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Résumé 
 

Nous avons étudié dans le présent projet de thèse, les propriétés structurelles, électroniques, et 

optiques du CuInGaSe2 en structure cristalline chalcopyrite, en utilisant la méthode des ondes 

planes augmentées linéarisées avec un potentiel total (FP-LAPW) dans le cadre de la théorie de la 

fonctionnelle de la densité (DFT) implémentée dans le code Wien2k. Le potentiel d’échange et de 

corrélation est traité avec les approximations GGA-PBE, et MBJ-GGA. Une étude qui s’est basée 

sur la substitution entre les atomes de gallium et celle d’indium, afin d’obtenir de meilleures 

performances photovoltaïques. Dans la deuxième partie nous avons étudié les composés halides 

pérovskites KBX3 (B = Ge ; Sn et X= Cl ; Br ; I) en utilisant la méthode ab-initio, dans le but 

d'élargir notre compréhension des caractéristiques électroniques, et optique des composés 

pérovskites.  Pour les propriétés électroniques, les résultats indiquent que tous ces composés 

étudiés possèdent un caractère semi-conducteur avec un gap direct. Les propriétés optiques 

montrent une large gamme d’absorption dans le visible ce qui ouvrent le domaine pour des 

applications dans l’optoélectronique comme des cellules solaires ou photovoltaïques. Enfin, et 

dans une troisième partie, nous avons étudié les propriétés structurelles, électroniques et optiques 

des composés pérovskites halides mixtes ABI3-xBrx avec (A = K; Rb; Cs / B = Ge; Pb). Afin 

d’envisager une potentielle application en photovoltaïque. Les résultats montrent un aspect semi-

conducteur avec une bonne ouverture du gap qui a mené à d'autres applications potentielles comme 

la photocatalyse. 

 

 

 

 
Mots clés : Halides perovskites ; DFT ; mBJ-GGA ; Photovoltaique ; Perovskites halides 

mixtes ; Propriétés optiques. 
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Abstract 

 
In the present thesis project, we have studied the structural, electronic, and optical properties of 

CuInGaSe2 in chalcopyrite crystal structure, using the linearized augmented plane wave method 

with a total potential (FP-LAPW) in the framework of the density functional theory (DFT) 

implemented in the Wien2k code. The exchange and correlation potential is treated with the GGA-

PBE, and mBJ-GGA approximations. A study based on the substitution between gallium and 

indium atoms, in order to obtain better photovoltaic performances. In the second part we studied 

the halide perovskite compounds ABX3 (A=K / B = Ge ; Sn and X= Cl ; Br ; I) using the ab-initio 

method, with the aim of broadening our understanding of the electronic, and optical characteristics 

of perovskite compounds.  For the electronic properties the results indicate that all these studied 

compounds possess a semiconducting character with a direct gap. The optical properties show a 

wide range of absorption in the visible range which opens the field for applications in 

optoelectronics such as solar cells or photovoltaics. Finally, and in a third part, we studied the 

structural, electronic and optical properties of the mixed halide perovskite compounds ABI3-xBrx 

with (A = K; Rb; Cs / B = Ge; Pb). In order to consider a potential application in photovoltaic. The 

results show a semiconducting aspect with a good gap opening which led to other potential 

applications like photocatalysis. 

 

 

Keywords: Perovskite halides; DFT; mBJ-GGA; Photovoltaics; Mixed perovskite halides; 

Optical properties. 
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Résumé étendu 
 

De nos jours, l’intérêt porté au changement climatique, aux transitions énergétiques ainsi 

que les énergies renouvelables a pris de grande ampleur. Une infinité de recherche, étude et 

de projet sont en cours. Dans le domaine énergétique, plus précisément en photovoltaïque, 

les chercheurs tante l’infinité de combinaison possible afin de trouver le matériau qui fera la 

moindre différance. C’est dans cette optique que vient ce projet de thèse, ou nous avons 

étudié les propriétés structurelles, électroniques, et optiques du CuInGaSe2 en structure 

cristalline chalcopyrite, en utilisant la méthode des ondes planes augmentées linéarisées avec 

un potentiel total (FP-LAPW) dans le cadre de la théorie de la fonctionnelle de la densité 

(DFT) implémentée dans le code Wien2k. Le potentiel d’échange et de corrélation est traité 

avec les approximations GGA-PBE, et MBJ-GGA. Une étude qui s’est basée sur la 

substitution entre les atomes de gallium et celle d’indium, afin d’obtenir de meilleures 

performances photovoltaïques. Dans une deuxième partie nous avons étudié les pérovskites 

halides de type ABX3 (A=K, B = Ge ; Sn et X = Cl; Br; I) en utilisant la méthode ab-initio, 

dans le but d'élargir notre compréhension des caractéristiques électroniques, et optiques des 

composés pérovskites.  Pour les propriétés électroniques les résultats indiquent que tous ces 

composés étudiés possèdent un caractère semi-conducteur avec un gap direct. Les propriétés 

optiques montrent une large gamme d’absorption dans le visible, avec un petit avantage aux 

composé basé gallium, ce qui ouvrent le domaine pour des applications dans 

l’optoélectronique comme des cellules solaires ou photovoltaïques. En addition, nous avons 

étudié les propriétés structurelles, électroniques et optiques des composés pérovskites 

halides mixtes ABI3-xBrx avec (A = K; Rb; Cs / B = Ge; Pb). Afin d’envisager une potentielle 

application en photovoltaïque. Les résultats montrent un aspect semi-conducteur avec une 

bonne ouverture du gap qui a mené à d'autres applications potentielles comme la 

photocatalyse. 
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 Introduction  
 

Over the last years, research has been aimed at developing renewable energies in order to offer a 

reliable alternative to fossil fuels and nuclear energy with the aim of reducing greenhouse gas 

emissions and ensuring energy sustainability in the context of sustainable development. Faced with 

the predicted inevitable depletion of the world's fossil energy resources (oil, gas, coal...), the 

consumption of fossil fuels leads to multiple oil and economic crises besides climate change due 

to the greenhouse effect. The increase in population and the growing demand for energy supply 

have allowed us to explore more sustainable energy resources. For this, scientists and industrialists 

are turning to other sources of renewable energy that are non-polluting but above all based on an 

inexhaustible source, also referred to as green or clean energy. On Earth, solar energy is at the 

origin of the water cycle, wind and photosynthesis of the plant kingdom. The animal kingdom, 

including humanity, depends on plants on which all food chains are based. Solar energy is thus at 

the origin of all forms of energy production used on Earth today, except for nuclear energy, 

geothermal energy and tidal energy. Several technologies exist to capture and convert solar energy. 

They are based on the capture of the energy of photons, energetic particles that make up light. The 

technologies developed allow them to convert their energy into heat or electricity. Solar energy is 

a renewable energy whose use does not produce CO2. Therefore, it appears as a possible solution 

to the problems posed by the scarcity of certain energy sources, their cost and impact on the 

environment. Currently, there are two main ways of exploiting solar energy thanks to 

semiconductor materials that capture light radiation and transform it directly into electricity by 

photovoltaic effect, or after conversion into heat and mechanical energy by thermodynamic effect. 

Photovoltaic technology is a promising technology that so far has attracted the attention of 

researchers and currently many efforts are being undertaken to maximize the efficiency of this 

technology, which goes to study the infinite possible materials.    
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In this perspective, we have started the research of possible materials for photovoltaic application 

using the first principles called "ab-initio", which are among the most accredited methods of 

modeling and simulation, which allows us to obtain a wide range of information on the 

microscopic origin of material properties. Our work is a first-principles calculation, it was carried 

out by the Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method, implemented 

in the Wien2k calculation code.  In the first chapter we present the general introduction of our 

thesis work, followed by a bibliographical study concerning the principle of photovoltaic 

conversion and photovoltaic solar cell technologies. Then, in the second chapter, we are interested 

in the foundations of the Density Functional Theory (DFT), as well as in the new methods of 

simulation and numerical modeling very advanced such as the ab-initio or first principal methods. 

In the first step, we studied a second-generation PV cell material, CIGS has many advantages, 

such as large optical absorption coefficient, long term stability, low cost and high efficiency. And 

we present all the theoretical results obtained concerning the ab initio study of the structural, 

electronic, optical and thermoelectric properties of CIGS as well as their interpretations. On the 

other side of these work, In the fourth chapter, we studied perovskite materials from the third PV 

generation, more precisely the simple halide perovskites of general formula ABX3 with (A = K; 

B= Sn, Ge, Pb; X = Cl, Br, I), we try to see the effect of the change of the cation B as well as the 

halogen X, on the physical properties of these compounds. In a perspective of improving 

properties, we investigate in the fifth chapter, the perovskite halides mixte with general formula 

ABI3-xBrx with (A = Cs,K and B = Pb, Sn, Ge), We explored the effect of mixed halides on the 

electronic and optical properties of the studied materials. In the last chapter. We inestigate the 

perovskite halides mixte with general formula AGeI2Br with (A = Cs,K and Rb) with strain effect 

study and other perspective of application for this compounds. This work ends with a general 

conclusion, summarizing the main results obtained with the associated physical interpretations, 

while proposing the envisaged perspectives. 
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I. Introduction 

 

       The Sun is an extremely powerful energy source, and sunlight is by far the largest source of 

energy received by Earth. Abundant and free primary energy, it is at the origin of the water cycle, 

wind and also photosynthesis [1]. Solar energy is thus at the origin of all forms of energy 

production used nowadays, with the exception of nuclear energy, geothermal energy and tidal 

energy. Solar radiation is partly reflected, partly diffused within the atmosphere, so that, at ground 

level, there are two components: direct radiation, from the portion of the sky occupied by the sun, 

and diffuse radiation, from the rest of the sky [2]. The diffuse radiation is the result of several 

phenomena: scattering by molecules (Rayleigh scattering, which is the origin of the blue color of 

the atmosphere) [3] or by aerosols (Mie scattering, independent of the wavelength of radiation), 

reflection on clouds or dust [4]. Figure I.1 illustrates these phenomena schematically. Solar 

radiation can be converted either into thermal energy (heat) or into electrical energy [5]. Today 

technologies are at the base of this conversion, the photovoltaic (PV) modules are the primary 

elements of photovoltaic systems, which allow the conversion of solar radiation into electricity 

and it concerns both components of the illumination, which makes possible the production of solar 

electricity even during cloudy days [6]. 

       In the 21st century solar energy is expected to become increasingly attractive as a renewable 

energy source because of its inexhaustible supply and its nonpolluting character, there is a hope 

that photovoltaic systems can make us independent of fossil fuels, addressing the current 

environmental problems. 

 

https://www.britannica.com/science/sunlight-solar-radiation
https://www.britannica.com/place/Earth
https://www.britannica.com/science/thermal-energy
https://www.britannica.com/technology/electric-power
https://www.britannica.com/science/renewable-energy
https://www.britannica.com/science/renewable-energy


19 

 

 
 

Figure I. 1: Solar radiation 

I.1. Photovoltaic / solar cell 

 

         The word photovoltaics (PV) was first mentioned around 1890, and it comes from the Greek 

words: photo, ‘phos,’ meaning light, and ‘volt,’ which refers to electricity. Photovoltaic, therefore, 

means light-electricity, describing exactly the photovoltaic phenomenon where we can directly 

convert light into electricity using semiconducting materials. Observed by Henri Becquerel in 

1939 [7]. It is quite generally defined as the emergence of an electric voltage between two 

electrodes attached to a solid or liquid system upon shining onto this system. In most cases, 

semiconductors are used for the solar conversion in solar cell material. The energy conversion 

consists of absorption of light (photon) energy producing electron–hole pairs in a semiconductor 

and charge carrier separation [8]. For a charge carrier separation, a p–n junction is used. It is 

important to learn the basic properties of semiconductors and the principle of conventional p–n 

junction solar cells to understand how the conventional solar cell works. In a crystalline 

semiconductor, the crystal structure determines the different energy levels available to electrons. 

These energy levels constitute two sets that can be considered continuous: the valence and 
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conduction bands, separated by a band-gap (of the order of one electron-Volt), depend on the 

material Fig I.2. 

 

 

Figure I. 2:Energy levels 

An impurity can be introduced into the crystal lattice: it is a dopant atom. The atom is an electron 

acceptor if it is located on the previous column of the constituent element of the network in the 

periodic classification of elements, it is a donor if it is on the next column. For example, silicon 

can be doped with boron (P doping: there is an excess of holes) or with phosphorus (N doping: 

excess of electrons). When an N-doped semiconductor and a P-doped semiconductor are brought 

into contact, a p-n junction is obtained. That’s why the photovoltaic cells are p-n junctions [9]. 

 

Figure I. 3:A p-n junction 
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When the p-doped region and the n-region are brought into contact with, electrons and holes 

spontaneously diffuse on both sides of the junction, creating a depletion zone. While a doped 

semiconductor is a good conductor. The width of the depletion zone varies with the voltage applied 

on both sides of the junction. The smaller the width of the depletion zone is, the lower is the value 

of the resistance of the junction. This allows electrical current to pass through the junction only in 

one direction, the main characteristic of a diode Fig.I.3. The electrical characteristic U-I (current 

- voltage) Figure I.4 of a p-n junction under illumination is that of a p-n diode and it is called the 

Shockley equation [10]:                         

𝐼𝐷 = 𝐼𝑠𝑎𝑡 . (𝑒
𝑈

𝑈𝑇 − 1) = 𝐼𝑠𝑎𝑡 . (𝑒
𝑞𝑈

𝑘𝑇 − 1)         (1.1) 

With :  

Isat : the saturation current. 

