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Résumé

Les matériaux pérovskites ABXz ont connu un grand intérét scientifique ces derniere années
en raison de leurs propriétés variées ce qui leurs permettent d'étre utiliser dans différents
domaines tels que la nouvelle anode prometteuse pour batteries rechargeables (Ni / MH),

photovoltaiques et photochromiques, ...

Dans ce travail de these on a déterminé les propriétés électriques, optiques et de transport des
matériaux pérovskites de type oxide LaGaOs et SrHfOs, du matériau pérovskite de type
chalcogénure BaZrSs et aussi de du matériau pérovskite de type halogénure CsPbXs (X=
Br,Cletl).

Cette étude vise a déterminer le type de pérovskite le plus convenable pour une application

photovoltaique.

Mots clés : Pérovskites, Photovoltaique, Calcul ab-initio, DFT, Matériaux.



Abstract

ABX3 perovskite materials have enjoyed great scientific interest in recent years due to their
varied properties which allow them to be used in different fields such as the new promising

anode for rechargeable batteries (Ni / MH), photovoltaic and photochromic, ...

In this thesis work we determined the electrical, optical and transport properties of oxide
perovskite materials LaGaO3z and SrHfOs, of chalcogenide perovskite material BaZrSs and
also for halide perovskite material CsPbX3 (X = Br, Cl and I).

This study aims to determine the most suitable type of perovskite for a photovoltaic

application.

Keywords: Perovskites, Photovoltaics, Ab-initio calculation, DFT, Materials.



Résumé étendu

Les cellules solaires a base de matériaux pérovskites ont connu un grand intérét scientifique
depuis leur premiére publication en 2009. Depuis cette date, 1’intérét de la recherche sur les
matériaux pérovskites a été étendu a de nombreux types d’applications. Grace a des études et
des recherches intensives, le rendement de conversion de la cellule solaire & pérovskite a été
considérablement amélioré jusqu’a 23% dans une courte durée (10 ans). C'est un résultat
incroyable par rapport aux cellules solaires au silicium qui ont mis plusieurs décennies a
atteindre un rendement aussi élevé. Les recherches portent maintenant sur tous les composants
solaires de la pérovskite : le matériau de pérovskite lui-méme, la couche de transport

d'électrons et de trous ainsi que la structure et les contacts de I'appareil.

Les travaux menés au cours de cette thése concernent principalement des études abinitio des
matériaux pérovskites. Le but de ces études est déterminé les propriétés physiques des
différents types de pérovskites en appliquant des contraintes tel que le stress ou le dopage
affin de déterminer le type de pérovskite le plus convenable pour une application

photovoltaique.

Au premier chapitre, nous avons présenté les matériaux de type pérovskite, leur premiere
observation, la structure cristalline d'origine. Le facteur de tolérance et le facteur octaedre
sont également introduits. Dans un second temps, nous avons présenté des généralités sur le
domaine du photovoltaique. En particulier, nous avons rappelé le principe de fonctionnement
d'une cellule solaire, puis nous avons cité les différentes technologies existantes ainsi que les
records d'efficacité de conversion de I'énergie solaire en électricité pour les cellules de

laboratoire.

Dans le chapitre Il, nous avons détaillé les méthodes qui nous permettent de réaliser notre
étude. La méthode basée sur la théorie fonctionnelle de la densité sera mentionnée. La théorie
des groupes dans le solide qui nous permet d'effectuer I'analyse de symétrie sera également

incluse.

Dans le chapitre I, nous avons étudié les pérovskites de type oxyde LaGaOs et SrHfO3
présentant une étude théorique des propriétés électroniques, structurelles, de transport et

optiques de ces composés. Ces composés ont connu un grand intérét scientifique en raison de



leurs propriétés qui leur permettent d’étre utilise dans differe domaines tel que les batteries de
stockage, les cellules solaires, etc... Ces deux composes adoptent la structure orthorhombique
qui se conforme au groupe Pnma dans les conditions ambiantes et & des températures plus

élevées, la structure est la pérovskite cubique idéale qui se conforme au groupe spatial Pm3m.

Au chapitre 1V, nous avons presenté une étude théorique des propriétés électroniques,
structurelles, de transport et optiques de la pérovskite de chalcogénure BaZrSs. Les
pérovskites de chalcogénure ABSs sont I'actualité de la recherche scientifique est cela est due
aux propriétés qu'ils ont montré et qui leurs permettent d’étre utilisé dans divers domaine.

BaZrSs cristallise en structure orthorhombique avec le groupe Pnma.

Au chapitre V, nous présentons une étude théorique des propriétés électroniques, structurelles
et optiques de la pérovskite halogénure CsPbXsz. Les pérovskites d’halogénure ont un
rendement proche a celui du silicium commercial, mais les contraintes qui empéchent la
commercialisation de cellules solaires a base de pérovskite a base d'halogénures sont
I'instabilité chimique dans les conditions ambiantes, la toxicité, la stabilité de la pérovskite

aux halogénures organiques et la cancérogénicité probable du plomb et halogénures de plomb.
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Introduction

The current energy issue is focused on the energy transition towards renewable and less
polluting energies. Applications based on hybrid perovskites have flourished in recent
years, especially since the latter's boom as a low-cost material for photovoltaic cells.
Hybrid perovskite has become the "black gold" for photovoltaic cells. Since 2009, when a
hybrid perovskite was first introduced into a photovoltaic cell, the efficiency of these
cells has quadrupled, and has just reached record efficiencies equaling those of silicon-
based cells. The predicted efficiency for perovskite-based cells is in the order of 30%,

exceeding that of silicon cells.

The interest of these materials stems from several factors: the ease of their synthesis,
their low cost and their integration into a photovoltaic architecture. These traits make
this form of energy accessible to a wide range of users. The crucial issue for these cells is
their industrialization. But certain drawbacks must be overcome to achieve this end: the
aging of the layers and the presence of lead are two problems in which many
researchers have been interested. Perovskite degrades at temperatures above 40 ° C and
is soluble in water. Regarding lead, the opinion of experts is mixed between those who
do not consider lead as a problem in view of the extremely low quantities of lead in the
devices, and others who point to its toxicity and high solubility in the water. Attempts
are underway to substitute lead with other metals, for example tin, but this is at the
expense of yields. To find a solution to all these problems, it is necessary to deepen the
knowledge of the physico-chemical properties of the material, which are not yet very

well known.

A family of hybrid perovskites had already aroused interest in the 1990s for applications
in microelectronics such as OLEDs (Organic Light Emitting Diodes) and transistors. But
due to the lack of electrical injection possible, these applications had not resulted in
commercial devices. What is new with the family of hybrid perovskites of interest for
photovoltaics is the relatively high mobility of charge carriers and the possibility of
electrical injection. New OLEDS, photodetectors and transistors based on these new
hybrid perovskites are now starting to emerge in parallel with the work on perovskite-
based cells.The work carried out during this thesis mainly involves abinitio studies of

perovskite materials. The aim of these studies is to improve the understanding of the
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structural, optical, transport and electronic properties of various type of perovskite, in order to

find the most suitable type of material for photovoltaic application.

In Chapter I1, we will first detail the methods that allow us to achieve our study. The method
based on the density functional theory will be mentioned. The theory of groups in the solid

which allows us to perform the symmetry analysis will also be included.

In Chapter 111, we will study an oxide perovskites compounds LaGaO3 and SrHfO3 presenting
a theoretical investigation of electronic, structural, transport and optical properties of this
compounds.

In Chapter IV, we present a theoretical investigation of electronic, structural, transport and
optical properties of Chalcogenide perovskite BaZrSa.

In Chapter V, we present a theoretical investigation of electronic, structural, and optical
properties of halide perovskite CsPbXa.



Chapter 1

General Introduction
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1.1 Introduction

This first chapter is an opportunity for us to introduce perovskite-type materials, their first
observation, the original crystal structure and the richness of variations identified since. The
tolerance factor is also introduced. In a second step, we will present generalities on the field
of photovoltaic. In particular, we will recall the operating principle of a solar cell, then review
the various existing technologies as well as the records for the conversion efficiency of solar
energy into electricity for laboratory cells. Finally, we will show that halogenated perovskite
materials have a strong potential for applications in other fields such as photodetection or

light emission.

1.2 Perovskite materials

1.2.1 History and generality

Historically, exploration of minerals for metallurgy was intense during the XVII™ and XIX™"
centuries in the Ural Mountains of Russia. This exploration led to the appearance of many
local mines. In 1839, the perovskite CaTiOz was discovered in the Akhmatov mine by AB
Kemmerer and the German mineralogist, Gustav Rose, who first described it and named it

after the Russian mineralogist Lev Aleksevich von Perovski [1, 2].

Since then, the term perovskite has been used to describe all structures analogous to that of
the compound CaTiOs. These oxides, of general formula AMXs where A and M are cations
and X an anion. The perovskite structure, is a three-dimensional (3D) grid of MX6 octahedra
linked together by their vertices and forming cuboctahedral cavities which are occupied by the
cation A. Depending on the nature of the anion X, we distinguishes several kinds of
perovskites: oxides (X = 0%), chalcogens (X = S%, Se?, Te?) and halogenated (X = CI, Br,, I
). In addition, if cation A is an organic cation, the perovskites are referred to as hybrids

(organic-inorganic).
1.2.2 Structure
The general formulas AMO3 and AMXz refer to three-dimensional structures (see Figure 1.1).

Take the case of the compound CaTiO3: the octahedra of Ti-O share vertices and repeat in the

three directions of space. In the cavities formed by these octahedra are found calcium cations.
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Figure 1.1 Schematic representations of the crystal structures of the compound CaTiOs (a), of the

halogenated perovskite CsPbBr; (b), of the hybrid halogenated perovskite MAPDBTr3 (c). The cation at
site A is located in the cavity formed by the octahedra.

If the diversity of the structures characterized is indicative of a very rich chemistry, it is
especially thanks to the cation occupying site A. Its chemical nature leads to other types of
perovskites. So when the inorganic cation at site A is replaced by an organic cation, we are
dealing with a hybrid halogenated perovskite (see Figure 1.1). The term "hybrid" reflects the
fact of finding both an organic part (cation at site A) and an inorganic part (MX6 octahedra)
within the same structure. Many organic cations exist, methylammonium (MA = CH3NH3 *)
remains the most common among hybrid halogenated perovskites. With this last cation, we
can obtain 3D structures, such as CsPbXs. The CsPbXs compound will be discussed in
Chapters 4. The size of the organic cation can directly influence the stability of the perovskite
structure. Figure 1.2 shows different compounds ranging from zero-dimensional structure
(OD) to three-dimensional structure (3D) 3— 5. In the two-dimensional (2D) structure,
octahedra propagate only in both directions of space thus forming layers. The A cations are
located on either side of these octahedra. These compounds are associated with the presence
of large organic cations. In the one-dimensional structure (1D), we find chains of octahedra.

Lastly, the isolated octahedra are found in the OD structure.

Figure 1.2.a shows A zero-dimensional structure: (CgN2Hig) 2Pbls. Inorganic clusters are
surrounded by organic cations: 1,4-dimethyl-1,4-diazoniabicyclo [2.2.2] octane. Figure 1.2.b
shows the structure of the compound (CsN2Hai1) Pbls adopting a one-dimensional structure.
The organic cation is Nphenylethanimidamidine. Figure 1.2.c shows the structure of the
compound NH3 (CH2) sNH3Pbls in one dimension where the Pb-I octahedra share the vertices
and form layers. The organic cation is 1,4-butanediammonium and Figure 1.2.d shows the
structure of the compound CH3NH3Pblz having a three-dimensional structure. The octahedra

share the vertices. The organic cation is methylammonium.
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Figure 1. 2 Schematic representation of halogenated hybrid perovskite.

1.3 Solar cell

1.3.1 A brief history of the solar cell

The photovoltaic effect was discovered in 1839 by the French physicist Edmond Becquerel.
He observed that an electric current could be generated by AgCl between two platinum
electrodes after exposure to light [3]. A few decades later, Adam and Day demonstrated for
the first time the photovoltaic effect in selenium, a semiconductor compound [4].
Subsequently, in 1905, Albert Einstein published a theory explaining the photoelectric effect.
The Nobel Prize in Physics was awarded to him in 1921 for work [5]. During the 1950s, the
yields of solar cells continued to increase. In 1954, D. Chapin, C. Fuller and G, Pearsonthe
developed the first silicon-based solar cell containing a p-n junction, reaching a yield of 6%
[6]. That same year, the photovoltaic effect was also discovered for cadmium sulphide (CdS)
crystals [7]. More recently, the first concrete application of solar cells has taken place in the
aerospace field. The artificial Explorer 6 satellite launched in 1959 and the first Teslar 1

communication satellite launched in 1962 were equipped with silicon-based solar panels. At
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that time, this technology was extremely expensive, and large-scale marketing was
unthinkable. It was not until the oil crisis in the 1970s that the effort to find alternatives to
fossil fuels was stepped up. Since then, the cost of photovoltaic technology has been
constantly decreasing. In 1971, Alferov's group, Z. proposed the first group IlI-V
semiconductor solar cell, with a cell based on gallium arsenide (GaAs) [8]. Seven years later,
Hovel, H. J. and Woodall, J. M. produced a solar cell from GaAlAsGaAs reaching a yield of
20% [9]. The Carlson group, D.E., presented a yield of 2.4% on an amorphous silicon cell,
thus launching the domain of thin-film solar cells [10]. The first monolithic tandem solar cell
was produced by Lodowise et al. in 1982. This type of component makes it possible in
principle to exceed the Shockley-Queisser limit (vacuum infra) defined for single cells [11].
In 1985, the yield reached 20% for simple silicon-based cells [12]. This technology is so far
the standard and still dominates the market. The first low-cost organic solar cell was reported
by Tang, CW in 1986 [13]. A few years later, the architecture of a photosensitive pigment
solar cell (English designation: dye-sensitized based solar cell, DSSC) was proposed by O
'Regan, B. and Grétzel, M [14]. More recently (2009), Kojima et al. tested a DSSC solar cell
in which the halogenated perovskite is the active layer [15]. These three types of solar cells

are still in strong development and are promising for large-scale industrialization at low cost.

