
temperature increases, there is a gradual decrease in the Seebeck coefficient (S) values. This
trend is attributed to the diminishing contribution of high-energy charge carriers [61]. The
nearly flat conduction band of CeMgOs, as shown in the band structure, indicates a high

Seebeck coefficient.

f) Electrical conductivity

The variation of the electrical conductivity per relaxation time (6/1) as a function of temperature
for the CeBOs (B = Be, Mg) semiconductor perovskites is illustrated in Figure I11.6b. This
parameter plays a crucial role in evaluating the charge transport behavior of thermoelectric
materials. The observed trend reveals a pronounced increase in e/t with rising temperature for
both compounds, which is a characteristic feature of semiconducting materials. This significant
growth in conductivity strongly supports and confirms the semiconducting nature that was
previously inferred from the electronic band structure analysis. In the low-temperature region,
around 100 K, both materials exhibit relatively low o/t values, reflecting the limited thermal
excitation of charge carriers at these temperatures. However, as the temperature increases,
thermal activation becomes more effective, leading to a sharp rise in o/t. For temperatures
above 100 K, CeBeOs consistently displays slightly higher o/t values compared to CeMgOs,
suggesting that the substitution of Be at the B-site provides a more favorable environment for
carrier mobility or density. Quantitatively, for CeBeOs, o/t increases significantly from 2.53 x
10 (Q'm-s)* at 100 K to 7.52 x 10 (Q-m-s)! at 1200 K, representing an almost 30-fold
enhancement. In comparison, CeMgOs exhibits a rise from 6.14 x 107 (Q'm-s) ! at 100 K to
3.78 x 10" (Q-m-s) " at 1200 K, corresponding to a more than 60-fold increase. This notable
increase with temperature indicates that both perovskites maintain a strong thermally activated
conduction mechanism, which is consistent with their moderate band gaps predicted in the
electronic structure calculations. These observations highlight that temperature has a significant

impact on charge transport in these materials, and the higher o/t values of CeBeOs may suggest
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better potential for thermoelectric performance under high-temperature conditions compared to
CeMgOs.
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Figure 111.6: Evolution versus temperature of (a) Seebeck coefficient, (b) electrical
conductivity, (c) thermal conductivity and (d) Merit factor for CeBeO3 and CeMgO3 perovskite
compounds.

g) Thermal conductivity

As shown in Figure I11.6c¢, which plots the electronic thermal conductivity (k./t) of CeBOs (B
= Be, Mg) as a function of temperature [62], ke/T remains relatively low at low temperatures.
At room temperature, the values for CeMgO3 and CeBeOs perovskites are approximately 1.02
x 10 W-m*-K™*s* and 2.78 x 10" W-m*-K™-s™!, respectively. At ambient temperature,
these k./t values for both compounds are lower than those reported in the literature for PbGeOs
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[21] and SrGeOs [63] perovskites. With a temperature increase in steps of 100 K, k./t rises
almost linearly and reaches optimal values of 3.06 x 10" W-m*-K*-s™ and 5.69 x 10'*
W-m*-K"s*at 1200 K for CeMgOs and CeBeOs, respectively. This linear behavior indicates
that the electronic contribution to thermal transport is strongly temperature-dependent, which
is consistent with the semiconducting nature of these materials. The higher k./t observed in
CeBeOs compared to CeMgOs can be attributed to its lower lattice constant, which promotes

better electron mobility.

h) Merit Factor

The merit factor (ZT) is one of the most important parameters for evaluating a material's
potential in thermoelectric applications. Research in this area has shown that thermoelectric
applications typically require ZT values approaching or exceeding 1. To achieve this, a material
must exhibit high electrical conductivity and low thermal conductivity [64]. At 300 K, the ZT
values obtained for CeMgOs and CeBeOs perovskites are 0.79 and 0.77, respectively (Figure
I11.6d). These values indicate that both materials possess excellent thermoelectric properties at
room temperature. Moreover, these ZT values at 300 K surpass those reported for many oxide
perovskites such as NdCoOs, PrCoOs [65], LaFeOs [66], TiGaOs, and AgGaOs [67].
Furthermore, the ZT values for both studied perovskites remain consistently above 0.70 across
the entire temperature range from ambient up to 1200 K. This stability over a wide temperature
range highlights their suitability for high-temperature thermoelectric devices, which is critical
for waste heat recovery in industrial and automotive applications. Additionally, maintaining
such high ZT values indicates a well-balanced combination of electrical and thermal transport
properties, reflecting the effectiveness of their crystal structure in minimizing phonon
contribution. These results suggest that CeMgOs and CeBeOs are promising candidates for
next-generation thermoelectric systems where both performance and thermal stability are

essential.

111.7.2 Thermoelectric properties versus chemical potential

e) Seebeck coefficient

Figure I11. 7a and 8a illustrates the evolution of the Seebeck coefficient according to the
chemical potential (u) at different temperatures and delimits the areas where the charge carriers
is of n-or p-type. The positive values of (u) is assigned to n-type doping level while p-type
doping is attributed to negative values of u. For u — Er = 0 and T=300K, the value of the
Seebeck coefficient in the n-type doping region is of 260 pV/K and 301uV/K for the CeBeOs

and CeMgOs compounds, respectively. One can see in the valence band range that the value of
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S remains almost zero up to the Fermi level then it gradually increases in the conduction band.
In the conduction band range, a decrease in S values is observed with increasing temperature.
For both studied perovskites, the utmost value of S take place in the positive side of chemical
potential, which confirms the p-type nature of the charge carriers. The observed maximum
Seebeck coefficient (S) values, reaching 1281 uV/K for CeBeOs and 848 nV/K for CeMgOs,
at 300 K provide a crucial indication that these compounds hold substantial promise as excellent
thermoelectric materials, particularly at room temperature.

i) Electrical conductivity

From Figures I11.7b and 8b, it is evident that all the curves overlap, indicating that temperature

has an insignificant effect on the electrical conductivity (/7). This behavior is typical for both
studied alloys.
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Figure 111.7 Evolution versus chemical potential of (a) Seebeck coefficient, (b) electrical
conductivity, (c) thermal conductivity and (d) Merit factor of CeBeOs3 at 300, 600 and 900K
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The o/t values are higher in the p-type region than in the n-type region. For CeBeQOs, the
electrical conductivity remains zero within the energy range of 0 to 0.05 eV, while for CeMgOs,
it is zero from 0 to 0.035 eV. It becomes nonzero in the regions where the Seebeck coefficient
reaches its optimal values. This trend suggests that the transport properties are mainly controlled

by the position of the chemical potential rather than the temperature variation.
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Figure 111.8 Evolution versus chemical potential of (a) Seebeck coefficient, (b) electrical
conductivity, (c) thermal conductivity and (d) Merit factor of CeMgOs at 300, 600 and 900K

Furthermore, the negligible influence of temperature implies that intrinsic scattering
mechanisms dominate over thermal excitations in these materials. Such behavior is consistent
with the semiconducting nature previously predicted from the band structure analysis,
confirming that carrier concentration plays a more critical role than lattice vibrations in

determining o/t.
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c) Thermal conductivity

Figures 7c and 8c illustrate the variation of electronic thermal conductivity (k./t) as a function
of chemical potential. The maximum ./t values are observed in the p-type region. For CeBeOs,
these values occur at —0.1 eV and correspond to approximately 1.68x10'® W-m™'-K™'-s7!,
1.10x10'* W-m*-K's!, and 5.29x10" W-m'K*'s! at 900 K, 600 K, and 300 K,
respectively. For CeMgOs, the corresponding values are 8.61x10"® W-m-K'-s71, 6.04x10'*
W-m-Ks! and 2.96x10"* W-m-K'-s7!. The k/t values increase with rising temperature,
which is attributed to the enhancement of electron energy. This behavior reflects the metallic-
like conduction trend in the p-type region at high temperatures. Moreover, CeBeOs exhibits a
significantly higher k./tr compared to CeMgOs, suggesting stronger electronic heat transport.
Such a difference can be linked to variations in the electronic density of states near the Fermi

level and the effective mass of charge carriers.

d) Merit Factor

Figures 7d and 8d reveal that the maximum values of the merit factor (ZT) with respect to
chemical potential consistently occur in the n-type region across the entire investigated
temperature range. The highest ZT value, approximately 1, is achieved at room temperature for
both CeBeOs and CeMgOs materials. Although the optimal ZT values decrease with increasing
temperature, they remain in the n-type region and stay above 0.8. These calculations provide a
basis for further optimization of the thermoelectric properties of CeBeOs and CeMgOs
perovskite semiconductors and may also have practical significance for room-temperature
thermoelectric applications. This behavior suggests that the electronic structure of these
compounds is particularly favorable for n-type conduction, which can be attributed to their band
dispersion and density of states near the conduction band edge. The persistence of relatively
high ZT values at elevated temperatures indicates good thermal stability, which is a critical
requirement for reliable thermoelectric devices. Therefore, targeted doping strategies or
nanostructuring techniques could further enhance their performance by reducing lattice thermal

conductivity without compromising electrical properties.