U : is the voltage across the diode. 

UT : is the thermal voltage, equal to 
𝑘𝑇

𝑞
= 26𝑚𝑉 𝑎𝑡 𝑇 = 300𝐾. 

q : is the elementary charge. 

T : absolute temperature of the junction. 

k : the Boltzmann constant. 

 

 
Figure I. 4:I-V cararcteristic of a solar cell. 
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The p-n junction is an essential component of a solar cell, which is used to generate solar energy. 

Its purpose is to capture the sun's radiation in order to transform it into electricity. The solar cell, 

or photovoltaic, can work alone, when the needs are lesser, for a solar calculator for example. For 

larger needs, it is assembled into photovoltaic solar modules, which we commonly call solar 

panels. For a solar cell we have five main Component Fig I.5. 

 

Figure I. 5:Solar cell Component 

● Glass substrate  

        The substrate generally used for the realization of solar cells is a soda-lime glass substrate 

chosen for its thermal expansion close to that of the absorber and its low cost. 

● Molybdenum substrate 

       On the glass substrate, a layer of molybdenum is deposited as the back contact. This layer of 

500 to 1000 nm is deposited by sputtering and has a fundamental role in the performance of the 

solar cell [11]. Initially, molybdenum was chosen for its good conductivity and its resistance under 

selenium atmosphere but it also presents electronic properties adapted to the solar cell.  

● Absorbent layer 

       For the absorption of light, an important characteristic of the material is its gap. This is the 

gap between the maximum of the valence band and the minimum of the conduction band of a 

material. The valence band is assumed to be entirely occupied by electrons and the conduction 

band entirely empty. There are two types of gaps: the direct gap and the indirect gap. The direct 
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gap: When the minimum of the conduction band and the maximum of the valence band correspond 

to the same value of the wave vector (k), the gap is direct. The transitions between bands are 

vertical, and are therefore radiative. The indirect gap: the transition of the extrema of the bands 

does not occur vertically but obliquely: the electronic transitions are non-radiative. 

● Buffer layer  

        As a buffer layer we can use a thin layer of cadmium sulfide (CdS) deposited by chemical 

bath on the absorbent layer [12]. This thin 50-80 nm layer participates in the formation of the pn 

junction but also passivates the surface states and protects the absorbent surface from the high-

energy ions used for the window layer sputtering. In order to deposit the CdS layer, the layer is 

immersed in a solution that includes a cadmium salt, an ammonia NH3 complexing agent and a 

thiourea SC(NH2)2 precursor. In the laboratory, the absorbent layer is immersed in the solution at 

a temperature of 60◦C for 7 minutes. The CdS layer has a much higher doping than the absorbent 

layer allowing the formation of the p-n junction in the absorber layer. In addition, the buffer layer 

has a larger band gap than the absorber (Eg(CdS) = 2.4 eV) [13]. 

● Window layer  

        Finally, two layers of zinc oxide (ZnO) are deposited by sputtering. The first layer consists 

of highly resistive ZnO. The second layer is the transparent and conductive contact. Its role is to 

constitute the front electrode while ensuring the optimal transmission of photons of the solar 

spectrum. It is therefore a large gap material whose conductivity is promoted by doping with 

aluminum.   

      The standard manufacturing process for photovoltaic systems has several steps. The following 

explanations apply to the crystalline silicon sector. Currently, most solar panels are made of 

silicon. The first step in manufacturing a solar panel is to produce silicon ingots, which are large 

blocks of ultra-pure silicon (99.999999%).  
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      The silicon is taken out of the furnace in the form of bars called "ingots". The ingots are cut 

into thin plates called "wafers" using wire saws. The thickness of the wafers is less than 200 

microns, the equivalent of a sheet of paper. The next step is to chemically treat the wafer to make 

it less reflective. At the end of this treatment, the surface of the wafers, smooth at the beginning, 

is made up of tiny pyramids. This relief texture increases the conversion of light into electricity.  

        In order for the wafer to become a photovoltaic cell, phosphorus, a simple non-metallic body 

that is luminous in the dark, is deposited at very high temperature on its front surface. This addition 

of phosphorus gives a negative polarity to this front face. The wafer is now a photovoltaic cell, 

with a negative polarity front side and a positive polarity back side. It remains to deposit metal 

contacts on the front and back of the cell to collect the electrons released in the silicon. Each 

photovoltaic cell works like an electric battery, with a positive and a negative pole. The most 

common panels are composed of 60 cells. The next step is to place a tempered glass, whose 

thickness is 3 to 4 mm, in front. The panel is then equipped with its aluminum frame whose 

composition and profile have been studied to offer the best qualities of mechanical resistance. 

Finally, a junction box is attached to the back of the solar panel: it is the solar electricity output 

terminal. Each terminal has a "plus" and a "minus" cable equipped with special connectors to 

ensure the best electrical connection and a perfect seal. 

 

Figure I. 6: Manufacture of photovoltaic panels 
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        So, by using the photovoltaic phenomenon, we can easily convert solar energy into 

electricity and use it as an alternative to traditional means of energy generation. Generally, we 

distinguish photovoltaic cells according to the technological developments and untill now there is 

three generation of solar cells:  

I.1.1 The 1st generation cells: 

      First generation cells are based on a single P-N junction and generally use silicon in crystalline 

form as the semiconductor material. The silicon is melted and then cooled to obtain a crystal that 

is cut into thin wafers to obtain the photovoltaic cell. This production method is very energy 

intensive and therefore very expensive. It also requires high-purity silicon. We differentiate 

between monocrystalline and polycrystalline silicon cells. 

    I.1.2 The 2nd generation cells: 

      Thin films are the second generation of photovoltaic technology. In this generation, we 

distinguish amorphous silicon (a-Si), Copper Indium Gallium Selenide (CIGS) solar cells, 

cadmium tellurium /Cadmium Sulfide (CdTe/CdS) solar cells. In the case of thin films, the 

semiconductor layer is directly deposited on a substrate (e.g. glass, plastic ,..). The production of 

this type of cells is less expensive than that of the 1st generation because they consume less 

semiconductor material and do not require the stage of transformation into "wafers".  

    I.1.3 The 3rd generation cells: 

      The 3rd generation cells are more flexible, ultra-thin, and therefore more "agile" than silicon 

panels, based on macromolecules and nanoparticles, whose manufacturing processes are much less 

energy intensive and, potentially, lower cost. These third-generation photovoltaic cells are solar 

cells potentially capable of exceeding the Shockley limit - Queisser's 31-41% energy efficiency 

for single band gap solar cells [14]. This includes a range of alternatives to cells made of 

semiconductor p-n junctions ("first generation") and thin film cells ("second generation"). 

https://www.greenmatch.co.uk/solar-energy
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Unfortunately for the PV industry, these cells lack stability over time, resulting in a lifetime when 

exposed to sunlight that is too short for PV applications. Current third generation systems include :  

● Zinc tin copper sulfide (CZTS) solar cell and derivatives CZTSe and CZTSSe 

● Dye-sensitized solar cell, also called "Grätzel cell 

● Organic solar cell 

● Perovskite solar cell 

● Quantum dot solar cell 

        In particular, the results obtained in perovskite cell research have received considerable 

public attention, with their research efficiency recently exceeding 20% [15]. 

I.2. Perovskite 

I.2.1 introduction 

        Perovskite solar cells have shown remarkable progress in recent years with rapid increases in 

conversion efficiency, from reports of about 3% in 2006 to over 25% today. While perovskite solar 

cells have become highly efficient in a very short time, a number of challenges remain before they 

can become a competitive commercial technology. The word perovskite was first used by the 

German mineralogist Gustav Rose [16] in 1839, to designate calcium titanate of formula CaTiO3. 

The choice of this name was to commemorate the name of the Russian mineralogist L. A. 

Perovskite (1792-1858). Then this word was extended to designate all the oxides of general 

formula ABO3, which have the same structure as CaTiO3. The ideal perovskite structure is cubic, 

with a Pm3m space group. Perovskite oxides have been widely studied since then, due to the wide 

variety of properties that these materials present. For example, ferroelectricity [17-18], 

piezoelectric [19], semi-metallicity [20] and dielectric [21]. However, these oxide perovskites do 

not have good semiconducting properties that would make them suitable for photovoltaic (PV) 

applications. For this reason, research has been directed towards another class of perovskite-like 

https://www.nrel.gov/pv/cell-efficiency.html
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materials, halide perovskites, which differ from oxide perovskites by the fact that halide anions 

replace oxide anions (ABX3; A = cation, B = divalent metal cation, X = halogen anion) Fig I.7. 

These compounds have shown desirable semiconducting properties for photovoltaic (PV) 

applications. 

 

Figure I. 7: Elementary structure of perovskite type ABX3. 

        According to the occupation of the A and B sites, we can define two types of perovskites:  

● Simple perovskites: these are perovskites for which the A and B sites are occupied by a 

single type of atom, for example the compounds: CaTiO3, BaTiO3, NaTaO3, PbTiO3....  

● Complex perovskites: these are perovskites in which one of the two sites A or B is occupied 

by two types of atoms, the distribution of cations can be random or ordered, for example 

the compounds used in the manufacture of capacitors: PbMg0.33Nb0.66O3, PbSc0.5Ta0.5O3, 

Na0.5Bi0.5TiO3. 

       The choice of the atoms positioned on the sites of the cations A and B in the crystal structure 

of the perovskites is primordial and essential in the stability of these compounds, particularly the 

relation linking the lengths of the ionic radius of the cations A, B and the anion X by the ionicity 

of the bonds as well as the difference of electronegativity between the cations and the anions 

playing a decisive role in the determination of the properties of these materials. So we can conclude 
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that there are two factors that mainly influence the stability of the perovskite structure the ionicity 

of the anion-cation bonds and the Goldschmidt tolerance factor [22]. 

I.2.2. Stability factors of the perovskite structure 

   a . Ionicity of anion-cation bonds 

       The difference in electronegativity between the different ions plays a major role in the stability 

of the perovskite structure. The ionic character of this structure can be determined from the average 

electronegativity difference, according to the Pauling scale [23].  

𝛿 =
(𝜒𝐴−𝑂+𝜒𝐵−𝑂)

2
                                           (1.2) 

Where: 𝜒
𝐴−𝑂

 and 𝜒
𝐵−𝑂

represent the differences in electronegativity between A and O and B and 

O respectively. 

     b. Goldschmidt tolerance factor (t) 

 

       The Goldschmidt factor (t), allows to quantify and explain in a global way the compactness, 

the stability and the existence of distortions in the perovskite structure as well as the stability of 

the crystalline structure for different relative values of ionic radii. Thanks to Goldschmidt we can 

define a relationship between the ionic radii of the elements that constitute the simple perovskite 

structure.This tolerance factor (t) is expressed by the following relation: 

(𝑅𝐴+𝑅𝑂) = 𝑡√2 (𝑅𝐵+𝑅𝑂)                        (1.3) 

       RA, RB and RO represent, respectively, the ionic radii of cations A, B and oxygen ion. The 

value of 𝒕, which approaches 1, favors the ideal cubic structure for simple perovskites. When the 

value of "t" moves away from 1, the elementary mesh is distorted. For low values and in a certain 

limit, the structure goes through phase transitions trying to compensate the imbalance of the size 

of the cations. This compensation is done, in general, by a tilt of octahedra BX6 perovskite giving 

place to different crystal structures 
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      c . Formation Energie  

      One of the most useful quantities calculations is its formation energy, it’s the energy required 

to the compound formation from its constituent elements. Compound-formation energies are 

required to predict compound stability, generate phase diagrams, calculate reaction enthalpies and 

voltages and determine many other material properties. Because this quantity is so ubiquitous, it 

is important to determine the trustworthiness of our predictions.  The DFT calculations are 

performed at 0 K and experimental formation energies are typically measured at room temperature, 

we must consider how much we can expect the formation energy to change between 0 and 300 K. 

The largest source of differences between 0 and 300 K formation energies is the existence of phase 

transformations in this temperature range. These phase transformations can take the form of solid–

liquid, solid–gas or solid–solid transformations and lead to significant changes in energetics. In 

general, the formation energy for a compound is given by [24] :  

 

𝐸𝑓𝑜𝑟𝑚
𝐴𝐵𝑋3 =

1

𝑥+𝑦+𝑧
 [𝐸𝑡𝑜𝑡𝑎𝑙

𝐴𝐵𝑋3 − (𝑥𝐸𝑠𝑜𝑙𝑖𝑑
𝐴 + 𝑦𝐸𝑠𝑜𝑙𝑖𝑑

𝐵 + 𝑧𝐸𝑠𝑜𝑙𝑖𝑑
𝑋 )]             (1.4) 

 

      Where 𝐸𝑡𝑜𝑡𝑎𝑙
𝐴𝐵𝑋3, 𝐸𝑠𝑜𝑙𝑖𝑑

𝐴 , 𝐸𝑠𝑜𝑙𝑖𝑑
𝐵  and 𝐸𝑠𝑜𝑙𝑖𝑑

𝑋  are the calculated total energies of ABX3 compounds, 

and the energy of A, B and X, respectively. x, y and z are the numbers of the atoms A, B and X in 

the unit cell respectively. 