Photovoltaic technologies are classified in different categories; we have single-junction cell
such as Silicon (crystalline cell) with an efficiency of 26.7 % [16], GaAs (thin film cell)
28.8% [17], CIGS (cell) 21.7% [18],perovskite (cell) 20.9% [19],Organic (cell) 11.2% [20]
and Dye (cell) 11.9% [21]. We have multiple-junction cell such as 5 junction cell (bonded)
38.8% [22], InGaP/GaAs/InGaAs 37.9% [23], GalnP/GaAs/Si (mech. Stack) 35.9% [24] and
GalnP/GalnAs/Ge; Si (spectral split minimodule) 34.5% [25]. We have also another categorie
is concentrator cell which have a high efficiency such as GalnP/GaAs; GalnAsP/GalnAs
46.0% [26], InGaP/GaAs/InGaAs 44.4% [27], and Three junction (3j) 35.9% [28].

1.3.2 The state of the art in the photovoltaic field

The National Renewable Energy Laboratory (NREL) regularly updates a figure that shows the
evolution of record efficiencies for the majority of technologies in the photovoltaic field
(Figure 1.3). We find solar cells based on silicon and I11-V semiconductors (GaAs), thin-film
cells. Some universities, research institutes and companies have a major contribution, for
example NREL, EPFL (Ecole Polytechnique Fédérale de Lausanne), Spectrolab (Boeing),
Sharp, Soitec, Sanyo, etc. This figure can be divided into three parts according to the

photovoltaic efficiencies. In the middle of the figure are the “classic”, monojunction, silicon-
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based, GaAs solar cells as well as thin-film cells. These give efficiencies ranging from 21% to
27%. At the top of this figure are the multi-junction solar cells. The efficiencies reach 47.1%
but these cells have significant manufacturing costs. At the bottom of this figure are organic
and photosensitive pigment solar cells (DSSCs) as well as cells based on halogenated
perovskites. It should be noted that the first two technologies achieve an efficiency of 11-13%

while for that based on halogenated perovskites achieve an efficiency of around 25.5%.
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Figure 1.3 Performance records for various technologies over time. (source:

https://www.nrel.gov/pv/assets/images/efficiency-chart.png)

1.3.3 Operation of a solar cell with selective contacts

A solar cell is the process of transforming solar energy into electricity. In order to achieve this
goal, semiconductors inherently having a bandgap (gap) are used to absorb light. In general,
we can summarize the mechanism of operation in several steps: absorption of the photon,
separation of charges, transport of charges and collection of charges (Figure 1.4). In the case

of perovskite cells, these latter stages are possible thanks to the presence of selective contacts.
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Figure 1.4 Schematic representation of the operation of a solar cell with selective contacts for

electrons and holes.

e Photon absorption

The sun emits light at different frequencies in the form of particles called photons. The energy
of the photon (Ephoton) depends on its wavelength A:

hc
Ephoton = hv = 71 (1.1)

In this equation, h is Planck's constant, ¢ the speed of light in a vacuum and A the frequency.

Two factors determine the absorption by the material. The first factor is the width of the
forbidden band (energy of the electronic gap) of the semiconductor (Egap). We can have three

different situations:

(1) If Ephoton < Egap, the photon is not absorbed.
(2) If Epnoton = Egap, the photon is absorbed by the semiconductor.
(3) If Ephoton > Egap, the photon is absorbed by the semiconductor but the relaxation in the

bands towards the electronic states near the gap causes a loss of energy.

The absorption of the photon also depends on the absorption coefficient of the semiconductor.
It's a function of the wavelength of the incident photon and determines the thickness required
for optimum absorbance. For example, the silicon-based material is known to be a bad
absorber, because its gap is indirect [29]. As a result, the thickness of the silicon must be in
the range of several hundred micrometers in order to ensure optimum absorbance. Unlike

organic materials where less than a hundred nanometers may be sufficient [30]. When both
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conditions are satisfied, the photons efficiently excite electrons from the valence band

(valence band, VB) to the conduction band (conduction band, CB).

This phenomenon has two consequences. On the one hand, the promoted electrons bring
negative charges into the CB and leave positively charged "holes" in the VB. On the other
hand, due to the Coulomb interaction, these two charges can be linked. A bonded electron-
hole pair is also called an exciton. Note that the energy of the exciton bond depends on the

dielectric constant of the material.

e Separation of charges

Due to the exciton interaction, it may be more difficult to effectively separate the charges

produced.

In the case of crystalline silicon, the excited electrons and the holes can be considered as free
charges because the Coulomb interaction between the charges is very weak [31]. In contrast,
for organic semiconductors, which exhibit a low dielectric constant, the binding energy of the
excitons can reach 300-500 meV. These values are higher than thermal energy at 25 ° C (25.7
meV) and lead to localization of charges and poor collection [32]. In order to overcome this
problem of charge separation in organic materials, several strategies exist. For example, in
solar cells with bulk heterojunctions (BHJ), charge separation is achieved through charge
transfer between a donor material and an acceptor material. Another important aspect
concerns the driving force behind the separation of charges. This matrix force can be created
by an electric field or by an electron density gradient. In a silicon-based solar cell, separation
is achieved through a p-n junction which creates a depletion zone. In the case of organic cells
but also based on perovskites, it is the difference in work functions at the interfaces between

contact materials that constitutes the driving force.
e Charge transport and charge collection

After separation of the charges, the electrons and the holes must be transported and collected
at the electrodes. Electrons (holes) are transported to the anode (cathode) where they are
collected. For DSSC solar cells, the charges generated by the pigment are transported to the
electrodes using an oxide on the n side and an electrolyte on the p side. For best function,
photoactive materials must be good semiconductors with long charge carrier lifetimes. It
should be noted that during transport, the charge carriers may or may not recombine
radiatively. This latter phenomenon is generally characterized by a diffusion length, ie the

average distance traveled by a charge carrier before recombination.
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1.3.4 Characterization of a solar cell

The most common way to characterize a solar cell is to measure the current-voltage curve (J-
V curve) under standard radiation. This can be achieved by applying an electric voltage V to
the two electrodes of a cell by measuring the current I. The current density J is preferred over
the electric current I, as this allows a direct comparison between different types of solar cells

with different contact surfaces.

In the dark, an ideal solar cell behaves like a diode and its characteristic J (V) satisfies

equation [33]:

qv

J =T [e(m) - 1] (1.2)

Where J, is the saturated current density, n the ideality factor (n = 1 for an ideal diode), k the
Boltzmann constant, g the elementary charge and T the temperature. When a solar cell is
illuminated, the J-V curve of the diode shifts downward (Figure 1.5), this is due to the photo-

current generated by the solar cell itself [34].

The J-V curve of a cell under illumination has several important parameters: short-circuit

current density (Jsc), open-circuit voltage (Voc), and fill-factor (FF).

J [mA/cm2] 4
----- Obscurité
== |llumination
Tension (V)
Jsc Prnax \
. _| Ved
Pin

Figure 1.5 The schematic representation of the J-V curves under conditions of darkness and illumination. The red
rectangle represents the maximum output power of a cell. The blue rectangle refers to the maximum output
power produced by an ideal cell (Pth). The area ratio of the two rectangles gives the fill-factor (FF).

More precisely, Voc is the voltage measured between the two contacts of an open circuit cell;
Jsc 1S the current density between two contacts of a shorted cell. Finally, FF is given by the

following relation:

_ Prax _ Prax

FF = =
Pth Voc-]sc (|'3)




21

Pmax i the maximum output power that a solar cell can give in real conditions. Py is the
maximum output power given by an ideal solar cell. The efficiency of a solar cell is defined
by the ratio Pmax and the incident power Pin:

Pmax — FF' I/OC'./SC (I 4)
P, P, '

Eff =

It is noted that other factors can influence on the efficiency such as the energy of the gap, the
intensity of the incident light as well as the temperature. For this reason, the measurement

conditions are standardized so that the performance of various solar cells can be compared.

1.3.5 Cellules photovoltaiques avec absorbeur pérovskite

The potential of hybrid halogenated perovskites was revealed in 2009 when they were first
used as an absorber in photovoltaic cells. Kojima and al. integrated the 3D perovskite
CH3NH3sPblz to Dye-Sensitized solar cells with a liquid electrolyte, thus demonstrating a
photovoltaic conversion efficiency of 3.8% [35]. In 2012, a major breakthrough was made by
replacing the liquid electrolyte with a solid electrolyte, which achieved a conversion
efficiency of 9% [36-37]. Following this work, photovoltaic cells with the hybrid perovskite
absorber CHsNH3zPbls, more commonly known as perovskite cells, have aroused
unprecedented enthusiasm in the scientific community. The evolution of cell architecture and
perovskite absorber manufacturing processes and devices have contributed to a meteoric rise
in perovskite cell performance to reach 25.5% in 2020, rivaling other photovoltaic

technologies such as silicon-based cells or thin film technologies (Figure 1.3).

1.4 Other applications

While materials based on halogenated perovskites show potential in the photovoltaic field,
more and more research work indicates that these materials could also be used for other
applications such as light emitting diodes (LEDs). , lasers, photodetection, bio-medical
imaging [38-48].

e Light Emitting Diode (LED)

The first LEDs based on halogenated perovskites were presented in the 90s. The active
materials were lamellar structures [49,50]. However, more recently, materials based on 3D
halogenated perovskites in colloidal structures (nanocrystals, quantum dots, etc.) have shown
a higher potential. The gap of these materials is tunable. It is therefore possible to produce
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multicolored LEDs [38,51-55]. Among these materials, the compound CH3NH3sPbBr3; and the
brominated compounds in general exhibit particularly advantageous optical properties. Kim
and al. studied in 2014, an LED based on this material, with a high luminance of 417 cd.m™ at

room temperature [52].

Thanks to simple architectures and manufacturing processes, components based on
technologies close to OLEDs (organic diodes) are promising [56,57]. In 2015, Ayguler et al.
succeeded in having a cell based on FAPbBr3 nanoparticles with a stable luminance of 1-2
cd.m [58].

e Laser

Kondo and al. observed in 1998, for the first time, a laser effect in perovskite materials. They
observed a bi-excitonic laser emission on the lamellar compound of perovskite
(CsH13NHz3)2Pbl4 at a temperature of 16 Kelvin and under optical pumping [59]. Twenty years
later, Zhu and al. have produced nanotubes based on three-dimensional perovskites [60].

These nanotubes have a tunable emission wavelength at room temperature.
e Photodetectors

In 2014, Dou and al. studied a photodetector based on the compound CH3NH3sPblz- xCly [61].
That shows a high detectivity (10** Jones). In 2015, Yakunin and al. used the compound
CHsNHsPblz for the detection of X-ray [62]. In 2016, Fang and al. have shown that the
CHsNH3sPbBrs compound can also be used for X-ray detection, and is four times more

sensitive than the detector based on a-Se [63,64].

e Field Effect Transistors (FET)

Mitzi and al. introduced field-effect transistors at the end of the 90s [50, 65]. And in 2015, the
compound CH3sNH3Pblz also showed potential for this application [66].



Chapter 11

Ab initio approach
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11.1 Density Functional Theory (DFT)

11.1.1 Theoretical foundations

Ab initio methods seek to predict the properties of materials, by solving quantum mechanical
equations, without using adjustable variables. Among the ab initio methods, the density
functional theory (DFT) is a reformulation of the N-body quantum problem into a problem
dealing only with electron density. Today, DFT constitutes one of the most widely used
methods for quantum calculations of the electronic structure of the solid, because the
reduction of the problem that it brings makes it possible to make accessible to the calculation
the ground state of a system comprising a large number of electrons. It is therefore a method
of choice for studying the physical properties of the ground state of solids. We have used in
this manuscript for the equations of quantum mechanics the atomic units, that is, 7 =1, e> =1

and me = 1, which gives energies in Hartree.

