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Abstract

This thesis work aims to study double perovskites by numerical simulation calculation
which allowed improved comprehension of the thermal and optical characteristics of
these materials, perovskites are promising materials for optical and thermal
applications, simulations showed that the band gap of perovskites is sensitive to the
chemical composition and crystal structure and that the addition of ions can reduce the
width of the band gap and increase the optical response, the simulations also revealed
that the conductivity thermal properties of the atoms in the material and that this
conductivity, Ab-inition studies thus provide valuable information for the creation of
novel materials for thermal and optical uses, additionally, Wien2k software is used to
simulate and optimize heterojunction PSCs with the suggested structure, this study's
objective is to examine how well PSC with active layers of Cs2ZnPbCls and Cs2ZnPbBrs

perovskite as permeable layer.

The work uses the WIEN2k code and DFT to investigate the double perovskite
compounds Cs2ZnPbCls and Cs.ZnPbBrs, The compounds exhibit strong electrical
conductivity, high thermoelectric performance, and a stable cubic structure. The thermal
conductivity patterns indicate an increase with temperature, and the Seebeck
coefficients are excellent. Applications for the compounds in thermoelectric generators,
in particular, hold promise for sustainable energy, additionally, the study validates the
compounds' mechanical stability, which is essential for real-world device applications,
these discoveries advance our knowledge and use of double perovskite materials,
additionally, the double perovskite materials under investigation have a favorable At
room temperature, their thermodynamic and thermoelectric qualities show promise for

use in thermoelectric technology, as evidenced by their figure of merit.
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Resumé

\ J4

Ce travail de these vise a étudier les pérovskites doubles par calcul de simulation
numérique, ce qui a permis une meilleure compréhension des propriétés
optoélectroniques et thermiques de ces matériaux, les pérovskites sont des matériaux
prometteurs pour les applications optoélectroniques et thermiques , les simulations ont
montré que la bande interdite des pérovskites est sensible a la composition chimique et
a la structure cristalline et que 1'ajout d'ions peut réduire la largeur de la bande interdite
et augmenter la réponse optique, les simulations ont également montré que les
propriétés thermiques, en particulier la conductivité thermique, sont fortement
influencées par les interactions atomiques au sein du matériau les études ab initio
fournissent ainsi des informations précieuses pour le développement de nouveaux
matériaux pour des applications optoélectroniques et thermiques, En plus de la
simulation et de I'optimisation des cellules solaires a pérovskite a hétérojonction (PSC)
avec la structure proposée en utilisant le logiciel wien2k , 1'objectif de cette étude
examine la performance des cellules solaires a pérovskite (PSC) avec des couches

actives de pérovskite Cs2ZnPbCls et Cs2ZnPbBrs comme couche perméable.

Le travail utilise le code WIEN2k et la DFT pour étudier les composés de pérovskite
double Cs2ZnPbCls et Cs2ZnPbBrs, Les composés présentent une forte conductivité
¢lectrique, une haute performance thermoelectrique et une structure cubique stable, Les
motifs de conductivité thermique indiquent une augmentation avec la température, et les
coefficients de Seebeck sont excellents, Les applications des composés dans les
générateurs thermoélectriques, en particulier, promettent une énergie durable, de plus,
I'¢tude valide la stabilit¢ mécanique des compos€s, ce qui est essentiel pour les
applications réelles des dispositifs , ces découvertes font progresser notre connaissance
et notre utilisation des matériaux de double pérovskite , de plus, les matériaux de double
pérovskite étudiés présentent un facteur de mérite favorable a température ambiante, ce
qui indique que leurs propriétés thermodynamiques et thermoelectriques offrent un

potentiel pour une application dans la technologie thermoelectrique.
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GENERAL INTRODUCTION

The development of efficient and sustainable materials that can facilitate the
shift to low-carbon technologies has become increasingly important in the global energy
environment in recent years. Halide perovskites are one of these materials that has
attracted a lot of interest because of its exceptional performance in optical and
thermoelectric applications. [1,2] . Although perovskite compounds were first
discovered in the 19th century [3], their emergence as a cornerstone of modern
materials science is a relatively recent phenomenon, largely sparked by breakthroughs

in photovoltaic efficiency and crystal engineering over the past decade [4].

The group of substances referred to as metal halide perovskites, with general
formulas such as ABXs and the more complex A:BB'Xs (in the case of double
perovskites), is particularly notable for its tunable crystal structures and exceptional
semiconducting behavior. These compounds exhibit a suite of desirable traits: direct and
adjustable bandgaps, large carrier diffusion lengths, low exciton binding energies, high
absorption coefficients, and intrinsic defect toleranc[5,6]. Such properties not only
making them the best options for solar cells of the future, but also for other optical

applications including light-emitting diodes (LEDs), photodetectors, and lasers[7, 8].

The performance of perovskite solar cells (PSCs), in particular, has undergone a
revolutionary transformation. Since the initial demonstration of a power conversion
efficiency (PCE) of around 3.8% in 2009, the efficiency of PSCs has skyrocketed to
exceed 25% in laboratory settings [9,10]. This remarkable progress has made
perovskite-based technologies a serious competitor to well-established silicon
photovoltaics. Moreover, the relatively low cost and facile fabrication of these materials

via solution-processed techniques further enhances their commercial appeal [11].

However, despite their excellent performance metrics, conventional lead-based
perovskites are hindered by toxicity concerns and environmental instability, prompting
a shift toward lead-free alternatives and double perovskite structures[12,13]. The
introduction of compounds like Cs2ZnPbXs (X = Cl, Br) represents a promising
development in this direction. These materials seek to combine the favorable optical
characteristics of lead-halide perovskites with enhanced thermal and structural stability,

and reduced ecological impact [14].
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The current work examines the structural, electrical, elastic, optical,
thermodynamic, and transport characteristics of Cs2ZnPbCls and Cs2ZnPbBrs in their
cubic phase from the ground up (ab initio). Density Functional Theory (DFT) with the
WIEN2k computational framework is the foundation of the methodology used, which
enables a very accurate description of the physical behavior of these materials under
varying conditions [15]. The FP-LAPW method, implemented within WIEN2k, is
particularly suitable for calculating total energy, band structure, and elastic constants for

systems with complex unit cells [16].
This thesis is organized into three main chapters:

Chapter 1 introduces the theoretical background of halide perovskite materials, with
emphasis on their structural classification, synthesis, and emerging applications in

energy conversion.

Chapter 2 outlines the computational approach and theoretical models used in this

study, including simulation parameters and software tools.

Chapter 3 presents and discusses the results obtained, covering structural, electronic,
mechanical, optical, and thermoelectric analyses, and assessing the viability of the

compounds for practical applications.

By providing a comprehensive theoretical analysis of Cs2ZnPbXs compounds,
this study aims to contribute to the growing body of knowledge on lead-reduced or lead-
free perovskites, and to support the development of innovative materials for renewable
energy technologies. The insights gained from this work could aid in the design of new,
environmentally friendly semiconductors that offer both performance and durability,

essential traits for future optical and thermoelectric systems.
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1- Introduction to perovskite structures

Perovskite materials have attracted tremendous attention due to their outstanding
optoelectronic, electrical, and thermal properties, which make them suitable for a wide
range of energy applications, including photovoltaics, photodetectors, light-emitting
devices, and thermoelectric systems. However, conventional perovskites also suffer
from critical limitations such as structural instability and environmental concerns. These
challenges have motivated the development of various perovskite-derived structures,
ultimately leading to the emergence of double perovskites as a highly promising class of

materials.

2- Conventional perovskites (ABXGs)

The ideal perovskite structure is described by the general formula ABXs, where
A is a monovalent cation, B is a divalent metal cation, and X is an anion. This structure
exhibits excellent light absorption, tunable band gaps, and favorable charge transport
properties. Nevertheless, issues related to toxicity, ion migration, and thermal instability
limit their long-term applicability in energy devices [17]. The perovskite-type
crystalline structure is one of the structures whose properties are the most exploited in
modern technology. Several of them lead to applications relevant to all fields of

research.

In 1830, geologist Gustav Rose made the discovery of the mineral perovskite
using samples he had taken from the Ural Mountains. The Russian mineralogist Count
Lev Aleksevich von Perovski is credited with giving it its name [14,15]. Originally, the

mineral CaTiO3 was referred to as perovskite.

Since Goldschmidt (1926) of the University of Oslo (Norway) created the first
synthetic perovskites, the name "perovskite" has been used to refer to a class of

chemicals that have the same general formula as CaTiOs.
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1839 1990s 2012 2020
) . . The first all solid Perovskite Solar
Natural Discovery of the unique state perovskite Cells achieved
perovskite electronic properties of was created efficiencles over
crystas perovskites 2597
discovered

1892 2009 2017
The first man- Perovskites first used in First successful
made perovskite dye-sensitized solar cells perovskite/silicon
structure was tandem solar cells
synthesized

Figure 1.1. Major milestones in the development of perovskite materials [17].

Overview

3- Brief historical background of perovskite discovery and evolution

The history of perovskite materials is as enigmatic as it is influential. The initial
crystals of perovskite found in the Ural Mountains during the 19th century marked the
beginning of a long and evolving narrative [18]. Originally identified as a naturally
occurring mineral a form of calcium titanate the crystal’s origins are shrouded in
mystery. While the exact identity of the discoverer remains uncertain, the mineral was

eventually entrusted to prominent figures in mineralogy.

4- History of perovskites and perovskite solar cells

In 1839, Chief Mines Inspector Gustav Rose of the University of Berlin received
the item from August Alexander Kdmmerer for a thorough examination [19]. Rose, a
distinguished mineralogist and crystallographer, had participated in significant scientific
expeditions alongside renowned figures such as Alexander von Humboldt and Christian
Gottfried Ehrenberg. His subsequent work, published in a renowned scientific journal,
laid the groundwork for naming the mineral in honor of Count Lev Aleksevich Perov

[20].
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Figure 1.2 Russia perovskite crystal with 7mm edge length from achmatovsk mine,

slatoust, ural Mountains, chemical formula and a sample are shown [21].

5- Structural characteristics of perovskite materials

The term perovskite originally referred to a specific mineral, calcium titanate
(CaTiOs), named in honor of the Russian mineralogist Lev Aleksevich von Perovski
(1792-1856). The compound was first identified in 1839 by Gustav Rose, who analyzed
mineral samples collected from the Ural Mountains. Today, the term "perovskite" is
commonly used to describe a large class of compounds that share the same or similar

crystal structure as CaTiOs.

The ideal perovskite structure adopts the general chemical formula ABOs, where
"A" and "B" are metal cations of different sizes and valences, and "O" represents the
oxygen anion. Typically, the A-site is occupied by a large, low-valence cation such as
Ba?*, Ca?*, Na*, Pb?*", or K*, with a coordination number of 12. The B-site hosts smaller,
high-valence cations like Ti**, Zr*", or Nb*', usually coordinated by six oxygen atoms,

forming BOs octahedral [22].

Structurally, the perovskite framework is cubic and belongs to the space group
Pm3m, with a lattice parameter close to 4 A. The BOs octahedra share corners and are
arranged along the <100> crystallographic directions, forming a three-dimensional
network. The larger A cations occupy the 12-fold coordinated cubo-octahedral cavities

created by the surrounding octahedra.
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Figure 1.3. (a) Ideal unit cell.(b) unit cell of a simple cubic ABOs perovskite,
highlighting the oxygen octahedron [17].

There are two conventional ways to describe the atomic positions within the unit

cell, depending on the choice of the origin:

> In the first configuration, the A cation is positioned at the origin (0, 0, 0), the B
cation is located at the center of the cube (', /2, ¥2), and the oxygen anions are
found at the face centers: (0, 2, 2), (2, 0, 72), and (72, 72, 0).

> Alternatively, if the origin is shifted by a vector ('%, 2, %2), the B cation then lies
at (0, 0, 0), the A cation at (%%, '4, 2), and the oxygen atoms at positions such as
(0, 0, }%).

(O anion oxygene

. cation B

@ cation A

Figure 1.4 Atomic arrangements within the unit cell of ABOs perovskites(a): origin at

A-site;(b) origin at B-site [17].

Depending on the atomic arrangement, perovskites are generally categorized into:
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> Simple perovskites, in which the A and B sites are occupied by a single type of
cation (e.g., BaTiOs, KNbOs, NaTaOs, PbTiOs, CaTiOs).

> Complex perovskites, in which one or both of the A and B sites are occupied
by a mixture of different cations (e.g., PbMgi/sNb2/30s, PbSci/2Tai/20s,
Nai/2Bi1/2Ti03).

It is important to note that not all compounds with the perovskite structure
exhibit ferroelectricity. For example, materials like SrTiOs and BaZrO; maintain the

perovskite lattice but are not ferroelectric under standard condition [23].

6- Crystal stability tolerance factor and octahedral factor

Two empirical descriptors Goldschmidt’s tolerance factor (t) and the octahedral
factor (n) provide essential geometric criteria for predicting whether a given set of ionic
radii will adopt the perovskite topology. The tolerance factor quantifies the fit of the A-
site cation within the cubo-octahedral cavity formed by corner-sharing BXs units, while
the octahedral factor assesses the relative size compatibility of the B-site cation and the
anion. For halide perovskites (X = F, Cl, Br, 1), stable 3D frameworks are typically
realized when 0.81 < t < 1.11 and 0.44 < p < 0.90, defining a compositional

'Goldschmidt window' for material design [24,...,26].

6-1- Goldschmidt tolerance factor

Goldschmidt’s tolerance factor

. (rA + rX)
- V2(rg + 1)

expresses the geometrical compatibility between the A-site cation radius (rA), the B-site
cation radius rp and the anion radius 7y [27]. Ideal cubic perovskites satisfy t = 1,
whereas deviations lead to lattice distortions: 0.9 <t < 1.0 generally yields nearly cubic
or slightly distorted structures; 0.8 < t < 0.9 often produces orthorhombic or
rhombohedral variants; t < 0.8 typically destabilizes the 3D perovskite network in favor
of layered or alternative motifs[28,29] . Goldschmidt’s original concept (1926) remains
widely used, though recent work has introduced modified tolerance factors to improve

predictive accuracy for complex compositions[30].
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6-2- Octahedral factor
The octahedral factor

- Ty + Ty
V2(rg + %)

measures the fit of the B-site cation within the BXs octahedron [25]. A minimum
threshold of p = 0.41 is required to sustain corner-sharing octahedra; below this value,
the framework collapses or transforms into edge- or face-sharing networks [26].
Conversely, 1 > 0.90 can induce excessive strain, leading to symmetry lowering or

phase segregation.

6-3- Stability map and structure property correlations

Plotting t versus p yields a perovskite stability map (Figure 1.3), in which
known halide perovskites cluster within a bounded region (0.81 <t < 1.11,0.44 < p <
0.90) [26,31]. Compounds near the edges of this window often exhibit pronounced
octahedral tilting or polar distortions, enhancing ferroelectric or piezoelectric responses
but possibly reducing thermal and chemical stability [32]. Designing new perovskites
thus requires balancing ionic radii to remain within this 'Goldschmidt window' while

tuning electronic and optical functionality.

a) e b) Goldschmidt tolerance factor
. <« © —__TA*TX
PR e —© ¢ ® J§(r8+rx)
A (] $ & 2 4
9 ) wl .
¢ B . 0. v YRO IS
® x 609 J_E
o« < @ 0%~ §F T ~ o ¢ L
® ¢ N (=09 tetr;;;nal
cubic orthorhombic
ABX3 a=b=c a=b#c azb#c

Figure L.5. Stability map of perovskite formation in Goldschmidt parameter space [33].
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Table I.1. Typical tolerance and octahedral factors for selected halide perovskites [26].