111.8 Conclusion

Lattice constants of 3.60 A and 3.85 A, respectively, have been determined through
structural optimization of cubic perovskite-type oxides CeBOs (B = Be, Mg). The nonmagnetic
phase is more stable than the ferromagnetic and antiferromagnetic phases. The thermodynamic
stability and potential synthesizability of these perovskites are confirmed by the negative values
of cohesive energy and formation enthalpy. With indirect band gaps of 0.73 eV (CeBeOs3) and

65



Chapter 111 Simple Perovskite CeBO3 (B = Be, Mg)

0.51 eV (CeMgOs3), the results indicate a semiconducting nature. Additionally, these materials
exhibit elastic anisotropy: CeBeOs behaves primarily in a ductile manner, whereas CeMgOs
shows a slight degree of brittleness. Their optical response demonstrates significant absorption
in the visible to near-infrared spectrum, suggesting potential for energy-conversion and
optoelectronic applications. These perovskites exhibit a broad energy range, highlighting their
potential for optoelectronic applications and effective absorption of harmful UV radiation. In
particular, CeMgOs demonstrates exceptional transparency in the near-ultraviolet region,
making it a strong candidate for transparent coatings. Both CeBeO3s and CeMgO3 show promise
for thermoelectric generators, owing to their notably high merit factor values, especially near
300K. This study provides valuable reference data for researchers investigating perovskite

oxides.
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Chapter IV Double Perovskites K2BBiBrs (B = Cu, Ag)

V.1 Introduction

The general chemical formula for halide double perovskites (HDPSs) is A:BB'Xs, Where A is a
large alkali cation (e.g., Cs* or K*), B and B' are metal cations (e.g., Ag*, Bi**, Sc**, or Cu?"),
and X is a halide anion (CI-, Br~, or I). This class of materials has garnered significant attention
for potential applications in optoelectronics, including solar cells, light-emitting diodes (LEDs)
[1-2], and photodetectors. The absence of lead in HDPs, particularly in copper- or silver-based
compounds [3-4], makes them promising candidates for environmentally friendly technologies.
These materials often exhibit wide band gaps, which can be advantageous in optoelectronic
applications where low absorption of visible light is desirable. For example, Cs2AgBiBrs has
been reported as an effective solar material due to its strong light absorption and long carrier
lifetime, according to a study by T. McClure et al. [5]. However, its solar energy conversion
efficiency remains limited by its indirect and wide band gap. O. Oktay et al. [6] synthesized
Cs2AgBiBrs plates using a solvent-free solid-state technique, which produced larger and denser

perovskite grains, thereby improving the material’s reactivity and detectability.

As a result, Cs,AgBiBres demonstrates promising potential for photodetector applications. In a
recent study, W. Shen et al. [7] significantly enhanced the performance of a Cs,AgBiBrs - based
photodetector by employing a double electron transport layer (ETL) of SnO2/ZnO, which
improved the specific detectivity by 16.5 times and the responsivity by 12.7 times. The impact
of iodine doping on the silver-containing double perovskite Cs;AgBiBrs was investigated by B.
Akenoun et al. [8]. They reported that the band gap of Cs2AgBiBrs-xIx decreases from 1.841
eV to 1.677 eV as iodine concentration increases, while the absorption coefficient shifts from
the ultraviolet to the visible range at 5% iodine substitution. These findings suggest that such
materials are stable, non-toxic, and promising absorbers for solar cell applications.
Furthermore, a study by S. Al-Qaisi et al. [9], based on DFT calculations for KoCuSbXs (X =
Cl, Br, 1), reported extremely low lattice thermal conductivity and a high figure of merit at 300
K, highlighting the potential of HDPs for renewable energy and thermoelectric generators.
Owing to their non-toxicity and diverse properties, several studies over the past three years have
explored the elastic, optoelectronic, and thermoelectric characteristics of lead-free double
perovskites such as KoCuShBrs [10], Cs2SbAgBrs [11], and RboLiTIBre [12]. Compared to
lead-based perovskites, lead-free double perovskites (LFDPs) exhibit superior chemical and
thermal stability, ensuring greater reliability in harsh environments. This stability, combined
with longer carrier lifetimes and lower non-radiative recombination rates, maximizes device

energy efficiency and improves durability under demanding conditions.
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In this context, the aim of the present study is to gain deeper insight into the physical properties
of HDPs K>(Cu/Ag)BiBre to evaluate their potential for thermoelectric and optoelectronic
applications. First, we assess their structural and elastic properties to confirm stability. Then,
we analyze their electronic properties relevant to optical behavior, evaluated using the
absorption coefficient, refractive index, and reflectivity. Finally, we investigate their
thermoelectric properties, focusing on the Seebeck coefficient (S) and power factor (PF). The
study concludes with a concise summary of the main findings. In general, perovskite materials
can be classified into two categories simple perovskites and complex perovskites each with
distinct structural and functional characteristics. The computational methodology adopted in
this work has been described in detail in Chapter I11. Therefore, this section is limited to

presenting the obtained results along with their analysis and discussion.

IVV.2 Structural properties

K2AgBIiBrs is reported to be stable in a cubic structure with space group Fm-3m (#225),
according to a recent experimental study by S. Janaki et al. [13]. In this work, we verify this
result by performing a detailed structural optimization for the nonmagnetic (NM),
ferromagnetic (FM), and antiferromagnetic (AFM) phases. For these compounds, the atomic
positions are as follows : Potassium at (0.25, 0.25, 0.25), Silver (or Copper) at (0, 0, 0), Bismuth
at (0.5, 0.5, 0.5), and Bromine at (x, 0, 0), with x =0.250 [14]. Asillustrated in Fig. V.1, which
shows the unit cell structure of K2(Cu/Ag)BiBrs compounds plotted using VESTA 4.5 software

[15], the bromine anions octahedrally coordinate the copper (or silver) and bismuth cations.

Figure 1V. 1: Cubic structure of K2CuBiBrs and K>AgBiBrg double Perovskites
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Each copper (or silver) cation is surrounded by six bismuth cations as its nearest neighbors,
while each potassium cation is bonded to twelve bromine anions. This structural arrangement
indicates a highly symmetric coordination environment that contributes to the overall stability
of these compounds. Furthermore, the cubic symmetry minimizes structural distortions and
ensures isotropic physical properties, which is advantageous for optoelectronic applications.
Table IVV.1 summarizes the bulk modulus, its pressure derivative, the equilibrium lattice
constant, and the ground-state energies for the NM, FM, and AFM configurations. The
calculated lattice parameters, 11.90 A for K.CuBiBre¢ and 11.97 A for K>AgBiBre, are
consistent with those reported for other halide double-perovskite semiconductors, such as
K2RbTIBrs (12.01 A) [16], Cs2CuAsBrs (11.80 A) [17], and RboKTIBrs (11.72 A) [18]. This
agreement confirms the reliability of our computational approach and validates the predicted

structural stability of these compounds.