We place ourselves within the framework of the Born-Oppenheimer approximation where the
degrees of freedom of nuclei and electrons are decoupled due to the very large difference in
mass. The electrons therefore react instantaneously to changes in the positions of the ions and
we can then solve the equations concerning the electrons by considering that the position of
the nuclei is fixed. To determine the ground state of Ne electrons, we must calculate the eigen

energies and eigenfunctions of the Hamiltonian with many bodies:

= Z 2" ZZM Tell Z”n_r]” (D

Where the indices i and j traverse all electrons and the index o traverse all nuclei. We call V

the external potential for the Ne electrons and v the external potential for an electron.

Ne Ne Z
%4 (rl, ...,rNe) = Z v(r;) = zzm (11.2)
i=1 i=1a © ¢

We must therefore solve the eigenvalue equation:

H (Xll Xz, ...,XNe)lp(Xl, Xz, ...,XNe) ES E'(/)(Xl,Xz, ...,XNe) (“3)

Where the variables X; denote both the space variables r;, and the spin variables s;.
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Since the number N of electrons for a solid is of the order of the number of Avogadro Na
~102%, the problem must be simplified before it can be solved. For this, we try to replace the
unknown of the problem w (X1, Xa,..., Xne), by the variable p (x) which is the electron density
defined by:

=N, Y j dr, .. f Ay, B* (K1, X0 oo X WK, X o Xp) (1)

SiFS1

The integration is done on all the space variables except one and on all the spin variables. It
may seem impossible at first glance to condense the information so much, since we have gone
from a 3Ne variable unknown to a 3 variable unknown (if we neglect the spin). However, the
first theorem of Hohenberg and Kohn [67] authorizes this substitution in a rigorous way. The
second theorem of Hohenberg and Kohn also allows us to state that the solution of these

equations can be replaced by the search for the minimum of the energy.

11.1.2 Kohn and Sham's approach

We are now able to determine the density and all the properties of the ground state of any
system by a simple search for the minimum of the energy, where the energy is considered as a

functional of p. It is written in the form:

Elp] = Flp] + j PP dPr 3

Where v is the external potential defined by (1.2) and F [p] is a universal function not
dependent on the system.

Unfortunately we do not know the expression of the functional F [p]. We must therefore find
an approximation of F [p] which explains the expression to be minimized. We can decompose

F [p] in the form:

Flp] =T[p] + W[p] (11.6)

Where T is kinetic energy and W is the electronic interaction term. W [p] can itself be written
as a Hartree term representing the classical electrostatic energy of a charge density p, plus

quantum terms Exc:

Up(rl)p 2 drydry, + Exc[p] (11.7)

|7y — 135
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It then remains to determine the kinetic term T [p] and the terms of trade and correlation Exc.
An approach was proposed by W. Kohn and L. Sham [68] in 1965 to solve this problem by
going through an auxiliary problem of electrons which do not interact with each other. This

gives us the functional form of T and replaces v by an effective potential:

H =T, +V, = z (—%V? + vs(ri)> (11.8)

Where Hs is the Hamiltonian of Ne not interacting electrons. Then there exists a functional
Es[p] = Ts [p] + S vs(r)p(r)d®r whose minimization gives the exact density of the ground state
ps. Ts [p] is also a universal functional, which represents the kinetic energy of a system of

non-interacting electrons. In this case we can always write the wave function in the form:

Ys = det[¢1, ¢3, ..., dn,] (11.9)

1
JN,!
Where the ¢i are monoelectronic wave functions.

Kinetic energy then takes the simple form:
1,
Ts =Zfi<¢i| — 5 Viléo) (110
i

Where fi is the occupancy number of the orbital ¢i between 0 and 1. The density is in the

form:
ps(1) =Zfi|¢i(7‘)|2 (11.11)
i
The corresponding total energy is an explicit functional of the orbitals ¢; and is written:

1
Eldufll = =3 [ fdi@W#@dr+ Y [ floi@Pr@dr a2)

To find the equations governing the ¢i, we must minimize Es [{¢i, fi}] under the constraint

that the orbitals are orthonormal:

fﬁbi‘(r)qu(r)dr = 0yj (11.13)
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We must therefore minimize the generalized Lagrangian:
Q[{e i} {0} = Esl{i, £:3] - z Aij (J d;(r)p;(r)dr — 5ij> (11.13)
ij

And find the Lagrange multipliers Ajj which ensure the orthonormality. &ij iS the symbol of

Kronecker.

We see that inverting i and j in the expression of the constraint amounts to evaluating its
conjugate complex. Since the constraint is real, the constraint or its conjugate must give the
same solution to the minimum of the functional. We therefore have A%i = Aij. As the solution
matrix (Ajj) is a Hermitian matrix of dimension Ne, we can diagonalize it. The eigenvalues &i
are real and the transition matrix (Uj) is unitary. We call ¢ the diagonal matrix, whose

diagonal elements are the &i, then:

D) = (UM ()W) (11.14)
We can define a unit transformation on the set {¢i} as follows:

let the vector depending on'r,

(@) = ($1(1), P2(1), ..., P, (1)) (11.15)

We can apply the matrix U to it. This gives us a vector dependent on r, (y) = (y1 (1), y2 (),...,
Wne (). More formally:

Yi(r) = Z Uik dr (1) (11.16)
K

Let us look at the effect of a unit transformation TU on the density p:

TUP() = D Wi () = ) Unlidu ()i @)

- (11.17)

Since U is unitary, its inverse is equal to its deputy:

z Uk_ilUil = z Ui*kUil = 0y (11.18)
i i

So (11.19)
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TUP() = ) SubuDi() = D de(Ii(™) = p(r)
kl k

Any unit transformation therefore leaves p invariant. We can prove in the same way that Ts is

invariant. The functional E [{¢i, fi}] is therefore invariant by unit transformation.

The ground state must minimize the generalized Lagrangian:

50 sQ\°
5 (5(]5;) =0 (11.20)
6Q _ 0
57, = (11.21)
This gives us:
Ly =h = > 1
5T+ 1) = i) = ) Aty () (122
]
[ #:039,ar = 5, (123
either in matrix notation
(hs®) = (D(P) , (hsp) = (FU")(e)(U)(9) (11.24)
If we apply (U) to the left:
() (hsop) = (&)(U) () (11.25)

However, hs does not depend on the index of orbital i, and hs is a linear operator. It is

therefore irrelevant to apply the operator hs before or after the unit transformation:

(hsp) = (&)@) (11.26)

We have therefore transformed our problem (I1.21) and (11.22) into an eigenvalue problem

where the & are the eigenvalues and yi = ((U) (¢))i are the eigenvectors.

Let us now return to the problem of interacting electrons: the central hypothesis of Kohn and
Sham is that for any interacting system, we can find a potential vs such that the exact density

of the system p (r) is equal to ps (r), the density of the independent electron system. We have

(11.27)
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therefore replaced a problem of interacting electrons with a simpler fictitious problem where
the electrons do not interact, but evolve in an effective potential. A system accepting this type
of representation is said to be v-non-interacting-representable [69]. vs is called effective

potential. To calculate the latter, we rewrite the total energy of the system in the form:

Elp] = ﬂ“ﬁ”“)lmwjhww@m%+@mﬂ

|7 —7,
Here Exc changes definition with respect to equation (11.7) since:
Exe= Exe+T— T, (11.28)
It therefore contains a part of the kinetic energy that is not in Ts [p].

To find vs, we write that p must minimize the 2 functional Es [p] and E [p]. The equation on

the derivative of E [p] and Es [p] with respect to p then gives us:

5 = Ve () + [ L + v o1 0) (129)

Vxc[p](r) denotes the exchange and correlation potential and VHartree the potential of Hartree.

6EXC .
%mm=—§ﬂ (1.30)
p(r' )
(11.31)
vHartree J |T' —r |

We have limited ourselves here to the v-non-interacting-representable system. In the same
way as for the theorem of Hohenberg and Kohn, we can extend the definition of Ts over a less
limited set and show that the approach of Kohn and Sham is still valid as long as the ground

state is non-degenerate.

In summary, to solve the Kohn and Sham equations, we start from an initial density p (1),
from which we calculate the effective potential using equation (11.30). We then solve the
eigenvalue problem (11.27), which gives us the i from which we can calculate p. This is done

by successive iterations until the density no longer changes from one iteration to another.
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11.2 Functional exchange and correlation

To be able to do the math we now need an approximation for the term of exchange and
correlation, which is the last term for which we do not know an expression in terms of density
or orbitals. The search for precise approximations for the exchange and correlation is still
relevant and we present here only the standard functionals, which have already been widely

used.

11.2.1 Local Density Approximation (LDA)

The most popular approximation for calculating the exchange and correlation term is the
Local Density Approximation, or LDA. This approximation assumes that the density
fluctuates quite slowly. It therefore replaces the potential for exchange and correlation at each
point in space with that of a uniform gas of interacting electrons. The electron gas is taken as
the same density as the density at the calculated point. This makes it possible to give an exact
expression by interpolating Monte-Carlo calculations. This was done in the early 1980s [70].
The LDA is often an effective approximation, even when the density fluctuates significantly.
However, it has some disadvantages, such as a systematic underestimation of the cohesive
energy of solids and lattice parameters [71,72]. The error in the structural parameters is often
small (in the order of 1 to 2%), but can become large when Van der Vaals type bonds are

involved.

This approximation is the basis of all modern exchange-correlation functionalities and can be

defined as follows:

E [p]= ] p(r)e.(p(r))dr (11.32)
EN purpy | = [ P(1) & (£. (1) (1)) dr

It is the functional for which an exact form is almost known. The approximation of By [’O] is
. r). :
based on the uniform electron gas model where the term Fxo (’0 ( )) is the exchange-correlation

energy by particle of uniform electron gas of densityp(r). Moreover, EXC(’D(r)) can be

considered as the sum of an exchange contribution and correlation:

g (p(N)=2:(p(r)+e.(p()) (11.33)
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The exchange term, commonly called "Dirac exchange” [73] (symbolized by S because that

this expression was taken up by Slater) is known exactly:

ai(p(r))=—§[3”—(r)jm (11.34)

T

. r o .

The correlation partgc(p ( )) cannot be expressed exactly. The approximation of this term
established by Vosko, Wilk and Nussair (VWN) [74] has been most successful. She is based
on an interpolation of the results of very precise quantum Monte-Carlo calculations on the

uniform electron gas made by Ceperley and Alder [75].

The basic idea of the LDA is that it is possible to estimate the exchange-correlation energy of
an inhomogeneous system using on infinitesimal portions the results of an homogeneous
electron gas density equal to the local density of the inhomogeneous system. This
approximation is reasonable for a system where the density varies slowly but this condition is
not met in practice. However, LDA is surprisingly effective and its application to atoms and

molecules is justified by the success of its digital applications.

11.2.2 Approximation of the generalized gradient (GGA)

The most natural way to improve the LDA is to account for the inhomogeneity of the electron
density by introducing into the exchange energy and correlation terms depending on the
density gradient. The GGA (generalized gradient approximation) [76] allows the introduction
of a combination between local terms and gradient-dependent terms. It gives good results and
makes it possible to improve the cohesion energies and the mesh parameters. However,
improvement over LDA is not always systematic as GGA sometimes overcorrects LDA
[77,78]. This is why in the results part of this thesis we systematically compared the relative

stabilities of the phases as well as the elastic constants obtained in GGA and in LDA.

At first, LDA was treated as the first term in a Taylor series development:

[Vo(r)

EXGCEA[p] = J-g)iEA(p(r))p(r)err.[Cxc (p(r))mdr+... (11.35)

This functional form is the gradient approximation (GEA or Gradient Expansion
Approximation). Unfortunately, this gives worse results than the LDA. Indeed, the exchange-

correlation hole does not satisfy the conditions which ensured LDA some physical sense. In

(11.36)
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order to correct these problems, the above functional has been modified to force it to comply
with the main boundary conditions. We then get the generalized gradient approximation
(GGA) behind the success of the DFT:

£ (1] = [2 (o(r). V()
Often the contributions for exchange and correlation are developed separately:

ES (p,Vp) = E®* (p,Vp)+E** (p,Vp) (11.37)

The major problem of the LDA coming from the exchange, a very particular attention was

focus on the development of this part:

ES (p.Vp) = Ex —[F(s(r)) p*(r)dr (11.38)

Where F is a function of the reduced gradient density (dimensionless):

Ve(r) (11.39)

We can thus cite the functions of Becke (B88) [79], that of Perdew (PW86) [80] and that of
Handy and Cohen (OPTX) [81].

e B88

The B88 exchange functional is based on a dimensional analysis and on a correct asymptotic

behavior of the exchange energy density:

2
FB%(s)= ps avec 3=0.0042 u.a
(5) 1+68sxsinh™(s) / (1140

B is an empirical parameter determined by a least squares analysis of the exchange energies of
the six gas rare atoms (from He to Rn). The functional of Perdew and Wang (PW91) [82]

comes from a modification of this functional to meet certain scaling conditions.

e PW86

This functional is based on an analysis of the expansion of the hole correlation exchange

gradient around its LSDA form.
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1/15

FPWSB(S)[1+1.296(3] +14(EJ +0.2(%} ] avec p=(24r2) (11.41)

P p

The functional of Perdew, Burke and Ernzerhof (PBE) [83] is a modification of this

functional. It is interesting to note that neither PW86 nor PBE contain empirical parameters.

e OPTX

This functional is an improvement of the exchange functional of Becke [84] in which the
authors have not only optimized the enhancement factor F but also the Dirac exchange

coefficient in the LDA part obtaining so:

Ee™ (p,Vp)=1.051x E;** — [FO"™ (s(r)) p*°(r)dr (11.42)
2 2
With FOPTX(S)=1.43169( rs 2] with »=0.006 (11.43)
1+ys

The three coefficients were obtained by reproducing the Hartree-Fock energy of the
fundamental state of the first 18 atoms (H-Ar).

e The correlation functionals

Corrections to the correlation term are much more complex to formulate than those regarding
the term of exchange. In addition, even if their influence on the structural and electronic
properties of the systems studied is much less significant than that of the exchange, the fact
remains that their taking into account turns out to be absolutely essential for obtaining

quantitatively satisfactory results.