I.3.  Halide pérovskite 

1.3.1 Introduction 

      The discovery of such halide perovskites dates back to the 1890s. Indeed, in the year 1893, 

Wells et al conducted an extensive study on the synthesis of lead halide compounds from solutions 

comprising lead halide and cesium, CsPbX3 (X = Cl, Br, I) [25], ammonium (NH4) or rubidium, 

RbPbX3 [26]. Much later, in 1957, the Danish researcher CK. Moller discovered that the structures 

CsPbCl3 and CsPbBr3 had a perovskite structure [27]. In 1978 Weber presented the first 
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crystallographic study of lead perovskites. The year 1995 is marked by the work of David Mitzi 

who succeeded in synthesizing a large variety of halide perovskites based on organic cations [28]. 

These and other researches have shown the possibility of using halide perovskites in optics and 

electroluminescence. The work of Kojima Akihiro, et al started in 2005 showed the possibility of 

using perovskite halides in the field of solar cells with an acceptable efficiency [29]. Based on the 

information provided by "Clarivate Analytics" in 2018, researchers from more than 1000 institutes 

around the world are currently working on photovoltaic and optoelectronic technologies related to 

halide perovskite, resulting in more than 9000 scientific papers in this field. The simple perovskite 

halide structure has a general formula ABX3 where 'A' and 'B' are two cations and 'X' is a halogen. 

The ideal structure of a perovskite is a face-centered cubic structure of high symmetry, with a 

space group (#221) [30]. Its structure can be described as a cubic lattice of A cations at the vertices, 

with X anions placed at the center of the faces and a B cation occupying the octahedral site at the 

center of the cube. This structure can also be described as a cubic network of BX6 octahedra 

connected by the vertices, and between which the A cations occupying the centers of the 

cuboctahedral are intercalated. 

I.3.2 Fields of application of perovskites 

Single and double halogen-based perovskites have the potential to become new materials with 

multifunctional properties, due to the different possibilities of chemical combinations. With 

general formula ABX3, halide perovskites present a variety of physico-chemical properties; 

starting with large gap insulating compounds, passing by semiconductors or ferroelectric, or even 

superconductors compounds [31-33]. Therefore, the study of the properties of these compounds 

becomes a necessity to predict possible uses depending entirely on these properties. 

In recent years, halide perovskites have emerged as leading materials for many optoelectronic 

applications. However, oxide perovskites have a much longer history and perform a critical role 

in many technological applications. Applications based on perovskites are finding their way into 
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industrial use, whether in innovative projects such as the superconducting properties already used 

in magnetic levitation trains in Japan and in electric cables for urban distribution networks, or in 

the health field, such as fluoro perovskites which can be used in the medical field to measure the 

dose during radiotherapy, and which can also be used in the manufacture of X-ray imaging plates, 

sensors also have their share of perovskites [34], magnetoresistance, transistor, solar cells [35]. 

Perovskites are intensively studied in recent years, due to their optoelectronic properties such as 

semi conductivity, dielectric permittivity, ferroelectricity, thermoelectricity, further characterized 

by their abundance and low cost. Thanks to their extraordinary properties, these materials are 

becoming very promising and play an important role in modern electronics. Perovskites are 

therefore promising candidates in the development of new materials to meet the needs of new 

markets in modern electronics. 

     Also, perovskites can be tuned to respond to different colors in the solar spectrum by changing 

the material composition, and a variety of formulations have demonstrated high performance. This 

bandgap flexibility opens up another useful application for perovskite solar cells in high-

performance tandem device architectures, with potential power conversion efficiencies over 30%. 

In these structures, perovskites are combined with another, differently tuned absorber material to 

deliver more power. Perovskite solar cells of certain compositions can convert ultraviolet and 

visible light into electricity very efficiently, meaning they might be excellent hybrid-tandem 

partners for absorber materials such as crystalline silicon that efficiently convert infrared light. It 

is also possible to combine two perovskite solar cells of different composition together to produce 

a perovskite-only tandem. Doing so could lead to even higher efficiency and more cost-effective 

tandem photovoltaic (PV) applications. Perovskite-only tandems could be particularly competitive 

in the mobile, disaster response, and defense operational energy areas, as they can be produced on 

flexible substrates with high power-to-weight ratios. The perovskite PV R&D community is 

heavily focused on operational lifetime and is considering multiple approaches to understand and 

improve intrinsic and extrinsic stability and degradation. Efforts include improved surface 
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passivation of absorber layers; alternative materials and formulations for absorber layers, charge 

transport layers, and electrodes; and advanced encapsulation materials and approaches that 

mitigate degradation sources during fabrication and operation.  

I.4 Conclusion 

 

      Actually, some perovskite researchers continue to push conversion efficiencies by 

characterizing defects in the perovskite. While perovskite semiconductors are remarkably defect-

tolerant, defects still –negatively affect performance — especially those occurring at the surface 

of the active layer.  Other researchers are exploring new perovskite chemical formulations, both 

to tune their electronic properties for specific applications (like tandem cell stacks), or further 

improve their stability and lifetime. Researchers are also working on new cell designs, new 

encapsulation strategies to protect perovskites from the environment, and to understand basic 

degradation pathways so they can use accelerated aging studies to predict how perovskite solar 

cells will last on rooftops. Others are rapidly exploring a variety of manufacturing processes, 

including how to adapt perovskite “inks” to established large-scale solution printing methods. 

Finally, while the best-performing perovskites are today made with a small amount of lead, 

researchers are also exploring alternative compositions and new encapsulation strategies, in order 

to mitigate concerns associated with lead toxicity. 
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II.1. History  

 

Many mechanical or electronic properties of materials are routinely calculated in laboratories. 

Moreover, these methods are continuously updated to adapt to the speed and memory capacity of 

computers. They are all based on the density functional theory (DFT) [36]. The full-potential 

linearized augmented plane wave (FP-LAPW) [37] method is one of the most powerful and 

accurate methods for electronic structure calculations of condensed matter in a ground state, 

transition state or excited state. These computational methods use approaches from the 

fundamental laws of quantum mechanics, electromagnetism, and statistical physics to solve the 

Schrödinger equation [38], which provides a formal link between atomic-scale structure and 

macroscopic properties. However, the key problem to study, analyze the structure of matter, and 

understand the different physical properties of a system of interacting particles (or N-body 

problem) is to solve Schrödinger's equation (2.1).  

𝐻𝛷(𝑟, 𝑡) = 𝑖ħ
𝜕

𝜕𝑡
 𝛷(𝑟, 𝑡)                                                                (2.1) 

Indeed, the N-body problem does not admit any analytical solution, so incessant research, which 

is of extreme importance, has been carried out. Several methods have been proposed to solve 

equation (2.1). The stationary form for time independent potentials [39] is: 

𝐻𝛹(𝑟𝑖, 𝑅𝑖) = 𝐸𝛹(𝑟𝑖, 𝑅𝑖)                                                                  (2.2) 

Where: 

E: Total energy of the system in its ground state described by the wave function 𝛹(𝑟𝑖, 𝑅𝑖) . 

𝛹(𝑟𝑖, 𝑅𝑖) : Wave function with several particles, where the set (𝑟𝑖),, contains the variables 

describing the electrons and (𝑅𝑖), those describing the nuclei. 

H: The operator corresponding to the Hamiltonian of the system. 

The Hamiltonian operator is written: 
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𝐻 = 𝑇𝑒(𝑟) + 𝑇𝑖𝑜𝑛𝑠(𝑅) + 𝑉𝑖𝑛𝑡(𝑟) + 𝑉𝑖𝑜𝑛𝑠(𝑅) + 𝑉𝑒𝑥𝑡(𝑟, 𝑅)            (2.3) 

Where:  

𝑇𝑒 𝑒𝑡 𝑇𝑖𝑜𝑛𝑠 ∶ The kinetic energy operators of electrons and ions, 

𝑉𝑖𝑛𝑡 𝑒𝑡 𝑉𝑖𝑜𝑛𝑠 : The interaction potentials between electrons and between ions, 

𝑉𝑒𝑥𝑡 ∶ The external potential experienced by the electrons which contains the external fields 

imposed by the ions. 

The calculation of the energy of the ground state of the system is based on the solution of the time-

independent Schrödinger equation (2.2) with the Hamiltonian (2.3) for an atomic or molecular 

system, and it is called an electronic structure calculation. Quantum computational methods can 

be classified as ab initio (first principles) or semi-empirical. Semi-empirical methods use 

approximate Hamiltonians instead of the exact Hamiltonian and parameters whose values are 

adjusted to experimental data or to the results of ab initio calculations. These methods require 

relatively short computation times and are appropriate for the study of large systems. On the other 

hand, ab initio calculations use the exact Hamiltonian and the values of the fundamental physical 

constants. As we will see, there are several levels of approximation in ab initio calculations and, 

in general, depending on the physical and chemical characteristics of the system under study, one 

can choose the most appropriate level of calculation to obtain the desired results. In this chapter, 

we will develop the theoretical tools that allow us to conduct the structural, electronic and elastic 

study. We start by briefly describing the Born-Oppenheimer approximation [40], the Hartree 

theory [41] and the Hartree-Fock theory [42], then we present the density functional theory [43,44] 

as the modern method of electronic structure calculation whose main argument is not the wave 

function but the electronic density. 
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    II.2 Born-Oppenheimer approximation 

The Born-Oppenheimer approximation or the adiabatic approximation [40]. First approximation 

historically presented by Max Born (1882-1970) and Robert Oppenheimer (1904-1967). This 

approximation is based on the separation of the motion of the electrons from that of the nuclei 

because the mass of the nucleus is much greater than that of the electrons [45]. It consists in 

supposing that the atomic nuclei are fixed in relation to the electrons, which allows us to separate 

the study of the motion of the electrons from that of the nuclei. And because the nuclei are heavier 

than the electrons and therefore slower, we begin by neglecting their motion in relation to that of 

the electrons and we take into account only that of the electrons in the rigid periodic network of 

nuclear potentials. Thus, the kinetic energy of the nuclei is neglected and the nucleus-nucleus 

potential energy becomes a constant that can be chosen as the new origin of energies. The 

Hamiltonian described in equation (2.3) can be simplified, since the kinetic energy of the nuclei 

becomes zero (𝑇𝑖𝑜𝑛𝑠(𝑅)⁓ 0), the interaction energy of the nuclei becomes constant ( 

𝑉𝑖𝑜𝑛𝑠(𝑅) ⁓ 𝑐𝑠𝑡𝑒 ) but can be made zero by a suitable choice of the origin [42].  

The Hamiltonian becomes:  

𝐻 = 𝑇𝑒(𝑟) + 𝑉𝑒𝑥𝑡(𝑟) + 𝑈                            (2.4) 

With:  

𝑇𝑒  ∶ The kinetic energy operator,                                           𝑇𝑒 = −∑𝑖
ħ

2𝑚𝑒
𝛻𝑖

2 

𝑉𝑒𝑥𝑡 : The external potential felt by the electrons,                 𝑉𝑒𝑥𝑡 = −∑𝑖,𝐼
𝑍𝐼𝑒

2

|𝑟 𝑖−𝑅⃗ 𝐼
 

U : the interaction potential e-e,                                              𝑈 = −
1

2
∑𝑖,𝐼

𝑒2

|𝑟 𝑖−𝑅⃗ 𝐼
 

The equation is written in the condensed form :      

𝐻𝑒𝛹 = [𝑇 + 𝑉𝑒𝑥𝑡 + 𝑈]𝛹 = 𝐸𝑒𝛹                (2.5) 
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The problem is now purely electronic and neglects lattice vibrations, which gives this 

approximation the name adiabatic. However, the problem is simpler than the original one, but still 

difficult to solve and does not admit any analytical solution except in very simple cases like the 

hydrogen atom [46]. Therefore, other approximations are necessary. 

II.3 Hartree approach 

Proposed in 1928, it is an approximation that consists in assuming that each electron moves 

independently in the mean field created by the other electrons and nuclei [41]. It consists in 

replacing the poly-electron function by a product of mono electron functions. Thus, the problem 

passes from a system of electron-electron pair repulsion to a problem of a particle immersed in an 

average electrostatic field created by the charge distribution of all the other electrons and nuclei. 

This approximation is based on the assumption of free electrons which means that the interactions 

between electrons and spin states are not taken into account. This has two important consequences: 

the first is that the total coulombic repulsion of the electronic system is overestimated, the second 

is that the Hartree description does not take into account the Pauli exclusion principle, which 

requires the wave function to be antisymmetric with respect to the exchange of the coordinates of 

two electrons [47]. This approximation reduces the N-body problem to that of an independent 

electron problem. The treatment consists in reducing the body problem to that of a single particle, 

which allows us to consider the wave function of the system as the direct product of the one-

particle wave functions as presented on (2.6). 

𝜓(𝑟1, 𝑟2 ………𝑟𝑁) = 𝜓(𝑟1). 𝜓(𝑟2)……  𝜓(𝑟𝑁)           (2.6) 

It is a self-consistent equation of a singular particle to describe the electronic structure of the atom 

approximately. Each atom is considered in motion in an effective potential. The mono-electronic 

Schrödinger equations, called Hartree equations, are written in the form [48]: 

−
ħ2

2𝑚
𝛻2𝜓𝑖(𝑟 ) + 𝑉𝑒𝑓𝑓(𝑟 )𝜓𝑖(𝑟 ) = 𝐸𝜓𝑖(𝑟 )        (2.7) 
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The first term corresponds to the kinetic energy of the electron i and the second term 𝑉𝑒𝑓𝑓(𝑟 ) 

corresponds to the potential that the electron experiences. 