Using equations (IV.1) and (IV.2) [19], we analyze the formation energies (AH ) and cohesive

energies (E.on) of K2(Cu/Ag)BiBre compounds to ascertain their chemical and structural

stability.
Efor = Efycuagipinre — (ZER™ + ECufag + EB{™ + 6ERyY) (Iv.1)
Econ = Ecucagipinre — (2ER° + Egujag + Epf + 6E5Y) (Iv.2)

Here, EPY indicates the total energy of the primitive cell, E™° is the energy of the isolated atom,
The thermochemical energy required to form Kx(Cu/Ag)BiBre from its constituent elements K,
(Cu/Ag), Bi, and Br under standard conditions is specified by the negative formation enthalpy

(AH¢) values found for both compounds. The cohesive energy (E,,), Which quantifies the

energy needed to separate an alloy into its constituent atoms, also indicates how strongly the
atoms are held together by chemical bonds. The observed negative values for (E,p) confirm
the structural stability of all the examined alloys in their optimized states. The stability of the
material is assessed using the Goldschmidt factor t; (eq. 1V.3), which measures ion
compatibility within perovskite structures. This component indicates whether the network's
geometry is stable and whether the cations are positioned correctly in the structure. Depending
on their ionic radius and the ionic radius of the position they may occupy, it explains how ions

are preferentially incorporated into crystal structures.

Tk + Tpr
tG ==

- r + 1rp;
\/i[( Cu(orAiq) Bl) + rBr]

(IV.3)
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Generally, a stable structure is expected to have a Goldschmidt factor in the range of 0.8 to 1.
Non-perovskite structures are generally observed when t; is either greater than 1 or less than
0.71 [20].

Table V.1 Calculated structural equilibrium lattice constant a(A), pressure derivatives B’,
ground state energies E,,;, (Ry), formation energy AH; (Ry), cohesive energy E¢ (Ry),
gap energy E,(eV) and tolerance factor t; of K>CuBiBrs and K>AgBiBrs double
Perovskites.

Compounds | State a B’ Emin AHy E¢ E, te
NM | 11.90 | 4.02 | -80162.021508 | -1.14 | -1.92
0.74 (GGA-
K,CuBiBre | FM | 11.89 | 4.01 | -80162.021504 | - | -- PBE) | .89
: : : 173 (mBJ- | &
GGA)
AFM | 11.90 | 491 | -80162.021493 | - | -
NM | 11.97 | 550 | -87486.645199 | -1.92 | -1.45
1.39 (GGA)
KoAGBiBrs | FM | 1197 | 554 | -87486.645195 | - | - | 2.82(mBJ- | 0.83
GGA)
AFM | 11.96 | 511 | -87486.645186 | - | -

V.3 Electronic properties

The electronic characteristics of the cubic halide double perovskites K2(Cu/Ag)BiBrs, as
defined by their band structure and total and partial density of states (TDOS and PDQS), are
examined in the section that follows. We are able to categorize our compounds as metallic,
semiconducting, or insulating thanks to this investigation. Finding possible real-world uses is
also aided by knowing the bandgap size and the kind of interband transitions (direct or indirect).
The valence band maximum (VBM) and conduction band minimum (CBM) of the two double
perovskites investigated in this study are located at the L and X points, respectively, as
illustrated in Figure 1V.2. It can be observed that the conduction band minimum shifts, and the
band gap energy increases as the ionic radius increases (RAg > RCu). This trend has also been
reported for several other double perovskite compounds, such as KoNaGaBrs and KoRbTIBrs
[16], as well as CsCuAsBrs [17]. Our compounds, which exhibit indirect band gaps ranging
from 1.73 to 2.82 eV, are highly versatile and hold great potential for various optoelectronic

and electronic applications. These materials can influence conductivity and the color of emitted
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or absorbed light. Furthermore, under sunlight exposure, they may act as photocatalysts,
facilitating hydrogen generation or pollutant degradation [21-22]. The observed increase in
band gap with larger ionic radius can be attributed to the lattice expansion, which reduces orbital
overlap and results in a wider energy separation between the valence and conduction bands.
Such behavior is critical for tuning the optical absorption edge, enabling the design of materials
suitable for photovoltaic cells or UV filtering devices. Additionally, these compounds maintain

structural stability under ambient conditions, which further enhances their technological

relevance.
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Figure IV. 2: Band structure of K.CuBiBrs and K2AgBiBrs double Perovskites

In summary, since electronic transitions require both photon absorption and phonon assistance,
materials with indirect band gaps exhibit lower absorption coefficients compared to direct band
gap materials. Despite their limitations in light absorption, they offer advantages such as
enhanced durability and longer charge carrier lifetimes, making them promising candidates for
stable and environmentally friendly optoelectronic devices when appropriately engineered.
Figures 1VV.3 and 1V.4 show the total (TDOS) and partial (PDOS) densities of states for the
K2CuBBrs (B = Cu, Ag) double perovskites, calculated using the TB-mBJ method within an
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energy range from —6 to 6 eV. These results confirm the semiconducting nature of the
compounds, as indicated by the presence of an energy gap around the Fermi level in the TDOS.
The main contribution to the valence band comes from the Cu-d states in KoCuBiBrs and the
Ag-d states in KoAgBiBres, whereas the conduction band is dominated by Bi-p states in both
compounds, with minor contributions from the Cu-s and Ag-s states, respectively. The Fermi
level lies closer to the top of the valence band than to the bottom of the conduction band,
indicating a p-type semiconducting behavior. The conduction band is mainly composed of p

and s states, while the valence band exhibits a strong contribution from d states.
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Figure IV. 3: Total density of states (TDOS) of K.CuBiBrs and K2AgBiBrs double Perovskites

As shown in Figure 1V.4a, a significant hybridization occurs between Br-d and Bi-s states
around —1.58 eV, playing a key role in the formation of the electronic bands in this energy
region. This hybridization reflects a strong chemical interaction between Br anions and Bi
cations, enhancing the electronic stability of the lattice.
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Figure 1V.4: Partial density of states (PDOS) of K.CuBiBrs and K2AgBiBre double Perovskites

Furthermore, possible electronic transitions include those from Cu-s and Bi-p states in the
conduction band to Cu-d and Bi-s states near the Fermi level in Ko.CuBiBrs, as well as from
Ag-s and Bi-p states to Ag-d and Bi-s states in KoAgBiBres. These transitions are particularly
important for improving optical properties, especially within the visible range, which could
promote potential applications in optoelectronics and photovoltaics. Finally, the asymmetric
distribution of d and p states in the valence and conduction bands suggests the possibility of
strong optical absorption in the near-ultraviolet and visible regions, along with electronic
mobility influenced by the dominant p states in the conduction band. This electronic
configuration, combined with the moderate band gap predicted by the TB-mBJ method,
confirms that these materials are promising candidates for stable, environmentally friendly, and

lead-free optoelectronic devices.
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V.4 Elastic properties

It should be noted that the theoretical background and computational details of the elastic
stability criteria, including the Born conditions and the derivation of the associated moduli,
were already discussed in Chapter I11. Therefore, in this section, we focus only on presenting
and analyzing the obtained results for K2(Cu/Ag)BiBre. The Born criteria, which determine
whether atoms remain stable under minor deformations, were used to evaluate the mechanical
stability of Ko(Cu/Ag)BiBre double perovskites. The elasticity of the material is directly related
to these criteria, which are expressed in terms of the elastic constants Ci1, Ci2, and Cas [23].
Other significant elastic parameters, including the bulk modulus (B), shear modulus (G),
Young's modulus (E), Poisson's ratio (v), and elastic anisotropy factor (A), can be calculated

using these constants [24].

According to Table V.2, which provides the independent elastic constants, we can infer that,
at zero pressure, the Ko(Cu/Ag)BiBre double perovskites are mechanically stable as they meet
all of Born’s elastic stability criteria [25] (C11 — C12 > 0); (C11 + 2C12 > 0); (C11 > 0); (Cas > 0)
and (C12 < B < C11). The K>CuBiBres compound meets the condition C11 > C22 > Css, indicating
it is more resistant to unidirectional compression than to shear deformation. However, the
K2AgBiBrs compound does not satisfy this condition, which suggests that its rigidity varies in
different directions and could have implications for its practical applications and performance
under various loads. The two compounds exhibit a moderate bulk modulus (B) of around 13

GPa, indicating comparable resistance to compression.

Table 1V.2 The computed elastic constants (Cij) in GPa, bulk modulus (B), Shear modulus

(G), Young’s modulus (E), Poisson’s ratio (v), anisotropic factor (A), and Pugh’s ratio (B/
G) of K>CuBiBres, and K>AgBiBrs double Perovskites.