So the analytical expression of these corrections, particularly complicated, does nothing to
help a better understanding of the physical principles on which they are based and cannot be
understood using simple physical reasoning. These are mostly expressions satisfying known
mathematical properties. We can cite, among others, the functional of Lee, Wang and Parr
(LYP) [85], of Perdew (P86, counterpart of the functional exchange of PW86) [80] and that of
Perdew and Wang (PW91) [82]. The exchange-correlation functional GGA represents a very

significant improvement LDA, the main reason being the modification of the exchange part.
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e The functional meta-GGA

In order to further improve the performance of GGAs, the exchange correlation functional
meta-GGA (mGGA) consider the kinetic energy density of Kohn-Sham orbitals:

0cC

7 :%Z|V‘Pi|2 (11.43)

In addition to the dependence on the density gradient already included in the GGAs.

mGGA
The term of exchange ~* can be written:

3 3 1/3
EQ‘GGA:_Z(ZJ jf(p,Vp,r)p‘“(r)dr (11.44)
The dependence of the exchange term on the Laplacian density greatly improves the accuracy
of these functional. However, the dependence on the Kinetic energy density poses
implementation problems of these functionalities in a self-consistent scheme for the

exchange-correlation potential, making the SCF procedure more time-consuming.

On the other hand, physical precision has not yet been achieved and the main part to
improving is the exchange. The question is therefore: why use an exchange functional

approximate when we know how to calculate the exchange exactly?

11.2.3 The hybrids Functional

When they proposed their approach in 1965, Kohn and Sham had already mentioned the
interest of an exact processing of the exchange. They had already established an expression
formal of the exchange-correlation energy based on the Hartree-Fock approximation for the
exchange, the correlation term remaining unchanged from the LDA. They had also noted that
the effective potential would have, through the use of this hybrid functional, a correct

asymptotic behavior (in 1/r) far from the atom.

In the overwhelming majority of cases, the GGAs achieved better accuracy. The reason for
this failure is the artificiality of the separation of exchange correlation terms: by combining a
non-local exchange hole (Hartree-Fock) with a local correlation (LDA). Becke therefore
chose to use the exact exchange differently by including only a part of it in the energy of
exchange-correlation [86]. He proposed an expression to three parameters which will be
designated by [87]:

(11.45)
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E, = E- +a, (B —Ef™)+a,AE>® +a, AE["™

X

Where the ap, ax and ac coefficients are determined semi-empirically by fitting to

exact

experimental data. ¢ here represents the exact exchange energy obtained from Hartree-
Fock calculation. In the first corrective term, the value of the ao coefficient can be linked to
the "independent particles" character of the system. The following two terms allow to
optimize gradient corrections, for the exchange and for the correlation. As such, the above
equation represents the simplest way to take into account the exact exchange and find the
limit of uniform electron gas. Because of this approximation, the accuracy of the energies is

even better than when we use generalized gradient corrections.

A variation of this approach, calling the Lee’s approximation, Yang and Parr (LYP) and
Perdew and Wang [88], known as B3LYP, which is the most popular.

EpH® =a,E,” +(1-ay ) E° +,AE® + EL™ + 4, (ECLYP + ECLDA) (11.46)

Where ao= 0.80, ai= 0.72 and a>= 0.81. The ao, a1 and a, parameters are semi-empirical
quantities. This functional gives remarkably precise results for a large number of systems
[89]. It has also been shown that she permits, unlike GGA, to correctly describe the magnetic
properties of molecular compounds of transition metals and ligands. However, it is far from
putting an end to the exchange and correlation problems in DFT [90, 91]. A number of
avenues are currently being explored in order to get the most out of benefits of the exact
exchange. On the one hand, Becke has built new functionalities taking into account both the
exchange and the correlation. According to him, the functional based on GGAs and

incorporating a fixed proportion of exact exchange has reached a limit.
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111.1 Introduction

In the third chapter of this thesis, we present a theoretical investigation of electronic,
structural, transport and optical properties of LaGaO3z and SrHfOs,

First in section 111.2, we interested on the calculation of the electronic, optical and transport
properties of the lanthanum gallate perovskite oxides compound, using the first-principles
calculations based on the density functional theory. We determined the exchange and
correlation effects by a generalized gradient approximation (GGA).,

Second in section 111.3, we applied different percentage of doping SrHfO3.xSx (x=0%, 8% and
16%) to reduce the gap value and we determine the electronic and optical properties of all

percentage of S using density functional theory (DFT).

111.2 Study of LaGaO3s compound
111.2.1 INRODUCTION

The perovskite materials have a lot of scientific interest because of their large and important
applications in different area such as electrochromic [92], energy storage [93,94], solar cell
[95,96], we can find the same material used in different domains due to their physical and
chemical behaviors, such as density of states, fermi energy, dielectric function and phonon
dispersion that have a unique nature. The perovskite-type oxides ABO3z can be synthesized
with a wide variety combinations of chemical elements, the A-site can be filled by cations
M3* (Fe, La, Gd), M?* (Ca, Sr, Ba) or M*(Na, K), and the B-site can be occupied by M3* (Mn,
Fe, Co, Ga), M*" (Ce, Zr, Ti) or M (Nb, W). The correlation between these sites gives us
different structures, cubic, tetragonal, monoclinic, hexagonal and orthorhombic, it is known
that cubic (Pm3m) is the ideal perovskite structure [97]. In this one the A cation is situated at
the corner of the cube, while B cation is situated at the centre. This variety of ABOs3

combinations give us materials that can be used in various fields such as photovoltaic [98],
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solid oxide fuel cells (SOFC) [99,100] and batteries [101,102]. The LaAlOs, a typical
perovskite with variety applications, has allured considerable interest as over layer in
conventional thermal barrier coatings [103], as a Promotion of electrochemical performances
of LiNio.sC00.1Mno.10> cathode [104]. The pure lanthanum aluminate is a material with low
ionic conductivity; doping LaAlOs with cations such as Sr?* and Mg?* results an excellent
oxygen ionic conductor. LaAlOz has sparked renewal interest due to the discovery of two-
dimensional electron gas at the interface between LaAlO3 polar and non-polar SrTiOs. The
origin can be ascribed to oxygen vacancies [105], structural relaxation [106], polar
discontinuity [107], intermixing at the interface [108] and cation nonstoichiometric [109].
Furthermore, the perovskite LaGaOz has a lot of scientific interest these last years because of
its application in various field such as solid oxide fuel cells (SOFCs) [110], anode for
rechargeable batteries [111] and also can be used as a substrate material for the epitaxial
growth of high temperature superconducting thin films [112]. The LaGaO3 perovskite oxide is
crystallizes in orthorhombic structure with Pnma space group and transforms to rhombohedral
symmetry at 145°C [113], the valence state of La and Ga is retain at (+3) in oxide, so when
we doped LaGaOs [114] with cations that have a lower valence such as Mg or Ca, the
concentration of oxygen vacancy can be substantially increased. And it has a band gap of 3.61
eV which is close to the experimental value of 4.4 eV [115] . However, to our best knowledge

the transport properties of orthorhombic structure still have not been reported yet.

111.2.2 Structural properties

LaGaO3 perovskite oxide with Pnma space group have a structure with four atoms of
Lanthanum, four atoms of Gallium and twelve of Oxygen. The calculated and experimental
lattice parameters are given in Table 111.1. We used the experimental lattice parameters to do

the optimization using a package developed by Tomas Kana. As a result of our calculation
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from the standard DFT calculation we obtained a=5.580 A, b=5.554 A and ¢=7.874 A, which

gives results close to the experiment with in an error of 1%.

Table 111.1: The present work is calculated using the GGA-PBE sol method. The experimental and other

theoretical lattice constants are listed for comparison.

Lattice parameters | Present work (A) | Experiment (A)[116] | Other theoretical (A)

5.612[117],

A 5.580 5.524
5.477[117]
5.557[117],

B 5.554 5.492
5.463[117]
7.792[117],

C 7.874 1.774
7.735[117]

111.2.3 Electrical properties

We calculated the band structure of lanthanum gallate perovskite (LaGaO3) using GGA-PBE
density functional approximations. The results are illustrated in Figure 111.1.
We have chosen the fermi level (Er) to be zero at the top of the valence band. As shown in

Figure I11.1 the band gap of LaGaO3 determined from GGA-PBE is 3.61 eV.

Energy (eV)

=~ A X Z M ¥ T

Figure 111.1: Band structure of LaGaOs derived from GGA-PBEsol functional density
The total (DOS) and partial (PDOS) density of state of LaGaOz perovskite compound are

shown in Figure I11.2, where we observe that in the entire range La and Ga states hybridize
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with O, inclusive of the conduction and valence bands, which indicate that La-O and Ga-O
bonding are principally covalent. The electron charge was transferred from La and Ga to O
due to the large difference between states, revealing the ionic bonding characteristic.

The band energy between -14.5 and -11.5 eV mainly consist of La(5p) and Ga(3d). According
to Figure 111.2.b we notice that the valence band with a width of 7.7 eV is consisting of O(2p),
with small but no negligible contributions from La and Ga states. The conduction band

located in the band energy between 5 and 10 eV with a width of 4.12 eV is consisting of La

(4).
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Figure 111.2: DOS and PDOS of LaGaOs derived from various density functional approximation: (a)
DOS with GGA-PBEsol functional; (b) PDOS with GGA-PBEsol.



41

111.2.4 Optical properties

To connect the electronic structures of a solid to the microscopic physical transitions between
bands we use the dielectric function.

To calculate the complex part of this function we used the equation.

e(w)=¢e1(w)+tier(w) @@Ll

The €7 and €7 are respectively the imaginary and real part of the dielectric function; we can

determine the real part from the imaginary part using the Kramer-Kronig relations [118]. We

can calculate the imaginary part by:

£2() = e Tiewe W lu.r1# )2 8(Eck — Evk — ho) (I112)
0
2 d 14 A 28 ’.
gl(m)=1+(ﬁ) W —24‘“3(1)2_(02 (I11.3)

The ¢ and v are the conduction and valence band, WYk and Y% are the wave function of
valence and conduction band at k point, &g is the vacuum dielectric constant, Q is the volume,

hw is the energy of the incident phonon, u is the vector defining the polarization of the
incident electric field, u.r is the momentum operator.