Compound | A-Site (rA/ | B-Site (rB/ | X-Site (rX/ T u
A) A) A)
CsPbCls 1.88 1.19 1.81 0.86 0.66
CsPbBr3 1.88 1.19 1.96 0.83 0.61
CH:sNHs:Snls 2.17 1.18 2.20 0.93 0.54
FAo.5Cs0.2Pbls 2.53 1.19 2.20 1.03 0.54
(FA_avg)
RbPbI3 1.72 1.19 2.20 0.75 0.54

6-4- Perovskite properties and phase behavior
6-4-1- Temperature

Temperature significantly influences the phase transitions and structural stability
of perovskites. As temperature varies, so do the symmetry and unit cell dimensions of

the perovskite lattice.
High temperature

At elevated temperatures, perovskites often adopt a cubic phase due to increased

thermal energy, allowing ions to occupy higher symmetry positions[33] .
Low Temperature

As temperature decreases, thermal energy diminishes, leading to phase
transitions toward lower symmetry structures such as tetragonal or orthorhombic

phases. These transitions occur to minimize the system's free energy[33] .

In two-dimensional perovskites, temperature-dependent photoluminescence
studies have shown that bandgap variations are influenced by thermal expansion and
electron phonon interactions. For instance, in certain perovskite series, the
photoluminescence peak shifts from red to blue with increasing temperature, attributed

to the competition between these interactions [33].

11
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Figure 1.6. Energy band diagrams illustrating the differences between conductors,

semiconductors, and insulators [34].

6-4-2- Pressure

Pressure profoundly affects the crystalline behavior of perovskites, influencing
their structural, elastic, and electronic properties. Studies have indicated that under high
pressure, perovskites can undergo phase transitions leading to changes in mechanical

stability [35].

For example, in the case of CsSnBrs perovskite, applying hydrostatic pressure
results in a semiconductor-to-metal phase transition. At ambient pressure, CsSnBrs
exhibits a bandgap of approximately 0.63 eV. However, as pressure increases, the
valence and conduction bands converge, leading to metallic behavior at pressures

around 14 GPa [35].

This transition is attributed to the shifting of the valence band maximum and
conduction band minimum toward the Fermi level under pressure, effectively closing
the bandgap. Such pressure-induced transitions are critical in determining the

mechanical and electronic stability of perovskite materials [35].

6-4-3- Properties of perovskites
Due to their unique properties, perovskites find applications in optical and

energy sectors. Key properties include:

A. Electronic roperties

12
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The electronic properties of perovskites can be effectively described using band

theory, which provides insights into electron behavior within these materials.
Band theory

Band theory explains how atomic orbitals combine to form energy bands in
solids. In perovskites, this theory applies to the arrangement of atoms and the resulting

electronic states.

*¢ Valence Band Formed by bonding orbitals, this band is fully occupied by
electrons and represents the highest energy levels of electrons in the material.

% Conduction Band Formed by anti-bonding orbitals, this band is typically
unoccupied in insulators and semiconductors. The energy difference between the

valence and conduction bands is known as the bandgap (Eg).

The energy band diagram visually represents the valence and conduction bands
and the bandgap between them. The width of this gap is crucial in determining the

electrical behavior of the material:

X/

¢ Insulators Possess a wide bandgap (usually > 4 eV), preventing electron movement
from the valence to the conduction band.

« Semiconductors Have a moderate bandgap (approximately 0.1 eV to 4 eV),
allowing some electron movement under certain conditions, such as increased
temperature or doping.

¢ Metals The conduction band overlaps with the valence band, permitting free

electron movement and high conductivity.

In perovskites, the bandgap can be tuned by altering their composition and
structure. For instance, methylammonium lead iodide perovskites exhibit a direct
bandgap, which is beneficial for optical applications. However, due to spin-orbit

coupling, a weakly indirect bandgap may also be present [36] .

B. Optical properties
Perovskites exhibit outstanding optical properties, making them ideal for

applications in solar cells and optical detectors.

13
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- High absorption coefficient perovskites display a high absorption coefficient within
the visible spectrum, enabling efficient light capture. This characteristic is crucial for

enhancing the performance of solar cells and photodetectors [37].

- Tunable band gap the band gap of perovskites can be tuned by altering their
composition. this flexibility allows optimization for specific applications, enhancing

their versatility across various optical devices [38].

- Long carrier lifetimes charge carriers (electrons and holes) in perovskites exhibit
extended lifetimes, reducing recombination and boosting the efficiency of solar cells

and photodetectors [38].

- High Photoluminescence quantum yield perovskites efficiently convert absorbed light
into emitted light, which is essential for applications such as light-emitting diodes

(LEDs) [38].

- Low recombination rates the low recombination rate of carriers in perovskites further

contributes to the enhanced performance of photovoltaic and optical devices [38].

Property Benefit
High Absorption Coefficient Enhanced light capture
Tunable Band Gap Customization for specific applications
Long Carrier Lifetimes Improved device efficiency

High Photoluminescence Quantum Yield | Efficient light emission

Low Recombination Rates Reduced carrier loss

C. Electrical properties
Perovskites show excellent electrical properties critical for electronic and optical

applications.

- High charge carrier mobility the mobility of electrons and holes in perovskites is

significantly high, allowing for rapid and efficient charge transport [39] .

- Long diffusion lengths photo-generated carriers can travel long distances before

recombination, which is vital for the efficiency of optical devices .

14
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D. Thermal and mechanical properties

Thermal and mechanical behaviors of perovskites are key for their integration

into technologies like photovoltaics and flexible electronics.

- Thermal stability maintaining structural integrity at high temperatures is essential,

especially in environments with significant thermal stress like solar panel surfaces [40].

- Mechanical flexibility some perovskite materials can be fabricated as thin, flexible

films, making them suitable for wearable electronics and flexible displays[41].

E. Ferroelectric and piezoelectric properties

Certain perovskite structures exhibit ferroelectric and piezoelectric characteristics.

- Ferroelectricity some perovskites possess spontaneous electric polarization that can be

reversed by an external electric field[42].

- Piezoelectricity these materials can generate an electric charge in response to

mechanical stress, making them useful for sensors and actuators [42].

F. Chemical properties

The ABX3 structure of perovskites provides versatility for chemical modifications.

- A-Site cation substitution organic (e.g., methylammonium, formamidinium) and
inorganic (e.g., cesium, rubidium) cations can be incorporated to tailor band gaps,

stability, and charge transport [43].

- B'Site cation substitution the metal cation (commonly Pb?>" or Sn**) can be replaced

with elements like Ge** or Mn?*, allowing fine-tuning of the material's properties [11].

- Halide anion substitution modifying the halide (Cl, Br,, I') composition enables

control over the optical and electronic behavior [43].

6-5- Derivatives of perovskite structures the exceptional structural

flexibility of the ABXs lattice enables the formation of a wide range of
derivative perovskite structures. These derivatives are obtained through cation
substitution, vacancy engineering, dimensional reduction, or cation ordering, and are
designed to overcome the limitations of conventional perovskites while preserving their

advantageous properties [44].

15
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6-6- Vacancy ordered perovskites (A2BXe)

o A ‘ BX, Octahedra

Figure 1.7. Schematic crystal structures of AxBXgs compounds in cubic Fm 3m (Left)

and reorientation of the unit cell (right). The BX¢ octahedra are shaded, with the X atom

on the corners. The A cations are in the hole between BXs octahedra [45].

Vacancy-ordered perovskites are derived from the parent ABXs structure by
systematically removing half of the B-site cations, leading to compounds with the
formula A:BXs [45]. This modification introduces ordered vacancies that enhance
chemical and environmental stability. However, the presence of vacancies often results

in indirect band gaps and reduced charge carrier mobility

6-7- Layered and low dimensional perovskites

Perovskites Layered perovskites, such as Ruddlesden Popper and Dion Jacobson
phases, are formed by inserting spacer layers between perovskite slabs [46]. This
dimensional reduction improves moisture resistance and structural stability while

introducing quantum confinement effects that modify the optical response [47].

Layered perovskite structures, such as the Ruddlesden Popper (RP) and Dion
Jacobson (DJ) phases, are derived from the 3D perovskite network by inserting organic
spacer cations between inorganic octahedral sheets. The differences in spacer type and

interlayer interactions result in distinct stacking motifs and physical properties

16
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Figure 1.8. Crystal structures of layered 2D perovskites: (a) ruddlesden popper (RP)
iayered perovskite, and (b) dion Jacobson (DJ) iayered perovskite. these structures
consist of inorganic octahedral sheets separated by organic spacer cations, with

differences in interlayer bonding and stacking [47].

6-8- Mixed cation and mixed halide perovskites

Dipping in
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Figure 1.9. Schematic illustration of mixed cation mixed halide perovskite structure
showing partial substitution at both A site cations and halide (X) anions, enabling

tunable band gaps and stability [48].

Another important derivative approach involves partial substitution at the A, B,
or X sites. Mixed-cation and mixed-halide perovskites enable fine-tuning of band gaps,
lattice constants, and carrier dynamics, although compositional disorder may affect

long-term stability [48].

6-9- Transition toward double perovskites

17
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While the aforementioned derivatives improve certain aspects of conventional
perovskites, they do not fully resolve issues related to lead toxicity and thermal
robustness. This limitation motivated the development of double perovskites, which
represent a structurally ordered and chemically versatile evolution of the perovskite

family.

(b)
@  (MAD1+(PEAI+ (Pby),

A A A A
Low | v
stability i

Formation

High
stability

(@)

Figure 1.10. Structural transition from 3D perovskite (ABXs) to double perovskite
(A2BB’Xs) showing ordered B/B’ cations and enhanced stability [49].

The transition from the simple cubic perovskite (ABXs) to the double perovskite
(A2BB’X6) occurs through heterovalent substitution at the B-site, where two divalent
cations are replaced by a monovalent (B*) and a trivalent cation (B*"), arranged in an
ordered rock-salt pattern. This transformation expands the compositional space and
enhances structural stability, which is crucial for tailoring optoelectronic and thermal

properties in energy applications [50].

18
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6-10- Double perovskites structure, physics, and energy applications Structural

origin and chemical formula

3
PRIN

A2B s

Figure I.11. A visual demonstration of the vacancy ordered double perovskite structure

[51].

Double perovskites are characterized by the general formula A.BB'Xs, where
two different metal cations alternately occupy the B-site of the perovskite lattice. This
ordered substitution preserves charge neutrality and significantly enhances structural

stability compared to conventional ABX: perovskites [51].

7- Crystallography and cation ordering
Most halide double perovskites crystallize in the cubic Fm-3m space group [52].
The rock-salt ordering of B and B’ cations minimizes electrostatic repulsion and

suppresses defect formation, leading to improved thermal and chemical stability [53].

1. General crystal structure and chemical framework

Double perovskites crystallize in the general chemical formula A;BB'Xs where
A is a monovalent cation (e.g., Cs*, Rb*), B and B’ are heterovalent cations (commonly
divalent and tetravalent), and X is an anion, typically a halogen (CI-, Br, or I').
Structurally, double perovskites are derived from the parent ABXs perovskite by
replacing two identical B-site cations with two chemically distinct cations, which
induces long-range ordering and significantly modifies the crystal chemistry and lattice

dynamics of the system [54].

The crystal structure consists of a three-dimensional framework of corner-
sharing BXs and B'Xs octahedra, forming a rigid inorganic network, while the A-site
cations occupy 12-fold coordinated cuboctahedral cavities. The chemical bonding
exhibits mixed ionic—covalent character due to strong hybridization between B/B’
orbitals and X p orbitals, which plays a crucial role in determining the electronic band

structure and optical properties

19
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2. Cation ordering mechanism and thermodynamic stability

A defining feature of double perovskites is the long-range ordering of B and B’
cations, which typically follows a rock-salt type ordering within the octahedral
sublattice [4,11]. In this configuration, B and B’ cations occupy alternating
crystallographic  positions, maximizing B-X-B’ connectivity and minimizing
electrostatic repulsion. The thermodynamic stability of this ordering is governed by the
charge difference (AZ), ionic radius mismatch (Ar), electrostatic energy minimization,
and the competition between ordering energy and configurational entropy at finite
temperatures [55]. This ordered arrangement leads to a doubling of the primitive unit
cell compared to conventional ABXs perovskites and suppresses antisite disorder,

thereby lowering the total energy of the system

3. Cubic phase high symmetry reference structure (Fm3m)
In the ideal high-symmetry phase, double perovskites crystallize in the Fm3m
(No. 225) space group, characterized by a face-centered cubic Bravais lattice, inversion

symmetry, and high electronic band degeneracy [56].

Typical wyckoff positions are * A: 8c (%4, %, ¥a) « B: 4a (0, 0, 0) « B": 4b ('4, Y4,
¥5) « X: 24¢e (x, 0, 0) In this phase, all BXs and B'Xs octahedra are undistorted, and B—
X-B' bond angles are exactly 180°, resulting in isotropic mechanical, electronic, and
optical properties . The internal anion coordinate x controls the B—X bond lengths and

provides a sensitive indicator of incipient structural distortions.

4. Structural distortions and lower symmetry phases
Upon temperature reduction, epitaxial strain, or pressure application, the cubic

symmetry may be lowered, leading to a sequence of structural phase transitions .

5. Tetragonal phase
The tetragonal phase (I4/m or P4/mmm) is characterized by octahedral rotations
mainly along the c-axis, slight deviations of B—X-B’ bond angles from 180°, and

splitting of Wyckoff positions due to symmetry reduction .

These distortions introduce partial electronic and optical anisotropy and are

commonly described using Glazer tilt notation a®a’c™ .

6. Orthorhombic phase
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Further symmetry lowering leads to the orthorhombic phase (Pnma or Pbnm),
associated with cooperative octahedral tilting along multiple crystallographic directions,
unequal lattice parameters (a # b # ¢), and multiple inequivalent anion sites . This phase
is often accompanied by enhanced electron—phonon coupling and stronger lattice

anharmonicity .

7. Monoclinic phase
The lowest-symmetry structure frequently observed in double perovskites is the

monoclinic phase (P2i/n), which still preserves long-range B/B’ ordering .

It exhibits strong octahedral distortions, non-orthogonal lattice angles (B # 90°),
and significant band-symmetry reduction, which strongly affects charge transport,

dielectric response, and thermoelectric performance .

8. Octahedral tilting and glazer notation

Octahedral tilting in double perovskites is systematically classified using Glazer
notation [57]. Cubic: a%°® , Tetragonal: a%a’c~ , Orthorhombic: aa"¢c* , Monoclinic:
a’bc” These tilts reduce crystallographic symmetry, split electronic bands, activate
Raman- and infrared-active phonon modes, and enhance electron phonon

interactions[58].

9. Historical development

The first studies on double perovskites were conducted on oxide materials in the
mid-20th century. However, modern interest in halide double perovskites began in 2016
with the work of Slavney et al., who introduced Cs:AgBiBrs as a lead-free perovskite

for optoelectronic applications [59].

10.Electronic and optical properties
The electronic structure of double perovskites enables band gap engineering
through selective cation substitution. These materials exhibit tunable optical absorption

and long carrier lifetimes, making them promising for photovoltaics and photodetectors.
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11.Thermal properties and phonon transport

Double perovskites exhibit reduced lattice thermal conductivity due to mass
disorder and phonon scattering. Phonon calculations confirm their dynamic stability,

which is critical for thermoelectric and high-temperature energy applications .

12.Applications and relevance to this thesis

Double perovskites have emerged as a highly versatile class of functional
materials, attracting considerable attention for a broad range of energy-related
applications. In the field of photovoltaics, lead-free halide double perovskites offer a
sustainable alternative to conventional lead-based perovskites, combining suitable band

gaps, strong optical absorption, and enhanced environmental stability .