Compounds | €41 | C12 | C44 | B(GPa)| G(GPa)| E(GPa)| v A | B/G

K2CuBIiBrs | o558 | 7.48 | 1.91 | 1351 | 476 | 1277 | 034 | 021 | 283

KoAgBiBre | 3485 | 312 | 7.78 | 1369 | 11.01 | 26.04 | 0.18 | 049 | 124

This similarity suggests that the crystalline structures and interatomic interactions of the two
materials are comparatively alike, allowing them to exhibit consistent compressibility under
high pressure. Moreover, the higher shear modulus (G) of K2AgBiBrs compared to KoCuBiBre

indicates greater resistance to shear deformation. Our calculations further reveal that
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K2AgBiBrs has a Young’s modulus of 26.04 GPa, which is more than twice that of KoCuBiBre
(12.77 GPa), confirming its superior mechanical rigidity. This suggests that under applied
stress, the compound K>AgBiBre resists deformation. With a Poisson's ratio (v) of 0.18 for
K2AgBiBrs, the material exhibits ionic bonds and deforms less transversely than longitudinally.
On the other hand, the higher value of 0.34 for K.CuBiBrg signifies a higher degree of transverse
deformation and the presence of covalent and metallic bonding [26]. The K.CuBiBrs and
K2AgBiBrs compounds exhibit an anisotropy coefficient (A) that deviates from unity,
indicating their anisotropic mechanical properties. However, the low degree of anisotropy for
K2AgBiBrs suggests a minimal risk of microcracking compared to K2CuBiBrs, which exhibits
a higher value of A. According to Pugh's criterion [27], a material exhibits brittle behavior when
the B/G ratio is less than 1.75, as observed for the compound K:AgBiBrs. Conversely, a B/G

ratio greater than 1.75, as in the case of the compound K.CuBiBrs, indicates ductile behavior.

IV.5 Optical properties

The theoretical framework and formalism for evaluating optical properties, including the
derivation of the dielectric function and related expressions, were presented in Chapter 111
(Equations 111.10 to 111.17). Building on this foundation, the present chapter applies these
formulations within the TB-mBJ approach to investigate the optical response of the double
perovskites KoCuBiBrs and K>AgBiBrs. The optical response of these semiconductors is
primarily governed by inter-band transitions between occupied and unoccupied states, which
are captured by the imaginary part of the dielectric function, &, (w), while the real part, £; (w),

represents the electronic polarization response.

a) Dielectric function

The dielectric function &(w) is essential for describing a material's optical properties and its
response to an external electromagnetic field. Figure 1V.5a shows the progress of the real part
&1(w) across an incident energy spectrum from 0 to 8 eV. The real part £;(w) mainly
represents the material's degree of polarization, which is derived from the Kramers-Kronig
transformation [28]. The static dielectric constant, &4 (w), is distinctly observed in K.CuBiBrs
and K>AgBiBrs, with respective values of 4.84 and 4.17. It is noted that &4 (@) increases with
photon energy, reaching peaks associated with optical transitions at energies of approximately
1.27 eV (infrared) and 1.94 eV (visible) for K,CuBiBrs and K,AgBiBrg, respectively. At
energy levels higher than those of the maxima, &;(w) exhibits a series of fluctuations,
characterized by peaks of lower intensity. In the energy range examined in these graphs, the

&1(w) values remain positive, indicating that photons are not reflected by the two double
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perovskites. The substitution of copper, with an electronic configuration of [Ar] 3d%° 4s!, by

silver, which has an electronic configuration of [Kr] 4d*° 5s?, leads to a decrease in &4 (w).
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Figure V.5 lllustration of a) real part &, (w) and b) imaginary part €,(w) component of
dielectric function of K2CuBiBrs, and K2AgBiBrs double Perovskites

The differences in energy levels and electronic interactions alter th movement of electrons
within the material, thereby influencing the dielectric function. As illustrated in Figure 1V.5b,
€2 (o), which describes the absorption of photon energy in the K,CuBiBrs and K,AgBIiBrg
double perovskites, shows a series of peaks, with the maximum peaks observed in the infrared
region. The peaks originate from electron transitions between the occupied Cu-d and Bi-s states,
located in the highest valence band, and the unoccupied Cu-s and Bi-p states, found in the
lowest conduction band. For both compounds, &, (®) exhibits a non-zero value for energies
below the band gap. This can be attributed to transitions between energy levels within the
valence band or to electronic excitations associated with localized states. The maximum value
of the real component of the dielectric function for the K,CuBiBrs compound is found in the
infrared region (1.27 eV), while that of the imaginary part appears in the ultraviolet region (3.55
eV). In contrast, for the K,AgBiBrs compound, the maximum value of the real component is
located in the visible region (1.91 eV), and that of the imaginary part in the infrared region (3.91
eV). The two double perovskites examined in this study exhibit remarkable optical absorption
across a wide range of electromagnetic frequencies, thereby promoting the expansion of

polarized electrons into conductive states and enhancing photovoltaic conversion efficiency.
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The profiles of &;(w) and &,(w) obtained resemble those observed in halide double
perovskites such as Ba2InNbOs [29] and K2ScAgBrs [30].

b) Absorption coefficient

To assess the suitability of a semiconductor for a photocatalytic application, it is essential to
calculate its absorption coefficient a(w). As shown in Figure 1V.6a, all observed peaks of
a(w) originate from the baseline, showing no photon absorption when there is no light,
especially for zero incident photon energy. The ions Cu* and Ag* modify the optical properties by
disturbing the electronic bands and energy levels. In K,CuBiBrs, Cu* strongly interacts with Br~,
shifting the optical gap and altering the absorption response. In contrast, the Ag* ion, due to its size and
electronic configuration, causes more subtle changes, slightly affecting the optical transitions in
K,AgBiBrs. The two double perovskites exhibit a comparable absorption rate in the visible
range, approximately 17 x 10* cm™. However, in the ultraviolet range, K,CuBiBres shows
slightly higher a(w) values compared to the K,AgBiBrs compound. The maximum absorption
coefficients, a(w), for K,CuBiBr¢ and K,AgBiBrg are significant, achieving values of 78 x

10* cm™t and 69 x 10* cm™, respectively, at an energy of 7.10 eV.
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Figure 1V.6 lllustration a) absorption coefficienta(w) and b) refractive index n(w) of
K2CuBiBrs, and K2AgBiBrs double Perovskites

The absorption spectra of K,CuBiBrs and K,AgBiBre cover a broad range of energies,

indicating their ability to absorb frequencies throughout the spectrum, especially in the visible
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and ultraviolet regions. Conversely, their absorption in the infrared range is minimal. A high
absorption coefficient in the visible spectrum increases photon-to-electron conversion, thus
optimizing cell efficiency. The absorption rate of the compounds we investigated exceeds the
values reported for several halide double perovskites, including Li2AgBiCle, Li2AgBiBre [31],
Rb2YCuCle [32], and K2AgSbBrs [33].

c) Refractive index

The propagation of photons through different optical media is governed by the refractive index
n(w) [34]. At 0 eV, the compound K>CuBiBrs has a value of 2.20, while the compound
K2AgBiBrs has a value of 2.05, as shown in Figure 1V.6b. These slightly higher values indicate
that these materials significantly refract light. Substituting the copper atom with a silver atom
shifts the main peak of n(w) from the infrared region to the visible region. Of the two double
perovskites studied, K,CuBiBrg exhibits a slightly higher n(w) than K,AgBiBrg, indicating
that the incident photons interact with a greater number of valence electrons. This interaction
leads to increased polarization and a reduction in the speed of light. The highest refractive index
values 2.64 for K,CuBiBr and 2.61 for K,AgBiBrs make these materials well-suited for use
in light-emitting diodes (LEDs) and solar cells [35]. The refractive index follows a model
similar to that of the real part of the dielectric function £,(0) = n?(0) [36], indicating that the

optical properties of these materials are strongly correlated with their electronic properties.
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Figure IV.7 lllustration of a) reflectivity R(w), and b) electron energy loss L(w) of K2CuBiBrs,
and K>AgBiBrs double Perovskites
d) Reflectivity
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Figure 1V.7a shows how reflectivity R(w) changes with phonon energy, where reflectivity is
defined as the ratio of the intensity of radiation reflected by a surface to the intensity of the
incident radiation. One can observe that the static values of R(w) are 14% for K,CuBiBr, and

11.5% for K,AgBiBrg, respectively.