From the real and imaginary part of the dielectric function we can determine all the optical
proprieties such as the absorption a (®), reflectivity R (w), optical conductivity ¢ (o), energy

loss L (w), refractive index n (o) and the extinction coefficient K (o).

a(w)= szk(a)) (111.4)

R _\/81(w)+ie,(w)—1 (111.5)
(w)= Ve (w)+ie,(w)+1

(111.6)

o(w) = —i% [e1(w) + ie(w)
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L(co)=lm[?al))] (1n.7)
1 (111.8)

n(a)) = \/—E{[glz(w) + 822((1))] 1/2_|_€1 (w)}l/Z
K(w) = x/ii{[glz(w) + €22 ()] €1 ()} (111.9)

The dielectric function and all the optical proprieties are determined using GGA-PBE
functional as shown in Figure I11.3 According to the Figure 111.3.a we notice that both the
imaginary and real part of the dielectric function increased with energy and attained
maximum at 7.8 and 5.1 eV, respectively. This peak is a result of the electron transition from
O (2p) orbitals to La (4f) orbitals and Ga 4s4p orbitals, the real part of dielectric function start
to decrease after the sharp peak and attained minimum at 9.8 eV. The absorption coefficient a
(o) of a material allows us to determine the penetration’s degree of light into the material
before being absorbed, As showing in Figure 111.3.b we observe that the absorption decreases
rapidly when the wavelength (1) increases. The max value of the absorption 65x10% cm™ is
obtained at ultraviolet light (A=200 nm). When we go over A=200 nm, we notice a rapid
decrease of the absorption as a function of A, after that we obtain a stable value 0.2x10% cm™
in the visible and infrared. According to Figure 111.3.c the optical conductivity ¢ (®) was zero
when the energy is less than 3.6 eV, the optical conductivity increases with energy and
reached a maximum value at 7.6 eV. The energy loss L (o) in a fast electron passing through
the material is described by the energy loss function. According to Figure I11.3.d we notice
that the largest energy loss peak occurs at about 12.8 eV, representing the characteristic
affiliated with plasma oscillation. The refractive index n (w) iS a dimensionless size
characteristic of a medium, describing the behavior of light in it, this depends on the
measurement wavelength, but also the characteristics of the environment (in particular
pressure and temperature). From the Figure 111.3.e, we notice that the refractive index is 2.8

when the wavelength is equal to ~ 250 nm (ultraviolet). In the range of wavelength between
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400 and 1000 nm, we observe that the refractive index is conserved at 2.1. The Figure 111.3.f
shows that the reflectivity R (w) decreases with the wavelength, we observe that the highest
value of R (0.26) is obtained in ultraviolet at 220 nm. For both approximation the reflectivity

decreases as a function of A. We notice that the reflectivity stabilizes at 0.12 in the visible and

infrared.
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Figure 111.3: The optical proprieties of LaGaOs derived from various density functional approximation: (a) Dielectric

function; (b) absorption; (c) optical conductivity; (d) Energy loss; (e) refractive; (f) reflectivity

111.2.5 Transport properties

To calculate the transport proprieties, we used the semi-classical Boltzmann theory embedded
in BoltzTraP code. The band-structure and the crystal structure determined by wien2k are
used as an input to run the Bolztrap code, we had as results the electrical conductivity (c /1),
Seebeck coefficient (S), electronic thermal conductivity (ke), and electronic power factor (Pr).
The Seebeck coefficient (S) allows us to indicate if we have a domination of charge carrier, S
with a negative sign represent n-type materials, positive sign p-type materials. According to
Figure 111.4.a we notice that we have a positive sign of S (p-type) in the entire range of
temperature. We can conclude that our compound is a P-type material. The electrical
conductivity (o) of LaGaOsz is illustrated in Figure Il1.4.b showing that the electrical
conductivity increases rapidly by increasing temperature and reach a maximum at 800 °K
with a value of ~10x10%*® (Q.m.s)X. Pe= S? & /1 represent the power factor, were Pr is
proportional to the electrical conductivity (o /t) and the square of Seebeck coefficient (S?).
From the Figure 111.4.d we observed that the power factor was almost zero at low temperature

(<50 °K), then we had a rapid increase of power factor when the temperature increases to
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reach a maximum value (3.7 10" W/m.k2.s) at 800 °K. The thermal conductivity K of any
material depend on the molecular vibrations and the motion of the free electrons. From the
Figure 1ll.4.c, we notice that the electronic thermal conductivity increases with the

temperature, so we can say that the molecular vibration increases.
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Figure 111.4: The transport proprieties of LaGaOs derived from Bolztrap code: (a) Seebeck coefficient; (b) the electrical

conductivity; (c) electronic thermal conductivity; (d) electronic power factor.

111.3 Study of SrHfO3 doped S compound

111.3.1 Introduction

Mineral exploration was intense during the 18th and 19th centuries in the Ural Mountains in
Russia. Which led to the appearance of numerous local mines. 1839 has experienced the

discovered of CaTiOsz perovskite in the Akhmatov mine by A.B. Kemmerer and the German
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mineralogist, Gustav Rose, who first described it and named it after the Russian mineralogist
Lev Aleksevich von Perovski [119,120]. Since then, all structures analogous to CaTiOs are
described using the term perovskite. The oxide perovskite, with general chemical formula
ABOs, have three distinct crystallographic sites. A is occupied by a cation, generally wider
than the cation occupying the site B and the oxygen draws an octahedron around B. Another
type of perovskite is the halide perovskite which has been intensively studied. Similar to
oxides, the general formula of halide perovskite is ABXs. This time, site A is occupied by a
monovalent cation, often alkaline. Site B can accommodate a divalent metal cation (for
example Pb?*). The X halides can be ClI, Br and | and we have also chalcogenide perovskite
with a general formula of ABX3 similar to the other type of perovskites, the X site is occupied
by S or Se, and we have also double perovskites ABXe [121,122]. Halide perovskite solar
cells had a huge scientists’ attention these last years due to the rapid increase of the power
conversion efficiency (PCE) form 3.8% in 2009 [123] to now over 23% [124]. The PCE of
this halide perovskite becomes comparative to the commercial silicon. While these
perovskites materials show potential in the photovoltaic field, more research indicates that
these materials could also be used for other applications such as light emitting diodes (LEDs),
lasers, photo-detection and biomedical imaging [125-135]. The major inconvenient of these
materials is the chemical instability under ambient conditions, the stability for the organic
halide perovskite, the toxicity, the probable carcinogenicity of lead and lead halides [136-
138]. The perovskite SrHfOz compound is a promising candidate for the next generation of
CMOS devices, due to its good electrical and physical properties [139]. This compound
adopts the orthorhombic structure which conforms to Pbmn space group under ambient
conditions and at higher temperatures the structure is the ideal cubic perovskite which
conforms to Pm3m space group [140-142].

In this paper, we determined the electronic and optical properties of perovskite SrHfO3
compound using the density functional theory (DFT). Which indicate that it has an indirect
gap with value of 5.60 eV, that’s why the aim of our work is to reduce the gap value and for
that we used a different percentage of doping with S atom. As a result we obtained a direct
band gap and we reduced the gap value from 5.60 eV to 4.06 eV and 2.09 eV equivalents to
8% and 16% of S, respectively.

111.3.2 Structural properties
As showing in Figure 111.5 SrHfOs perovskite oxide with Pbmn space group have a structure

with four atoms of Strontium, four atoms of Hafnium and twelve of Oxygen. The calculated
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and experimental lattice parameters are given in Table I11.2. The optimization of lattice
parameters is determined using the experimental lattice parameters using a package developed
by Tomas Kana as showing in Figure I11.6. As a result of our calculation from the standard
DFT calculation we obtained a=5.580 A, b=5.554 A and c=7.874 A. These parameters are in

good agreement with experimental data [143].

Figure 111.5: SrHfO; Orthorhombic structure.
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Table 111.2: Lattice parameters of perovskite SrHfOs; compound.
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Lattice parameters Present work (A) Experiment (A)[143] Other theoretical
(A)[143]
a 5.7690 5.7516 5.6887
b 5.8035 5.7646 5.7016
c 8.2758 8.1344 8.0455

111.3.3 Electrical properties

Table 111.3 shows the evolution of the gap value as function of the percentage of doping. The

value of the gap reduces from 5.69 eV (0% of S) to 2.13 eV (16% of S) for Optical gap and

from 5.60 eV (0% of S) to 2.09 ev (16% of S) for gap energy. From Figure 111.7 we notice that

the band gap is indirect for the bulk SrHfO3, and become direct band gap for the 8% and 16%

of S.

Table 111.3: Energy and optical gaps for different concentration of S: 0%, 8% and 16%.

Present work
] Experimental
compotn Gap energy (eV) Optical Gap [144]
GGA-PBE GGA-MBJ (eV)
SrHfO3 3.99 5.60 5.69 6.1
8% of S 2.77 4.06 4.24
16% of S 111 2.09 2.13




49

04

(N®) ABiaug

S I I T B A

(N\®) ABisug



50

Energy (eV)
L A o

Figure I111.7: Band structure of SrHfO3..Sx compound: a) 0% of S b) 8% of S c) 16% of S

As showing in Figure 111.8(a-f), we notice that Sr and Hf states hybridize with O and S in the
entire range, inclusive of the conduction and valence bands, which indicate that Sr-O, Hf-O,
Sr-S and Hf-S bonding are principally covalent. In addition, the electron charge was
transferred from Sr and Hf to O and S due to the large difference between states, revealing the
ionic bonding characteristic. Figure 111.8.b shows that the valence band consists of O (2p)
and a small contribution from Hf and Sr states with a width of 4.05 eV. The conduction band
is consisting of Sr (3d), Hf (5d) and O (2p). From Figure 111.8.d we observe that the length of
the valence band of doped SrHfO3 with 8% of S is 5 eV consisting of O (2p) and S (2p) with a
small contribution from Hf and Sr states, and the conduction band is consisting of of Sr (3d),
Hf (5d), O (2p) and S (2p). From Figure 111.8.f we observe that the length of the valence
band of doped SrHfO3z with 16% of S is 6 eV consisting of O (2p) and S (2p) with a small
contribution from Hf and Sr states, and the conduction band is consisting of of Sr (3d), Hf

(5d), O (2p) and S (2p).
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Figure 111.8: Density of states of SrHfO; compound doped with S: a) bulk DOS b) bulk PDOS c)

DOS of 8% of S d) PDOS of 8% of S e) DOS of 16% of S f) PDOS of 16% of S.
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111.3.4 Optical properties

The absorption coefficient o () of a material allows us to determine the penetration’s degree
of light into the material before being absorbed. Figure I11.9.a shows that the absorption
increases as function of photon energy (decreases of wavelength (A)). The max value of
absorption for the bulk SrHfO; is 8.45x10% cm™ obtained at ultraviolet light (A=200 nm),
58.14x10% cm™ for 8% of S obtained at ultraviolet light (A=213 nm) and 92.15x10* cm*for
16% of S obtained at ultraviolet light (A=229 nm). When we go over this peak, we notice a
rapid decrease of the absorption as a function of . As showing in Figure 111.9.b we notice
that the reflectivity R (®) increases with increasing the photon energy, the highest value of
reflectivity for bulk SrHfO3 is 0.135 (13.5%) obtained in ultraviolet at 200 nm, 0.219 (21.9%)
for 8% of S obtained at ultraviolet (A=226 nm), 0.329 (32.9%) for 16% of S obtained at

ultraviolet at (A=235 nm).
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IV.1 Introduction

In the fourth chapter of this thesis, we present a theoretical investigation of electronic,
structural, transport and optical properties of BaZrSs,

In this work we applied a different percentage of doping BaZrSs.xSex (x=0%, 10%, 15% and
20%) to reduce the gap value of BaZrSsz and we calculated the electronic, optical and transport

properties of all percentage of Se using density functional theory (DFT).

V.2 Study of BaZrSz; compound
IVV.2.1 INRODUCTION

Historically, mineral exploration for metallurgy was intense during the 18th and 19th
centuries in the Ural Mountains in Russia. This prospecting led to the appearance of numerous
local mines. In 1839, the CaTiOs perovskite was discovered in the Akhmatov mine by A.B.
Kemmerer and the German mineralogist, Gustav Rose, who first described it and named it
after the Russian mineralogist Lev Aleksevich von Perovski [145,146]. Since then, the term
perovskite is used to describe all structures analogous to CaTiOs. These oxides, of general
chemical formula AMOs3, have three distinct crystallographic sites. The site A is occupied by
a cation, generally wider than the cation occupying the site M and the oxygen draws an
octahedron around M. The structural diversity in the family of perovskite is due to the
numerous atoms which can play each of these roles. Another family of perovskite, halides
perovskite, has been intensively studied since 2012. Like oxides, the general formula
describing halides perovskite is AMXa. This time, site A is occupied by a monovalent cation,
often alkaline. Site M can accommodate a divalent metal cation (for example Pb2 +). The
oxygen is replaced by X halides, the most common being CI, Br and I. Halide perovskite solar
cells attracted scientists’ attention these last years due to the rapid increase of the power
conversion efficiency (PCE) form 3.8% in 2009 [147] to now over 23% [148]. The PCE of

this halide perovskite is comparative to the commercial silicon, but the major inconvenient is
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the chemical instability under ambient conditions, the toxicity, the stability for the organic
halide perovskite and the probable carcinogenicity of lead and lead halides [149-151].
Recently, chalcogenide perovskite is considered as a new class of semiconductor, with
general formula ABX3 where A = Mg, Ca, Sr, Ba, Zn, Cd, Sn, Pb, B = Ti, Zr, Hf, Si, Ge, Sn,
Pb and X = S, Se. They are more ionic than conventional semiconductors but less than oxides
or halides. These types of perovskite were synthesized more than a half century ago but have
received little attention [152-156] that's why there is limited knowledge of their physical
properties [157, 158]. The situation changed, after the theory work that screened [159] 18
ABXg3 chalcogenide materials, the mentioned study revealed a several compounds with direct
bandgap, very high absorption and good carrier mobility, allowing them to be considered
prospective materials for optoelectronic applications. The experimental efforts have
succeeded the synthesizing of several chalcogenide perovskite as example BaZrSsz, CaZrSs,
SrTiSs, SrZrS3 [160], and SrHfS3 [161, 162]. Chalcogenide perovskite BaZrSs crystallizes in
orthorhombic structure with Pnma space group as showing in Figure 1V.1 with unit-cell
parameters a=7.04 A, b=9.98 A and ¢=7.05 A [161] and a good light absorption, in good
agreement with our theory. The material was found to be stable against moisture, oxidation
[161] and pressure [163].