Their reduced sensitivity to moisture and thermal stress makes them promising
candidates for long-term solar energy conversion devices . In light-emitting diodes
(LEDs) and photodetectors, double perovskites exhibit efficient light matter interaction,
long charge carrier lifetimes, and low non-radiative recombination rates, which are
essential for achieving high luminescence efficiency and fast photoresponse
Furthermore, the presence of heavy elements in many double perovskite compositions
enhances spin—orbit coupling, enabling tunable optical transitions and improved
radiative recombination characteristics . From a thermoelectric perspective, double
perovskites are particularly attractive due to their intrinsically low lattice thermal
conductivity, which arises from mass contrast and phonon scattering associated with the

ordered B-site cation sublattice.

When combined with favorable electronic transport properties, this feature
makes double perovskites promising candidates for thermal energy harvesting and
waste-heat recovery applications . In this thesis, ab initio density functional theory
(DFT) calculations are employed to systematically investigate the structural, electronic,
optical, and thermal properties of selected double perovskite compounds [60] . This
computational approach enables a predictive understanding of structure—property
relationships, allowing for the rational design and optimization of double perovskites

for next-generation optoelectronic
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Figure 1.12. Applications of double perovskite materials [49].
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1- Introduction

Numerical simulations have gained significant importance in recent years. in
the physical sciences. The rapid development of computing has contributed
significantly to the prediction of new materials or alloys whose properties are
important. In materials science, this type of approximation has developed to understand
and explore the behavior of matter at the atomic scale. The first-principles methods
known as "ab-initio" are among the methods of modeling and simulation most
accredited for studying materials at the atomic scale atomic, which allows for obtaining
a wide range of information about the origin microscopic origin of the properties of

materials. Quantum simulations allow

To study today systems comprising up to several hundred atoms.

Density Functional Theory (DFT) stands out as a widely embraced and highly
effective quantum mechanical strategy for exploring matter. Rooted in the realm of
quantum mechanical modeling, this approach delves into material behavior by
determining the basic state of the system by the solution of the Schrédinger equation
(SE). The core concept of Density Functional Theory (DFT) revolves around
characterizing a complex interacting system of particles based on their density, rather
than relying on the wave function. This approach holds great importance as it condenses
the immense An N-body system has 3N degrees of freedom that are intrinsic to only
three spatial coordinates., all achieved by utilizing the particle density. The theory finds
its roots in the innovative contributions made by Thomas[61]. and Fermi [62]. during
the early 1930s of the twentieth century. This foundation was subsequently built upon
and enhanced by the efforts of Hartree[63]. Dirac [64]. Fock[65]. and Slater. However,
it wasn't until nearly four decades after the seminal work of Thomas and Fermi that
Hohenberg, Kohn, and Sham established a solid and comprehensive framework for the

hypothesis.

Equilibrium geometries, electronic, optical, activation, and reaction energies are
among the features that may be computed using DFT. This section will provide an
exploration of the fundamental principles and historical context of DFT. Additionally;

we will introduce essential concepts within the realm of DFT.
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To better understand the techniques used in ab-initio methods, we we will now
discuss the Schrodinger equation, the different methods, approximations and the basic

concepts deemed necessary for understanding the work completed in this manuscript.

2- Many-body system
The behavior of a quantum system is dictated by the Hamiltonian operatorH. If
|¥) is a quantum state of the system in an abstract Hilbert space representation, its time-

evolution is given by
ih = HY (IL.1)

The eigenvalue equation is solved to yield stationary states with specified

energies, especially the system's ground state

H¥) = E|¥),(¥|¥) = 1 (I1.2)
Alternatively, they are obtained as stationary solutions of the variational
problem.
sllilid 3 stationary (IL.3)
(F¥)

Our focus lies on system encompassing N electrons and M nuclei, dynamically
navigating through a specified external field while engaging in pairwise interactions. In

this context, the total wave function of the system can be expressed as

Y = Y7 - Tn;R1, Ry , Ry ) (IL4)

And the Hamiltonian consists of

I:I = T T + VN—N + VN—e + Ve_e (IIS)
Where
M hz 2 . . .
Tn = — XY= o V7: Kinetic energy of nuclei
T,= — YNV 12— V?Z: Kinetic energy of electrons
e? Zy Z]
VNN = 3T e PP (IL6)
VN —e Zl J e | — | :Potential energy of nucleus-electron coulomb interaction
0 J

Ve _e Zli James : Electron-electron coulomb interaction potential energy

|T— 1|
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The wave function essentially holds all the details about a specific system [61].
When dealing with a system like the hydrogen atom, precise solutions to the
Schrodinger equation can be obtained. When confronted with systems comprising
multiple particles (referred to as Nbody systems), achieving exact solutions presents a
formidable challenge. The complexity inherent in these systems necessitates the
adoption of streamlined approaches and approximation techniques to effectively grapple

with the intricacies of the problem at hand

3- Fundamentals of quantum chemistry
The fundamental concepts employed in modeling theories are briefly
summarized here to provide a coherent framework for understanding the evolution of

computational approaches.

3-1- Schrédinger equation

The foundational equation for describing the electronic structure of a system
comprising multiple nuclei (of mass M) and electrons (of mass m) was formulated by
Erwin Schrdodinger in 1925. Known as the Schrodinger equation, it governs stationary

states and is expressed as follows [66].

[ NP o2 vAR® o2 ¢N Zie? N _€? N Z1 7’| _
HY = | =3 o= Vi = 21 o Vi — 2 i Yici i T 2igy R EY (IL7)

where

- H represents the molecular Hamiltonian, the operator associated with the
system's total energy E.
- ¥ denotes the wave function depending on the coordinates of both nuclei and

electrons, encompassing all information about the molecular system under study.

In this formulation, the first two terms of the Hamiltonian correspond to the
kinetic energy operators for the N electrons (indexed by 1) and the A nuclei (indexed by
I), respectively. The subsequent three terms account for correlation potentials: the
electron-nucleus Coulombic attraction, electron-electron repulsion, and nucleus-nucleus

repulsion.
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Through solving the Schrddinger equation, one can determine a range of
molecular properties such as molecular geometries, relative stabilities between different

systems, vibrational spectra, and dipole and multipole moments.

Generally, for complex molecular systems, obtaining exact solutions for
electronic spectra and reactivity descriptors such as atomic charges is unfeasible. Thus,
various approximations must be employed to overcome these inherent computational

challenges.

3-2- Born-Oppenheimer approximation

To simplify the Schrodinger equation, the Born-Oppenheimer approximation
[67]. assumes that atomic nuclei are significantly more massive than electrons. As a
result, their motion is considered extremely slow relative to the rapid dynamics of
electrons. Therefore, the electronic behavior within a molecule can be studied by
assuming the nuclei are fixed at specific spatial positions (which are not necessarily
equilibrium positions). This assumption leads to the neglect of the nuclei's kinetic

energy and treats the nucleus-nucleus interaction term as a constant.

Numerous methods have been developed to solve the multi-electron Schrodinger
equation by describing the wave function, for example, as a Slater determinant, as is the

case in the Hartree-Fock (HF) method.

Alternatively, Density Functional Theory (DFT) offers a different approach by

using the electron density as the fundamental entity for system description.

Under the Born-Oppenheimer approximation, the Schrédinger equation

governing the electrons can be rewritten as

Heiwel = EqWe (IL8)

where

e H, is the electronic Hamiltonian (excluding spin), which corresponds to the
total Hamiltonian without the kinetic energy of the nuclei and the nuclear

repulsion terms.

The total Hamiltonian of the system can be expressed as
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H = Hg + VN (11.9)
where Vyy denotes the repulsion between nuclei.

This assumption implies that the nuclear repulsion term Vyy can be treated as
constant. Consequently, for fixed nuclear positions, the total energy of the system is

given by

E = Eq + Van (IL.10)

3-3- Linear combination of atomic orbitals (LCAQO) approximation
The Linear Combination of Atomic Orbitals (LCAQ) approximation
expresses the mono-electronic function y;(i) as a linear combination of atomic orbitals

centered on the atoms of the molecular structure

v =P (DY, (2)P3(3) ... ... Yn(n) (IL11)

However, to fully describe the electron distribution, spin coordinates must be
introduced. The product of a spatial wave function (OM) and a spin function n(i) is

referred to as a spin-orbital
x(® = YOn(D) (11.12)
where

n(i) = a(i) or (i), representing one of the two possible spin functions for an

electron.

> Consequently, for a system containing n electrons, the simplest form of the wave

function is the product of the spin-orbitals

Consequently, for a system containing n electrons, the simplest form of the wave

function is the product of the spin-orbitals

v = X1 (Dx2(2)x3(3) .. oo Xn () (IL.13)
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This wave function does not take into account the indistinguishability of
electrons. It must satisfy the Pauli exclusion principle [68]. which dictates that
exchanging the coordinates of two electrons i and j must result in a sign change of the

wave function.

To address indistinguishability and ensure antisymmetry, the wave function is

expressed as a Slater determinant [69].

x1(1) x2(1) - xp(1)
1 xl.(Z) xz'(Z) xn(‘Z) (IL.14)

n!

Yy =

T @ - xam

1 . ..
where N 1s the normalization factor.

3-4- Linear combination of atomic orbitals (LCAO) approximation
The LCAO approximation involves expressing the mono-electronic function

Y, as a linear combination of atomic orbitals centered on the atoms within the

molecular structure
Ui = 2ucuidy (I.15)
where

> ;. denotes the molecular orbitals (OM),
> wu: denotes the atomic orbitals (OA).

Using the LCAO formalism, the determination of coefficients ¢,;that minimize
the electronic energy E requires recasting the previous equation into the Roothaan-Hall

equations [70].

ZVF}J.VCVi = §j szpvcvi (I.16)
Fuv = Hiy + a0 Pao | (0vI20) — 2 (nofAv) | (I1L17)

where
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> S,: elements of the overlap matrix,
» Fp: elements of the Fock matrix,

» Hg,: elements of the core Hamiltonian matrix,
P, Elements of the density matrix, defined as: Py, = 2 2.7 ¢};Cyi

> (uv|io)and (uo|Av): two-electron integrals corresponding to Coulomb and

exchange terms respectively, defined as
Wvl20) = fy J ) Bu(Dpo(D) = $1(2) by (2)dTidT,  (ILIY)
(1) (2) T12

However, the energy obtained from the Roothaan-Hall equations is equivalent to

the Hartree-Fock energy only if an infinite basis set is used.

4- Calculation methods
4-1- Empirical methods

Among empirical (i.e., non-quantum) methods, molecular mechanics and
classical molecular dynamics are the most widely employed. Molecular mechanics is a
conformational analysis technique based on the use of empirical force fields and energy
minimization. It describes the energy as a function of atomic coordinates and seeks to

identify energy minima corresponding to stable conformers[71,72].

However, this method does not account for energy variations over time or
temperature effects (entropy, free energy), nor does it allow the crossing of energy
barriers. Classical molecular dynamics aims to calculate the movements of molecules,
often using energies derived from molecular mechanics, by applying the laws of
classical mechanics. This approach enables the simulation of system evolution over

time [73,74]

4-2- Semi-empirical methods

The Latin term ab initio means "from the beginning" and refers to calculations
derived solely from theoretical principles (i.e., approximate quantum mechanical
calculations) without incorporating experimental data. Ab initio calculations at the
Hartree-Fock level—and especially post-Hartree-Fock methods—are highly demanding
in terms of computational time. This computational cost increases rapidly with the

number of atoms, or more precisely, with the number of basis functions. In response to
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this challenge, semi-empirical methods were developed [75]. These methods
significantly reduce the number of integrals that need to be computed by introducing

experimental data and rely on the following key approximations

1. Only valence shell orbitals, represented by Slater-type orbitals, are considered;

2. Overlap integrals are neglected when solving the SCF equations;

3. All three- and four-center two-electron integrals are assumed to be zero.
Additionally, depending on the specific method, some one- and two-center two-
electron integrals may also be neglected;

4. The off-diagonal elements of the core Hamiltonian matrix, assumed proportional
to the overlap integrals between the corresponding atomic orbitals, are
determined through empirical relations;

5. Most one- and two-electron integrals involving a single center are often

estimated from experimental electronic spectra data.

Among the existing semi-empirical approaches are methods of the NDDO type
(Neglect of Diatomic Differential Overlap), such as AM1 [76]. and PM3. At this level
of approximation, all integrals involving the differential overlap between orbitals
centered on different atoms are neglected. In parallel, in the CNDO (Complete Neglect

of Differential Overlap) method, differential overlaps are completely disregarded.

5- Hartree-Fock (HF) method

A fundamental characteristic of the electronic Hamiltonian is the presence of a
bi-electronic term (representing the interaction of each electron with other electrons).
The HF theory employs the variational principle, which states that: The energy
calculated for a given electronic state of a system (described by any arbitrary wave
function v) is always greater than the energy obtained for the same state using a wave

function that is the solution to the Schrodinger equation.

5-1- Hartree-Fock equations
Given a wave function ¥ in the form of a Slater determinant, the equation to solve in

order to calculate the corresponding electronic energy E is as follows

E = (v[H|v) = T (DIH DGD) - + 2 Zi5 0@ () T—:z Lx:(Dx;(2)) — (D x;(2)] T—:z lx:(2)x;(1))] (AL19)
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The solution of this equation relies on the variational principle, which aims to
find the best spin-orbitals and, consequently, the best molecular orbitals that minimize
the electronic energy E as much as possible [77,78]. It is important to note that these
orbitals, corresponding to the minimum energy E, must satisfy the condition that any
modification made to a given orbital (without altering its norm or orthogonality to other
orbitals) does not result in a variation of the energy E. This condition requires the
orbitals to be eigenfunctions of an operator F, called the Fock operator. The

corresponding Hartree-Fock equations [77,79]. determine these orbitals as follows
F(Dy,(1) = & (1) (11.20)
Where g; is the energy of the orbital ¢.;
with
F() =H(D +%; /:(D - K (1) I1.21)
Ji: Coulomb operator
K ;: Exchange operator

5-2- Hartree approximation

The complexity of solving equation (I1.6) is due to -electron-electron
interactions, which prevents the separation of this equation into n electronic equations.
In the Hartree approximation [80]. We consider the electrons as independent, in which

each electron moves in a middle field created by nuclei and other electrons.

The Hamiltonian can be written
H, =3;h; (I1.22)
Whereh;is : the mono electronic hamiltonian.