The potential 𝑉𝑒𝑓𝑓(𝑟 ) must take into account the electron-nucleus interaction and the action of 

other electrons. The electron-nucleus interaction is denoted by 𝑉𝑁(𝑟) given by: 

𝑉𝑁(𝑟) = −𝑍𝑒2 ∑
1

|𝑟−𝑅|𝑅               (2.8) 

As well as the action of the other electrons. This last effect is more difficult to take into account 

and in the Hartree approximation we consider that the other electrons form a negative charge 

distribution ρ(r'). Moreover, the electron moves in an average electrostatic potential 𝑉𝐻(r) coming 

from the set of neighboring electrons expressed by :  

𝑉𝐻(𝑟) = −𝑒 ∫𝑑3𝑟′𝜌(𝑟′)
1

|𝑟−𝑟′|
             (2.9) 

Finally, we express the effective potential as the sum of these two contributions: 

𝑉𝑒𝑓𝑓(𝑟) = 𝑉𝑁(𝑟) + 𝑉𝐻(𝑟)          (2.10) 

This approach gave a self-consistent solution to the problem of the physical system (the wave 

function and the electron density are interdependent). The equation is now simple to solve, but 

does not give very good results. Because of the neglect of the Pauli exclusion principle and the 

spin of the electrons. This requires the use of other approximations to better describe the term 

responsible for this contribution. 

II.4 The self-consistent Hartree-Fock method 

The electronic system in the Hartree approximation is not completely described. In 1930, Fock 

[42][49] showed that the Hartree wave function violates Pauli's exclusion principle because one 

of the missing interactions is the exchange interaction. This is the effect that expresses the 

antisymmetric of the wave function with respect to the exchange of the coordinates of any two 

electrons leading to the description of the N-body system (electrons) by the equality: 
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𝜓(𝑟1, 𝑟2, ……… , 𝑟𝑖, …… . , 𝑟𝑗 , …… , 𝑟𝑁) = −𝜓(𝑟1, 𝑟2, ……… , 𝑟𝑗 , …… . , 𝑟𝑖, …… , 𝑟𝑁)       (2.11) 

The Hartree-Fock approximation [50] is the basis of almost all ab initio and semi-empirical 

methods, hence its confirmed success in this field for several decades. The Hartree-Fock method 

is the starting point of many quantum calculations. Indeed, most of the methods allowing the 

treatment of electronic correlation are based on the use of the wave function obtained after a 

Hartree-Fock calculation. The fundamental principle is the consideration of the independence of 

the motion of an electron with respect to the motion of its neighbors. Thus, in this approximation, 

no account is taken of the dynamic electron correlation resulting from the influence of the motion 

of the surrounding electrons on the reference electron. As in the Hartree approach, the wave 

function of an N electron system is described by a linear combination of mono-electron functions 

with the addition of the antisymmetric of the ensemble. This first approximation allows us to write 

the wave function of the system as a Slater determinant [51].   

𝛹𝑒 = 𝜙𝑠𝑑 =
1

√𝑁!
(𝜙1(𝑟1) ⋯ 𝜙𝑛(𝑟𝑛)  ⋮ ⋱ ⋮  𝜙1(𝑟𝑛) ⋯ 𝜙𝑛(𝑟𝑛) )             (2.12) 

1

√𝑁! 
: is the factor of the valid normalization of orthonormal spin-orbitals. 

The permutation of the coordinates of two electrons corresponds to the permutation of two rows 

or two columns where the determinant changes sign. The Pauli principle is the direct cause of this 

antisymmetry. This means that the motion of pairs of electrons of the same spin is correlated. The 

antisymmetry of the wave function can be shown by a spatial separation between the electrons of 

the same spin of a system with N electrons and this wave function described by a linear 

combination of mono-electron functions with in addition the consideration of the antisymmetry of 

the set. This cannot be obtained with a product of functions like the one given in equation (2.6). 

For the treatment of extended systems such as solids, because of the very rapid increase in the 

number of configurations with the number of electrons involved, the correlations due to short range 

coulomb interactions are neglected. This can have a significant influence on the accuracy of the 
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calculations in periodic solids. Therefore, this method does not allow us to find the exact energy 

of the real system. A more powerful theory for solids, which allows to circumvent these 

limitations, is the Density Functional Theory (DFT). 

II.5 Density Functional Theory (DFT) 

 

The Density Functional Theory (DFT) is an approach to the study of N-particle systems in which 

the development of the equations is done in terms of the exact electron density of the system.  Its 

fundamental concept ρ(r) is that the energy of an electronic system can be expressed in terms of 

its density. This is in fact an old idea dating mainly from the work of Thomas (1927) [52] and 

Fermi [53] Many works have been devoted to explaining the theory of the density functional 

[54,55] This theory is based on two fundamental theorems, proved in 1964 by Hohenberg and 

Kohn (1964) [56] which establish that the energy of a system in its fundamental state is a functional 

of the electron density ρ(r) of this system, therefore, contrary to the methods described above, the 

theory of the density functional does not consist in searching for a complex wave function ψ in 3N 

, dimensions for the system to be studied, but rather a simple function in three dimensions which 

is the total electron density. This theory has obtained a formal proof only after the statement of the 

two theorems of Kohn and Sham (1965) [57], They treated the N-body problem with the help of 

Schrödinger type equations with one particle named the Kohn-Sham equations. Thanks to the 

Kohn-Sham approach, the DFT has been very successful since the beginning of the 60's in the 

calculation of the electronic structure of atoms, taken in their fundamental states. The resolution 

of these equations leads to the total energy, and to the electronic density ρ(r) of the fundamental 

state [58]. Its simplest version, namely the (LDA) (Local Density Approximation), gives results 

often as good as those of the Hartree-Fock type methods, for less computing time. 
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II.5.1 Hohenberg and Kohn approximation  

DFT really started in 1964 with the two fundamental theorems of Hohenberg and Kohn [56]. This 

approach applies to any system with several interacting particles evolving in an external potential. 

The formalism of the density functional theory (DFT) is based on two fundamental theorems that 

were proved by Hohenberg and Kohn: 

Theorem 1 (Density as a basic variable) : The total ground state energy E is a unique functional of 

the particle density ρ (r) for an exterior potential V_ext(r) gives by [56] : 

E=E,ρ(r)                                                                                (2.13) 
 

Theorem 2. (The variational principle) : The total energy functional of any multi-particle system 

has a minimum that corresponds to the ground state and the density of ground state particles. 

E(ρ0) = minE(ρ)                                                                     (2.14) 
With ρ0: Density of the ground state. 

This is valid for a non-polarized spin system, but for a spin-polarized system the total energy and 

other properties of the ground state become a functional of the two high and low spin densities:  

𝐸 = 𝐸(𝜌 ↑, 𝜌 ↓)                                                         (2.15) 

The expression for the function E(ρ) for a set of electrons in an external potential is: 

𝐸(𝜌) = 〈𝛹(𝜌)|𝑇 + 𝑉𝑒−𝑒 + 𝑉𝑒𝑥𝑡|𝐸(𝜌)〉                      (2.16) 

 

Where: T represents the kinetic energy of the electrons and Ve-e the interaction term between the 

electrons. 

According to Hohenberg and Kohn E(ρ) the total energy functional of the ground (fundamental) 

state is written as follows: 

𝐸[𝜌(𝑟)] = 𝐹[𝜌(𝑟)] + ∫𝑉
𝑒𝑥𝑡

(𝑟)𝜌(𝑟)𝑑𝑟                   (2.17) 

where:  
 

𝐹[𝜌(𝑟)] = 𝑇 (𝜌 )  + ∫
𝜌(𝑟) 𝜌′(𝑟′)

|𝑟−𝑟′|
𝑑𝑟 𝑑𝑟′ + 𝐸𝑒𝑥(𝜌)      (2.18) 



42 

 

 

T (ρ) is the mean value of the kinetic energy; the second term corresponds to the Hartree coulombic 

interaction and are both exactly calculable. The term E_ex (ρ) is called the unknown exchange-

correlation energy in the general case. The Hohenberg-Kohn theorem is a real revolution in the 

theory of interacting particle systems. The solution proposed by Hohenberg-Kohn is the 

determination of the electron density (3 variables) instead of the wave function (3N variables). 

The knowledge of the electron density implies the knowledge of the wave function and the 

potential and thus of all the other observables. So, these two theorems provide a theoretical 

framework for perceiving the solution of the Schrödinger equation using the electron density ρ(r) 

as the main variable. However, the Hohenberg and kohn functional F[ρ(r)] still remain unknown. 

To solve this problem Kohn and Sham proposed to replace the (real) interacting system by a 

(fictitious) non-reacting system. 

      II.5.2 The Kohn-Sham equations 

The goal of the Kohn and sham equations is to determine electronic wave functions that minimize 

the total energy. From equations similar to Schrödinger's: 

𝐸𝜑𝑖 = 𝐻𝜑𝑖                                        (2.19) 

With: 

 

𝐻 = −
ħ

2𝑚
𝛥 + 𝑉𝑘𝑠(𝑟)                        (2.20) 

 

The first equation of Kohn-Sham gives the definition of the effective potential in which the 

electrons bathe (𝑉𝑒𝑓𝑓 = 𝑉𝑘𝑠) which is the sum of three contributions: 

𝑉𝑘𝑠 = 𝑉𝑒𝑥𝑡(𝑟) + 𝑉𝐻(𝑟) + 𝑉𝑥𝑐(𝑟)       (2.21) 

 

With: 

𝑉𝑒𝑥𝑡: The coulombic electron-nucleus interaction                     𝑉𝑒𝑥𝑡(𝑟) = −
𝑧

𝑟
 

𝑉𝐻: The coulombic interaction e-e                                               𝑉𝐻(𝑟) = ∫
𝜌(𝑟′)

|𝑟−𝑟′|
 𝑑3𝑟′ 

𝑉𝑥𝑐: The exchange and correlation interaction                          𝑉𝑥𝑐(𝑟) =
𝜕𝐸𝑥𝑐[𝜌(𝑟)]

𝜕𝜌(𝑟)
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The second Kohn-Sham equation is used to use V_ks in the N single-electron Schrödinger 

equation to obtain φ_i (r).  It is written in the form: 

𝐻𝜑(𝑟) = (−
ħ2

2𝑚
𝛻2 + 𝑉𝑘𝑠(𝑟))𝜑𝑖(𝑟) = 𝜀𝑖𝜑𝑖(𝑟)       ; 𝑖 = 1,2,3, …… . , 𝑁      (2.22) 

Where each electron undergoes the effect of the effective potential created by all the nuclei and 

the other electrons. 

 

The third Kohn-Sham equation provided access to the electron density from the N single-

electron functions 𝜑𝑖(𝑟). 

𝜌(𝑟) = ∑ |𝜑𝑖(𝑟)|
2𝑁

𝑖=1                                                                                     (2.23) 

 
The wave functions  𝜑𝑖(𝑟)known as Kohn-Sham orbitals, can be written in any complete 

basis of wave functions. These bases can be atomic orbitals, plane waves or Gaussian wave 

functions, .... etc. 

So far, the only problem that remains to be solved is the formula of 𝐸𝑥𝑐[𝜌(𝑟)] so that the DFT 

and the Kohn-Sham equations can be used in practice. For this, we will use approximations. 

II.5.3 Approximations used in the DFT 

II.5.3.1 The local density approximation LDA 

The Local Density Approximation is the simplest approximation of the potential V_xc (r), 

proposed in 1965 by Kohn-Sham [57]. It consists in assuming an inhomogeneous gas (real) similar 

to a homogeneous gas of the same density ρ(r), for the calculation of the exchange-correlation 

energy. This approximation is based on the following two assomptions : 

● The exchange-correlation effects are dominated by the density located at r point. 

● The density ρ(r) is a slowly varying function of r. 

it is then possible to write [59]:                                      
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 𝐸𝑥𝑐[𝜌(𝑟)] =  ∫ 𝜀𝑥𝑐(𝑟)𝜌(𝑟)𝑑3𝑟                                                           (2.24) 

with:                       

𝜀𝑥𝑐(𝑟) =  𝜀𝑥𝑐
ℎ𝑜𝑚𝜌(𝑟)                                                                     (2.25) 

where: 𝜀𝑥𝑐
ℎ𝑜𝑚𝜌(𝑟) is the homogeneous density of an electron gas. 

In the case of magnetic materials, the electron spin provides an additional degree of freedom and 

the LDA must then be extended to the local spin density approximation (LSDA) [60], The 

introduction of the latter consists in considering two populations ρ (↑) and ρ (↓) in the density 

matrix and formulating the spin-dependent potential. Thus, we define the LSDA approximation to 

the exchange-correlation energy as follows: 

𝐸𝑥𝑐
𝐿𝑆𝐷𝐴[𝜌(𝑟) ↑, 𝜌(𝑟) ↓] =  ∫ 𝜀𝑥𝑐

ℎ𝑜𝑚 (𝜌(𝑟) ↑, 𝜌(𝑟) ↓)𝜌(𝑟)𝑑3𝑟      (2.26) 

 
The (LSDA) correctly describes physical systems with small variations in electron density, as in 

the case of alkaline metals, but gives less convincing results for insulators and semiconductors. 

The application of (LDA) to these systems leads to an underestimation of the value of the band 

gap, which is a well-known defect of DFT [61]. The (LDA) is particularly insufficient to describe 

strongly correlated systems. For these systems, approximations have been developed. 