The K,CuBiBrg alloy shows its highest value of 24% in the ultraviolet range, while the
K,AgBIBrg alloy reaches its peak value of 21% in the visible range. With reflectivity around
20% across a broad spectrum, our two double perovskites can be used in solar panels to
optimize absorption while minimizing unwanted reflections and they can also be utilized in
optics for anti-reflective coatings [37]. Low reflectivity allows for greater light capture,

reducing reflection losses and maximizing the absorption of incident light.

e) Energy loss function

Figure 1V.7b shows the variation of the energy loss function L(w) with photon energy for
K2CuBiBrs and K>AgBiBrs compounds. In the visible range, L(w) is less than 0.16 for
K2CuBiBre and 0.14 for K2AgBiBrs. Both double perovskites exhibit a significant increase in
L(w) in the ultraviolet (UV) range. K2CuBiBrs features three distinct peaks in the UV region
at4.00 eV, 6.20 eV, and 7.50 eV, with peak intensities of 0.35, 0.36, and 0.37, respectively. In
contrast, KoAgBiBrs shows its main peaks at 6.06 eV and 7.62 eV, with peak intensities around
0.35. The highest L(w) values are linked to decreases in &;(w). These energy losses are
attributed to electronic excitations and the movement of fast electrons through the material. As
a conclusion to this optical study, it can be said that with a band gap of 1.73 eV for K,CuBiBr
and 2.82 eV for K,AgBiBrg, these compounds exhibit great versatility and are applicable in
various fields. They can be used for producing LEDs that cover a broad color spectrum, from
red for K,CuBiBrg to blue/violet for K,AgBiBre, providing vibrant lighting and displays.
Additionally, K,CuBiBr is suitable for detecting wavelengths ranging from red to near-
infrared, while K,AgBiBre is effective for detecting shorter wavelengths, from blue to
ultraviolet. In solar cell technologies, the band gap of K,CuBiBrg is well-suited for standard
applications, whereas the band gap of K,AgBIiBr¢ is ideal for specialized, high-efficiency

photovoltaic applications.

IVV.6 Thermoelectric properties
The thermoelectric properties of K2(Cu/Ag)BiBrs double perovskites are analyzed within
the framework of semi-classical Boltzmann transport theory. The governing relations for key

parameters, including the Seebeck coefficient, electrical and thermal conductivity, and the
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thermoelectric figure of merit (ZT), were presented in Chapter 111 (Equations 111.18-111.21).
This section emphasizes the computed results and their implications for the thermoelectric

performance of the investigated compounds.

a) Seebeck coefficient

For a temperature range of 100 to 900 K, Figure 1V.8a shows the variation of the Seebeck
coefficient (S), which expresses the potential difference as a function of the temperature
gradient. The value of S for both compounds exhibits an inverse relationship with electrical
conductivity and decreases with increasing temperature. This can be explained by the thermal
excitation of charge carriers, which increases electrical conductivity but lowers thermoelectric

voltage because of the increased carrier concentration.
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Figure 1V.8 (a) Seebeck coefficient (S) and (b) Electrical conductivity (¢/1), of K.CuBiBrs, and
K2AgBiBrs double Perovskites

The maximum values of S observed were 2.72 x 107V /K for K,CuBiBre and 2.52 X
10~* V /K for KzAgBiBr,, respectively. The positive values of S observed for K.CuBiBrs and

K2AgBiBrs compounds indicate their behavior as p-type semiconductors [38].

b) Electrical conductivity
Electrical conductivity (o), shown as a function of temperature (Figure 1V.8b), rises with
temperature due to the thermal agitation of electrons transitioning from the valence band to the

conduction band. In other words, this increase may be attributed to bond breaking and the
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enhanced kinetic energy of electrons, which improves conduction in the studied compounds.
At temperatures below ambient, the two compounds exhibit similar variation in 6. At 300K,
both compounds exhibit the same value, approximately 2.4 x 1018(Q.m. s)~1. Beyond 300 K,
the electrical conductivity profiles diverge, with KoAgBiBres maintaining substantially higher
values than K.CuBiBrs. This difference can be attributed to the presence of different cations in
the two compounds, which affects electron mobility and conduction mechanisms. Specifically,
the Ag cation in K,AgBiBrs may introduce additional energy levels that facilitate conduction,
whereas the Cu cation in K,CuBiBre might present greater resistance to electron mobility,
thereby reducing conductivity. The maximum values of o observed were 3.90 X
1018 (Q.m.s) for K,CuBiBr, at 800K and 8.52 x 10'8(Q.m.s)! for K,AgBiBre at 900K,
respectively. The high Seebeck coefficient (S) allows significant voltage generation from small
temperature variations, thus optimizing the conversion of thermal energy into electrical energy,
and the high electrical conductivity reduces resistive heat losses, thereby improving electron

flow and efficiency.

c) Electronic thermal conductivity

The temperature variation of electronic thermal conductivity (ke/t) is illustrated in Figure
IV.9a. At 300K, K2CuBiBrs exhibits a value of 3.78 x 1013 (W/m.K.s), while K2AgBiBrs
shows a slightly larger value of 5.45 x 103 (W/m.K.s). The maximum values of (ke/t)
observed were 6.23 x 103 (W/m.K.s) for K,CuBiBrs at 600K and 3.48 x 10** (W/m.K.s)
for K2AgBIiBre at 900K, respectively. It is observed that the double perovskite KoCuBiBre
exhibits lower electronic conductivity values compared to the compound K2AgBiBrs. This can
be explained by the fact that copper (Cu) and silver (Ag) have different electronic
configurations: [Kr] 4d'® 5s! for copper and [Ar] 3d'° 4s! for silver. These variations have an
impact on the electronic thermal conductivity and, in turn, the density of electronic states at the
Fermi level.

Because of their unique electronic characteristics and interactions with the crystal lattice,
silver's orbitals may have a higher thermal conductivity than copper's. Additionally, the
conduction band of K2AgBiBrs is wider than that of K.CuBiBrs, indicating that the double
perovskite containing silver has higher electron mobility and, as a result, higher electronic
thermal conductivity. The lattice thermal conductivity (k./t) was not addressed due to a lack

of software and powerful computing stations.
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Figure 1V.9 (a) Electronic thermal conductivity (Ke/t), and (b) Merit factor (ZT) of K,CuBiBrs,
and K>AgBiBrs double Perovskites

However, in semiconductors, at low temperatures, lattice thermal conductivity is higher than
electronic conductivity due to the low scattering of phonons [39]. Lattice conductivity falls at
high temperatures due to increased phonon interactions, which restricts their capacity to transfer
heat, while electronic conductivity becomes dominant due to increased thermal agitation of

electrons.

d) Merit factor

Figure 1V.9b illustrates the variation of the merit factor (ZT) versus temperature. For the
compounds K>CuBiBrs and K2AgBiBrs, the ZT values at 300 K are 0.80 and 0.78, respectively.
As the temperature increases, Ko.CuBiBres shows a progressive increase, reaching 0.84 at 900 K,
while K2AgBiBre exhibits a very slight decline, with a value of 0.77 around 900 K. As the
temperature increases, thermal vibrations (phonons) in the KoCuBiBrs compound become more
significant, and the material manages to limit the rise in thermal conductivity while improving
its electrical conductivity, leading to this progressive increase in the ZT value. The small
variation in ZT (from 0.78 to 0.77 between 300 K and 900 K) suggests that K.AgBiBrs has
relatively stable thermal and electronic properties. This is due to its low phonon thermal
conductivity, good electrical conductivity, and a very slight variation in the Seebeck coefficient
over a wide temperature range, which limits the decrease in thermoelectric efficiency at high
temperatures. The high ZT values over a wide temperature range for the double perovskite
K2CuBiBrs indicate that it has a superior ability to convert heat into electricity compared to the
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K2AgBiBrs compound. In this context, at room temperature, our compounds exhibit ZT values
higher than those of several other DP compounds, such as RboLiTIBrs [18], Ba2lnNbOs [29]
and Rb2YCuCls [40].