2 ~ A ~
hy =—2—V2 T, + Vou® + V,(7) (11.23)

2m,

pr’
(=71

With V;(#) = [ d3 7' Hartree potential
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Vext () :Coulomb interaction of the electron with all the nuclei of the system
The electronic wave function of this Hamiltonian is a product of mono-

electronic functions (Hartree Product (HP)

lpe (r—l)l FZ_)I ﬁv)) = (pl(?;) ----- PN (ﬁ) (1124)

In this case, each of these mono-electronic wave function is then a solution of

the Schrodinger equation to a particle which is written in the form
hi(P) () = &¢i(7) (I1.25)

The wave function described by equation (II.11) isn't quite finished. It doesn't
follow Pauli's exclusion rule. his rule says that because electrons are a type of particle
called "fermions," the wave function needs to switch its behavior if we swap the details
of two electrons. This rule basically means that two electrons can't be in the exact same

state [81]. The wave function that follows this rule has to be 'antisymmetric.'
rLr2...rirj...rN)=-"1,r2..7rj,1r7i..rN)
we r_l)rr_z);ﬁxﬁ--- ﬁ) = _lpe(r—l)'r—irﬁrﬁ' ﬁ) (11-26)

5-3-  Self consistent field (SCF) procedure
The previous Hartree-Fock equations are coupled because the definition of the
operators J; and K;requires knowledge of the spin-orbitals that are solutions to the

equation
F(Dw,(1) = g (I1L.27)

To overcome this problem, these equations are solved iteratively. Such a
procedure is known as the Self-Consistent Field (SCF) method. This method is based on
an initial choice of spin-orbitals, and thus a density matrix P. Then, solving the Hartree-
Fock equations yields a set of spin-orbitals, which in turn are used to define new
operators. This procedure is repeated until the new density matrix P is the same as the
previous one (internal consistency is reached), while considering a predefined

convergence threshold [82].
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5-4- Post-Hartree-Fock methods

The Hartree-Fock theory neglects the electron correlation energy. According to
Lowdin [83]. the correlation energy of a system corresponds to the difference between
the Hartree-Fock energy with an infinite basis (HF limit) and the exact non-relativistic

energy of the system

Ecorr = Egr—E (11.28)

Currently, two main categories of methods exist that allow for at least partial

consideration of electronic correlation effects

> Single-reference methods

» Multi-reference methods

6- Perturbative approach meller plesset theory

Moller-Plesset perturbation theory (MP) represents one of the earliest strategies
introduced to account for electronic correlation effects. Prior to the development of
Density Functional Theory (DFT) methods, the MP2 approach was widely utilized to
enhance Hartree-Fock (HF) calculations [84].

Within the Moller-Plesset formalism [84]. the correlation energy is treated as a
perturbation to the electronic Hamiltonian, constructed from the sum of individual Fock

operators

Hr = Hy+ V (I1.29)

where

> H, is the zero-order term, composed of the sum of Fock operators, whose
eigenfunctions correspond to the Hartree-Fock solutions,

> V represents the perturbation induced by electron correlation.

It 1s essential to highlight that the zero-order energy is equal to the sum of the

orbital energies, whereas the first-order correction yields the Hartree-Fock energy.

In practical applications, second-order (MP2) and fourth-order (MP4) Mgller-

Plesset methods are the most frequently employed. Nevertheless, this approach remains
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valid only if the zero-order wavefunction provides a sufficiently accurate approximation
of the true wavefunction. Although MP2 often delivers reliable geometries and energy
predictions for many molecular systems, it may fail for systems exhibiting atypical
electronic structures, such as hybrid compounds, where more sophisticated levels of

theory are required.

6-1- Configuration interaction (CI) methods

Configuration Interaction (CI) methods construct a wavefunction by augmenting
the Hartree-Fock (HF) wavefunction with additional determinants generated by exciting
electrons from occupied to virtual orbitals. CI calculations are categorized based on the
number of excitations involved in constructing each Slater determinant. Single
excitation CI (CIS) considers the promotion of one electron per determinant, providing
an approximation of excited states without altering the ground-state energy. In contrast,
Configuration Interaction with Single and Double excitations (CISD) corrects the

ground-state energy by incorporating electron correlation effects [85].

Starting from an initial Hartree-Fock wavefunction wq, of defined spin
multiplicity, the CI method represents the total wavefunction as a linear combination of
determinants wg, wij., etc., which are orthogonal to each other, to g, and share the
same spin multiplicity as wy.

Yic = Cy¥o + Za,r ngg + Za<b r<s ab‘yab + Z I‘St rSt (II 30)

a<b<cr<s<t abC abc

6-2- Configuration interaction (CI) approach
These determinants are generated by replacing one or more occupied spin-
orbitals Y4, Xp-, €tc., in ¥y with one or more virtual spin-orbitals y,., et xs...., etc.,

resulting in configurations classified as singly, doubly, triply, and higher excited states.

The coefficients and the corresponding energies are determined based on the
variational principle, which involves constructing the configuration interaction matrix
(w;c|H|w;c) and solving for its eigenvalues. The lowest eigenvalue provides an upper
bound for the ground-state energy, while the higher eigenvalues correspond to upper

bounds of the excited-state energies.

When the wavefunction wj, includes all possible determinants formed from

multiple excitations of wg, the method is referred to as Full Configuration Interaction
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(Full CI). In this case, using a complete basis set yields the exact properties of the

system under study.

Certain theorems simplify the computation by eliminating some matrix
elements. In particular, Brillouin's theorem [86]. states that there is no direct coupling
between the Hartree-Fock wavefunction wgand determinants corresponding to single
excitations. Furthermore, all matrix elements (w,|H|w,) where w, and w; differ by

more than two spin-orbitals are zero [87].

7- Kohn-Sham equations (KS)

A practical application of density functional theory was developed by Kohn and
Sham by formulating a method similar to the Hartree-Fock method. Kohn and Sham
[88]. proposed that in a molecular system, the equations used to obtain the total

electronic density are derived from the energy functional E[p(r)] which is expressed as

E[p(M)] = Ulp(®)] + Tlp(r)] + Exc[p()] (IL31)

The classical electrostatic energy U[p(r)] represents the sum of electron-nucleus

attractions and electron-electron repulsions

U[p(r)] ZAf ZAP(I') ffp(l‘)[)(r) drdr’ (11'32)

IrRI

The second term T[p(r)] represents the kinetic energy of a system with the same
density p(r), but in which the electrons do not interact with each other.
The final term E.[p(r)] includes both the exchange and correlation contributions to the
energy, as well as the difference between the term T[p(r)] and the true electronic kinetic

energy of the system.

Following Kohn and Sham, the electronic density of a system with NV electrons,
containing N* high-spin electrons and V¥ low-spin electrons, can be expressed as the
sum of the squares of the magnitudes of orthonormal molecular orbitals, each occupied

by a single electron. These molecular orbitals are called Kohn-Sham molecular orbitals.

(1) = () + pP (1) = TEIE )2 + 2 [0 )| (1133)

Thus, the kinetic energy T[p(r)] is expressed as
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TIp(] = Tozap Y [ W =P (1)dr (1134)

Since the energy functional is minimized with respect to the density of the
ground state p(r), the energy functional E[p(r)] must be stationary with respect to any

variation in the spin densities, i.e.

SE[p(r)] _ SE[p(r)]
= = 1.
spa(r)  8pP(r) (IL.35)

This condition leads to the Kohn-Sham equations for a single electron

A Za p’ ’ SExc[p(r)] _
{‘T (ZA|r—RA|) + [ dr 4 2ol }¢f‘(r) = %)  (IL36)

With ¢ = a or 3, these equations are solved self-consistently, as in the case of Hartree-

Fock equations.

Starting from an initial electronic density, the Kohn-Sham equations are
constructed, and their solution results in a set of Kohn-Sham spin-orbitals (1),
which are used to generate a new set of total spin densities p®(r) and pP(r). This

procedure is repeated until the system achieves self-consistency.

8- Born-oppenheimer approximation

Back in 1927, Born and Oppenheimer came up with what's called the
BornOppenheimer approximation [89]. They noticed that because nuclei are way
heavier than electrons (a proton weighs about 1836 times more than an electron), the
nuclei move much more slowly (like a hundred times slower) compared to electrons.
So, we can kind of treat their movements separately, and this is why it's called
"adiabatic." When we focus on how electrons move, it makes sense to think of the
nuclei as staying in one place. This simplifiesthings a bit. This way of thinking helps us

write down the Hamiltonian, which is like a mathematical description of the system
H, = To + Vnoe + Ve (I1.37)

The total wave function can be written as

¥ (R,7) = oN(R;) Yo (R) (I1.38)
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Where ¢ N (R7) describes the nuclei andy, (E) describe the electrons
(depending parametrically on the positions of the nuclei).With the BO approximation,

The Schrodinger equation for electrons is written
AY, =EVY, (I1.39)

This approximation has made the problem less complicated, but it's not fully solved yet.
When dealing with a system that has N electrons, we still have to keep track of 3N

positions in space and N spin coordination.

9- Density functional theory

Density functional theory's main idea is to make electron density the key factor,
unlike Hartree-Fock theory, which focuses on electron wave functions. The use of
electron density greatly accelerates the calculations. Whereas the electronic wave
function is a function of 3N variables (the coordinates of all N atoms in the
system).while, the electron density is a function of only three variables (x, y, z ).
Therefore we need to be sure that we can derive something significant from it.
Hohenburg and Kohn were the ones who introduced a theorem highlighting the
usefulness of electron density. Since then, density functional theory has become
extremely popular, leading to a surge of computational research in the fields of

molecular and solid state physics.

For DFT, the energy is a functional of the electronic density of the system. DFT
determines the properties of the ground state of a system composed of a fixed number of
electrons, in Coulombic interaction with point nuclei, using only the knowledge of the
electronic density. It was developed in two stages, in 1964 by Hohenberg and Kohn
[90]. then in 1965 by Kohn and Sham [91]. DFT is defined as an exact theory that
allows for the determination of the ground state of a system with N electrons. It consists
of reducing the many-body problem to a one-body problem in an effective field that
takes into account all the interactions and provides a main theoretical basis for the
calculation of the band structure. Historically, the principle of this theory first appeared
in the works of Thomas and Fermi [92,93]. starting from 1927. They independently
demonstrated that one could use the electron density ( p(7)) as a central variable to
solve the Schrédinger equation. They considered the system as a homogeneous gas with

kinetic energy as a functional of the electron density.
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9-1-  Electron density

The electron cannot be located as an individual particle, however, its probability
of presence in a volume element can be estimated and corresponds to the electron
density Electrons must therefore be considered in their collective (electron cloud). The
electron density allows us to know the regions of the space where electrons reside most
often. The electrons are essentially localized in the vicinity of the nuclei. The electron
density is a positive function depending solely on the 3 coordinates (X,y,z) of space.
This quantity cancels out { infinity and equals N when integrated over the entire space.
It is sufficient for the determination complete determination of the properties of an

atomic system.

It's not possible to localize an electron as a single particle in a specific location,
but its probability of presence in an element of volume d3r” can be estimated and

corresponds to the electronic density p(7)

Y () =) = p(P) (11.40)

This ensures that (#) will consistently possess a positive value (positive
function), and this value expresses the relative probability of finding an electron at a

particular position. This function has lots of properties

e [ p(¥)d¥ = N (Integration over the entire space), while N is total number of
electrons
e p(r=0)=0
e p(7)is an observable that can be measured experimentally (by X-ray diffraction)
All these points suggest that the electronic density alone is enough to fully
understand the characteristics of an atomic system.
9-2- Hohenberg-kohn (hk) theorems
DFT really began in 1964 with the two fundamental theorems of Hohenberg and
Kohn [90].This approach applies to any system { several interacting particles evolving

in an external potential. The electronic wave function

electronic is a solution to the Schrodinger equation
DFT is achievable due to the presence of two cleverly uncomplicated theorems

proposed and validated by Hohenberg and Kohn.in 1964
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a. Theorem I
For any system of interacting particles in an external potential V,,.(7;), the
density is distinctly established. (in other words, the external potential is a unique

functional of the density).

Proof
Let's assume there exist two separate external potentials V,,.(7)and V' .. (%)

which differ by more than a constant and lead to the same ground state density py (7).
Obviously V. (%)and V', (7) belong to distinct Hamiltonians H and H' which give
rise to distinct wave functions ¥and ¥’with HY = E,¥Wand H"¥ = E'y,¥". Since

¥’ is not the ground state of H,

E, < (¥Z|H|¥) (IL41)

Ey <(Y|H|¥Y)+(¥Y|H-H|¥) (11.42)

Eo <E'o+ [ po(r) Vexe (7)) = V' exe (7)]d7 (11.43)
Similarly

Ey < (¥|H'|¥) (11.44)

Ey <(¥|H|¥Y)+(¥Y|H — H ¥) (11.45)

Ey < E's + [ po() V' ext () — Veore (7)]d7 (1L.46)

Adding Eq. (I1.20) and (II.23) lead to the contradiction
Ey+ E'gy<Ey +E, (11.47)

Therefore, it the ground state density po(r”) , which defines the external
potential, cannot be produced by two different external potentials V,,.(#;) . Except for
a constant, V., (7)In other words, the fundamental element is no longer exclusively the
wave function; instead, the essential element is now the electronic density, which
completely describes the ground state and all its properties, this leads to the

establishment of Hohenberg-Kohn's second theorem.
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a. Theorem II
The density can be used to define a universal functional for the energy E[p].

The lowest global value of this functional corresponds to the exact ground state.

Evidence

All other observables of the system, such as kinetic energy, are uniquely
determined since the density determines the external potential, which in turn uniquely
determines the ground state wavefunction (unless in degenerate conditions). As a

result, the energy can be expressed as a density function.

The functionalE [p(#)]can be written as
E[p(®)] = [T] + [Vl] + fVext(p(F))dF (IL.438)
F[p(M] = Flp(MD] + [ Vere(p(¥))d? (I1.49)

Where F [p(7)]is a universal functional

In the ground state the energy is defined by the unique ground state density po(7)

Ey=E [p(®] =< (HH| P (I1.50)

A variable density p'(¥) will inevitably yield a higher energy according to the

variational principle.

Eo =< (VH|WY) <(¥|H|¥)=E (IL51)

The total energy of the system expressed as a functional of p(#) is thus
minimized with regard to p(#) When one determines the ground state's total energy,

the ground state density is the one that minimizes that energy.

The equations provided by Khon and Sham stand as the sole resolution to this

predicament.

9-3- Kohn-sham equation
Hohenberg-Kohn theorems were put into practice by the Kohn-Sham (KS)

equation, which also made DFT computations possible. to be conducted using just a
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single personal computer[14]. It achieved such remarkable success that Kohn was
awarded the Nobel Prize in Chemistry in 1998. The KS equation transforms the initial A
dynamic system with genuine potential Vextinto a fake, non-interactive system that has

an efficient potential Vrr and assume that the two systems share an identical ground

state density.As mentioned above in eq(Il.25), The expressions of T and Vi were not

known, Kohn and Sham proposed the next separateons

Tlp(M] = Tolp(A] + (Tlp(A)] = Tolp(MD = Tolp(®)] + Ec[p(P)] (I1.52)
Where
To[p(7)]: Kinetic energy of non-interacting electron gas.

E.[p(#)]: Correlation energy that is neglected in the Hartree-Fock approximation.

Vilo(®)] = Exlp(®] + Vilp(®)] — Exlp(H)]) = Exlp(®)] + Ex[p(P)] (IL.53)

Where
Ey[p(¥)] : Term of Hartree.
E,[p(¥)]: Exchange energy that is neglected by Hartree.

Flp(M] = Tolp(®] + (Eclp(M] — Exlp(P)] + Ex[p(P)]) (IL.54)
Flp(P] = Tolp(®] + Enlp(M] + Exc (IL55)

Therefore, the functional energy of Hohenberg and Kohn can be expressed by

the following equation

E[p(®)] = Tolp(®] + Exlp(M] + Exc[p()] + [ p(P) Vert (F)d7 (IL.56)

With E,[p(#)]] Exchange-correlation energy is due to the difference between
the noninteracting and the interacting kinetic energies as well as to the difference
between real interaction energy and that of Hartree. The equations of Kohn and Sham

that solve the problem is
hz = - - — .
[—Rviz + Veff(r)] 0, =gp;@ ,i=1,........N (I11.57)

The lowest eigenvalues are ¢;., where each of the N orbitals has one electron

with ¢; (7) The auxiliary system's density is made up of

p(P) = XLl ()17 (IL58)
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The effective potential is of the form
Veff (F) = Vext [,0 (F)] + VH [,0 (F)] + V;cc [P (?)] (H-59)
With

Vylp(#)] = % [— e’ pﬁ(rﬂ) d37': Hartree potential

4Teg |7

Veclp(P)] = 8Exclp @, Exchange correlation potential
Sp(1)

So far, Density Functional Theory (DFT) continues to be a precise method.
Nevertheless, to make it feasible for practical use, it is essential to provide a

representation of [p( 7)], which requires us to proceed with an approximation.