The aim of our work is to study the BaZrSz properties using density functional theory (DFT),
as a result we found that this compound has a high absorption and gap value of 1.62 eV, that’s
why we focused on the reduce of the gap value by applying different percentage of doping
using Se atoms BaZrSs.xSex with (x=0.1, 0.15, 0.2). We calculate electrical and optical
properties. As a result, the gap value reduces from 1.62 eV for the bulk BaZrS; to 1.37 eV

corresponding to 20% of Se.
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Figure 1V.1: BaZrSs structure

e Computational Methods

All calculations illustrated in this work are based on DFT, we used Wien2k ab initio
simulation program to obtain the solution of Kohn-Sham equations [164]. We determined the
exchange and correlation effects by a generalized gradient approximation of
Perdew—Burke—Ernzerhof for solid (GGA-PBE) and to improve the band structure we used
(GGA-MBJ) approximation. The electronic and optical properties have been calculated in
stable orthorhombic phase which conforms to Pnma space group. In these calculations we had
a 9x6x4 Monkhorst—Pack set of k-point mesh of Brillouin zone integration generated
automatically, the Rmt*Kmax value was fixed to 7 (RMT presents the small radius of the
muffin-tin sphere, while Kmax present the size of the largest vector in the plane wave
expansion).

The transport properties are calculated using Bolztrap code.
I\VV.2.2 Electrical properties

Table 1V.1 and Figure V.2 show the evolution of the gap value as a function of the percentage

doping.
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The value of the gap reduces from 1.62 eV (0% of Se) to 1.37 eV (20% of Se) for Optical gap
and from 1.59 eV (0% of Se) to 1.35 ev (20% of Se) for gap energy. The gap energy calculated
from GGA-Mbj (1.59 eV) is almost equal to the experimental value (1.7 eV).

Table I1V.1. energy and optic Gaps for different concentration of Se: (x=0, 0.1, 0.15 and 0.2)

Gap energy (eV)
Theoretical Optical Gap (eV)
experimental
GGA-PBE| GGA-MBJ
BaZrSs 1.16 1.59 1.7 [161] 1.62
10% of Se 1.04 1.47 | - 1.49
15% of Se 1.00 141 | - 1.42
20% of Se 0.95 135 | e 1.37
50 (a) 50 (b)
o0 o Ene:;oy (V) s 20 o0 s En;fgy (eV) ' 20
50 (C) 50 (d)
0,0 0?2 014 0?6 013 Ene:;(;/ (eV;tZ 1j4 Wtﬁ 1j8 2,0 00‘0 012 0:4 0?6 OYB Ene:g;oy (eV)1j2 1t4 1t6 1j8 20

Figure 1V.2: Optical band gap of BaZrS3 doped with Se: a) bulk b) 10% of Se c) 15%
of Se d) 20% of Se.
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According to Figure 1V.3 we notice that Ba and Zr states hybridize with S and Se states in the
entire valence band range indicating that Ba-S, Zr-S, Ba-Se and Zr-Se bonds are principally
covalent. In addition, the electron charge was transferred from Ba and Zr to S and Se due to
the large difference between states, revealing the ionic bonding characteristic. From Figure
IV.3.b we notice that the valence band with a width of 4.12 eV is consisting of S (2p), with
small but no negligible contributions from Ba and Zr states and the conduction band with a
width of 2.6 eV is consisting of Zr (4d) and S (2p). We observe from Figure 1V.3.c, d and e
that the length of the valence band of doped BaZrSz«Sex (x=0.1, 0.15 and 0.2) is 4.36 eV
consisting of S(2p) and Se (4p), and The conduction band with a width of 2.55 eV is
consisting of Zr (4d), S (2p) and Se (4p). Furthermore, as can be seen from Figure V.3, the
principal contributors to the valence band of chalcogenide perovskites BaZrS3 are p-states
associated with the chalcogen atom that give the main input in the upper and central portions
of the valence band, this peculiarity is completely the same as it is detected for p states

associated with halide atoms in related halide perovskites ABX3[164-168].
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Figure 1V.3: Density of states of BaZrSs; Doped Se : a) bulk DOS b) bulk PDOS c¢) 10% of Se d)
15% of Se e) 20% of Se.
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IV.2.3 Optical properties

The absorption coefficient a (®) of a material allows us to determine the penetration’s degree
of light into the material before being absorbed, As showing in Figure 1VV.4.a we observe that
the absorption decreases rapidly when the wavelength (1) increases. The maximum absorption
value for BaZrS3 is 59.29x10* cm™ obtained at ultraviolet light (\=276 nm), 59.76x10* cm™
for 10% of Se obtained at ultraviolet light (A=281 nm), 60.58x10* cm-for 15% of Se obtained
at ultraviolet light (\=284 nm) and 60.87x10* cm™for 20% of Se obtained at ultraviolet light
(A=288 nm), after that we observe another peak 69.70x10% at ultraviolet light (A=323 nm),
70.04x10* at ultraviolet light (A=324 nm), 70.31x10* at ultraviolet light (A=326 nm) and
70.68x10* at visible light (A\=328 nm) for bulk BaZrSs, 10% of Se, 15% of Se and 20% of Se,
respectively. When we go over the second peak, we notice a rapid decrease of the absorption
as a function of A.

The Figure IV.4.b shows that the reflectivity R (®) decreases with the wavelength, we observe
that the highest value of reflectivity for bulk BaZrSz is 0.356 (35.6%) obtained in ultraviolet
at 349 nm, 0.354 obtained in ultraviolet at 338 nm for 10% of Se, 0.357 obtained in ultraviolet
at 340 nm for 15% of Se and 0.359 obtained in ultraviolet at 340 nm for 20% of Se. The

reflectivity decreases as a function of A.
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Figure IV.4: Optical properties of BaZrS3 doped with Se: (a) absorption

coefficient, (b) optical reflectivity.

IVV.2.4 Transport properties

To calculate the transport proprieties, we used the semi-classical Boltzmann theory embedded
in BoltzTraP code. The band-structure and the crystal structure determined by wien2k are

used as an input to run the BoltzTraP code, we had as results the electrical conductivity (o /1),
Seebeck coefficient (S), electronic thermal conductivity (Ke), and electronic power factor (Pr).

The Seebeck coefficient (S) allows us to indicate if we have a domination of charge carrier, if
we have negative sign of S we say that our compound is n-type materials, positive sign p-type
materials. Figure IV.5.a shows that all compounds have a positive sign of S (p-type) in the
entire range of temperature. We can conclude that our compounds are a P-type material. The
electrical conductivity (o) is illustrated in Figure I1V.5.b showing that the electrical

conductivity varies depending on the temperature, when the T= 10°K the maximum value of ¢
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is 2.77x10'® (Q.m.s)* corresponding to 20% of Se, above this temperature we notice a small
decrease until T~30°K, after that the the electrical conductivity increases rapidly and reach a
maximum at 300°K with a value of ~4.4x10%® (Q.m.s)* for bulk BaZrSs, 2.79x10% for 10%
of Se, 2.30x10%8 for 15% of Se and 1.63x10%8 for 20% of Se. The thermal conductivity Ke of
any material depends on the motion of the free electrons and the molecular vibrations. Figure
IV.5.c shows that the electronic thermal conductivity increases with the temperature, so we

can say that the molecular vibration increases.
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Figure 1V.5: The transport properties of BaZrS; doped with Se: (a) Seebeck coefficient; (b) the

electrical conductivity; (c) electronic thermal conductivity.
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V.1 INTRODUCTION

In the fifth chapter of this thesis, we present a theoretical investigation of electronic,
structural, and optical properties of CsPbXs,

First in section V.2, we interested on the study of CsPbXs compounds, we determine the
structural, electronic and optical properties of the bulk CsPbXs; (X = Br, Cl and 1) are studied, using
density functional theory (DFT). In order to use these compounds in photovoltaic applications, the
only inconvenient of these materials is that they have a slightly high gap energy value such as : 2.57
eV, 2.16 eV and 1.88 eV for CsPbCls, CsPbBr; and CsPbl; compounds, respectively. It is known that
the efficiency of the solar cells varied with the band gap of the materials used. Moreover, by applying
3% of strain on the perovskite CsPbXs, we have reducing the gap energy value of these materials.
Second in section V.3, we applied a different percentage of lodine doping in CsPbBrs.x
(x=0%, 22% and 33% of 1) to reduce the gap value. The electronic and optical properties of

this compound are investigated using ab initio calculation for several concentration of I.

V.2 Study of CsPbXs compounds
V.2.1 Introduction

Solar energy become one of the most attractive renewable energy sources across the globe. It
is an alternative energy source that can replace the conventional energy resources and satisfy
our energy needs [169], we have a variety of solar technology, and one of the most utilized its
photovoltaic, which produce electricity directly from the sunlight with minimum losses and
greenhouse gas emission [170]. The photovoltaic technologies are classified into three
generation of cells, the first one is wafer-based, second generation conventional thin film
(copper indium selenide (CIS), cadmium telluride, etc), third generation emerging thin film
(quantum dot PV, organic PV and perovskite), currently Silicon-based solar panels are the
most used panels in the market (almost 90% of the market), followed by the cadmium-based
panels, but this domination will be reduced with the appearance of new generation of panels
based on perovskite [171]. The Perovskite is a naturel mineral of calcium titanate (CaTiO3)
[172], in addition, the general chemical formula is ABXs where: A cation is encircled by

twelve of X anions in dodecahedral environment, the B cations is octahedral coordinated by 6
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X anions and the X anions are coordinated by 4 A cations and 2 B cations, we describe the
perovskite structure by a three-dimensional cubic network of corner-sharing BX6 octahedra,
while A cations is situated at the corner of the cube [173], we can have another structures with
a lower symmetric phase such as tetragonal or orthorhombic by partially distorting the BX6
octahedral. One of the factors that allowed materials scientists to be interested in perovskite
because it’s abundantly available in nature [174], and due to their versatile applications in
transistors [175], light-emitting diodes [176], optics [177], magnetics [178], electronics [179],
and superconductors [180], and specially as a solar cell for photovoltaic [181-183]. Perovskite
has the ability to absorb light and uses less than 1 um of material to capture the same amount
of sunlight as other solar cells, and it’s a semiconductor used to carry electric charge
whenever light hits the material. Perovskite-based solar cells are considered to be one of the
most remarkable cells in terms of efficiency. Therefore, researchers have shown considerable
interest for perovskite solar cells. Flexibility, lightness and semi-transparency are part of the
precious proportion of perovskite [184], and the efficiency of the perovskite-based solar cells
has demonstrated unprecedented, rising from 3.8% to nearly 23% between 2009 and 2018
[185,186]. Moreover, the hybrid organic-inorganic perovskite (HOIP) characterized by his
different properties like optical, electronic, magnetic properties which can be applied in
different applications, the structure of this materials can be described in general by a formula
ABXs, where A is an organic ammonium cation (CHsNH3z*, NH = CHNHs" , etc.), B is a
divalent metal cation (Fe?*, Cd?* Pb?*, Cu?*, Sn?*, etc.), and X is a halide ions (Br-, Cl -, or | -
). In the recent year HOIP have substantial attraction in the solar cell applications [187, 188].
The first three-dimensional (3D) organic-inorganic hybrid solar cell was generated by Weber
[189, 190] which replaced cesium (Cs) with methylammonium (CH3NH3) cations. Hybrid
organic-inorganic perovskite show good light absorption and semiconducting properties,
which allows them to be good applicant for opto-electronic devices applications especially in

photovoltaic with efficiency beyond 20% [191, 192]. Furthermore, the perovskite cesium lead
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halides, with the general formula CsPbX3 (X= Br, ClI, I) are direct band gap semiconductors
that absorb ultraviolet and visible light, therefore these materials are used in optoelectronic
and photovoltaic devices such as solar cells, photonic crystals [193, 194], radiation detectors
[195], and light emitting diodes (LEDs) [196, 197]. These compounds are characterized by
their flexibility to change the structure at different temperatures [198], according to Moller
[199] who studied the structural properties of CsPbX3 (X= Br, Cl, 1), he indicates that CsPbX3
exist in three different phases. The phase transition of this compounds depends on the
temperature, CsPbBrz3 is in the orthorhombic phase at room temperature, change to tetragonal
structure at 373 K and the last transition is the cubic phase at 403 K [200, 201], for CsPbCls3
below 315 K, it is in the orthorhombic phase, in the tetragonal structure in the range of 315 K
to 320 K and in the cubic phase above 320 K [200,202], CsPbls appears in the orthorhombic
structure at room temperature [203], then goes to the tetragonal phase but there is no clearly
defined temperature range in the literature and at 634 K it becomes a cubic structure.