I\V.7 Conclusion

The structural stability of the K.CuBiBrs and K:AgBiBrs compounds, along with their
electronic, elastic, optical, and thermoelectric properties, was investigated using first-principles
calculations based on density functional theory (DFT). Structural optimization indicates that
the non-magnetic (NM) phase is the most stable compared to the ferromagnetic (FM) and
antiferromagnetic (AFM) phases. The negative values of formation enthalpy and cohesive
energy confirm their thermodynamic stability and synthesizability. The electronic structure
analysis reveals that both compounds are semiconductors with indirect band gaps. At the atomic
scale, K-CuBiBrs and K2AgBiBrs exhibit distinct mechanical behaviors. K2CuBiBrs is more
resistant to compression than to shear deformation, whereas K:AgBiBrs shows directional
variations in rigidity. Both compounds have similar bulk moduli; however, K:AgBiBrs
possesses a higher shear modulus, indicating greater stiffness. According to Pugh's criterion,
K:AgBiBrs is classified as brittle, while K2CuBiBrs exhibits ductility. In terms of optical
properties, both compounds demonstrate significant absorption in the visible and ultraviolet
regions. Their refractive indices indicate an efficient ability to refract light, making them
suitable candidates for light-emitting diode (LED) applications. Additionally, their reflectivity
values suggest potential use in solar panel coatings. Thermoelectric analysis shows that the
Seebeck coefficient decreases with increasing temperature for both compounds, indicating p-
type semiconductor behavior. In contrast, electrical conductivity increases with temperature
due to thermal excitation, reaching approximately 2.4 x 10" (Q-m-s)" at 300 K. At 300 K,
K2CuBiBrs exhibits a figure of merit (ZT) of 0.80 compared to 0.78 for K2AgBiBrs. At 900 K,
K2CuBiBrs improves slightly to 0.84, while K2AgBiBrs decreases marginally to 0.77. This
increase in ZT for K2CuBiBrs results from enhanced electrical conductivity and reduced thermal
conductivity due to increased phonon scattering. Therefore, K2.CuBiBrs appears to be more

efficient for thermoelectric energy conversion.
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Chapter V Embedded Systems Applications

V.1 Introduction

The rise of embedded systems has transformed energy and environmental technologies by
enabling intelligent monitoring, control, and optimization of complex processes [1]. Their
integration into renewable energy, environmental monitoring, and photocatalytic reactors
promotes autonomous and efficient solutions. At the same time, perovskites open new prospects
for light-driven processes such as solar conversion, pollutant degradation, and hydrogen
production [2][3]. This chapter highlights the synergy between embedded systems and
perovskite materials [4], drawing on DFT and modeling approaches to design intelligent and
sustainable photocatalytic systems [5].
V.2 Embedded Systems and Energy Applications
V.2.1 Definition of Embedded Systems
Embedded systems are specialized computing devices, optimized for specific functions under
constraints of size, energy, and real-time performance [6]. Comprising a microcontroller,
memory, interfaces, and dedicated software [7], they provide efficiency, reliability, and
autonomy across various domains, from automotive to energy. In energy and environmental
applications, they enable real-time monitoring, control, and process optimization, thereby

enhancing sustainability and performance.
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Figure V.1 Schematic Representation of Embedded System Components

V.2.2 Embedded Systems in Renewable Energy and Environmental Monitoring

Embedded systems have become essential in renewable energy due to their role in performance
optimization, reliability, and automation. They regulate power conversion, track the maximum
power point (MPPT), manage storage, and ensure grid integration, thereby improving
efficiency and reducing costs. In photovoltaic and wind applications, they dynamically adapt
operating conditions in real time to maximize energy production and ensure stability. Moreover,

they play a key role in environmental monitoring by enabling the autonomous collection and
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processing of data (air quality, water quality, pollution). With sensors and low-power
microcontrollers, they provide real-time monitoring, even in remote areas.

Coupling energy-harvesting technologies with embedded systems paves the way for self-
powered devices, particularly useful in photocatalysis to regulate light sources and optimize
chemical reactions. Thus, embedded systems serve as a bridge between renewable energy,

environmental sustainability, and intelligent control.
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V.2.3 Integration of Photocatalysis into Embedded Systems

The integration of photocatalysis into embedded systems represents a major step toward
autonomous and intelligent environmental technologies. Based on the activation of
semiconductors under light irradiation, photocatalysis offers promising applications in water
purification, pollutant degradation, and solar-driven hydrogen production [9]. However, its
practical deployment requires precise control of reaction conditions (light intensity, duration,
pH, temperature) and real-time monitoring of catalytic efficiency. Embedded systems provide
the necessary platform to ensure such control and automation [10].

By integrating microcontrollers, sensors, and actuators, they can regulate light sources, monitor
parameters such as dissolved oxygen or pollutant concentration, and dynamically adjust
operating conditions. With embedded communication modules, these devices can also be
remotely monitored and deployed in isolated environments.

The synergy between photocatalysis and embedded systems thus enables the development of

smart, sustainable, and autonomous devices. When coupled with renewable energy sources
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(e.g., solar panels), these integrated systems operate as self-powered units for long-term
environmental remediation and clean energy generation, particularly in water treatment, air

purification, and green hydrogen production.
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Figure V.3 Modular photocatalytic reactor design

V.3 Motivation for Perovskite-Based Photocatalysis in Embedded Systems

Perovskite materials are versatile semiconductors with remarkable optoelectronic properties
(strong light absorption, tunable bandgap, long carrier diffusion length), well-suited for
embedded systems where efficiency, compactness, and flexibility are essential. Their low-cost
solution processing enables lightweight and flexible devices.

The most studied application is in perovskite solar cells (PSCs) [11], which integrate embedded
systems for maximum power point tracking (MPPT), fault detection, and performance
optimization. Compact microcontroller-based units regulate power conversion and energy
storage, making these devices suitable for portable and autonomous platforms. Similarly,
perovskite photodetectors and sensors exhibit high sensitivity and fast response times [12],
useful in imaging, environmental monitoring, and communication.

Beyond photovoltaics and sensing, perovskites are promising for photocatalysis in embedded
systems, for instance in water purification, hydrogen production, or pollution control.
Embedded controllers manage illumination, monitor catalytic efficiency, and ensure
autonomous operation [13]. Thus, integrating perovskites into energy-related embedded
systems highlights their dual role as active functional materials and enablers of innovative
architectures, bridging advanced material science and intelligent system design. The motivation

for using perovskites in photocatalysis within embedded systems lies in their tunable
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optoelectronic properties and low-cost synthesis. Unlike conventional photocatalysts (TiOz),
they offer adjustable bandgaps matching the solar spectrum, as well as band positions favorable
to water redox reactions, enabling efficient H. and O- evolution under visible light [14]. From
an embedded systems perspective, photocatalysis requires intelligent control of conditions
(light intensity, temperature, reaction medium). Embedded systems enable regulation,
automation, and real-time monitoring [15], paving the way for autonomous and smart
photocatalytic devices. This integration is promising for pollution remediation and sustainable
energy conversion [16]. For example, a perovskite-based reactor equipped with sensors and
microcontrollers can degrade pollutants or optimize hydrogen generation while adapting to
fluctuating conditions. Thus, the interest of perovskites in embedded photocatalysis lies in the
synergy between material performance and intelligent design, supporting the development of

autonomous, adaptive, and sustainable technologies [17].

V.4 Fundamentals of Photocatalysis

V.4.1 Principles of Photocatalysis

Photocatalysis is a light-driven process where a semiconductor absorbs photons to generate
electron—hole pairs, enabling surface redox reactions such as water splitting and pollutant
degradation [18]. Efficiency depends on minimizing charge carrier recombination through
strategies like bandgap engineering, surface modification, and heterojunction design. The
process involves three key steps: light absorption and carrier generation, carrier transport and
separation, and surface reactions. Proper band alignment (CBM above H*/H., VBM below
H20/0.) ensures thermodynamic feasibility [19]. Photocatalysis thus offers a promising route
for energy conversion and environmental remediation, especially when coupled with embedded

control systems to enhance stability and efficiency.