9-4- Solving kohn-sham equations

Through the utilization of the Kohn-Sham equations provide a way to determine
the exact density and energy of the ground state of a condensed matter system using
independent-particle methods. Because of the strong relationship between the electron
density p(7) and the effective KS potential V,;(7) , the Ks equations must be solved
consistently.  Typically, this is accomplished numerically using a self-consistent
iteration. Discovering an appropriate resolution can be achieved by adhering to these

procedures

1. Start with an initial electron density for the first iteration.

2. Calculation of the effective KS.

3. Resolution of the Kohn-Sham equation with single particle eigenvalues and
wavefunctions.

4.  Calculation of the new electron density from the wavefunctions.

5. Examination of self-consistent condition(s) (by comparing the old and the new
densities).

6. Calculation of the different physical quantities (Energy, forces, ...); End of

calculation.
Self-consistency in calculations

The resolution of the Kohn-Sham equations for the high symmetry points in the

first Brillouin zone allows for simplified calculations. The resolution of these equations
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is then done iteratively using a self-consistent iteration cycle illustrated by the
flowchart. We start by injecting the density of initial charge to construct from a

superposition of atomic densities

Pin = Pcristal = Pat
at

Next, the orbitals are occupied and a new density is determined by

N
po) = ) 0PI

i
If the density or the energy has changed significantly (convergence criterion),

we return to the first step, mixing the two charge densities as follows

pll = (1= a)pl, + aply

1 : represents the i-th iteration.
Alpha is a mixing parameter.

Thus, the iterative procedure can be continued until convergence is achieved. The

eigenvalues and eigenfunctions are obtained by solving the Kohn-Sham equations.

1 : represents the energy level of the system's state. The total energy of the system in its

ground state is given by

N e? p(M)p' (r)d3rd3r’ OE,.
E=) Ei—gor || B+ Ealol - [ o) S

The wave functions known as Kohn-Sham orbitals can be written in any
complete basis of wave functions. These bases can be atomic orbitals, plane waves, or

Gaussian wave functions, etc.

So far, the only problem that remains to be solved is the formula for E,.[p(7) ]
so that DFT and the Kohn-Sham equations can be used in practice. For this, we will
resort to approximations. the simplest and most widely used approximation is the LDA

(Local Density Approximation).

The exchange-correlation energy

The exchange-correlation potential is the only term that remains unknown for

DFT, this term compensates for the loss of information on the exchange and correlation
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properties of the electronic gas induced by the transition from a real multi-particle wave
function to fictitious single-particle wave functions without interactions using the Kohn-
Sham method. The different possible interactions between electrons can be grouped into

three categories

The exchange effect, which is directly related to the Pauli principle and does not
involve the electron's charge. This principle is the direct cause of the antisymmetry of
the wave function. It corresponds to the fact that two electrons with the same spin S
(have a zero probability of being in the same place. The Hartree-Fock approximation
offers a solution to this problem (the Slater determinant represents the antisymmetry of

the wave function).

The charge of the electron is responsible for The Coulomb correlation. It
corresponds to the repulsion of electrons. It is independent of spin. This contribution is
neglected by Hartree-Fock theory. it is essentially due to the correlation effects of core

electrons.

The third effect arises from the fact that electronic wave functions are
formulated in terms of independent particles, which must lead to a correct counting of

the number of electron pairs.

The exchange-correlation functional must take into account, in addition to these
three contributions, the difference in kinetic energy between the fictitious non-
interactive system and the real system. Thus The calculation of energy and exchange-

correlation potential relies on a number of approximations.

10- Methodology

within this section,Fundamental concepts related to the linearized augmented
plane wave plus local orbitals (LAPW+lo) are presented, outlining different versions
and their developmental stages concerning linearization, full potential, and local

orbitals. We also explore the treatment of exchange-potential correlation through

various approximations (LDA, GGA, and GGA+mBJ).

10-1- Augmented plane wave methods
Various methodologies have been devised to ascertain the electronic, optical,
thermal, or mechanical properties of materials, categorized into three distinct groups

based on the data employed.
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— Empirical methods rely on empirical data and experiential knowledge to determine
parameter values, resulting in unified confirmations derived from this empirical
insight.

— Semi-empirical methods necessitate pre-calculated data along side experimental
results to predict properties that haven't been experimentally determined. This
approach accelerates calculations significantly, enabling the computation of even

large molecules.

— Ab-initio methods demand only fundamental data for their calculations, by passing
the need for additional empirical or pre-calculated information. In the recent years,
researchers have developed ab-initio methods with no inclusion of experimental
data, based on theoretical principles, known as "first principles methods" one of the
most widely used method is : Full Potential Linearized Augmented Plane Wave (FP
LAPW) developed by Andersen which is just an amelioration of another
approximation called augmented plane wave method (APW).

10-2- APW method

The APW approach stands as one of the most favored methods for addressing
electronic structure via Kohn-Sham (KS) equations. Slater introduced this technique in

1937, His proposition involved considering that, at a distance from the atomic nuclei,

electrons tend to be relatively unrestrained, being delineated by plane waves. When

closer to the nuclei, electrons exhibit behavior akin to those in free atoms and can be
more effectively represented by atomic-like functions. Consequently, space is
segregated into two zones as shown in figure II.1: a spherical area around each atom
defined by a radius (referred to as S aor "muffin tin sphere" [9]. comprising the
interstitial zone (I), which is the remaining area outside of these spheres, and the muffin
tin region. In the expansion, an augmented plane wave (APW) was used. can be

specified as

D=ty @iz s g
oy =] P T gEebec > (IL60)
(]55(?) = Zlm AlmUla(r’ El)Ylm(?)T <R,

From (II.39) with ¢ representing the wave function and Q the unit cell volume,
CG and Almare expansion coefficients , Yl,mare spherical harmonics ;Ulais the

numerical solution to the radial Schrodinger equation which is given by
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(- L+ 4y () - By} rUi(r) = 0 (IL61)
1. Slater advocated employing these functions by emphasizing that 2. radial functions
are solutions of Schrodinger's equation in a spherical potential, whereas plane waves are
solutions of the equation in a consistent potential. In the dual representation defined in
equation (IL.39), a constraint must be applied to guarantee continuity at the sphere
boundaries. By defining the U* utilizing CG within the spherical harmonic expansion

of the plane waves, the APW approach achieves this requirement.

Sphere (a)

Sphere(a)

Interstitiel(I) interstitiel(I)

Figure II.1. The unit cell is divided into atomic spheres and interstitial areas in order to

adapt the basis.

Within the APW method, continuous basis sets (functions) are utilized,
encompassing the entire space within the sphere. Despite being a widely employed
technique for computing properties like structural, electronic, optical, and magnetic
aspects of solids, it does come with inherent limitations. One notable constraint is its
inability to extend beyond the average spherical muffin-tin approximation. The
fundamental functions in this method exhibit a discontinuity at the muffin-tin border,
resulting in a kink, thus making their derivatives discontinuous at the boundary.
Additionally, a drawback lies in the radial function (r, El), which relies on energy,
thereby creating an eigenvalue problem that is nonlinear. Numerical problems may

result if Ulao becomes extremely small at the empty sphere boundary. Consequently,
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various modifications have been introduced to the APW method to address these issues,

notably proposed by Koellingand Andersen

10-2-1- The linearized augmented plane wave (LAPW) method

To circumvent the challenges associated with the APW method, arising from the
discontinuity of the initial derivative of the basis functions at the muffin-tin boundary,
which divides the interstitial area from the core, linearized methods emerged in the mid-
1970s. Andersen and Koelling with Arbman pioneered these methods, inspired by an
idea introduced by Marcus. Andersen introduced an added term within the basis within
the MT sphere to address this issue. The radial wave function is linearized using a linear
combination in the LAPW technique, specifically within the MT region. of Ul(r, El)and
Ul(r, EL)

The energy derivative's Blm coefficients are equivalent to the Alm. Within the
spheres, the basic functions are linear combinations of radial functions. In addition to
their energy derivatives, (r)(r”) These are the augmenting functions: Ul(r)YIm(r)). The
energy derivative, U(r)YIm(r"), fulfills the following equation, and the Ul are defined
as in the APW method

d? | 1(1+1) .
(-Z + Y v() - B Jri) =0 (IL.62)

In the augmented plane wave method, the interstitial regions exclusively utilize
plane waves, akin to the APW method. However, in the Muffin-tin regions, more fitting
functions than APW functions are employed. The radial basis-function is consequently

substituted by the Taylor series to better suit this context

. dz | 10+1)

Uy(r, E) = Uy(r, E) + (E — E)Uy(r — Eo) + 0((E — ED») {— 5 + 22 4 v(r) -
En}r =0 (IL63)
While U (r, Eo) = 24

Consequently, the wave functions incur A quadratic mistake in the difference
between the energy parameter El and the eigenvalue E. This indicates that the
eigenvalue error only reaches the fourth order. As a result, the LAPW approach ensures

that the wave function at the MT sphere's surface is continuous.
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10-2-2- (LAPW+FP) METHOD

The APW basis functions, much like LAPW, can undergo modifications by
incorporating local orbitals. Sjosted et al [94]. enhanced APW by introducing local
orbitals (lo), forming the APW+lo basis. Similar to the APW approach, the radial wave
function is computed at a fixed energy, but this new technique integrates additional
types of orbitals for increased flexibility, denoted as lo instead of LO in LAPW[95].The
equation defining the function ¢ (7) consists of distinct expressions for regions inside

and outside the MT sphere

0 r >R,

¢(7) = {[AlmUl(T E) + B U,(r, ED]Yim () 7 <Ry (IL.64)

The two coefficients in this equation are determined by the normalization
requirement of the function (r7) at the MT radii. Ul is only included for specific 1
quantum numbers in this APW+lo approach and is not dependent on the plane waves.
Instead of being included in every plane wave as in LAPW, the energy derivative term
in the APW+lo approach is only included in a small number of lo's. Consequently,

while the APW+lo method converges more swiftly than LAPW

and delivers comparable accuracy, uncertainties persist regarding the accuracy of

energy linearization in APW+lo akin to LAPW.

11- Exchange-potential correlation
11-1- Local density approximation (LDA)

Kohn and Sham's Local Density Approximation (LDA) in 1965, a widely used
method, assumes density as a uniform electron gas, implying exchange correlation

energy is the same for homogeneous electron gases.
Ex24lp(] = [ p D efe™[p(P)]d*7 (IL.65)

Wheree xc hom[p(#)] each particle's exchange-correlation energy. Next, we

obtain the exchange correlation potential using

OExc Sexc
Vee (p(P)) = ap—(prg)] = ehom[()] + p(¥) Eap(”r()”] (IL.66)
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In order to apply the LDA in practical computations, the exchangecorrelation

energy for a uniform electron gas with a specific density must be found. It is typical to

divide &,.(p(#)) into correlation and exchange potentials.

gxc(p(?)) = gx(p(F)) + gc(p(?)) (IL67)

The exchange term, commonly referred to Dirac's exchange [21] (symbolized by

S, means that this expression was taken over by Slater)

1
gﬂmﬂ)z—ﬂﬁﬁ)@ (IL68)

T

the exactly Accurate values for &; (p(?)) obtained by Quantum Monte Carlo (QMC)

computations. Following that, these were interpolated to yield an analytical form for

ec(p(®).

11-2- Generalized gradient approximations (GGA)
As previously noted, the Local Density Approximation (LDA) overlooks the
inhomogeneity present in the actual charge density. This limitation spurred the

development of various generalized-gradient approximations (GGAs) that incorporate

Corrections for density gradients |V>p(7)| and the electron density's higher

spatial derivatives . p(') Consequently, the correlation energy can be formulated as

ESEA(p(P) = [ feclp(P), Vp()]d?7 (IL.69)

Different generalized-gradient approximations (GGAs) distinguish themselves
based on the choice of the functional f,.. Among The GGAs put out by Becke [96] ,
Perdew et al [97]. and Perdew, Burke, and Enzerhof [98]. are the most commonly
used. In general, GGAs perform better than LDA in predicting characteristics like bond
length, molecular binding energy, and crystal lattice constants, particularly in systems
with rapidly fluctuating charge. densities. However, in some scenarios, GGA tends to
overcorrect LDA outcomes, particularly in ionic crystals where LDA calculations align
well with experimental data regarding lattice constants, whereas GGA tends to
overestimate them. Despite the advancements offered by GGAs, both LDA and GGA

struggle with materials where electrons exhibit localization and strong correlation,
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Examples include complexes of rare-earth elements and transition metal oxides. This
disadvantage has prompted the exploration of approximations beyond LDA and GGA to

better capture the complexities inherent in such materials.

11-3- GGA+mBJ
To achieve better results in energy gap calculations, Tran and Blaha [98,99].
proposed the use of a modified version of the Becke and Johnson functional [100].

referred to as the

modified Becke-Johnson mBJ in DFT. The mBJ approximation widens the
energy gap, thus closely aligning with experimental observations [79]. unlike the LDA
and GGA approximations that yield narrow gaps. The gaps obtained using mBJ span a
range of different systems, extending from semiconductors with small gaps to insulators

with wider gaps.
Construction of radial functions

In the interstitial region, the basis functions of the FP-LAPW methods are plane
waves. While inside the MT spheres, they are developed in the form of numerical radial
functions. With the condition that the basis functions and their derivatives are
continuous at the surface of the MT sphere. thus the construction of the basis functions

of the FP-LAPW methods comes down to:

Determine the radial functions and their derivatives with respect to energy. The

coefficients and must satisfy the boundary conditions.

The boundary condition allows for the determination of the cut-off of the
angular momentum and the cut-off representation of the spheres in terms of the plane
wave coefficient. One of the strategies to follow is to choose these cutoffs such

that[101].

Gmax: the cut-off in reciprocal space that limits the number of plane waves used

in the development of the charge density and the potential in the interstitial region.

RM™ k. . represents the product between the smallest radius of the chosen MT
sphere and the largest value of k that presents the cut-off of the wave functions, which
limits the number of reciprocal lattice vectors that enter into the development of the

Kohn-Sham wave functions on the LAPW basis functions.
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Lmax: limits the number of harmonics of the network used for the development

of the charge density and the potential within the MT spheres

Code WIEN2k

The Vienna University of Technology's Institute of Materials Chemistry
developed the WIEN2K simulation code, which was released in 1990 by Blaha P.,
Schwartz K., Sorintin P., and Trickey S. B. [102,103]. The WIEN2k code has been
updated to use the FP-LAPW technique.

In the following years, this code was continuously revised and underwent
several updates. Versions of the original WIEN code were developed (named according
to the year of their release, WIEN93, WIEN95, WIENO97...). We used the WIEN2K

version (year 2011).

The WIEN2K package is written in FORTRAN, it runs under the LINUX
operating system. It consists of several independent programs that are linked by C-
SHELL SCRIPT. These programs perform electronic structure calculations in solid

bodies based on Density Functional Theory (DFT).

Initialisation

It involves constructing the spatial configuration (geometry), symmetry
operations, initial density, the quantity of unique points required for integration in the
Brillouin zone, which cannot be reduced, etc. A number of auxiliary programs are used

to do all of these tasks, producing

NN a sub-program that checks the distances between nearest neighbors and equivalent
positions (the non-overlapping of spheres) as well as determines the atomic radius of the

sphere.

LSTART it allows generating atomic densities; it also determines how the different

atomic orbitals are treated in the band structure calculation.