We started this work by studying the structural, optical and electronic properties of the bulk
CsPbX3 (X = Br, CI, 1) using density functional theory (DFT), in order to use them in
photovoltaic applications. These compounds are direct gap materials with a high visible light
absorption and low reflectivity, which allowed them to be good candidate for solar cells, the
only inconvenient of these compounds is that they have a slightly high gap value such as: ,
2.57 eV, 2.16 eV and 1.88 eV for CsPbCls, CsPbBrz and CsPbls, respectively. It is known that
the efficiency of the solar cells varied with the band gap of the materials used. Thus in this
work we focused on reducing the gap value of these materials, by applying different stress

value from 0 to 3% for the three compounds.

o COMPUTATIONAL METHODS

In this work all calculations are based on the density functional theory (DFT), the solution of
Kohn-Sham equations are obtained by using Wien2k ab initio simulation program [204]. We

determined the exchange and correlation effects by a generalized gradient approximation of
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Perdew—Burke—Ernzerhof for solid (GGA-PBE). The electronic and optical properties have
been calculated in stable cubic phase for the three compounds which conforms to Pm3m
space group. In these calculations we had a 6x6x6 Monkhorst—Pack set of k-point mesh of
Brillouin zone integration generated automatically, the Rm*Kmax value was fixed to 7 (Rmt
present the small atomic radius in the unit cell, while Kmax present the size of the largest

vector in the plane wave expansion) [204].

V.2.2 Bulk CsPbX3 calculation

V.2.2.1 structurals properties

CsPbXs (X= Br, Cl and I) perovskite with Pm3m space group have a structure with one atom
of cesium, one atom of lead and three of Bromine, Chlorine or lode as showing in Figure V.1.
The calculated and experimental lattice parameters are given in Table V.1. We used the
experimental lattice parameters to do the optimization. As a result of our calculation from the
standard DFT calculation we obtained results close to experimental lattice with an error of
1.9% for CsPbBrs, 2% for CsPbCls and 1.4% for CsPbla.

Table V.1: Comparison between experimental and theoretical results .

CsPbBr3 CsPbCl; CsPbl;

Lattice parameters a(A) V (A% a(A) V (A% a(A) V (A%

Present work 5.987 214.493 5.725 187.680 6.289 248.787

Experiment [205] 5.870 202.262 5.605 176.087 6.380 259.670
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Figure' ~ .. Br,ClandI) compound.

V.2.2.2 Electrical properties

The calculated band structure of CsPbXs using GGA-PBE density functional approximations is
shown in Figure V.2. The Fermi level is fixed to zero at the top of the valence band. The
maximum of the valence band and the minimum of the conduction band are located at the M
point, which indicates that the CsPbX3 is direct band gap materials with the value of about 2.16

eV for CsPbBrs (see Figure V.2.a), 2.57 eV for CsPbCls (see Figure V.2.b) and 1.88 eV for

CsPblz (see Figure V.2.c).
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Figure V.2: Band structure of CsPbXs: a) CsPbBrs b) CsPbCls ¢) CsPbls.
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The total (DOS) and partial (PDOS) density of state of CsPbX3 perovskite compound are
shown in Figure V.3. We observe that in the entire range Cs and Pb states hybridize with Br
for CsPbBrs, with CI for CsPbCls and with | for CsPbls, inclusive of the conduction and
valence bands, which indicate that Cs-Br, Pb-Br, Cs-Cl, Pb-Cl, Cs-1 and Pb-I bonding are
principally covalent. In addition, the electron charge was transferred from Cs and Pb to Br for
CsPbBr3, to ClI for CsPbCls and to | for CsPbls due to the large difference between states,
revealing the ionic bonding characteristic, see Figure V.3(a), 3(c) and 3(e). From Figure V.3.b,
we notice that the band energy between -5 and 0 eV mainly consist of Br (4p) and Pb (5d), the
valence band with a width of 3.54 eV is consisting of Br (4p), with small but no negligible
contributions from Pb and Cs states. The conduction band is consisting of Cs (4d) Pb (6p) Br
(3d). From Figure V.3.d, we notice that the band energy between -5 and 0 eV mainly consist of
Cl (3p) and Pb (6p), the valence band with a width of 3.67 eV is consisting of CI (3p), with
small but no negligible contributions from Pb and Cs states. The conduction band is consisting
of Cs (4d) Pb (6p) CI (3p). From Figure V.3.f, we notice that the band energy between -15 and
0 eV mainly consist of Cs (5p), I (5s) and Pb (4f), the valence band with a width of 3.07 eV is
consisting of 1 (5p) and Pb (6p) , with small but no negligible contributions from Cs state. The

conduction band is consisting of Cs (4d) Pb (6p) I (4d).
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V.2.2.3 Optical properties

To connect the electronic structures of a solid to the microscopic physical transitions between
bands, we use the dielectric function. To calculate the complex part of this function we used

the same previous methods.
e(@=¢1 (@) tier(®) (V)

where €, and €1 are respectively the imaginary and real part of the dielectric function, we can

determine the real part from the imaginary part using the Kramer-Kronig relations. We can

calculate the imaginary part by:

r w25 (w)

ep(@) =1+ (3 dw' 232252 (v

_ 2Ile? c Vo2
&(w) = FZk,v,c (P lu.T|¥7 ) )|° 6 (Eck — Evk — hw) (V.3)
0

where ¢ and v are the conduction and valence band, W'k and W are the wave function of
valence and conduction band at k point, € is the vacuum dielectric constant, Q is the volume,

ho is the energy of the incident phonon, u is the vector defining the polarization of the
incident electric field, u.r is the momentum operator.

From the real and imaginary part of the dielectric function we can determine all the optical
proprieties such as the absorption a (w), reflectivity R (), optical conductivity ¢ (®), energy

loss L (o), refractive index n (w) and the extinction coefficient K (o).

a(w)= = k(w) V)
Rlw)e \/81 (w)+ie,(w)-1 (V-5)

(w)= \/81((1))+i82((1))+1
(V.6)

o(w) = —i% [e1(w) + ie(w)
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L(®)=Im[—] V0
e(w)
_1 1/2 1/2 (V.8)
n(w) = 5{le12(w) + €22(w)] *+e1 (w)}
K(a)) = \%{[812(0)) + Ezz(w)] 1/2—81 (w)}l/z (V.9)

The dielectric function and all the optical proprieties are determined using GGA-PBE
functional as shown in Figure V.4. According to the Figure V.4.a we notice that both the
imaginary and real part of the dielectric function increased with energy and attained
maximum at 3.89 and 3.01 eV for CsPbBrs, 5.15 and 3.50 eV for CsPbClz and 3.165 and 2.55
eV for CsPbls, respectively. This peak is a result of the electron transition.

The absorption coefficient a () of a material allows us to determine the penetration’s degree
of light into the material before being absorbed. As showing in Figure V.4.b we observe that
the absorption decreases rapidly when the wavelength (A) increases. The maximum value of
the absorption for CsPbBrs is 58.01x10* cm™ obtained at ultraviolet light (A=300 nm),
56.01x10* cm™ for CsPbCls obtained at ultraviolet light (A=236 nm) and for CsPbls
82.98x10* cm™ obtained at A =200 nm, after that we obtained another peak 57.27x10* at
ultraviolet light (A=340 nm). When we go over A=300 nm, we notice a rapid decrease of the
absorption as a function of A, after that we obtain a stable value 0.19x10* cm™ for CsPbBrs3,
0.14x10* cm™ for CsPbCls and 0.34x10* cm™ for CsPbls in the visible and infrared.
Moreover, the refractive index n () is a dimensionless size characteristic of a medium,
describing the behavior of light in it, this depends on the measurement wavelength, but also
the characteristics of the environment (in particular pressure and temperature). From the
Figure.4.c, we notice that the maximum of the refractive index for CsPbBr3 is 2.53 when the
wavelength is equal to ~ 400 nm (visible), for CsPbCls is 2.27 when the wavelength is equal
to ~ 353 nm (visible) and for CsPbls is 2.99 when the wavelength is equal to ~ 475 nm

(visible). In the range of wavelength between 600 and 1000 nm, we observe that the refractive
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index is conserved at 2.03 for CsPbBrs, 1.842 for CsPbCls and 2.32 for CsPbls. The
Figure.4.d shows that the reflectivity R(w) decreases with the wavelength, we observe that
the highest value of reflectivity for CsPbBr3 is 0.24 (24%) obtained in ultraviolet at 280 nm,
for CsPbCls is 0.19 (19%) obtained in ultraviolet at 239 nm and for CsPbls is 0.29 (29%)
obtained in ultraviolet at 346 nm. The reflectivity decreases as a function of A. We notice that
the reflectivity stabilizes at 0.115 for CsPbBrs, 0.09 for CsPbCls and 0.15 for CsPbls in the

visible and infrared.
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Figure V.4: Optical properties of CsPbXs: a) The dielectric function, b) absorption, c) refractive
index and d) reflectivity.
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V.2.3 The effect of strain on CsPbX3; compounds

V.2.3.1 Electrical properties

We applied the strain to the cubic structure of CsPbBrz compound along the axis z, and we
determined the volume of each percentage (%) to determine the effect of the pressure on the
CsPbBr3 properties. The Table V.2 allows us to determine the pressure, the volume, the ¢
parameter and the band gap energy of each percentage of strain (%). From this table it is
found that the pressure decrease with increasing the volume. Moreover, The value of the gap
energy decrease when increase the stain, and as we can see the gap decrease from 2.16 eV
(0%) up to 1.87 eV (3%), 2.57 eV (0%) up to 2.28 eV (3%) and 1.88 eV (0%) up to 1.60 eV
(3%) for CsPbBrs, CsPbClz and CsPbls, respectively (see Table V.2). We observed that the
two compounds CsPbBrs and CsPblz perovskite can be considered a good candidate for
photovoltaic applications.

Table V.2: Strain effect on pressure, volume, ¢ parameter and band gap energy.

CsPbBrs CsPbClz CsPbls
Strain
) 0 1 2 3 0 1 2 3 0 1 2 3
Pressure 0 0.17 0.40 0.63 0 0.09 0.35 0.62 0 0.13 0.29 0.49
(GPa)
V("é‘:%‘e 1450.99 | 1436.48 | 1421.97 | 1407.46 | 1266.52 | 1253.85 | 1241.18 | 122852 | 1752.31 | 1734.79 | 1717.26 | 1699.74
V:'(‘I’aer)of 1132 | 1120 | 11.09 | 1098 | 1081 | 1071 | 1060 | 10.49 6.37 6.31 6.25 6.18
Band
Gap 2.16 2.11 2.06 1.87 257 252 2.46 228 1.88 1.84 1.79 1.60
(eV)

The calculated band structure of CsPbX3 (X=Br, Cl and I) with strain is shown in Figure V.5.
The Fermi level is fixed to zero at the top of the valence band. The maximum of the valence
band and the minimum of the conduction band are located at the M point, which indicates that

the CsPbX3 with different strain value are direct band gap materials, whereas, the band gap
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energy values are about 1.87 eV, 2.28 eV and 1.60 eV for CsPbBrs CsPbCl; and CsPbls,

respectively, at 3% of strain (see, Figure V.5).
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Figure V.5: Band structure of CsPbX3compound with 3% of strain: a) CsPbBrs, b) CsPbCls and c)
CsPbls.

V.2.3.2 Optical properties

Furthermore, we have calculated the energy dependent optical properties including dielectric
function, absorption coefficient, reflectivity and refractive index using DFT within the GGA-

PBE functional for different strain values, see Figures V.6, 7 and 8. The energy dependent
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dielectric function can be written by Eq. (1). In Figures V.6a, 7a and 8a, it is found that the
real (e1) and imaginary (e2) parts of the dielectric function increase with increasing the energy,
and attained a maximum value at (2.99 eV and 4.39 eV), (3.44 eV and 5.15 eV) and (2.54 eV
and 3.19 eV) for CsPbBr3, CsPbCls and CsPbls, respectively. The observed peak (maximum
dielectric value) is due to the electron transition. These values are obtained for 1% of strain.
We notice that the strain effect on dielectric function is negligible. Figures V.6b, 7b and 8b,
we shown that the absorption coefficient decreases rapidly in visible region when increasing
the wavelength (A). When increasing the strain value, the absorption coefficient of CsPbX3
(X=Br, Cl and I) compound increase in visible region, this is very important for photovoltaic
application. Moreover, in Figures V.6¢, 7c and 8c it is clear that the reflectivity decreases
with increasing the wavelength (1) in visible range. We observed that for different strain
values, the reflectivity stabilizes in the visible range for CsPbX3 (X= Br, Cl and I) compound.
Finally, from the Figures V.6d, 7d and 8d, the maximum values of the refractive index are
2.53, 2.26 and 3.01 for CsPbBrs, CsPbCls and CsPbls, respectively, when the wavelength is in
the range 380-550 nm. After this range, we observe that the refractive index is conserved for
different value of strain.
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Figure V.6: a) Dielectric function, b) absorption, c) reflectivity and d) refractive index of CsPbBr;
compound for different values of strain.
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Figure V.7: a) Dielectric function, b) absorption, c) reflectivity and d) refractive index of CsPbCls
compound for different values of strain.
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Figure V.8: a) Dielectric function, b) absorption, c) reflectivity and d) refractive index of CsPbl;
compound for different values of strain.