II.5.3.2 The generalized gradient approximation GGA 

In many cases, the (LDA) gave reliable results, but in others, it was less accurate with the 

experimental results. Most of the corrections that have been introduced to the (LDA) are based on 

the idea of taking into account the local variations of the density. For this reason, the gradient of 

the electron density has been introduced leading to the Generalized Gradient Approximation 

(GGA) [62], in which the exchange and correlation energy is a function of the electron density and 

its gradient: 

𝐸𝑥𝑐
𝐺𝐺𝐴[𝜌(𝑟)] =  ∫ 𝜀𝑥𝑐 [𝜌(𝑟)|𝛻𝜌(𝑟)|]𝜌(𝑟)𝑑3𝑟   (2.27) 

 

where: 𝜀𝑥𝑐[𝜌(𝑟)|𝛻𝜌(𝑟)|] the exchange and correlation function depending on the electronic 

density and its gradient. 
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GGA gives better results for energy gaps and band gaps in oxides or fluorides of transition metals. 

In the case where spin polarization is considered, the exchange and correlation energy is described 

as follows : 

𝐸𝑥𝑐
𝐺𝐺𝐴[𝜌(𝑟) ↑, 𝜌(𝑟) ↓] =  ∫ 𝜀𝑥𝑐

𝐺𝐺𝐴 (𝜌 ↑ (𝑟), 𝜌 ↓ (𝑟), 𝛻𝜌(𝑟), 𝛻𝜌 ↑ (𝑟), 𝜌 ↓ (𝑟))𝜌(𝑟) 𝑑3𝑟    (2.28) 
 
The GGA is an improvement of the LDA in the treatment of the exchange-correlation energy 

which consists in making it dependent not only on the electron density but also on its gradient. 

There are several versions of the GGA, the most frequently used are those introduced by Perdew 

and Wang (GGA-PW91) [63], Perdew, Burke and Ernzerhof (GGA-PBE) [64], Engel and Vosko 

(EV-GGA) [65]. 

II.5.3.3 Modified Becke and Johnson potential (mBJ) 

For semiconductors are insulators, in order to improve the results obtained concerning the gap 

energy, where they underestimate by the previous methods (LDA and GGA). In 2006 Becke and 

Johnson [66] proposed a version of the exchange potential (BJ), then it was corrected and 

published by Tran-Blaha in 2009 [67]. Known as the modified potential of Becke and Johnson 

(Modified Becke Johnson potential), it is expressed as: 

𝑉𝑥,𝜎
𝑇𝐵−𝑚𝑏𝑗(𝑟) = 𝑐𝑉𝑥,𝜎

𝐵𝑅(𝑟) + (3𝑐 − 2)
1

𝜋
√

5

6
√

𝑡𝜎(𝑟)

𝜌𝜎(𝑟)
     (2.29) 

with: 

𝜌𝜎(𝑟) =  ∑ |𝜙𝑖,𝜎(𝑟)|
2𝑁𝜎

𝑖=1  : Represents the density of electrons. 

𝑡𝜎(𝑟) =
1

2
∑ 𝛻 𝜙𝑖,𝜎

∗𝑁𝜎
𝑖=1 (𝑟)𝛻𝜙𝑖,𝜎(𝑟) : Represents the density of the kinetic energy. 

𝑉𝑥,𝜎
𝐵𝑅(𝑟) ∶ Represents the Becke-Roussel potential (BR). 

The c stands for 

𝑐 =  𝛼 + 𝛽 (
1

𝑉𝑐𝑒𝑙𝑙
∫

𝛻𝜌(𝑟)

𝜌(𝑟)
𝑑3𝑟)

1

2
                               (2.30) 

 

α and β are free parameters. Within the Wien2k code [68] α = -0.012 and β = 1.023 Bohr1/2. 

 

II.5.3.4 Hybrid functionals 

The term hybrid refers to the combined use of the exact exchange energy of the H-F model and 

the exchange-correlation energy at the DFT level. The advent of these GGA-like functionals was 
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responsible for the massive use of DFT within the chemical community in the 1990s. The 

construction of hybrid functionals was an important advance in the treatment of exchange-

correlation energy by allowing an explicit incorporation of the non-local character through the use 

of the exact exchange energy term. The observation that the LDA and the GGA are opposed to the 

Hratree-Fock method motivates a development of approximations that combine the advantages of 

both approaches [69]. This implies a combination of the correlation and exchange of the DFT with 

the Hratree-Fock exchange: the exchange and correlation energy can then be written:  

𝐸𝑥𝑐
𝐻𝑦𝑏

= 𝛼𝐸𝑥𝑐
𝐻𝐹 + (1 − 𝛼)𝐸𝑥

𝐿𝐷𝐴 + 𝑏𝐸𝑥
𝐺𝐺𝐴 + 𝐸𝑐

𝐿𝐷𝐴 + 𝑐𝐸𝑐
𝐺𝐺𝐴    (2.31) 

II.5.3.5 Spin orbit coupling 

Spin–orbit coupling is the relativistic interaction between electrons’ spin and momentum degrees 

of freedom. When an electron moves in the finite electric field of the nucleus, the spin–orbit 

coupling causes a shift in the electron’s atomic energy levels due to the electromagnetic interaction 

between the spin of the electron and the electric field. In the rest frame of the electron, there exists 

a magnetic field created by the interaction of the angular momentum of the electron and the electric 

field of the nucleus. The electrical field in this case can have various physical origins, such as the 

electric field of an atomic nucleus or the band structure of a solid [70]. The spin–orbit coupling of 

a free electron in an electric field E can be derived from the Dirac equation in the nonrelativistic 

approximation: 

𝐻𝑠𝑜 =
𝑒ħ

4𝑚2𝑐2 𝜎(𝐸 × 𝑃)                                                                (2.32) 

where p is the momentum. The spin–orbit coupling can be interpreted as an effective Zeeman term 

in the rest frame of a moving electron, where the electric field acts as an effective magnetic field 

Beff = (1/2mc2) E × p. In a crystal, the potential gradient is dominated by the spherical atomic 

potential, E = −∇V (r), so that the largest contribution to spin–orbit coupling comes from the 

nuclei. The spin–orbit coupling is responsible for a variety of transport phenomena in solids. 

https://www.sciencedirect.com/topics/physics-and-astronomy/atomic-energy-levels
https://www.sciencedirect.com/topics/physics-and-astronomy/electromagnetic-interactions
https://www.sciencedirect.com/topics/physics-and-astronomy/angular-momentum
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Spin–orbit coupling is the relativistic interaction between electrons’ spin and momentum degrees 

of freedom. When an electron moves in the finite electric field of the nucleus, the spin–orbit 

coupling causes a shift in the electron’s atomic energy levels due to the electromagnetic interaction 

between the spin of the electron and the electric field. In the rest frame of the electron, there exists 

a magnetic field created by the interaction of the angular momentum of the electron and the electric 

field of the nucleus. The electrical field in this case can have various physical origins, such as the 

electric field of an atomic nucleus or the band structure of a solid. The spin–orbit coupling of a 

free electron in an electric field E can be derived from the Dirac equation in the nonrelativistic 

approximation : 

𝐻𝑠𝑜 =
𝑒ħ

4𝑚2𝑐2 𝜎(𝐸 × 𝑃)       (2.33) 

where p is the momentum. The spin–orbit coupling can be interpreted as an effective Zeeman term 

in the rest frame of a moving electron, where the electric field acts as an effective magnetic field 

Beff = (1/2mc2) E × p. In a crystal, the potential gradient is dominated by the spherical atomic 

potential, E = −∇V (r), so that the largest contribution to spin–orbit coupling comes from the 

nuclei. The spin–orbit coupling is responsible for a variety of transport phenomena in solids. 

II.5.3.6 Boltztrap calculation 

BoltzTraP_Tools is an interface written using Python 2 language. It allows to parse and plot 

BoltzTraP output DATA ( .trace, .condtens,.trace_fixdoping, and .condtens_fixdoping) in greater 

detail.  BoltzTraP_Tools includes four folders: 

• src : includes source files. 

• doc : includes the user guide and some tutorials. 

• tests : includes two BoltzTraP examples (output data). 

• scripts : includes some scripts using BoltzTraP_Tools. 

https://www.sciencedirect.com/topics/physics-and-astronomy/atomic-energy-levels
https://www.sciencedirect.com/topics/physics-and-astronomy/electromagnetic-interactions
https://www.sciencedirect.com/topics/physics-and-astronomy/angular-momentum


48 

 

The program allows us to calculate the semi-classic transport coefficients of materials using First 

Principles electronic band structures. The code uses a mesh of self-consistent band energies and is 

interfaced to the WIEN2k code [71]. 

For the input file and after the we run the program with a file describing the parameters for 

BoltzTraP named case.intrans. Furthermore, we need a file with the band-structure and the crystal 

structure, case.energy(so) and case.struct, where case is the name of the directory. Presently 

case.energy(so) and case.struct have to be in the format of the WIEN2k code [72]. 

As an output file, it will be possible to plot the following quantities:  

• Energy level : E  

• Temperature : T  

• Seebeck Coiffecients : S, Sxx, Syy, and Szz  

• Electrical Conductivity : σ, σxx, σyy, and σzz  

• Power Factor : PF, PFxx, PFyy, and PFzz  

• Thermal Conductivity : κ, κxx, κyy, and κzz  

• Number of Carriers : n  

• Hall Coefficient : RH  

• Electronic Specific Heat : c  

• Pauli Magnetic : χ 

II.6 The WIEN2k Code 

The method used in this work is the FP-LAPW (Linearized Augmented Plane Wave) implemented 

in the calculation code "Wien2k" which is developed by Blaha, Schwartz and their collaborators 

[73] at the Institute of Material Chemistry of the Technical University of Vienna (Austria). This 

code was first distributed in 1990, it has been continuously revised since then and has undergone 

several updates to add computational properties or to solve some problems concerning the 

calculations. This numerical computation code is based on the "fortran" programming language 

and runs under the UNIX operating system, based on the density functional theory (DFT). It 
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gathers several packages of "independent programs" which are linked by a script allowing to 

perform self-consistent calculations.  

II.6.1 Initialisation 

In this step we have to insert the important parameters, we fill an input file named case.struct 

(Meaning: material name. Struct) with the following atomic parameters : 

● The bravais lattice. 

● The space group.  

● The mesh parameters of the temporary lattices (a, b, and c in Bohr or Å).  

● The angles (α, β and γ).  

● The positions of the atoms {inside the cell (x, y and z)}.  

● The muffin-tin radii (Rmt), given in atomic units (Bohr radius). 

After having generated the "case.struct" file, we carry out the initialization by the command 

init_lapw to engage several programs which will be executed in a successive way; these programs 

are the following : 

⮚ NN: This is a program that gives for each atom, the list of its first neighbors and the 

distances between the nearest neighbors. Thus it allows to determine the atomic radius of 

the sphere and checks the overlap of the muffin tin spheres; the output file of this program 

is named case.output nn. 

⮚ LSTART: it allows to generate the atomic densities; it also determines how the different 

atomic orbitals are treated in the calculation of the band structure, where we have to choose 

the exchange-correlation potential (LSDA or GGA....), also this program asks for the value 

of the cut-off energy that separates the core states from the valence ones, usually taken in 

Rydberg (Ry). 

⮚ DSTART: it generates a starting density for the self-consistent cycle (the SCF cycle) by 

superimposing atomic densities generated in LSTART.The information will be written in 
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the file "case.clmsum".For the case of spin-polarized systems, "DSTART" must be 

specified with the command -up (-dn) to generate the files "case.clmup (dn). 

⮚ SGROUP: This program allows you to determine the space group of the structure that is 

defined in the case.struct file, and all the point groups of the non-equivalent sites, thus 

producing a new structural file with the appropriate network type named case.struct-

sgroup. 

⮚ SYMMETRY: is a program that enumerates the symmetry operations of the space group 

and saves them in the file named "case.struct_st", the latter determines the point group of 

the different atomic locations and highlights the quantum numbers (l, m) for the spherical 

harmonics materialized in file "case.in2_st". 

⮚ KGEN: generates a k-mesh in the irreducible part of the first Brillouin zone (Z.B). We 

specify the number of points K in the whole 1st ZB and where this mesh is written in the 

file "case.klist". 

The initialization is the most important step, because a good calculation which gives good results, 

requires a judicious choice of the calculation parameters. 

II.6.2 Self-Consistent Field (SCF) calculation 

In this step, the SCF (Self Consistent Field) cycle process is then started and iterated until the 

solution converges. This cycle can be invoked by the command "run_lapw", and for spin polarized 

systems the command used is "runsp_lapw". The subroutines used are : 

⮚ LAPW0: Generates the poison potential to have the Coulomb potential VC and the 

exchange-correlation potential Vxc , which are used in the calculation of the total electron 

density as input.  

⮚ LAPW1: Calculates the matrix coefficients of the Hamiltonian in the LAPW wavebase 

and finds by diagonalization the valence band, the eigenvalues and the eigenvectors. 
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⮚ LAPW2: Determines the Fermi level, the expansions of the valence electron densities 

consisting of electron densities inside each MT sphere (expressed by spherical harmonics) 

and in the interstitial region (expressed by a Fourier series).  

⮚ LCORE: Calculates the core states inside the MT spheres, keeping only the spherical part 

of the potential. 

⮚ MIXER: calculates the new electron density by mixing the electron densities of the core, 

half-core and valence states to generate the input density for the next iteration. 

a. Calculations and determination of properties 

Once the self-consistent calculation is completed, it is possible to access the properties of the 

ground state (charge density, band structure, thermodynamic properties, thermoelectric 

properties...etc). Each of these properties is calculated separately with a "package" program which 

is launched with consecutive steps. 