SYMMETRY it allows generating the symmetry operations of the space group and

determining the point group of individual atomic sites.

KGEN it generates the number of k points in the Brillouin zone.

53



CHAPTER 2 : Calculation techniques and Density Functional Theory (DFT)
|

DSTART it creates a starting density for the auto-coherent cycle (the SCF cycle) by

superimposing the atomic densities produced in LSTART.

Calcul auto-cohérent (ou self-consistant) :
In this step, the energies and the electronic density of the ground state are
calculated according to a convergence criterion (energy, charge density, force). Les

sous-programmes utilisés sont

LAPWO it generates the potential for the density calculation.

LAPWI1 it allows calculating the valence bands, the eigenvalues, and the eigenvectors.
LAPW?2 il calcule les densités de valence pour les vecteurs propres.

LCORE il calcule les états et les densités de coeur.

MIXER it performs the mixing of density of input and output (initial, valence, and

core).

12- Determination of properties

Once the self-consistent calculation is completed, it is possible to access the
properties of the ground state (charge density, band structure, thermodynamic
properties, thermoelectric properties, etc.). each of these properties is calculated
separately with a "package" program that runs with consecutive steps[65]. These main

calculation steps using the Wien2k code are illustrated in the flowchart .
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Figure I1.2. Flowchart of the WIEN2K program modules
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1- Introduction

Perovskite solar cells (PSCs) are becoming a major contender in photovoltaic
technology, which is developing at an unprecedented rate. This is because of their remarkable
power conversion efficiency (PCE) and affordability. The efficiency of solution-processed
halide perovskite solar cells in single-junction topologies has surpassed 22% [104]. Both
Ghaleb and Arrar combined two perovskite types—the inorganic halide CsPbls and the
organic halide CH3NH3SnBrs—as well as heterojunction MASnBr3/CZTGS in a single solar
cell to achieve an efficiency of over 30% [2,3]. This outstanding performance is due to the
remarkable optical and electrical properties of perovskites, especially those based on lead,
including their low exciton binding energy, long carrier lifetime, high optical absorption
coefficient, small bandgap, and efficient charge carrier transport. This implies that these

special materials have additional benefits that have not yet been realized [4,5].

While the majority of the study was initially focused on basic perovskites (ABX3),
more notable complex structures, like double perovskites (A2BB'Xs), brought additional
inventiveness by combining two different new opportunities for enhancing solar cell
performance through the use of rare earth and alkaline earth elements in conjunction with

transition metals.[6,7].

Our investigation will examine the optical, structural, elastic, and thermodynamic
features of the novel perovskite A2BB'Xs as well as the amount to which it contributes to the
field of solar cells, particularly given that it is composed of the components
Cs2ZnPbXs(X=Br,Cl). Its formula is A2BB'X¢, where X6 represents Br/Cl, B for Zn, B' for
Pb, and A for Cs. We will examine this compound based on earlier studies on especially
[8,9], phase, in the cube phase with the space group (Fm-3m). [113]. Nevertheless, there is a
dearth of experimental, stability, and theoretical information regarding these materials'

structural characteristics.

The two novel double perovskite compounds, Cs:ZnPbCls and Cs:ZnPbBrs, that are
presented in this paper have not been thoroughly investigated. Their optical and
thermoelectric characteristics are examined, emphasizing their potential for energy efficiency

and renewable energy applications.

The theoretical study's results show a strong correlation with the experimental findings
of other double perovskites research[114]. We analyzed the data and theoretical models using

a similar methodology, which improved the validity of our findings.
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Figure III.1. illustrates the crystal structures of Cs2ZnPbXs compounds, highlighting
the materials' potential for use in upcoming energy applications. Further developments in
solar energy technology are anticipated as a result of ongoing research and development in
perovskite materials. No experimental or theoretical evidence exists about the structural

qualities to compare with in the scientific literature.

2- Computational details

This section presents the results of calculations performed utilizing the WIEN2k
algorithm, which is based on Density Functional Theory (DFT). The total potential
linearized augmented plane wave notion is implemented by this code. (FP-LAPW) [13,15].
Perdew, Burk, and Ernzerhof describe the generalized gradient approximation (GGA) for the

exchange and correlation energy [118].

To fully characterize the systems under study, the most crucial characteristics that
require improvement are the muffin-tin spheres’ (RMT) radii. of Cs2ZnPbCls and
Cs2ZnPbBrs. For Cs, Zn, Pb, and Cl atoms in Cs2ZnPbCls, the RMT values were set at 2.35,
2.35, 2.35, and 2.04 atomic units (a.u.), respectively. For Cs, Zn, Pb, and Br atoms, the RMT
values for Cs2ZnPbBrs were set at 2.5, 2.33, 2.5, and 2.22 a.u., respectively. CeS is [Xe] 6s,
zinc is [Ar] 3d'? 4s2, plomb is [Xe] 4f!* 5d!° 6s? 6p?, and chlore [Ne] 3s? 3p° is its electronic
configuration. but Brome's is [Ar] 3d!? 4s? 4p°. When integrating the Brillouin zone, 1000 k-

points are used.

The approach created by Charpin [119]. was applied in WIEN2K to calculate elastic
constants. This idea states that only three elastic constants (Ci1, Ci2, and Cas) for a cubic
structure Cij must be determined. When calculating these elastic constants, the total energy as
a function of volume-conserving strains. The following relation should be met by the
computed values for the cubic structure: (C11—Ci2)>0, C11>0, Cs4>0, (Ci1 + 2Ci2)>0, and

C12<B<Ci1 [120,121]. the values of the elastic constant that we correctly determined.

3- Results and discussions

3-1-  Structural properties
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Figure III.1. Crystal structure double perovskite as prototype of Cs2ZnPbXe (X=Br, Cl).

The general structural formula for cubic double perovskites is A2BXs (space group:
Fm3m(225)). Figure III.1. shows that the single-unit cells of the A, B, and X atoms have
Wyckoff positions of 8c (0.25, 0.25, 0.25), 4a (0, 0, 0) at 4b (0.5, 0.5, 0.5), and 24e (0.25, 0,
0). Figure III.2. displays the double perovskites' optimized structural characteristics. The
total energies of our compounds at various volumes were fitted using the Murnaghan state
equation to determine their fundamental properties [122]. The following table presents
information on a number of particular properties of our materials, specifically Cs>ZnPbCls

and Cs>ZnPbBrs.Among these properties are the bulk modulus B, optimum volume V, lattice
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parameter a, and first-order derivative B'. Cs>ZnPbBrs has a greater lattice constant than

Cs2ZnPbCle, This might result from Br having a greater than Cl in ionic radius.

It is demonstrated that the estimated bulk modulus varies inversely with the lattice
constant since a bigger ionic radius raises the lattice constant and less stress may change the
volume. Double perovskite's crystal stability can be evaluated empirically utilizing the

Goldschmidt tolerance factor (t) and the octahedral factor (u).

When halide perovskites develop, octahedral factors of 0.44 to 0.9 and Goldschmidt
tolerance factors of 0.81 to 1.0 are commonly seen [21,22]. For our type of perovskite,
equations (3) and (4) define t and pu. The symbols RCs, RZn, RPb, and RX(X=Br,Cl)
represent the corresponding ionic radii of Cs, Zn, Pb, and (X=Br,Cl). t = 0.8629 and 0.86199,
pn = 0.79 and 0.73, since the molecule contains the anions Cl and Br, respectively, are the
octahedral factors and tolerance. Both compounds have stable structures as a result. By
assessing thermodynamic stability and calculating the formation energy, this result can be
further confirmed. Ef (eV). Formulas (5) estimated Ef (eV), which has a negative sign,
supports the stability of the compounds by showing energy is released during the process of

compound formation.

Generally speaking, bromide-driven It is believed that double perovskites are more
stable than chloride-based ones. ones because of the greater formation energy magnitude of

Cs2ZnPbBrs compared to Cs2ZnPbCle.

We calculated the two different structural types' total energy vs volume.in order to
determine our compound's ground-state structure. Following the total energy versus volume
analysis, the data was fitted using the Birch-Murnaghan equation of state. was calculated in

order to optimize the quaternary alloy's structure [125].

3 N 2
9V, B, VO)2/3 . (Vo)2/3 (V0>2/3

E =F — —-1| B — -1 — 41— .

(V) = B+ = I(V o+ (5 6—4( (IIL1)
0%E

B=V— 111.2

e (II1.2)
. Re + Ry

- R, + R 111.3
x/i(—zn b 4 RX) (TL.3)
u = (Rzn + Rpp) /2Ry (1I1.4)
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Figure II1.2. Cs2ZnPbXs (X=Br, Cl). A plot of energy against volume.

Table II1.1. PBE-GGA's computation of the For Cs2ZnPbCls and Cs2ZnPbBrs in cubic
phase, the lattice constant a0 (A), BO (GPa), Ef (eV), Eg (eV), Etot (eV), (t), and ()

Properties Cs2ZnPbBrs Cs2ZnPbCls
a(A) 11.3451 10.7643
Vo 2463.5850 2104.2488
B(GPA) 22.9608 27.8476
B'(GPA) 4.8664 4.7126
Bandgap (eV) 1.727 2.472
Eot -107890.582888 -82148.981671
Er(eV) -1.24 -1.13
Tolerance factor (t) 0.86199 0.8629
Octahedral factor (p) 0.73 0.79

The thermodynamic stability of Cs2ZnPbCls and Cs>ZnPbBrs is demonstrated by their

negative formation energies, Ef(eV), which were computed. Cs>ZnPbBre's greater negative
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formation energy indicates that it is more stable than Cs2ZnPbCle, indicating stronger internal

connections and a higher resistance to breakdown in the circumstances under study.

3-2- Chemical bonding
The electronic charge interpretation density provides a unique insight into the

chemical stabilities of Cs2ZnPbXs (X=Br, Cl).

With a more thorough examination in the ground state, the electron charge density
shown in Figure III.3. offers a basic and intriguing characterization of the hybridization
between various atomic orbitals. To illustrate the chemical bonding In this research, we used
charge density diagrams in the (110) plane. Covalent and ionic bonds can be formed between
atoms. The sharing of electrons or the increase in electron density between bonded atoms
creates covalent bonds. There was also another similar association discovered. Thus, all of
the research points to the presence of a well preserved In these semiconductor alloy systems,
polar covalent bonds a combination of covalent and ionic bonds are present. Electron density

distributions were created in order to comprehend them.

IMI Scale: An(r)
B +0.0010 B +0.0010
O +0.0064 0O +0.0072
+0.0414 @ +0.0515
O +0.2660 O +0.3692
W +1.7105 B +2.6485
E +11.0000 E +19.0000
 Print Thermo |

Print Thermo

(b) == -

(@)

Figure II1.3. Electron density distributions of Cs2ZnPbX¢ (X=Br, CI)

3-3- Electronic properties
Electron density is a tool for describing the electronic structure and bonding of
materials in detail. Figure II1.4.shows the total density of states of CsxZnPbXe(X=Br, CI).

compounds. It is aindirect projection of the electronic structure.
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Figure II1.4. The total density of states of Cs2ZnPbXs(X=Br, CI).
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Figure IIL.5. An incomplete density of states for Cs2ZnPbBrs and Cs2ZnPbCle
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Figure I1L6. (2) Cs2ZnPbBrs and (b) Cs2ZnPbCle electronic band structures, and (c) the
Brillouin zone of the Cs2ZnPbXs(X=Br, Cl) compounds.

The double perovskite's overall density of states is found to be between -4 and 0 volts.
Below the Fermi level, the energy levels are what we currently occupy. However, the empty

energy levels above the Fermi level are between 0 and 8 eV. Figure I11.4. shows this, with the
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reference point at 0 eV serving as the Fermi level. as illustrated in Figure I11.4. Because there

is no overlap A band gap exists between the valence and conduction bands.

It is thought that determining possible areas for real-world applications requires a
thorough examination of the density of states and band structures (BS) of the compounds.
Figure II1.5.(a.b) and Figure II1.6.(a.b) show the first Brillouin zone's (BZ) calculated band
structures, high symmetry directions, and density of states. respectively (Figure II1.6.(c)).
The indirect band gap values of Cs2ZnPbBrs and Cs2ZnPbCls are 1.727 eV and 2.472 eV,

respectively.

Right now Consequently, the conduction band minimum is converted into reduced
energy when Br, a material with a larger ionic radius, takes the place of Cl, a substance with a
smaller ionic radius. The Cs2ZnPbBrs band gap is reduced by this substitution.  The
electrical states' net repulsion with one another must be changed in order to continuously

modify the lattice.

This kind of band gap reduction has been connected to the quantum size effect. The
computed Further clarification of the energy band arrangement in the computed band
structures can be achieved by utilizing the overall density of states, as shown in Figure
I1.5.(b) and Figure IIL.5. (a.b), respectively. The Cs-p, Zn-p, Pb-p/s, and Cl/Br-p/ states
predominate in the lower energy range (—2 eV to — 3.2 eV). The Cs/Zn-s states contribute
slightly to the hybridization between —2 eV and —1.1 eV in the Cs-p, Zn-d, and Cl/Br-p states.
Cl/Br-p, Zn-p/d, and Pb-s/d are hybridizing states.between -1.1 eV and -0.3 eV in energy.
Fascinatingly, These three energy bands have no effect on the created electronic states. Pb-
p/s, Cl/Br-p/d, Zn-s, and Cs-d hybridization all occur in the energy range 2.5 to 5 eV above
the prohibited energy zone. The energy range between 5 and 6 eV is where the Cs-s/p/d, Zn-
s, Pb-s/p, and Cl/Br-d hybridized states are most evident, and the energy range has little effect
on these states. The energy band arrangement is nearly the same for both materials.
Therefore, the states that constitute the valence band maximum and the conduction band

minimum are the only ones that give birth to the physical attributes of both molecules.

3-4- Optical properties

A detailed analysis of the optical properties of the substances under investigation in
order to employ them for optical applications. One can use the dielectric constant, &(®), to
identify different optical properties and describe any material's optical behavior. This is the

value of the complex dielectric constant:
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€ = &1 T &2w (ITL.7)

The dielectric constant's real part is represented by €;(,, and its imaginary part

by €;(,) The actual part, €;(), shows the polarization and dispersion of the entering light,
whereas the imaginary part, €2(®), shows light absorption. Figure II1.7.The calculated values
of €1(w) and &(w)are shown against incident energy in (a.b.). At zero energy, the static
dielectric constant €1(m)for Cs>ZnPbBr6 is 4.4 ¢V, while for Cs2ZnPbClg, it is 3.5 eV. It
increases proportionately to the energy of the incident electromagnetic radiation. Both
resonance peaks are located at 6.1 /3.4 eV and 7.4 /3.21 eV in the instance of Cs2ZnPbXs
(X=Br, Cl) indicate the precise light energy at which plane-polarization occurs. With op and
h standing for the plank's constant and plasma resonance frequency, respectively, the bandgap

energy and g1 (0) are computed from the band structures. are compatible with Penn's model.

£(0) =

hop [126]. The inverse relationship between Table 1 makes the bandgap and

€1(0) clear. The Kramer-Kroning relation establishes a relationship between €1(®) and ()

[125].