V.4.2 Criteria for an Efficient Photocatalyst

The performance of a photocatalyst depends on structural, electronic, and chemical factors
governing light absorption [20], charge carrier dynamics, and surface reactivity. An efficient
photocatalyst requires a visible-range bandgap (1.5-3.0 eV) with band edges properly aligned
to redox potentials (CBM < H*/Hz; VBM > H20/0-) to ensure thermodynamic feasibility [21].
Efficiency also relies on charge separation and transport [22], demanding low defect density
and passivation. Chemical and structural stability is essential under irradiation and in aqueous
media [23]. Practical viability requires low-cost, non-toxic, and earth-abundant materials

compatible with embedded systems [24].
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V.5 DFT-Based Evaluation of Photocatalytic Suitability
V.5.1 Theoretical Framework and Methodology

The evaluation of photocatalytic performance in the studied materials builds upon the
theoretical foundations presented in Chapter Il and the structural, electronic, and optical
analyses detailed in Chapters 11 and 1V. As outlined previously, Density Functional Theory
(DFT) provides the basis for investigating ground-state properties, while in this chapter the
same framework is extended to assess photocatalytic suitability.

All calculations were carried out within the Generalized Gradient Approximation
(GGA) using the Perdew-Burke-Ernzerhof (PBE) functional, which was already employed for
structural optimization and electronic structure determination in earlier sections. The optimized
lattice parameters and band structures obtained in Chapters I11 and IV form the starting point
for photocatalytic analysis.

The methodology focuses on relating the electronic band edge positions of the
compounds to the thermodynamic redox potentials for water splitting. Specifically, the
conduction band minimum (CBM) is compared with the reduction potential of H/Hz, while the
valence band maximum (VBM) is aligned against the oxidation potential of H.O/O:. This
comparison enables evaluation of whether the materials meet the fundamental energetic
requirements for photocatalytic activity.

V.5.2 Band Edge Positions and MATLAB Validation

The determination of the band edge positions of a semiconductor is a crucial step in assessing
its suitability as a photocatalyst for water splitting and related environmental processes. In this
study, the band edges were calculated using the absolute electronegativity approach, which
directly links the conduction band minimum (CBM) and valence band maximum (VBM) to the

material’s electronegativity and band gap. The equations used for this purpose are given by[25].
1
Ecpm =X —Ee =S Eg (V.1)

Evem = Ecgm + Eg (V.2)

where y represents the absolute electronegativity of the compound, Ee is the free-electron
energy on the hydrogen scale (taken as 4.5 eV), and Eg is the band gap obtained from density

functional theory calculations. Mulliken absolute electronegativity is defined as [26]:

X= %(IP + EA) (V.3)
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where IP is the ionization potential and EA the electron affinity (both in eV). For a solid, this

can be expressed using absolute (vacuum-referenced) band edges [27].
IP = Eyac — Evem (V.4)
EA = Eyac — Ecam (V.5)

To facilitate the evaluation of multiple compounds, these equations were implemented in a
MATLAB environment, where the code was designed to automatically process the input
parameters, calculate the band edge positions, and generate graphical outputs. The graphical
representation included the calculated CBM and VBM values plotted with respect to the redox
potentials of water splitting, namely the oxygen evolution potential (Eg, /u,0 = —5.67 ¢V) and

the hydrogen reduction potential (Ey+ y, = —4.44 eV), represented as reference lines. In this

way, the MATLAB code [28] not only eliminated the risk of manual computational errors but
also enabled the automated generation of band alignment diagrams, which allowed for direct
visual inspection of photocatalytic feasibility. A material is deemed suitable for photocatalysis
only if its conduction band lies above the hydrogen reduction potential and its valence band lies

below the oxygen evolution potential.

V.5.3 Selection of Promising Perovskite Compounds

Table V.I summarizes the calculated electronic band gaps and absolute band-edge
positions of the studied perovskite and double perovskite compounds, expressed relative to both
the vacuum level and the normal hydrogen electrode (NHE). For efficient photocatalytic water
splitting, two criteria must be simultaneously satisfied: (i) the band gap should lie within the
visible-light range (1.5-3.0 eV), and (ii) the conduction band minimum (CBM) must be more
negative than the H*/H: reduction potential (0 V vs. NHE), while the valence band maximum
(VBM) must be more positive than the O>/H20 oxidation potential (+1.23 V vs. NHE) as shown
in Figure V.4,

Table V.I Calculated Band-Gap, absolute electronegativity, and Band-Edge
Positions of the perovskites and double perovskite compounds
Compound Eg (eV) ¥ (eV) Ecsm Evem
CeBeOs 0.73 7.80 +2.935 +3.665
CeMgO: 0.51 7.50 +2.745 +3.255
K:CuBiBrs 1.73 5.90 -0.335 +1.195
K:AgBiBrs 2.83 6.20 -0.285 +2.545
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From the results, CeBeOs and CeMgOs exhibit very narrow indirect band gaps of 0.73 eV

and 0.51 eV, respectively. While these narrow gaps suggest strong electronic conductivity, they
are unsuitable for photocatalysis because they fall well below the optimal energy range and lead
to excessive carrier recombination. Moreover, their band edges do not straddle the redox
potentials, further excluding them as viable candidates for photocatalytic water splitting.
In contrast, the double perovskites K:CuBiBrs and K.AgBiBrs show band gaps of 1.73 eV and
2.83 eV, respectively both of which fall within the visible-light absorption window.
Importantly, their CBM values (—0.335 V for K2CuBiBrs and —0.285 V for K:AgBiBrs vs.
NHE) lie above the hydrogen reduction potential, providing sufficient driving force for Ha
generation. Similarly, their VBMs (+1.195 V and +2.545 V vs. NHE) are well above the oxygen
oxidation potential, ensuring strong hole-driven O evolution. This combination of suitable
band gaps and favorable band-edge alignment indicates that both K-2CuBiBrs and K2AgBiBrs
possess the thermodynamic requirements for overall water splitting under visible light
irradiation.

Band Edge Positions of Perovskite Compounds
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4F VBM=367eV g =157 ] 1
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Figure V.4 Band Alignment of Perovskites with Water Redox Potentials
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V.6 Conclusion

In conclusion, the analysis of band edge positions using the absolute electronegativity method
clearly distinguished promising photocatalytic materials from ineffective compounds. The
perovskites CeBeOs and CeMgO:s, although conductive, exhibit excessively narrow gaps and
unfavorable band alignment, rendering them unsuitable for water splitting. In contrast, the
double perovskites K-CuBiBrs and K:AgBiBrs simultaneously satisfy the two fundamental
criteria, namely a band gap within the visible range and favorable alignment with respect to
redox potentials, positioning them as strong candidates for H2 and O generation under visible-
light irradiation. These results confirm the relevance of the electrostatic approach combined
with numerical modeling for the rational screening of new photocatalysts.
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General Conclusion

This thesis represents a comprehensive theoretical investigation into two classes of lead-free
perovskite materials: the simple perovskites CeBOs (B = Be, Mg) and the double perovskites
K2BBiBrs (B = Cu, Ag). The central motivation behind this work was to address two major
scientific and technological challenges: the environmental hazards associated with lead-based
perovskites and the urgent need for high-performance alternatives in energy conversion and
optoelectronic devices. By employing advanced computational techniques based on density
functional theory (DFT), complemented with semi-classical Boltzmann transport theory, this
research has provided an in-depth understanding of the structural, electronic, elastic, optical,
and thermoelectric properties of these materials. The overarching aim was to identify
compounds that combine chemical stability, excellent optoelectronic performance, and
environmental safety, thus contributing to the global effort of developing sustainable and high-

efficiency functional materials.

The structural analysis carried out in this study revealed that all the investigated compounds
exhibit remarkable stability, an essential prerequisite for practical applications. The simple
perovskites CeBeOs and CeMgOs crystallize in a nearly ideal perovskite structure, with
Goldschmidt tolerance factors close to 0.98 and 0.99, respectively, confirming minimal
structural distortion from the cubic symmetry. These values fall well within the stability range
reported in literature for robust perovskite frameworks. The optimized lattice parameters were
found to be approximately 3.60 A for CeBeO:s and 3.85 A for CeMgOs, consistent with the size
difference between Be and Mg cations. Furthermore, their formation enthalpies were negative,
around —1.18 eV/atom. for CeBeOs and —1.11 eV/atom. for CeMgOs, indicating excellent
thermodynamic stability.