V.3 Doping effect on CsPbBr;
V.3.1 Introduction

Photovoltaic technologies experienced a great development these last years due the new
generation of absorbent materials based on halide perovskite, that showing a rapid increase of
the power conversion efficiency (PCE) from 3.8% in 2009 [206] to now over 22% [207]. This
development is due to the outstanding properties of halide perovskite presenting high
absorption coefficient, high charge carrier motilities, a equilibrate electron and hole transport
and direct band gap. Theoretically the PCEof the halide perovskite can reach 31% [208] but

the experimental study is still rather far away from this number and it is still difficult to
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improve the PCE of these perovskite solar cells because of different issues, the major issue
that should be resolved is the poor environmental stability which is related to the
crystallization properties of the perovskite layers and the interfacial charge transfer.

The organic-inorganic halide perovskite with the composition ABX3 where A is (CH3NHs",
CH(NH>).") for the organic cation and (Cs*, K*, Rb*) for the inorganic cation, B is (Fe*"
Cd?* Pb?*, Cu?*, Sn?*, etc.) and X is a halide ions (Br -, CI', or | °), have a PCE close to the
commercial silicon, but the constraints that prevents the commercialization of halide-based
perovskite-based solar cells are the chemical instability under ambient conditions, the toxicity,
the stability for the organic halide perovskite and the probable carcinogenicity of lead and
lead halides [209-211].

In recent years, scientists have given great interest to lead halide perovskite CsPbBr3 because
of its diverse applications in different fields, as promising light emitters for light-emitting
diodes (LEDs) [212,213], photocatalysis [214,215], photodetector [216,217] and especially as
absorber for photovoltaic [218-220]. Cesium lead bromide (CsPbBr3) is characterized by its
flexibility to change the structure at different temperatures, according to Moller [221], who
studied the structural properties of CsPbX3 (X = Br, Cl, I). He demonstrated that CsPbBr3
exists in three different phases. We have the orthorhombic phase at room temperature, when
the temperature is equal to 373 K, the phase changes to tetragonal and the last transition is the
cubic phase at 403 K [222-223].

The variety of CsPbBr3 properties allows it to be one of the most promising materials for
photovoltaic application with a PCE reaches 20.46% [224] and good stability of solar cells,
but the inconvenience is the value of the band gap.

The aim of our work is to reduce the value of the gap by applying different percentage of
doping using | atoms CsPbBrs.xIx with (x=22% and 33%). We calculate electrical and optical

properties using ab initio. As a result the gap value reduces from 2.16 eV for the bulk
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CsPbBr3 to 1.43 eV corresponding to 33% of I. Also, the | atoms improve the absorption

coefficient at the visible light and shows a peak corresponding to 33% of I.
e Computational Methods

In this work all calculations are based on the density functional theory (DFT), the solution of
Kohn-Sham equations are obtained by using Wien2k ab-initio simulation program. We
determined the exchange and correlation effects by a generalized gradient approximation of
Perdew—Burke—Ernzerhof for solid (GGA-PBE) and we used the GGA-MBJ approximation
to improve the gap value. In other work ABOgz perovskites are calculated by means of the
hybrid exchange-correlation functional B3LYP and found to be in an excellent agreement
with experiments [225,226]. The electronic and optical properties have been calculated in
stable cubic phase for the three compounds which conforms to Pm3m space group.

In these calculations we had a 6x6x6 Monkhorst—Pack set of k-point mesh of Brillouin zone
integration generated automatically, the Rm*Kmax value was fixed to 7 (Rmt present the small
atomic radius in the unit cell, while Kmax present the size of the largest vector in the plane

wave expansion).
V.3.2 Electrical properties

According to Figure V.9, we notice that Cs and Pb states hybridize with Br and | in the entire
range, inclusive of the conduction and valence bands, which indicate that Cs-Br, Pb-Br, Cs-I
and Pb-1 bonding are principally covalent. In addition, the electron charge was transferred
from Cs and Pb to Br and I, this is due to the large difference between states, revealing the
ionic bonding characteristic. From Figure V.9.a we observe that the length of the valence
band is 3.43 eV, however, from Figure V.9.b we see that length of the valence band is 4.12

eV and from Figure V.9.c we observe that the length of the valence band is 4.33 eV.



10 @
— tot-Dos
—— Cs-tot
—— Pb-tot
—— Br-tot
8 4
6
[70]
o
o
4
2
0 T T T T T T T
-6 -4 -2 0 2 4 6 8 10 12 14
Energy (eV)
b
10 (b)
(22% of 1)
Total-DOS
35 1 Cs-Tot
— Pb-tot
— I-tot
30
Br-tot
25
[92]
2
20
151
10 1
5_
0|'|'||'|'|.'AﬁAT|'|'|'|'|'|'|"P
8 6 -4 -2 0 2 4 6 8 10 12 14

-14 -12 -10 -
Energy (eV)

89



Figure V.9. Total DOS and PDOS of CsPbBr; doped with lodine : a) bulk, b) 22% and c) 33%.
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The Table V.3 shows the evolution of the gap value as function of lodine doping

concentration. It is found that the gap energy decreases when increasing the doping

concentration of lodine from 2.16 eV (0%) to 1.43 eV (33%) for GGA-PBE approximation

and from 2.318 eV (0%) to 1.589 eV (33%) for GGA-MBJ approximation, and similar the

optical Gap decrease from 2.23 eV (0%) to 1.47 eV (33%).

Table V.3. Energy and optic gaps for different concentration of lodine: a) 0% b) 22% and c) 33%.

Gap energy (eV) Gap optic (eV)
Theoretical )
experimental
GGA-PBE GGA-MBJ
0% 2.16 2.318 2.38 [227] 2.23
22% 1.60 1830 | @ - 1.61
33% 1.43 1589 | - 1.47
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V.3.3 Optical properties

To connect the electronic structures of a solid to the microscopic physical transitions between
bands, we use the dielectric function. To calculate the complex part of this function we used

the same previous methods.
e(w)=¢g1 (W) tiey (V.7)
The €, and €, are respectively the imaginary and real part of the dielectric function; we can

determine the real part from the imaginary part using the Kramer-Kronig relations. We can

calculate the imaginary part by:

2Ile? c v
£ =) ¥ |ur|¥Y )% S(Eck — Evk — hw) (V.8)
2(w) _ng ;C k k
()_Hidr‘b_z’szm% (V.9)
F1\0) = (l'l) P —w

The ¢ and v are the conduction and valence band, ¥k and W% are the wave function of

valence and conduction band at kpoint, &g is the vacuum dielectric constant,  is the volume,

hv is the energy of the incident phonon, u is the vector defining the polarization of the
incident electric field, u.r is the momentum operator.

From the real and imaginary part of the dielectric function, we can determine the optical
proprieties such as the absorption a(w), reflectivity R (o), refractive index n (o) and dielectric

function.

a(w)= =2 k(w) (V.10)

e (w)+ie_(w)-1
\/si(w)+i82 (w)+1

R(w)=

(V.11)
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o(lw) = —i% [e1(w) + ie(w) — 1] (V.12)
L(co)=lm[?al))] (V.13)

n(w) = \/—15{[512(0)) + 522(w)]1/2+31 (w)}l/z (V.14)

K(w) = %{[slz(w) + szz(w)]l/z—gl (w)}l/z (V.15)

The dielectric function and the optical proprieties are determined using GGA-PBE functional
as shown in Figure V.10. According to the Figure V.10.a and 10.b, we notice that both the
imaginary and real part of the dielectric function increased with energy and attained a
maximum value at 3.05 and 3.86eV for bulk CsPbBrs, 2.37 and 3.97eV for 22% of 1, 2.25 and
3.97eV for 33% of lodine, respectively. This peak is a result of the electron transition.

The absorption coefficient a () of a material allows us to determine the penetration’s degree
of light into the material before being absorbed. As showing in Figure V.10.c, we observe
that the absorption decreases rapidly when the wavelength () increases. The maximum value
of the absorption for bulk CsPbBrs is 59.18x10% cm™ obtained at ultraviolet light (A=276 nm),
63.43x10* cmifor 22% of lodine obtained at ultraviolet light (A=295 nm), 64.45x10* cm™for
33% of I obtained at ultraviolet light (A=296 nm). After that, we observed another peak
51.27x10* at ultraviolet light (A=340 nm), 59.75x10* at ultraviolet light (A=360 nm) and
63.86x10* at visible light (\=386 nm) for 0%, 22% and 33% of lodine doping, respectively.
When we go over the second peak, we notice a rapid decrease of the absorption as a function
of A.

The refractive index n () is a dimensionless size characteristic of a medium, describing the
behavior of light in it, this depends on the measurement wavelength, but also the

characteristics of the environment (in particular pressure and temperature). From the Figure
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V.10.d, we notice that the maximum of the refractive index for bulk CsPbBrs is 2.53 when the
wavelength is equal to ~ 400 nm (visible), 2.46 for 22% when the wavelength is equal to ~
500 nm (visible) and 2.49 for 33% when the wavelength is equal to ~ 350 nm (ultraviolet) of
lodine. In the range of wavelength between 600 and 1000 nm, we observe that the refractive
index is conserved at 2.03, 2.23 and 2.28 for 0%, 22% and 33% of lodine, respectively.

The Figure V.10.e shows that the reflectivity R (w) decreases with the wavelength, we
observe that the highest value of reflectivity for bulk is 0.24 obtained in ultraviolet at 280 nm
and for all concentration of doping the reflectivity is equal to 2.26 obtained in ultraviolet at
312 nm. The reflectivity decreases as a function of A. We notice that the reflectivity stabilizes

at 0.115 for bulk, 0.146 for 22% and 0.152 for 33% of lodine.
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Figure V.10: Optical properties of CsPbBr; derived from density functional approximation : a and b)

Dielectric function, c) Absorption, d) Refraction index and e) Reflectivity.

Conclusions

This theoretical work is based on the density functional theory applied to three different types
of perovskites compounds; we determined the physical properties of these compounds. The

aim of these studies is to show the best candidate for photovoltaic applications.

The chapter Il is divided in two sections, in the first section we determined the electronic,

optical and transport proprieties of LaGaOs perovskite compound using GGA-PBE
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approximation. The transport proprieties are investigated using BoltzTraP code. According to
the electronic band structure calculated with GGA-Pbe approximation, we conclude that we
have an indirect gap, the value of the band gap determined from GGA-Pbe 3.61 eV. From the
density of states we notice that we have a covalent and ionic hybridization between La and O
and also between Ga and O in the entire range of energy. All optical properties are calculated
and illustrated in details, showing that our materiel is a good absorber at ultraviolet, and the
reflectivity don't exceed 20% in the entire range of wavelength. From the transport properties
we notice that LaGaOs is P-type materials with electrical conductivity varied from 0 (Q.m.s)*
at 0°K to 10x10%° (Q.m.s)™* at 800 °K. In the second section we calculated the electrical and
optical properties of doped SrHfOs perovskite compound using DFT. According to the
electronic band structure we notice that the band structure changes from an indirect gap
equivalent to 0% of S to a direct band gap equivalent to 8% and 16% of S, the value of the
band gap reduced from 5.6 eV equivalent to 0% of S to 2.09 eV equivalent to 16% of S. From
the density of states we notice that we have a covalent and ionic hybridization between Sr and
O, Sr and S also between Hf and O, Hf and S in the entire range of energy. The optical
properties are determined and illustrated in details, showing that SrHfO3 doped S is a good
absorber at ultraviolet light, and the reflectivity don't exceed 33% in the entire range of
wavelength for all percentage of doping.

In Chapter 1V we focus on determining the electrical, optical and transport properties of
BaZrSs doped Se using the density functional theory. As a result we conclude that the gap
decreases as a function of the percentage of Se and the value reduces from 1.59 eV for 0% of
Se to 1.37 eV for 20% of Se. From the DOS we notice that we have a covalent and ionic
hybridization between Ba and S, Se and also between Zr and S, Se in the entire range of
energy. The optical properties are calculated in details, indicating that our materiels are a
good absorber and from the transport proprieties we notice that BaZrSsxSex is a P-type

materiel.

Chapter V is divided in two sections. The first section focuses on determining the electrical
and optical properties of CsPbBrsdoped | using the density functional theory. As a result we
found that the gap decreases as a function of the percentage of | and the value reduces from
2.16 eV for 0% of | to 1.288 eV for 44% of 1. the optical properties are calculated in details,
indicating that the absorption coefficient changes as function of | showing a peak at the
visible light corresponding to 33% and 44% of 1. As a conclusion we can say that CsPbBr3
doped 1 especially 33% of | with a direct gap equal to 1.439 eV and a good absorption

showing a peak at the visible light is a best candidate for photovoltaic application waiting of
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course the confirmation of the experimental study. In the second section we investigated the
electronic, dielectric function and optical properties of the perovskite CsPbX3 (X=Br, C and
I) compound using ab initio calculations. This perovskite has proposed for photovoltaic
applications on account of their visible light absorption and direct band gap semiconductors.
Moreover, by applying the strain effect, the gap energy decreases when increasing the strain,
whereas, the absorption coefficient increases. The technique proposed is a good method to
reduce the gap energy. Finally, the present compounds are one of the promising candidates for

photovoltaic applications.
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