£1(w) =1+ %P f % (IIL.8)
0
2e’h
£a() = mjzwzz [ st 251000 = ol (19)

This shows the wave vector (k) and the primary quantum number (P), respectively.
The molar mass is denoted by M, h plank's constant, and ® angular frequency. The &(®)
explains how impinging energy is absorbed as it passes through the molecule. If Br is used in
place of Cl, the threshold absorption energy decreases to 1.91 eV for Cs»ZnPbCls and 1.06 eV
for Cs2ZnPbBrs. The energy between the lowest and greatest of the bands of conduction and
valence (X—T) is the threshold energy in the first Brillion zone. Inter-band transitions are
responsible for the energy peaks at 2.93 eV/3.51 eV and 4.2 eV/5 eV in the computed ex(®)
spectra for Cs2ZnPbXs (X=Br, Cl). The transitions [127]. from Zn/Pb-p/d to CI/Br-p states
are responsible for the second peak, whereas the Zn/Pb-d to Cl/Br-p states may be the origin
of the initial peak. because the band gap narrows and the conduction band energy states

decrease.
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Figure I1L.7. (a) The dielectric constant's real portion, (b) its imaginary part, (c) the
refractive index, and (d) the extinction coefficient of Cs2ZnPbBrs and Cs2ZnPbCls.

In Figure III.7.(c). Energy is displayed against the wavelength, group velocity, and
material type all affect the refractive index, n(®). The computed n(w) for Cs»ZnPbXes (X=Br,
Cl) illustrates how energy is distributed across different wavelengths., with a maximum at
2.74 €V/2.4 eV and a minimum at 1,35 e€V/.26 eV, respectively. The formula n? — k? =
&1(w).can be used to understand the connection between &; (w) and the refractive index
n (w).Thus, as Fig. 7 illustrates. (a.c.). At zero frequency, nZ = O satisfied by the refractive
index and the real dielectric constant, €1(0). Additionally, n (®) in the energy range of 1-3 eV
shows that these compounds have special optical properties for IR and UV light, which makes
them important for optical applications. It suggests that these chemicals' unique infrared and

ultraviolet optical characteristics
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They are crucial for optical applications because of their wavelengths. Cs2ZnPbXs
(X=Br, Cl) has n(0) values of 2.125/1.62, which makes appropriate for solar cells that produce
energy from visible light [125].

The material exhibits attenuation of light (k > 0), as indicated by the value of & (o) is,

k (@).

Using the Kramer-Kroning connection, the spectra of k(w) and &x(w) are linked.

connection [111]. making them similar (see Figure II1.7.). (d.b)).

When considering expected absorption coefficients o(w) for optical/solar cell
applications, Figure II1.8.(a) demonstrates that Cs2ZnPbXs (Br, Cl) possesses the highest
absorption peaks of 4.9/5.53¢eV.

The optical current produced by free carrier liberation due to incident energy is
demonstrated by the electrical conductivity, o(®). Valence electrons become energized and
move into the conduction band when photons with enough energy strike them. The graphs of
the optical conductivity and absorption coefficients share the same features because of the
increased electron concentration in the conduction band brought about by the decrease in
input light. based on the data shown in Figure II1.8. (b). Cs2ZnPbXs (X=Br, Cl) has peak

values of 4.1/4.9 eV. Materials can reflect, transmit, and absorb light all at once.
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Figure II1.8. (a) coefficient of absorption, optical loss factor, optical conductivity, and

reflectivity of Cs2ZnPbBrs and Cs2ZnPbCle

Figure IIL.8. (c). determines and shows the reflectivity coefficient, or R (®), in order
to examine the light that is reflected from the surface. Up to 2 eV, the calculated R (o) is
relatively constant. Cs2ZnPbXs (X=Br, Cl) reaches its greatest value at 2.5 eV for 0.30 and 3
eV for 1.9 energy levels.

The examination of the energy loss spectra shows that this parameter has no effect on
The optical properties of the substances being studied. The projected L (®) spectra, which
have peaks at about 5.3/6.1 eV (see Figure II1.8. (d)), make this clear. The range where the
greatest absorption occurs is shown by these peaks. Because of their strong absorption in the
visible spectrum, which lowers energy loss, reflection, and dispersion, the compounds under
investigation are therefore appropriate for use in optical and solar cell applications.lll.3.5

Elastic characteristics

We investigated the elastic properties of our material to verify its stability, as these

qualities give us information on the material's stiffness, anisotropy, thermal expansion, and
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Debye temperature. The linear elastic characteristics law known as Hooke's law serves as the
foundation for most models that describe the elastic behavior of materials. Our alloy's elastic

constants were recently calculated using Thomas Charpin's approach, which was used in the

WIEN2Kk [128].

After taking certain symmetry considerations into account, the number of elastic
moduli in a cubic crystal can be broken down into Ci1, Ci2, and Cas, three separate non-zero
constants.To determine these constants, the three equations that must be solved which are
produced by applying Three distinct kinds of deformation must be arranged on M. Mehl's
method, which involves applying pressure-induced volume conservation to the sample, elastic

constants are calculated from total energy [129].

We determine In conserved volume, the orthorhombic deformation tensor to determine

the modulus (C11-C12). using the Mehl model [130].

§ 0 0
g0 9 602 (I1L.10)
1-5

where applied strain is represented by 6. The overall energy is affected when this

constraint is applied:

E(8) = E(—68) = E(0) + (C11 — C12)VE?% + 0[6%] (ITL.11)
V is the elementary cell's conserved volume, and E(0) is the system's energy in its single

initial state (without constraints). We will get the following formula based on the curve:

E(8) = b&? + E(0)

(111.12)
Considering that b is the graph's slope coefficient E (&) = f(6).
The following phrase is obtained by combining relations 3 and 4:
b
C11—Cpp =5 (ITL.13)
Vo

The compressibility modulus for an isotropic cubic frame provides a second equation.

crystal, is required in order to determine the values of Ci1 and Cio.

1
B = § (Cll + 2C12) (III.14)
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Lastly, we use the equation provides A deformation that is monoclinic and conserves

volume. that follows, to find the third elastic constant, Ca4

_0 d 0 0 0 0
2 2
- 6 . . . - 6
= 5 0 0 |after diagonalization € = [0 —3 0 (IT1.15)
52 52
0 0 ypwr=l 0 0 ypwr=l
The total energy becomes
1
E(8) = E(—8) = E(0) + 50441/52 +0[6*] (I11.16)
Additionally, the equation for total energy looks like this
E(8) = b2 + E(0) (IL17)

Equation 10 can be substituted into equation 11 to identify the elastic constant Ca4

using the following relationship

_2b (IIL.18)
44 VO

The slope is indicated by b. These are the definitions of the stability criteria
Ci1 > 0,C44 >0, Cyq > Cy5,(C11 +2C13) >0etCip < B <Cyy
We can ascertain crucial elastic properties like these from elastic constants

If the anisotropy A is equal to 1, the crystal is said to be isotropic; if it is It is

considered anisotropic if it is larger than or less than 1.

2C44
A=—% 11.19
Cll - C12 ( )

The resistance to the planes' internal sliding motion when they are parallel to it is

measured by the shear modules G. [131],

1
G == g (364_4 + Cll - CIZ) (11120)
Young's modulus E, which gauges a solid's resistance to length variations.

9BG
E = I1.21
3B+G ( )

71



CHAPTER 3 : Results and discussions
[

The solid's contraction v, using to characterize forces that are perpendicular to the

direction of application.

v=30"3 (I11.22)
T T T T T T T T T T
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Figure II1.9. E variation with the compound "Di" of Cs2ZnPbXs (where X=Br, Cl)

The changes in total energy for the compounds Cs2ZnPbBrs and Cs2ZnPbCls applying

stresses EDi(0) for three polynomially adjusted Fi at various orders are described in the
caption for Figure II1.9.Table II1.2. provides a summary of all the values derived from the
elastic constants. Since all of the elastic constant values satisfy Born's mechanical stability
requirements, this evidence validates the mechanical stability of every compound under
investigation. This result is supported by the given figure, which illustrates how the overall
energy varies with stress and confirms our conclusions regarding The consistency of the

materials.

Table II1.2. shows E values determined at static equilibrium Bo using the functional
(GGA). These results demonstrate that the quantity mechanical values generated are very

similar to the structural component's values. by altering the E=F(V) curved form. The strength
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of the used theoretical model and the correctness of our conclusions are strengthened by this

fresh evidence.

Table II1.2. Elastic constant Ci1, Ci2, and Cs4 (GPa), B/G ratio of Cs2ZnPbX¢ (X=Br, Cl),
and the BO (GPa) modulus of elasticity at static equilibrium:

Materials C11 ClZ C4,4_ BO B/G
Cs2ZnPbBrs 32.973 16.273 8.833 21.840 2.5276
Cs2ZnPbCle 47.968 16.054 10.281 26.692 2.1755
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Elastic properties' stability in three spatial orientations is shown by elastic variation,
which makes it a crucial elastic feature. The two substances' elastic anisotropy/Zener contrast
factor Az [130]. and the total contrast index Au [131]. of was examined in this study It was

computed with the following formulas:

47 = 2l (I11.23)
Cll - C12
5G B I11.24
R R

These calculations If the AU is near zero, the material is elastically anisotropic; if the
Zener contrast factor value is near unity, the opposite is true. Otherwise, elastically
anisotropic.  Furthermore, the further the outcome departs from these preset parameters, the
more contrast. Table III.3. values are close to this threshold. The low value of the two

compounds under investigation is once again demonstrated by the flexible contrast.

According to the (100), (101), and (001) directions, The (AU), G(GPa), E(GPa), and v
surface forms in (Figurelll.10.(a) for Cs2ZnPbBrs) are almost spherical with slight distortions,
indicating that these orientations are caused by this mild elastic anisotropy. But we also see
this in other contexts, especially when it comes to respect. The substance has a practically

isotropy along these axes because there is comparatively little deformation in them (111).

The material's divergence from bulk modulus, shear modulus, and Young's modulus
all of which are significant in Figurelll.10. confirms its elastic variation. for Cs2ZnPbCls (b).
The surface is found to be less (anisotropically) distorted along the (110) and (111) directions
and more (anisotropically) deformed along the (100), (010) and (001) directions with respect
to this shape.Therefore, any divergence from a spherical shape in the three-dimensional
representation indicates the extent to which the elastic moduli imply anisotropy.  The
surface's topological critical values (average, minimum, and maximum) are also displayed in
three dimensions in Table III.3., which accommodates variations between the greatest and

lowest values.
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Table II1.3. Antisotropy factor by Zener AZ, Reuss, Voigt, and Hill's universal anisotropy
index (AU), G(GPa), E(GPa), and v for the following compounds were determined: (X=Br,

Cl) Cs2ZnPbXs
Cs2ZnPbBrg Cs2ZnPbCle
Gv 8.640 12.551
Gr 8.633 11.986
Gu 8.637 12.269
Ev 22.900 32.552
Er 22.884 32.552
En 22.892 31.917
vV 0.3252 0.2967
VR 0.3254 0.3047
VH 0.3253 0.3007
AY 0.0038 0.2357
A? 1.0578 0.6443

3-6- Transport properties
The following formulas were utilized to determine the compounds' thermoelectric

properties under investigation, including (o (xe), and (S).

1 d0f, (T, g,
oqp (0, p) = af 0qp(€) l%l de

(25)
1 of
ke = 2 j (e = W20 (e) [ ;E)] de (26)
_ 1 _ afO (T' & H) 27
Sap (M) = o f Gap (8) (6 — ) l—as ] de @7)
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Figure IIL.11. variant of temperatures, R,c,k e,S relation to chemical potential.

Figure III.11.(a.b) displays The Seebeck modulus (S) is a measure of a material's
thermal properties based on its chemical potential (u-EF). The maximum value of S is reached
at 300 K, with the highest values for Cs2ZnPbBrs and Cs>ZnPbClg being 2880 uV/K and 2870
uV/K, respectively. The relationship between the chemical potential and thermal properties is
quantitative, with P-type materials having a negative chemical potential [132]. and n-type

materials having a positive one. The electrical conductivity (c/t) of the compounds is based
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on the amount of carrier movement and the functionality of the thermoelectric sensors. The
one that o/t values for Cs2ZnPbCls and Cs>ZnPbBrs peak at 11,66 and 10,98, respectively, on
the p-type side at 300 K.

In this work, the thermoelectric characteristics of Cs;ZnPbXs (X=Br, Cl) double
perovskites are examined utilizing the BoltzTrap program's implementation of the semi-
classical Boltzmann transport phenomenon [133].The merit (ZT) value has been calculated
using equation (28). This equation incorporates balance between relaxation time and electrical
conductivity(o/t), temperature (T), power factor (PF), and o, and absolute S to the two
relaxation time ratio (k/t). We have used the formulas from references [134]. to determine
the parameters. Additionally, the Cs2ZnPbXs (X = CI, Br) Double Perovskite's figure of merit
(ZT) Figure II1.11. (g.h). is consistent with the rise near the Fermi level.

In the area of (u-p0 = 0.025 eV), the highest values are approximately equal to unity
(higher than 0.98). eV is present in CsxZnPbXs (X=Br, Cl). Furthermore, the PF of
Cs2ZnPbXs (X=Br, Cl) is shown against temperature and chemical potential in the following

graphs:

The pair substances shown in Figure III.11. (i.j). The ability of a substance to generate
energy is usually assessed using this thermoelectric property. According to Figure III.11. (i.j),
Within the p-type charge area, PF values for both substances being investigated are more
important. than those for n type charges. As the temperature increases, the PF value
increases. does. exhibit remarkable thermoelectric material efficiency, offering guidance for
the development of future innovative thermoelectric devices. The highest values for
Cs2ZnPbBrs and Cs2ZnPbCls are approximately (pu-p0 = — 0.03 eV and (p-p0 = 0.01 eV)
correspondingly). The corresponding maximum for Cs>ZnPbBrs and Cs2ZnPbCls are roughly
(PF = 1,70 x 1011 W. K" m Y.s 1) and (PF = 1,82 X
1011W.K 1. m 1. s71) respectively.By verifying that both substances are highly effective
thermoelectric materials at normal temperature , our studies suggest how to develop new

thermoelectric devices in the future.

S%0T
T =
K

(28)
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Figure II1.12. shows the power factor, figure of marit, S; o; K e calculated against carrier

concentration at various temperatures.

Finally, as seen in Figure III.12, we examine thermal characteristics based on the
concentration of carriers, spanning [— 2n; 2n]. (a.f.) Figure III.12.(a.b) displays the o/t value
at various T, respectively. CsxZnPbXs (X = Cl, Br) has o/t values of 11.63 on the p-type
side.and 10.98 at 300 K, respectively, showing no appreciable temperature change. As the As
Both good and negative effects of rising temperatures, Figure II1.12 (c.d) shows an increase in
thermal conductivity. As shown in Figure III.12 (e.f.), the Seebeck coefficient values for
Cs2ZnPbBrs and Cs2ZnPbCls are identical. illustrates. On both the +ve and -ve sides, the
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Seebeck coefficient increases linearly as n's value rises. Overall, we concluded that the

Cs2ZnPbXs(X = Cl, Br) molecule's positive or negative side did not alter as the temperature

increased.

As the temperature rises, the power factor and marit figure in Figure II1.12 (g.h) and Figure

II1.12 (i.j) respectively demonstrate an increase at 0. Because they are used in thermoelectric

devices, their value rises as the temperature does.

3-7- Thermodynamic properties
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Figure I11.13. A plot that demonstrates the heat capacity under continuous pressure.

according to temperature.

Using the Gibbs program, the thermodynamic characteristics of Cs>ZnPbXs (X = Br,
Cl) double perovskites are examined [135]. These Properties were computed in the range of 0
to 500 K for temperature and 0 to 3 GPa for pressure. To understand the vibrational
properties of materials, one of the most important factors is (CV). Figure III.13. illustrates
how T and P affect the heat capacity (CV) of Cs2ZnPbBrs and Cs>ZnPbCls. In the lower
temperature range, T3 is proportional to these curves. and follow the Debye lows [136]. The
Dulong-Petit limit [136]. which is roughly 247.7 ] mol™! K~1, is approached by the specific
heat (CV) as the temperature increases and approaches the Debye model. This suggests a
simulation that includes all phonon modes in this range as well as thermal energy.