Similarly, the structural investigation of the double perovskites K-CuBiBrs and K:AgBiBrs
demonstrated robust phase stability and well-ordered crystal frameworks. Their optimized
lattice constants were found to be 11.90 A and 11.97 A, respectively, while their tolerance
factors approached unity, ensuring minimal octahedral tilting within the lattice. These
observations are consistent with the general structural trends observed for halide double

perovskites, reinforcing their viability as a replacement for lead-based compounds in
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optoelectronic technologies. The calculated cohesive energies were negative for both materials,
further supporting their thermodynamic stability. Taken together, these findings establish a
strong foundation for the potential large-scale synthesis and integration of these compounds

into functional devices.

Electronic structure calculations revealed distinct characteristics between the two material
families, highlighting their potential for different technological applications. The simple
perovskites CeBeOs and CeMgOs were found to be narrow-bandgap semiconductors, with band
gaps of approximately 0.73 eV and 0.51 eV, respectively, as obtained using the modified
Becke—Johnson (mBJ) approximation, which offers a more reliable estimation of electronic
band structures compared to standard GGA functionals. These relatively small gaps suggest
that the CeBOs family is better suited for applications in the infrared (IR) or near-infrared (NIR)
region, such as IR sensors, thermophotovoltaics, and optoelectronic devices operating at longer
wavelengths, rather than ultraviolet (UV) optoelectronics. The electronic density of states
(DOS) analysis showed that the conduction band minimum (CBM) is primarily composed of
Ce-4f and O-2p states, while the valence band maximum (VBM) mainly consists of O-2p
orbitals. This pronounced orbital separation reduces the likelihood of mid-gap defect states and
promotes efficient charge transport, which is crucial for achieving high-performance electronic
and optoelectronic functionalities.

In contrast, the double perovskites K.CuBiBrs and K:AgBiBrs exhibit band gaps of
approximately 1.73 eV and 2.82 eV, respectively, as calculated using the mBJ approximation.
The gap of K2CuBiBrs falls within the ideal range for single-junction photovoltaic applications,
enabling efficient absorption of visible light, whereas the wider gap of K:AgBiBrs makes it
more suitable for photodetectors and tandem solar cells as a top-cell absorber rather than for
standalone photovoltaics. These properties are promising because they combine favorable
optical absorption with the potential for high open-circuit voltages, which are essential for thin-
film solar devices. Additionally, the hybridization between Bi-s and Br-d orbitals at the
conduction and valence band edges contributes to strong optical transitions and facilitates
exciton dissociation critical factors for enhancing solar energy conversion efficiency. Overall,
the electronic structure results indicate that K.BBiBrs compounds represent promising
candidates for next-generation lead-free perovskite-based optoelectronic devices, offering an

environmentally safer alternative without compromising performance.

The mechanical and elastic properties of the investigated compounds were also analyzed in

detail to assess their suitability for different operational environments. CeBeOs exhibits high
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stiffness with elastic constants of approximately Ci1 =251 GPa, Ci» = 126 GPa, and Cas = 106
GPa, leading to a bulk modulus (B) of around 168 GPa. CeMgOs shows similar behavior, albeit
with slightly lower stiffness due to the larger ionic radius of Mg. These results confirm that
CeBOs compounds are mechanically robust and capable of maintaining structural integrity
under high pressure and temperature conditions, making them suitable for applications in harsh

environments, such as aerospace electronics and radiation shielding.

The double perovskites, while mechanically less rigid than their Ce-based counterparts, offer
significant advantages in terms of flexibility. For instance, K.CuBiBrs exhibits a Poisson’s ratio
of approximately 0.34, indicating a high degree of ductility, whereas K-AgBiBrs, with a
Poisson’s ratio of around 0.18, strikes a balance between ductility and brittleness. This
mechanical adaptability is essential for thin-film processing and for the development of flexible
electronic and photovoltaic devices, where mechanical compliance is as important as electronic
performance. The combination of structural stability and ductility in these compounds ensures
their long-term durability under mechanical stress during device fabrication and operation.

The optical properties of these materials further highlight their complementarity and
technological relevance. CeBeOs and CeMgOs display strong absorption in the ultraviolet
region, with absorption edges near 250-300 nm, making them highly suitable for UV filtering,
laser optics, and transparent electronic applications. By contrast, K.CuBiBrs and K2AgBiBrs
show strong absorption within the visible spectrum, featuring absorption coefficients greater

than 10° cm™'.

Such strong absorption in the visible spectrum is crucial for achieving high-efficiency light-
harvesting in solar cells and for enabling sensitive photodetection in optoelectronic devices.
These optical characteristics, combined with the electronic and mechanical properties discussed
earlier, clearly indicate the versatility and functional diversity of these lead-free perovskite

systems.

The thermoelectric properties of the double perovskites add another dimension to their potential
applications. At room temperature (300 K), K:AgBiBrs exhibits a Seebeck coefficient of
approximately 240 uV/K and maintains a relatively high electrical conductivity compared to
K-CuBiBrs, resulting in a superior power factor. This suggests that K2AgBiBrs could be utilized
in waste heat recovery systems and thermoelectric energy conversion applications, particularly

in scenarios where moderate power generation from low-grade heat sources is required.
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The integration of these findings opens exciting possibilities for advanced device architectures.
For example, a tandem solar cell design that combines CeBOs-based layers as UV-protective
coatings with KoBBiBrs absorbers for visible-light harvesting could significantly enhance
overall efficiency while improving device stability and longevity. Future research should
therefore prioritize experimental validation of these theoretical predictions, optimization of
material synthesis techniques, and defect passivation strategies to minimize non-radiative
recombination losses. Additionally, nanostructuring approaches and strain engineering could
be employed to further enhance the thermoelectric and optical properties of these compounds.
For the application of the materials studied in this thesis, the analysis of band edge positions
using the absolute electronegativity method allowed a clear distinction between promising
photocatalysts and ineffective compounds. The perovskites CeBeOs and CeMgOs, although
conductive, exhibit gaps that are too narrow and an unfavorable band alignment, rendering them
unsuitable for water splitting. In contrast, the double perovskites K-CuBiBrs and K2AgBiBrs
simultaneously satisfy the two fundamental criteria: a band gap within the visible range and
favorable alignment with respect to redox potentials. These compounds thus emerge as strong
candidates for H> and O: generation under visible-light irradiation. These results confirm the
relevance of the electrostatic approach combined with numerical modeling for the rational
screening of new photocatalysts.

By advancing the understanding of these materials and outlining clear directions for future
work, this thesis contributes significantly to the ongoing effort to develop sustainable, high-
efficiency, and environmentally responsible functional materials for a wide range of

technological applications.
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Abstract: This thesis focuses on the theoretical study of simple perovskites CeBO: (B = Be, Mg)
and double perovskites K2BBiBrs (B = Cu, Ag) using Density Functional Theory (DFT) within the
FP-LAPW method implemented in Wien2k. Structural stability was assessed through
Goldschmidt’s tolerance factor and formation energies, while electronic, elastic, optical, and
thermoelectric properties were systematically analyzed. The findings reveal that these lead-free
perovskites combine good structural stability, strong optical absorption, and interesting
thermoelectric performance, making them promising candidates for energy, optoelectronic, and
embedded system applications.

Keywords: Perovskite, DFT, FP-LAPW, optical properties, thermoelectric properties.

Résumé: Cette these est consacrée a 1’étude théorique des pérovskites simples CeBOs (B = Be,
Mg) et pérovskites doubles K2:BBiBrs (B = Cu, Ag) a I’aide de la théorie de la fonctionnelle de la
densité (DFT) appliquée dans la méthode FP-LAPW avec le code Wien2k. La stabilité structurale
a été évaluée a travers le facteur de tolérance de Goldschmidt et les énergies de formation, tandis
que les propriétés électroniques, €lastiques, optiques et thermoélectriques ont été étudiées en détail.
Les résultats obtenus montrent que ces pérovskites sans plomb possedent une bonne stabilité
structurale, une absorption optique élevée et des performances thermoélectriques intéressantes, ce
qui les rend prometteuses pour des applications dans les domaines de [’énergie, de
I’optoélectronique et des systémes embarqués.

Mots clés: Pérovskite, DFT, FP-LAPW, propriétés optiques, propriétés thermoélectriques.