II.7 Computational Methods 
 

The basis of this theses is the first principl calculations, completed with the density functional 

theory (DFT), implemented on the Wien2k code which uses the full potential linearized augmented 

plane wave method (FP-LAPW).  It enables the calculation of optical and electronic properties of 

our compounds. We applied the modified Becke-Johnson with Generalized Gradient 

Approximation (GGA- mBJ). We fix the convergence criterion to 0.0001Ry and the convergence 

force to 1 mRy/a.u. The electrical properties as electrical conductivity, carrier concentrations and 

motilities, were estimated with the Boltzmann theory, implemented on the BoltzTraP Code. 

II.8 Conclusion  
 

In this chapter we have analyzed the different approach existing to solve the Schrödinger's 

equation. They are all based on the density functional theory (DFT). And until now, the full-

potential linearized augmented plane wave (FP-LAPW) method is one of the most powerful and 
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accurate methods for electronic structure calculations of condensed matter in a ground state, 

transition state or excited state. These computational methods use approaches from the 

fundamental laws of quantum mechanics, electromagnetism, and statistical physics to solve the 

Schrödinger equation, which provides a formal link between atomic-scale structure and 

macroscopic properties. We also elaborated the methods of calculation to use as well as the 

approximations by defining each of them with the appropriate equation 
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Chapter III: Investigation of the Electronic, optical and thermal 

properties of the CuIn1-x GaxSe2 Compound. 
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III.1 Introduction  

 

The second generation of solar cells was developed in the 1980s with the objective of reducing 

costs by using thin films. Using only a few microns of material. Researchers have succeeded in 

finding an alternative to the very expensive manufacture of silicon ingots inherent in the 

manufacture of first-generation solar panels. Technologies based on this approach use 

Cu(In,Ga)Se2, CdTe and a-Si semiconductors with a very high absorption coefficient. 

Cu(In,Ga)Se2 (CIGSe) based solar cells are the most efficient thin film solar cells with a record of 

22.6% in the laboratory [74]. The first CIGSe cells were fabricated at Bell Laboratory in the early 

1970s [75]. Intended for the manufacture of photodetectors, the cells consisted of CuInSe2 (CISe) 

single crystals evaporated on an alumina/molybdenum substrate. From 1975, in view of the 

difficulties in growing CISe single crystals, Kazmerski et al. considered the production of CISe 

thin films [76]. The interest for photovoltaic applications grew very quickly due to the good yields 

of around 9% obtained by BOEING in 1981 [77]. In 1987, Chen et al. attempted to incorporate 

gallium atoms into the CISe structure [78]. The partial substitution of indium by gallium allowed 

to improve the electrical performance of the solar cell. In the previous years, the Copper Indium 

Gallium di-Selenide thin films CIGS solar cells have never ceased to surprise researchers. Among 

its strengths are a high-performance ratio, a good stability over organic solar cells, a direct band 

gap, a large optical absorption coefficient and long-term stability [79,80]. Its chemical formula is 

CuIn1-x GaxSe2. with the gap energies fluctuating from 1 eV (for x=0) to 1.7 eV (for x=1), with the 

increasing of the gallium proportion in the film. Devaney et al. [81] reported high efficient 

production when the value of x=0.3 of Ga, with a band gap value of 1.21 eV [82]. It has the 

advantage of being deposited with various techniques such as: physical evaporation [83], 

selenization of sequentially stacked precursors [84], rapid thermal process [85]. But these vacuum 

deposition techniques are too expensive. It is proved that chemical bath deposition technique is 
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low cost, and gives a good quality [86]. Zweibel et al. [87] and Wettling et al. [88] had reported 

that the CIGS solar cells are interesting because of their high efficiency performance without any 

degradation problems. Up to now, CIGS is used as the most promising absorber layer for thin-

films solar cells, and much theoretical and experimental research was performed to investigate the 

various properties. As Hadjab et al.[89], Fu-Ling et al. [90], Cheng Wan et al.[91], whom explore 

the optical and the electronic properties of CIGS adopting the Density Functional Theory 

(DFT).The aim of this work is to investigate the electronic and optical properties of CuIn1-xGaxSe2, 

as reflectivity, absorption coefficient, optical band gap, refractive index, dielectric function, lattice 

structure, density of states (DOS) band gaps and electrical conductivity, the concentration (x) was 

selected from 0 to 1, looking for application of these materials in advanced optoelectronic devices, 

this study in this theses was my first try of the Wien2k code, so we can consider it as a test and a 

metrics of the code than a study. 

III.2 Computational Methods 

 

We applied the modified Becke-Johnson with Generalized Gradient Approximation (GGA- mBJ) 

[94]. We fix the convergence criterion to 0.0001Ry and the convergence force to 1 mRy/a.u. The 

RMT was generated for each element, 2.35, 2.45, 2.39 and 2.23 a.u for Cu, In, Ga, and Se 

respectively for chalcopyrite structure. We have used 300 k-point in the irreducible wedge of the 

Brillouin zone for optimization. The simulations were done with the I-42d space group (No.122) 

in chalcopyrite structure [95,97] as shown in Fig III.1. The electrical properties as electrical 

conductivity, carrier concentrations and motilities, were estimated with the Boltzmann theory, 

implemented on the BoltzTraP Code [98]. 
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Figure III. 1:Crystal structures of CuIn1-x GaxSe2. 

III.3 Results and discussion 

III.3.1 Electronic properties 

The density of states (DOS) figure III.3 and band structures show a semi-conducting behavior, 

which coincides with literature. The band structures are plotted in Fig III.2. For both materials the 

maximum of the valence band (VBM), and the minimum of the conduction band (CBM) are at the 

same point Γ, it results in a direct gap. The calculations give us values of band gaps too close to 

experimental results, the theoretical and experimental values of band gaps are represented in Table 

III. 1. The results obtained by the GGA+mBJ functional are close to the experimental results. 
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Figure III. 2: Band structure of for the tetragonal chalcopyrite: (a) CGS, (b) CIS. 

 

Table III. 1 : Present work c ompared with experimental and other theoretical works. 

 
Present 

work 

Other 

theoretical 

Experimental 

studies 

Eg (eV) 

(CIS) 
0.904 

1.205 [99] 

0.550 [89] 
1.04 [100] 

Eg (eV) 

(CGS) 
1.640 

1.568 [99] 

1.270 [89] 
1.67 [101] 

 

 

(a) (b) 
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Figure III. 3:Total and partial state density of the compound CuInSe2. 

 

However, Figs III.3 and III.4 presents the total and partial densities of states of both compounds 

using GGA+mBJ approximation. For CuInSe2, the valence bands are dominated by the "p" states 

of the Selenium and the "d" states of copper with strong p-d hybridization. This indicates the strong 

covalent behavior between the Selenium atoms and the Copper, the conductivity bands are mainly 

dominated by the states ‘s’and 'p' of copper and Selenium. For CuGaSe2, the valence bands are 

dominated by the "p" states of Gallium and the "d" states of copper. This indicates the strong 

covalent behavior between the Gallium atoms and copper, and the conductivity bands are mainly 

dominated by the states of Gallium and Selenium.   
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Figure III. 4: Total and partial state density of the compound CuGaSe2. 

 

For the following result we have varied the concentration (x) from 0 to 1. The Table III. 2 shows 

the value of the band gap. The optical and electrical properties for the x = 0,25 confirm that the 

CuIn0.75Ga0.25Se2 is more attractive because it’s much more absorptive and can be more productive 

for photovoltaic applications. 

 

Table III. 2: The band gap variation for x from 0 to 1. 

Compound Band gap (eV) Optical Gap (eV) 

CuInSe2 0.934 1.002 

CuIn0.75Ga0.25Se2 1.103 1.070 

CuIn0.50Ga0.50Se2 1.313 1.265 

CuIn0.25Ga0.75Se2 1.535 1.421 

CuGaSe2 1.640 1.671 
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III.3.2. Optical and Thermal properties 

The optical and electrical properties as absorption coefficient α(ω), reflectivity R(ω), refractive 

index n(ω) of a material, can be described by the complex dielectric function ε (ω) [102,107]. Fig 

III.5, represents the optical absorption spectrums as function of wavelength (λ) in the range 300-

900 nm, studied by GGA+mBJ approximation. A gradual decrease of all compounds between 300 

and 350 nm can be noted. For CGS, we can see peaks of absorption noticed at 373 nm and 433 

nm. For CI0 ,75G0,25S2 the first peak was at 405 nm and the second one was at 463 nm. For CIS at 

434 nm. for all λ>505 the curves begin decreasing until it reaches zero. In the visible range, we 

can conclude that the CI0 ,75G0,25S2 have the best optical absorption. The absorbance of the 

quaternary CIGS has higher absorbance than that of the ternary CIS and CGS at visible range. 
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Figure III. 5:The optical absorption spectrums as a function of wavelength. 

The reflectivity curves of the five compounds are shown in Fig III.6, the coefficient varies 

randomly between 0.2 and 0.3 at 300-900 nm wavelength range. We are interested in the visible 

range, a minimum value is seen for CuIn0.25Ga0.75Se2 which is 0.2 at 400 nm, and a maximum of 
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0.29 for CGS at 465 nm. Between 537nm and 600 nm, CIS reached 0.27, for λ> 600 nm 

CuIn0.75Ga0.25Se2 is the more reflective compared to others compounds. The Fig III.7 represents 

the refractivity index, in the visible range it can clearly note that the CGS stands out with a high 

coefficient that reached a maximum of 3.2 at 480 nm, after the peak, the curve starts decreasing 

until stabilization. At 650 nm CuIn0.75Ga0.25Se2 takes a max of 3 at 722 nm and decreases after 

that, and finally stabilizes at a value of 2.9 as observed in Fig III.7. 
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Figure III. 6: The reflectivity as a function of wavelength. 
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Figure III. 7: The refractivity index as a function of wavelength. 

 

The Fig III. 8 represent the optical conductivity depending on the wavelength between 300 nm 

and 900 nm, we can see a high conductivity for the CGS which far exceeds the others compound 

until 468 nm, where the CIS takes over with a value that varies between 1578-1187 Ohm-1cm-1 at 

487-570 nm respectively, for λ>570 nm CuIn0.75Ga0.25Se2 is the most conductive. This allows it to 

be a good candidate for photovoltaic application. 
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Figure III. 8: Represent the optical conductivity as a function of wavelength. 

 

The optical gap energies were evaluated by plotting (αhν)n, where α is the absorption coefficient, 

hν is the energy and n is 1/2 for an indirect transition and 2 for a direct transition. From the intercept 

of the extrapolated linear portion, the band gap values of CIS, CuIn0.75Ga0.25Se2, CuIn0.50Ga0.50Se2, 

CuIn0.25Ga0.75Se2 and CGS is 1.002, 1.070, 1.265, 1.421 and 1.671 eV respectively, is shown in 

Fig III.9. These values are in good agreement with experimental [108]. The optical band gap 

increased with increasing Ga content. Therefore, it was concluded that CIGS nanostructures are 

an appropriate candidate for light absorber material for thin film solar cells. 
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Figure III. 9: Represent the optical band gap versus photon energy. 

 

The Seebeck coefficient and the electronic thermal conductivity were performed for the CIGS 

compound using BoltzTraP code [98]. The Fig III.10, shows the seebeck coefficient variation, all 

values are positive. Which means that the hole is the dominant. For CIS, it begins from 0 µV/K 

for 0°K and increase proportionally to the temperature, and stabilizes at 230 µV/K at 200°K, once 

introduction Ga, the behavior of the coefficient changes, and it starts to decrease with the increase 

of temperature. the maximum value is 3404 µV/K for CuIn0.75Ga0.25Se2 at 10°K and decrease until 

stabilization at 243 µV/K at 298 °K, same look for CuIn0.50Ga0.50Se2, CuIn0.25Ga0.75Se2 and CGS, 

decrease up to 276 µV/K at 278 °K. For the Thermal conductivity Fig III.11, it increases with 

increasing the temperature, starting from 0(W/m s K) at 0 K to reaching 1014 (W/m s K) at high 

temperature. We can also remark that for the same temperature the value of the conductivity 

decreases when the percentage of Ga increases. 
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Figure III. 10: The Seebeck coefficient versus temperature. 

0 100 200 300 400 500 600 700 800

0

10

20

30

40

K
(W

/m
 K

 s
) 

(1
0

1
3
)

T(K)

 CIS 

 CI0,75G0,25S2

 CI0,50G0,50S2

 CI0,25G0,75S2

 CGS 

 

Figure III. 11: The thermal conductivity versus temperature. 
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III.4 Conclusion 

 

In summary, we carried out a theoretical study using the DFT method to compare electronic and 

optical properties of the CIGS compound with different values of concentration (x), from CIS to 

CGS keeping the chalcopyrite structure. For this we used the FP-LAPW method with GGA+mBJ 

functional, which seems to be an apt methodology to optimize structural and optical parameters. 