Additionally, we can note that as pressure (P) decreases, these compounds' heat capacity rises.
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Figure II1.14. A plot showing variation of V with T under constant pressure.

Furthermore, Figure I11.14. shows how (T) and (P) affect the amount of Cs>ZnPbXs
(X = Br, Cl) crystals. These charts clearly show that the volume rises with decreasing

pressure values and expands with increasing temperature.
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Figure I1I1.15. shows a plot of the coefficient of thermal expansion at constant pressure as a

function of temperature.
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Moreover, Figure III.15.shows how temperature (T) and pressure (P) affect the
thermal expansion coefficient (o) of Cs2ZnPbBrs and Cs2ZnPbCls. Among these spectra is
that (o) reaches a significant nonlinear growth in the T < 200K range at low temperatures.
As the temperature rises, T > 200K begins to take on a linear shape and progressively

Increases.
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Figure I11.16. Debye temperature plot at constant pressure as a function of temperature.

Furthermore, as illustrated in Figure I11.16., We investigate the changes in the Debye
temperature (6p) as the temperature (T) varies from 0 K to 500 K. These charts demonstrate
that (6p) exhibits a linear drop as the temperature rises and the pressure increases. As the
ionic atom X moves from CI to Br, the values for the two compounds (6p) decrease. The
temperature of Debye of Cs2ZnPbBrs is roughly 159.28 K at ambient temperature and zero
pressure, while that of Cs2ZnPbCls is about 200.64 K.
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General conclusion

Finally, the transportation and structural, elastic, and optoelectical characteristics of
the perovskite cubic halide Cs2ZnPbX6 (X = Br, Cl) were investigated. using a thorough DFT
search with the WIEN2k code.

For these materials, the best lattice constants were discovered at zero Kelvin, a
temperature for which there aren't any experimental support. The most probable cubic
structure in the number 225 for the space group corresponds to the ground state. (Fm-3m). of
Cs2ZnPbXs (X=Br, CI). Structural strength is addressed by octahedral and tolerance factors.
By figuring out the elastic constants, we were able to show that all composites were
mechanically stable. In this computation, PBE-GGA was utilized. These perovskites exhibit

characteristics of semiconductors.

For Cs2ZnPbXs (X = Br, Cl), the band structure and DOS of these compounds were
confirmed They possessed a small indirect band gap of 1.727 eV for Chemical link covalent
ionic mixing and an indirect band gap of 2.472 eV for the (L-X) direction. semiconductor

properties of substance.

These substances is applicable to optoelectical devices and provide strong visible

optical absorption. devices.

We've examined these materials' mechanical, optical, and transport properties for the
first time, as far as we are aware. Additionally, because of their extraordinarily low kL
values, these materials might be used in thermoelectric generators. Keep in mind,
nevertheless, that this substance is still being studied and needs more thorough and in-depth

dynamic investigations.

We strongly advise that more research be done on this molecule in order to completely

comprehend its possible uses and characteristics, both theoretically and experimentally.
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Diagram illustrating the work completed
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Figure I'V.1 : Conceptual framework for the investigation of lead-based halide double

perovskites

This figure presents a systematic and integrated overview of the theoretical
methodology adopted for investigating lead-free halide double perovskites, specifically
compounds with the chemical formula Cs:ZnPbXs (X = Br, Cl) crystallizing in the cubic
Fm3m space group. The diagram illustrates the logical progression from material selection
and structural modeling to the evaluation of fundamental physical properties and their

relevance to practical applications, at the top of the framework, the focus is placed on lead-
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free halide double perovskites, which are considered promising alternatives to conventional
lead-based perovskites due to their reduced toxicity, improved chemical stability, and tunable
physical properties. These materials belong to the A2BB'Xs double perovskite family, where
two different cations (Zn and Pb) occupy the B-sites, leading to enhanced structural
robustness, the central part of the figure shows the crystal structure of Cs2ZnPbXe,
characterized by a highly symmetric cubic arrangement. In this structure, ZnXs and PbXs
octahedra are alternately distributed and connected through corner-sharing, forming a three-
dimensional framework, the high crystallographic symmetry (Fm3m) plays a crucial role in
determining the electronic band dispersion, optical transitions, and thermal transport

properties of the material.

The Materials Genome Initiative (MGI) concept highlighted in the diagram reflects the
use of a computationally driven materials discovery approach, by integrating structural data
with theoretical modeling, this approach enables an efficient and predictive evaluation of
material properties, thereby accelerating the identification of compounds with optimized
performance, the green arrow labeled “Inputs” represents the essential structural and
computational inputs, including optimized lattice parameters, atomic positions, and symmetry
information, these inputs serve as the foundation for subsequent theoretical analyses,the
circular workflow surrounding the central structure emphasizes the interconnection between
different physical properties, on the left side of the framework, geometry optimization and
stability analysis are conducted to confirm the structural feasibility and energetic stability of
the compounds, this step ensures that the proposed structures correspond to physically
realizable configurations, subsequently, the electronic band structure and density of states are
calculated to investigate the nature of the band gap, charge carrier dispersion, and orbital
contributions near the Fermi level, on the right side, the optical absorption coefficient is
evaluated to assess the interaction of the material with electromagnetic radiation, which 1is
essential for optoelectronic and photovoltaic applications, additionally, the thermoelectric
figure of merit (ZT) is analyzed to quantify the efficiency of the material in converting
thermal gradients into electrical energy, finally, the bottom part of the figure links the
investigated physical properties to potential applications, including miniaturized

thermoelectric generators, photovoltaic devices, and perovskite-based solar cells.

This highlights the multifunctional nature of Pb-containing double perovskites and

their potential for next-generation energy conversion technologies.
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ARTICLE INFO ABSTRACT

Keywords: This study investigates the structural, optoelectronic, thermodynamic, and thermoelectric properties of the new
Double-perovskite double perovskite compounds Cs;ZnPbClg and Cs»ZnPbBrg utilizing advanced computational methods. We
Structural i analyze the stability and electronic characteristics of these materials in their cubic phase (space group Fm-3 m).
g:::ﬁzz‘::tm Our findings reveal that both compounds exhibit promising thermoelectric performance, with peak Seebeck
Elastic coefficients of 2880 pV/K for CsoZnPbBrg and 2870 pV/K for Cs»ZnPbClg at 300 K. The electrical conductivity
DFT (6/7) values reach 11.66 and 10.98, respectively, indicating strong carrier mobility. Additionally, we observe

significant changes in the Seebeck coefficient as a function of carrier concentration, attributed to the formation of
electron-hole pairs and shifts in the Fermi level. Finally, the thermodynamic and thermoelectric attributes
suggest that the double perovskite materials investigated hold promise for implementation in thermoelectric
technology, showcasing a favorable figure of merit at ambient temperature.

1. Introduction

Photovoltaic technology is advancing at an unprecedented pace,
with perovskite solar cells (PSCs) emerging as a leading contender due to
their cost-effectiveness and exceptional power conversion efficiency
(PCE).Solution-processed halide perovskite solar cells have reached re-
cord efficiencies of over 22 % in single-junction configurations|1]. Both
Ghaleb and Arrar recorded an efficiency exceeding 30 % by combining
two types of perovskite, the organic halide CH3NH3SnBrs and the
inorganic halide CsPbl; a heterojunction in a single solar cell, and also
heterojunction MASnBr3/CZTGS [2.3]. The exceptional optical and
electrical characteristics of perovskites particularly those based on lead,
such as their small bandgap, high optical absorption coefficient, pro-
longed carrier lifetime, effective charge carrier transport, and low
exciton binding energy are responsible for this outstanding perfor-
mance. this suggests that there are still more advantages about these
unique materials not yet exploited [4,5].

In the beginning, most of the research was based on simple perov-
skites (ABX3), but as the research progressed more prominent complex
structures, such as double perovskites (A;BB’Xg), introduced further

* Corresponding authors.

innovation by incorporating two distinct transition metals and a com-
bination of rare earth and alkaline earth elements, offering new avenues
for enhancing solar cell performance [6,7].

This compound, with the formula A;BB'Xs where A represents Cs, B
is Zn, B’ is Pb, and X, refers to Br/Cl. We will study it in the cubic phase
with the space group (Fm-3 m) based on previous research that studied
the double perovskites in the cubic phase [8,9], especially after calcu-
lating the factor tolerance, which exhibits near stability in its cubic
phase (space group: Fm-3 m)[10]. However, both experimental and its
stability and theoretical data on the structural properties of these ma-
terials are scarce.

The study examines how different iodide contents affect Cs2Sn(Brj.
«Ix)s double perovskite materials. It finds that when iodide concentra-
tion increases, lattice constant and energy bandgap are improved [11].
Density functional theory is used in this work to investigate the ther-
modynamic stability and anion ordering of perovskite oxynitrides
(PONs), discovering compounds that are stable and metastable and of-
fering insights for potential applications in materials science and catal-
ysis in the future [12].

Double perovskite compounds have become a focal point in recent

E-mail addresses: chikhali.hadji@univ-relizane.dz (C. Ali Hadji), Amina.arrar@univ-relizane.dz (A. Arrar).
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Abstract. The structural, elastic, optical, thermodynamic, and thermoelectric properties of Cs;CaGelg
double perovskite were investigated using density functional theory simulations. The calculations show
that the material is elastically stable and isotropic. Furthermore, with an endurance factor of ¢t = (.89 and
an energy of formation of Ef = — 0.97 Ev. Our calculations demonstrate the high structural stability
of perovskite materials. GGA-PBE and TB-mBJ are used to approximate the electrical properties while
introducing spin-orbit coupling. The compound’s high absorption and indirect bandgap semiconductor
capabilities make it a prospective rival for solar cells. The thermal characteristics for temperatures between
50 and 1000 K were investigated using the BoltzTraP algorithm. Furthermore, we used the Gibbs software
to compute the thermodynamic characteristics of Cs2CaGels double halide perovskite. Additionally, the
studied CsyCaGelg combination has a good figure of merit at room temperature, suggesting that its
thermodynamic and thermoelectric properties offer potential for use in thermoelectric technology.

1 Introduction

Halide perovskite-based compounds have recently
gained widespread use as optical functional materials
in a range of devices, including solar cell absorbers,
quantum dot (QD) light-emitting diodes (LEDs), and
photodetectors, due to their remarkable optoelectronic
properties [1, 2].The first report of halide perovskite
material in the field of optoelectronics was a halide per-
ovskite sensitized solar cell developed by Miyaska in
2009 (3, 4].Recent advancements in perovskite halide
(PSC) solar cells, particularly when the power con-
version efficiency (PCE) of halide double perovskite
solar cells has increased from 3.8 to more of 26% [5,
6] Consequently, the challenge facing materials science
researchers across multiple disciplines is to develop
novel materials and techniques that combine high effi-
cacy and cheap cost [7, 8].
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The halide double perovskite has a general for-
mula A;BB’Xg, where A is a monovalent cation, typ-
ically a large ion; B and B’ are divalent and triva-
lent cations, respectively. In some cases, two differ-
ent divalent cations can be used. X: a halide anion,
such as iodine (I), bromine (Br), or chlorine (Cl). They
typically belong to the space group 225 (space group
Fm3m) and have a cubic symmetry.

The halide double perovskite follows the general
formula A;BB'Xg, where A represents a monovalent
cation, typically a large ion, while B and B’ are divalent
and trivalent cations, respectively [9]. In some cases,
two different divalent cations can be used. The X site is
occupied by a halide anion such as iodine (I), bromine
(Br), or chlorine (Cl) [10]. These compounds typically
crystallize in the cubic symmetry of space group Fimn-3
m (225) [11].

The investigation of CsyCaGelg perovskites is of sig-
nificant importance due to their promising properties
as a lead-free alternative in photovoltaic applications,
which addresses the environmental concerns associated
with traditional lead-based perovskites. Additionally,
their unique structural characteristics and high absorp-
tion coefficients make them suitable candidates for

a Springer
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Abstract

The structural, electronic, optical and elastic properties of the cubic double perovskite Cs,CdPbl, were calculated using
a density functional theory DFT. The calculated values were reported to evaluate the photovoltaic (PV) performance
of new device structures using the SCAPS-1D solar cell simulation software. The simulation findings demonstrate that
the FTO/ETL/Cs,CdPbI/HTL exhibited an efficiency of 32.06%, Voc=1.4 V, Jsc=27.99 mA/cm? and FF=81.69% at
300 K temperature. The effect of the absorber and ETL thickness, capacitance—voltage, current density—voltage, quantum
efficiency characteristics, series resistance, and shunt resistance were also evaluated for the devices. The results of these
simulations provide valuable insight that will be useful in the development of efficient double perovskites solar cells based

on Cs,CdPbl,.

Keywords Double perovskite - DFT - SCAPS-1D - Cs,CdPbl, - Photovoltaic

1 Introduction

Perovskite materials have rapidly gained attention due
to their abundance on Earth and ease of manufacturing,
prompting significant interest among researchers. Their ver-
satile properties have made them a focal point in various
fields, with particular significance in solar cells and renew-
able energy technologies. Notably, their remarkable effi-
ciency, surpassing 31% [1, 2]. in solar cell applications has
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positioned them as an up-and-coming candidate for advanc-
ing sustainable energy solutions.

Halide perovskites with the chemical formula ABX:
have emerged as breakthrough materials for photovoltaic
solar cells. Among these, double perovskites have become
a particularly active area of research. This structure allows
the incorporation of a fourth element, significantly enhanc-
ing material stability and improving structural attributes
that contribute to the stabilization of optical, electronic,
and mechanical properties. Recent studies, such as those in
[3, 4], have demonstrated promising improvements in sta-
bility and optoelectronic performance through such com-
positional adjustments. Morcover, several investigations
have achieved optimized electronic properties in double
perovskites by fine-tuning the bandgap to fall within an
ideal range for efficient light absorption. This bandgap tun-
ing is especially beneficial for applications in photovoltaics,
where strong absorption in the visible spectrum is crucial
[5, 6]. These advancements suggest that double perovskites
hold strong promise for next-generation optoelectronic
applications.

The search for environmentally friendly alternatives
to lead-based perovskites has driven significant advance-
ments in lead-free double perovskites. These materials,
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Article Info Abstract

This paper reports a novel prototype of heterojunction solar cells based on
Received: 05.03.2024 semiconductor/perovskite structure using the solar cell capacitance one-dimensional
Accepted: 04.06.2024 simulator (SCAPS 1D). The device schematic consists of Glass/ITO/ETL/MASnBr3
/CZTGS/HTL layers with perovskite i-MASnBr; as the permeable layer. The
thickness of the absorber layer, carrier charge concentration, and the effect of

Keywords: temperature and series resistances are optimized. The research examines several
heterojunction critical parameters essential for solar cell performance, including a power conversion
perovskite, SCAPS-1D, | efficiency PCE of 50%, an open-circuit voltage Vo of 1.62 V, a fill factor FF of
CZTGS, i- 91.5%, and a short-circuit current density Js. of -34.06 mA/ cm?. The temperature
CH3NH3SnBrs3. and series resistance effects, as well as quantum efficiency QE, and J-V curve

simulations with varying acceptor density, are investigated.

1. Introduction
Improved solar technology has advanced significantly in recent years, exhibiting a
variety of groundbreaking photovoltaic (PV) cell developments. These next-generation panels
have various designs and improvements intended to improve overall dependability, minimize
degradation, and increase efficiency. Nowadays, the most popular PV solar cell has given rise

to several approaches, including PERC (Passivated Emitter Rear Cells) and HIT

191
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