The theoretical values of energy gaps are in good agreement to the experimental values. We find 

that CuIn0.75Ga0.25Se2 is more absorbent compared to other compounds, with reflectivity and 

refractive index quite remarkable for a photovoltaic application. All values of the seebeck 

coefficient are positive, which means that the hole is the dominant. The values of the optical 

properties revealed that the CIGS chalcopyrite material is an interesting compound for solar cell 

applications. With a thermal conductivity reach the 1014 (W/m s K) and an optical absorption that 

surrounds 104 in visible range. The CuIn0.75Ga0.25Se2 is more attractive and can be more productive 

for photovoltaic applications.  
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IV.1 Introduction 

 

With the growing concerns for the deficiency of the world’s natural resources and global 

environmental pollution, it has become necessary to shift away from fossil fuel usage and invest 

in clean renewable energy resources [109]. In this light, scientists started to develop renewable 

energy technologies. Among these different renewable resources, solar energy is surely considered 

as one of the most promising technologies to meet future energy demands [110,111]. Over the last 

decades, perovskites have become one of the most promising materials for solar cells. Known for 

their low-cost fabrication, abundance in nature, easy manufacturing process, attractive 

photovoltaic, and optoelectronic properties [112,113]. The common formula for organic-inorganic 

hybrid halide perovskite compounds iswell known as ABX3, where A-site and B-site are inhabited 

respectively by inorganic or organic cation and a divalent metal cation, while halogens are on the 

X-site [114-116]. The inorganic perovskite, especially the halide perovskite, have redrawn great 

attention as solar cell materials for their distinguished physical properties like adaptable bandgap, 

wide optical absorption coefficient, small effective masses, high charge carrier mobility, and long 

electron-hole diffusion lengths [117,119]. Nonetheless, these perovskites materials encounter 

many challenges such as the stability issue [120, 121]. Correspondingly, the development of stable 

and efficient perovskite materials has grown into an active research topic in the field of 

photovoltaics. So far, there are a number of theoretical publications available that investigate the 

potential of the halide perovskite in terms of their energy band gaps using density functional theory 

calculations (DFT) [122-127]. Recently, M. Kar and T. Körzdörfer [128] have replaced the organic 

cation in the hybrid perovskites by inorganic cations, looking for perovskite materials that proved 

to be suitable for application in tandem solar cells. 

In this chapter, firstly we have investigated the physical properties of perovskite KBX3 compounds 

(B = Sn, Ge and X = Br, Cl, I) in the cubic structure, as reflectivity, absorption coefficient and 

refractive index in order to study their properties using the first principles calculation through the 

https://www.sciencedirect.com/topics/physics-and-astronomy/first-principles
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Generalized Gradient Approximation (GGA) executed with the Wien2k code. We take in account 

the spin-orbit interaction in the calculation. In this chapiter, we inspected the strain effect on the 

electronic evolution of KGeI3 in the cubic structure applying first-principles calculations. 

IV.2 Computational Methods 

 

The calculations on the compounds are done using the full potential linearized augmented plane 

wave method (FP-LAPW) based on the Density Functional Theory (DFT) method used on the 

Wien2K code [68]. It enables us to calculate several properties including the bandgap, density of 

state, absorption and reflectivity of the compounds at T = 0 K. we started with the Optimization 

step figure IV.1. The atoms on the cubic halides perovskites KBX3 with (B: Sn, Ge) and (X: Br, 

Cl, I) have position as follow [129], the B atoms occupy the body centered position (
1

2
;
1

2
;
1

2
) 

fractional coordinates, the X atoms occupy the face centered positions (
1

2
;
1

2
;0), (0;

1

2
;
1

2
) and (

1

2
; 0;

1

2
) 

respective fractional coordinates and the K atoms occupy the corner positions (0, 0, 0) fractional 

coordinates as shown in Fig IV.2. All the calculations take into account spin-orbit coupling (SOC) 

with a 4×4×4 k-point in the irreducible wedge of the Brillouin zone. The convergence criterion 

was fixed at 10−4 Ry. All parameters have been tested for convergence and all the calculations are 

done using the generalized gradient approximation (GGA) [130]. The strain has been simulated 

by changing the lattice parameter a, which is determined by the formula a = a0 (1+ε). In the 

formula, a0 is the lattice parameter without strain, and the range of ε values varies from 1% to5%. 

https://www.sciencedirect.com/topics/physics-and-astronomy/generalized-gradient-approximation
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Figure IV. 1: Optimization of the cubic halide perovskites KBX3 (B = Sn, Ge and X = Br, Cl 

and I). 
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. 

Figure IV. 2: Crystal structure of cubic halide perovskites KBX3 (B = Sn, Ge and X = Br, Cl and 

I). 

IV.3 Results and discussion 

 

IV.3.1 KBX3 compounds without strain effect 

IV.3.1. 1 The electronic properties of the KBX3 compound. 

 

The electronic properties of the halide perovskites have been studied in cubic structure KBX3 to 

determine the band gap energy for these compounds. The results affirm a semiconductor behavior 

with direct bandgap for perovskite KBX3 compounds investigated in cubic phase. The minimum 

of the valence band (CBM) and the maximum of the valence band (VBM) are located at the R 

point as shown in Fig IV.3. When the B cation changes from Germanium (Ge) to Tin (Sn), the 

bandgap increases. But, when the halogen X changes from Chlorine (Cl) to Iodine(I), we notice a 

decrease in the bandgap. Band Gap energy values are listed in Table IV. 1. The width of the 

bandgap variation from 0.502eVto 1.067eV gives us a high level of tenability and it makes the 

compounds promising candidates for photovoltaic devices. 
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Figure IV. 3: Band structure of perovskite KBX3 compound: (a) KSnBr3, (b) KSnCl3, (c) KSnI3, 

(d) KGeBr3, (e) KGeCl3and (f) KGeI3. 

 
Table IV. 1: Optimized lattice parameters a (Å) and band gap values for perovskite KBX3 

compounds (B = Sn and Ge; X = Br, Cl and I). 
 

 

 a (Å) Eg (eV) 

 
Present 

work 

Other 

works 

Present work 

 
Other 

works 
Calculation 

without 

Spin-Orbit 

Calculation 

with Spin-

Orbit 

KSnCl3 5.59 --- 1.629 1.550 --- 

KSnBr3 6.08 --- 1.177 1.070 --- 

KSnI3 6.73 --- 1.134 1.130 --- 

KGeCl3 5.29 5.27[129] 0.958 0.950 0.90 [129] 

KGeBr3 5.57 5.55 [129] 0.689 0.670 0.61 [129] 

KGeI3 5.96 
5.81[130] 

5.94 [123] 
0.502 0.500 

0.26[130] 

0.53 [123] 

 

To know the atom resolved contribution to the density of states (DOS) and the bonding nature for 

these compounds. The total and partial densities of states were calculated using the GGA 
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approximation for KBX3 halide perovskites (B = Sn and Ge; X = Br, Cl and I) compounds and 

plotted in the Figs IV.4-9. It shows that the density of states of KSnX3 has three distinct regions. 

The first region is located between -8 eV and -6 eV formed by s-states of tin atom and halogen 

atom Cl, Br and I respectively. Above this region, the valence band is mainly dominated by p-state 

on each halide with a light presence of p-state of the tin atom. However, the conduction band is 

formed by p-Sn and each halide. For these compounds, we see that there is hybridization between 

p-Sn and p-X (X = Br, Cl and I) which confirms the covalent nature of their chemical bond. For 

the KGeX3, the conduction band is formed by the p-Ge and each halide, while the valence band is 

influenced by the p-state of halides. It’s practically the same reasoning for Sn compounds since 

there is hybridization between p-Ge and p-X (X = Br, Cl and I). 
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Figure IV. 4: Total and partial densities of states for perovskite KSnBr3 compound. 
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Figure IV. 5: Total and partial densities of states for perovskite KSnCl3 compound. 
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Figure IV. 6: Total and partial densities of states for perovskite KSnI3 compound. 
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Figure IV. 7: Total and partial densities of states for perovskite KGeBr3 compound. 

-6 -4 -2 0 2 4 6
0

2

4

6

8

100

2

4

6

8

100

2

4

6

8

100

2

4

6

8

10

 

Energy (eV)

 Total-Dos

 K:total

 Ge:total

 Cl:total

 

 Total-Dos

 K:total

 K:s

 K:p

 

T
o
ta

l-
D

o
s

 Total-Dos

 Ge:total

 Ge:s

 Ge:p

 Ge:d

 

 

 Total-Dos

 Cl:total

 Cl:s

 Cl:p

 Cl:d

 

Figure IV. 8: Total and partial densities of states for perovskite KGeCl3 compound. 
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Figure IV. 9: Total and partial densities of states for perovskite KGeI3 compound. 

IV.3.1. 2 The Optical properties of the KBX3 compound. 

 

Looking for the behavior of the light-exposed material and its interaction with it, the optical 

properties such the reflectance R(ω), refractive index n(ω) and absorption coefficient α(ω) are 

calculated for KBX3 halide perovskites (B = Sn and Ge; X = Br, Cl and I) which can be extracted 

by using the following relations [131,132]: 

𝛼(𝜔) = √2𝜔 [√𝜀1
2(𝜔) + 𝜀2

2(𝜔) − 𝜀1(𝜔)]
1/2

  (4.1) 

𝑅(𝜔) = |
√𝜀(𝜔)−1

√𝜀(𝜔)+1
|
2

                                                 (4.2) 

where 𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔) 

𝑛(𝜔) =
1

√2
[√𝜀1

2(𝜔) + 𝜀2
2(𝜔) + 𝜀1(𝜔)]

1/2

                   (4.3) 

 

where, ε1(ω) and ε2(ω) are real and imaginary parts of the dielectric function. 
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The absorption coefficient for perovskite KBX3 compounds were plotted as a function of 

wavelength as shown in Fig IV.10. Changing the B cation from Sn to Ge, the shape of the curve 

is the same but the value of the absorption coefficient increases when it comes to Ge. Considering 

the visible range is around 380 nm, the Cl halogen compounds present the lowest value compared 

to the Br, but changing to Iodine, it shows peaks for both compounds with Sn and Ge atoms.  The 

value reached the 5×105 and 5.6 ×105 at 430 nm for the KSnI3 and KGeI3 compounds respectively. 

After that, the absorption decreases with the increase of the wavelength. The iodine compounds 

also show very important results also for the reflectivity R(ω) illustrated in Fig IV.11 with a peak 

of 0.4 at 516 nm and an average of 3.4 in the visible range. For the KSnI3, the reflectivity decreases 

from 0.34 at 460 nm to 0.25 at 800 nm which is a good value. However, the KSnCl3 has the lowest 

coefficient of reflectivity because the peak doesn’t exceed 0.2 as well as KGeCl3 and KSnBr3. And 

nowadays, the reflected part can be used to increase the performance of cells. The Fig IV.12 

represents the refractivity index, in the range between 300 and 900 nm, for KBX3 with (B = Sn 

and Ge; X = Br, Cl and I) whenλ < 500 nm the KSnI3 and KGeI3 have an index of 1.1 and 1.3 

respectively, when λ > 500 nm it increased up till 3 KSnI3 for and 3.5 for KGeI3. For KSnBr3, 

KGeBr3, KSnCl3 andKGeCl3 the refractivity index increases from 1.5 up to 2.5 with the increase 

of the wavelength. 
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Figure IV. 10:  Behavior of the optical absorption spectrums of perovskite KBX3 compounds (B 

= Sn and Ge; X = Br, Cl and I) as a function of wavelength. 
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Figure IV. 11:Reflectivity spectrums of perovskite KBX3 compounds (B = Sn and Ge; X = Br, 

Cl and I) as a function of wavelength. 
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Figure IV. 12: Refractivity index of perovskite KBX3 compounds (B = Sn and Ge; X = Br, Cl 

and I) as a function of wavelength. 

IV.3.2 KGeI3 compound with strain effect 

The aim of our study is to find suitable candidates’ material for the absorbent layer for solar cells. 

And one of the important characteristic features to look at is the absorption coefficient and the 

energy bandgap of the studied perovskite material. The results show two potentially interesting 

compounds, theKSnI3 with suitable band gap with a good absorption coefficient and KGeI3 which 

shows the highest capacity of absorption but the value of the band gap doesn’t allow it to be used 

for PV application. That’s why we targeted on the part of raising the band gap value of the KGeI3 

by trying different strain values from 1% to 5%. Fig IV.13 indicates that the bandgap value is 

affected, and increased with increasing the percentage of strain. Fig IV.14 shows the effect of 

strain on the bandgap for the compound. It is found that the valence band is practically not affected 

contrary to the conduction band, the minimum increase when applying the strains. KGeI3 still 

remains a direct-bandgap semiconductor over the whole strain range. Strain effects, the structural, 

electronic and optical properties of the compound which were also investigated. 
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Figure IV. 13: Lattice parameters a (Å) and band gap values for KGeI3 compound under strain 

effect. 
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Figure IV. 14: Band structure of perovskite KGeI3 compound under strain effect: (a) 1% (b) 

3%and (c) 5%. 
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We clearly notice that when increasing the strain, the width of the bandgap increases, see Fig 

IV.14. Also, the absorption coefficient increases to reach 6×105 for the 3% strain. Regarding the 

5% of strain, the value doesn’t increase, but the thickness of the peak does, see Fig IV.15. 
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Figure IV. 15: Optical absorption spectrums of KGeI3compound as a function of wavelength 

under strain effect. 

IV.5 Conclusion 

In this study, we have performed a detailed investigation on the structural, optical and electronic 

properties of cubic halide perovskites KBX3compounds (B = Sn and Ge; X = Br, Cl and I) using 

DFT based on FP-LAPW method. The results show some good compounds with an appropriate 

direct band gap semiconductor, and a very interesting absorption coefficient in visible range. 

Moreover, by applying the strain effect on the KGeI3, the gap energy increases. It is concluded that 

KGeI3 and KSnI3 perovskites are really interesting compounds. Up to now, no experimental 

evidence of the synthesis of Potassium based halide perovskites has been found. But it can be seen 

from the DFT studies done in this work, that these perovskites show very promising band gaps as 

well to be used in photovoltaic devices. 
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V.1 Introduction  

In recent years, the halide perovskite has attracted great attention from the scientific community 

because of its high performance in a very short time frame, due to its outstanding physical 

properties such as: adjustable band gap, large optical absorption coefficient, small effective 

masses, high charge carrier mobility, and long electron-hole diffusion lengths. In addition, they 

have been considered to be a wonderful and practical matter for studying. The development of the 

mixed-halide ABI3-xBrx perovskites are particularly suitable for investigating the influence of 

perovskite preparation on properties of perovskite solar cells (PSC). A large body of computational 

investigations of the mixed halide were reported, since 2013, Edoardo Mosconi and al, perform 

periodic DFT calculations on the mixed halide CH3NH3PbI2X perovskites [133]. Onetheless, 

Waqaas Rehman and al confirmed that the mixed halide CsPb(BrxI(1−x))3 materials show 

significantly better resistance under heat stress and enhanced photo-stability compared to their 

MA+ and FA+ based counterparts [134]. Furthermore, McMeekin et al [135]. demonstrated a 

mixed cation Cs0.17FA0.83 Pb (Br0.4I0.6)3 perovskite with 1.74 eV bandgap that allowed for 17% 

PCE in a single-junction device and exhibited low disorder, long charge-carrier lifetimes and high 

mobilities. Due to our previous studies, the germanium-based compounds have gained our 

attention due to their high optical absorption. And what made us observe that the gap energy can 

be tuned by changing the halide composition in mixed I/ Br perovskite. That’s why we were so 

excited to perform the gap energy tuning in AGeI3 by the substitution of the iodine atom for 

bromine. Here we examine a wide parameter space in the mixed-halide perovskite ABI3-xBrx, in 

general our investigation highlights the electronic structure, optical, and thermoelectric properties. 

These thesis calculations are based on the full-potential linearized augmented plane wave. In this 

chapter, we discuss the result found while studying the halide compounds. 
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V.2. Computational Methods 

The calculations are performed using the full-potential linearized augmented plane wave method 

(FP-LAPW) based on density functional theory (DFT) as implemented in the Wien2k code [68]. 

This method allows us to calculate the optical and electronic properties, band gaps, and densities 

of states, counting the absorption coefficient, and the reflectivity of our compounds at T= 0.0 K. 

In the cubic halide perovskite ABI3-xBrx (x = 0; 1; 2; 3), the A atoms occupy the corner positions 

(0, 0, 0) fractional coordinates, the B atoms occupy the body-centered position (
1

2
;
1

2
;
1

2
) fractional 

coordinates, and the I and Br atoms occupy the face-centered positions (
1

2
;
1

2
;0), (0;

1

2
;
1

2
) and (

1

2
; 0;

1

2
) 

respective fractional coordinates. We started by the optimization step showed in the figure V.1. 

The generalized gradient approximation (GGA) [136] and the modified Becke-Johnson with 

Generalized Gradient Approximation (GGA+mBJ) [137] are used for exchange and correlation 

calculations. We fixed the convergence criterion at 10−4 Ry and the convergence force to 1 

mRy/a.u. We also use the Boltzmann theory embedded in BoltzTraP code [98] to calculate the 

thermoelectric properties as the Seebeck coefficient, the electrical, and the thermal conductivity. 
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Figure V. 1: Optimization of the of CsBI2Br compounds as a function of volume. 

V.3 Results and discussion 

V.3.1 CsBI2Br Compound. 

In this part, we methodically investigated the electronic and optical properties of CsBI2Br (B = Pb, 

Ge, Sn) in the cubic structure applying first-principles calculations, through Generalized Gradient 

Approximation (GGA), in order to compare, upgrade, predict, and complete other studies 

announced on CsBI2Br (B = Pb, Sn, Ge)  compounds for optoelectronics applications. The 

https://www.thesaurus.com/browse/methodically
https://www.sciencedirect.com/topics/physics-and-astronomy/generalized-gradient-approximation
https://www.sciencedirect.com/topics/physics-and-astronomy/generalized-gradient-approximation
https://www.thesaurus.com/browse/announced
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calculated results have shown that both electronic and optical properties have been affected by the 

change of the metal ion. The effect on the bandgap is considerable when we replace the Lead with 

Germanium or Tin. We found out 1.913 eV for CsPbI2Br, 1.358 for CsGeI2Br and 1.192 eV for 

CsSnI2Br, the three values are adjustable bandgap for PV applications. Moreover, the optical 

results, notably the absorption, show a peak for each compound that goes up to 105 in the visible 

range, yet, the CsGeI2Br presents the highest absorption which allows it to be more productive, 

hence better performance than Lead and Tin for PV panels. 

V.3.1.1 Electronic properties 

As result, the compounds are presenting a semiconducting behavior with a direct band gap, the 

Fig. V.2 represents the total and partial densities of states of CsBI2Br (B = Sn, Ge, Pb) compounds 

using GGA approximation. We can distinguish between three different regions; for CsPbI2Br the 

first region is located between -7.63 eV and -6.58 eV dominated by Pb. Above this region, there 

is another one between -3.27 eV and Fermi level dominated by Br and I. Finally, for the conductive 

region which starts at 1.912 eV, that means it’s an element with a good band gap energy, which is 

firstly leaded by the Pb, and exceeding 4.5; we have a dominance of Cs. For CsGeI2Br and 

CsSnI2Br it’s practically the same reasoning; we just replace the domination of Pb by Ge or Sn. 

There is also a change in the value of the band gap because by replacing Pb with Ge, we find a gap 

of 1.358 eV and a gap of 1.192eV in case we replace it with Sn. Table V.1 shows the obtained 

results in band and optical gap compared with some other theoretical and experimental studies; we 

can clearly say that the three compounds are good candidates for solar cell’s application because 

they fit into the range of photovoltaic. 
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Figure V. 2 : Total and partial density of states of CsBI2Br compounds as a function of incident 

photon energies: (a) CsPbI2Br, (b) CsSnI2Br and (c) CsGeI2Br. 

 

Table V. 1: Band and optical gap for CsPbI2Br, CsGeI2Br and CsSnI2Br. 

Compounds 

Present work  

 Other 

theoretical 

work  

Experimental 

studies 
Gap energy 

(eV) with 

GGA 

Gap energy 

(eV) with 

GGA + 

mBJ 

Gap 

energy 

(eV) with 

GGA-HSE 

Gap energy 

(eV) with 

GGA + HSE 

and SOC 

CsPbI2Br  1.39 1.85 1.74   1.41  - 1.92 [138] 

CsGeI2Br  0.99 1.18 0.99 0.44 1.58 [139] - 

CsSnI2Br  0.37 1.07 0.52 0.31 0.75 [140] 1.37 [141] 
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 V.3.1.2 Optical properties 

Reflectivity R(ω), refractive index n(ω) and absorption spectra α(ω) are investigated for our 

considered compounds in a range between 350 and 800 nm. The Fig. V.3 represents the optical 

absorption spectrum which is the penetration of light at specific wavelength into the material 

before it gets absorbed which is very fundamental to determine the solar energy conversion 

efficiency of a material for solar cell application. The absorption spectra present two main peaks 

in visible range. We can also notice the replacement of Pb by Ge or Sn affects the spectra, and the 

position of the peak shifts from 375 nm to 425 nm for CsSnI2Br, and to 460 nm for CsGeI2Br. In 

addition to that, the studied compounds show high absorption capacity in the visible range, and it 

is something that we are looking for in solar cell application. A maximum absorption is observed 

with Ge based compounds compared to Sn and Pb based counterparts. Therefore, CsGeI2Br would 

be a better applicant and successor to CsPbI2Br for application in solar cells. 
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Figure V. 3: The behavior of optical absorption spectrums of the CsBI2Br (B = Pb, Sn, Ge) 

compounds as a function of wavelength. 

 

https://www.thesaurus.com/browse/fundamental
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Among the important properties for photovoltaic application, we found reflectivity and the 

capacity of reflection of a sample surface to the incident radiation flux.  

Fig.V.4 shows the reflectivity of the compounds in the visible region of the spectra, we can note 

that the CsPbI2Br has a peak of reflectivity at 378 nm not exceeding 0.34 and for λ > 378 the 

reflectivity decreases. For CsSnI2Br, we have a very low coefficient of reflectivity that increases 

between 370 nm and 425 nm to reach 0.33 and decreases, however, it remains above the CsPbI2Br 

one. Furthermore, CsGeI2Br has the highest reflectivity up to 0.42 at 457 nm, and it decreases as 

the wavelength increases. Anyhow, it's still a very low coefficient compared to its high absorption. 

And nowadays, the reflected part may also be collected to increase the performance of panels. The 

Fig.V.5 represents the refractivity index, in the range between 350 and 800 nm, for CsPbI2Br it 

clearly noted a coefficient increasing till 3.09 after the peak, the curve starts decreasing, for 

CsGeI2Br it is started with very low refractivity index less than 1.5, after it increased up to 3.5 at 

640 nm. For CsSnI2Br, it started increasing from 400 nm until it reached 2.8. As we can see, for λ 

< 500 nm CsPbI2Br has the highest refractivity index, CsGeI2Br takes the lead for λ > 500 nm. 
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Figure V. 4: Reflectivity of the CsBI2Br (B = Pb, Sn, Ge) as a function of wavelength. 
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Figure V. 5: Refractivity index of the CsBI2Br (B = Pb, Sn, Ge) as a function of 

wavelength. 

V.3.1.3 Thermoelectrical properties 

The Seebeck coefficient and the thermal conductivity were performed for the CsBI2Br (B = Pb, 

Sn, Ge) compound using BoltzTraP code [141]. The Fig.V.6 (a) shows the Seebeck coefficient 

variation as a function of temperature in kelvin (°K), for the three compounds it begins from 0 

µV/K for 0°K, and it decreases, for CsPbI2Br, it decreases to -200 µV/K at 5°k and it increases 

with the increase of temperature, for CsSnI2Br it decreases up till -1200 µV/K at 4.3°K and like 

the previous compound it starts increasing up to positive values. One replacing Pb by Ge, we can 

note a slight decrease, and for T >33°K it begins increasing. For T > 120°K the value of the 

Seebeck coefficient is positive for all compounds and it has the same appearance and the same 

value. For the Thermal conductivity Fig.V.5 (b) it increases with increasing the temperature, 

starting from 0(W/m s K) at 0°K, to reach the 1014 (W/m s K) at higher temperatures for CsPbI2Br, 

CsGeI2Br and CsSnI2Br. So we can note that the replacing of the Pb by Sn and Ge does not affect 

their thermal conductivity, but it clearly affects their Seebeck coefficient.   
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Figure V. 6: (a) Seebeck coefficient and (b) The thermal conductivity of the CsBI2Br (B = Pb, 

Sn, Ge) as a function of temperature 
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V.3.2 KGeI3‑xBrx (KGeI2Br, KGeIBr2) 

Due to our previous studies, the germanium-based compounds have gained our attention due to 

their high optical absorption. And what made us observe that the gap energy can be tuned by 

changing the halide composition in mixed I/Br perovskite. That’s why we were so excited to 

perform the gap energy tuning in KGeI3 by the substitution of the iodine atom for bromine. In this 

work, we investigate the electronic structure, optical, and thermoelectric properties of KGeI3-xBrx 

(x = 1; 2) compounds that are not yet studied theoretically or experimentally. Calculations on the 

properties were achieved adopting the full potential Linearized augmented plane wave (FP-

LAPW) method in the framework of density functional theory with GGA and the modified Becke–

Johnson (mBJ) approximations to define the electronic and optical properties to look for new and 

useful properties for different applications.  

V.3.2.1 Electronic properties 

The electronic structure of the perovskite KGeI2Br and KGeIBr2 compound are analyzed by 

computing the band gap and the total density of states (T-DOS) at normal pressure, and the plots 

are depicted in Fig.V.7 The compounds are direct band gaps with a clear semiconducting behavior, 

see  Fig V.8 We can notice the maximum of the valence band (VB) and the minimum of the 

conduction band (CB) are located at the same point with a value of 0.894 eV and 1.126 eV for the 

KGeI2Br, KGeIBr2, compounds respectively as mentioned in Table V.2. 
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Figure V. 7: Total densities of states of the (a) KGeI2Br and (b) KGeIBr2 as a function of the 

incident photon energies. 
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Figure V. 8: Band-gaps of the: (b) KGeI2Br, (c) KGeIBr2 compounds. 
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Table V. 2: Bandgap values of the KGeI3-xBrx (x = 0; 1; 2; 3) compounds. 

 

Compounds 
 

a(Å) 

Eg (eV) 

GGA GGA+mBJ GGA+mBJ with 

SO 

KGeI2Br 5.82 0.685 0.894 0.777 
KGeIBr2 5.70 0.983 1.126 1.075 

V.3.2.2 Optical properties 

The optical properties of the KGeI3-xBrx compounds are studied by figuring out the complex 

dielectric function. The imaginary part illustrates the absorptive behavior and the real part of the 

dielectric function εr(ω), can be obtained from the imaginary part. The absorption spectra α(ω) of 

KGeI2Br and KGeIBr2 are plotted against wavelength in the range of 300-900 nm in Fig V.9 The 

optical absorption spectrums have as definition, the penetration of light at a specific wavelength 

into the material before it gets absorbed. Determining the solar energy conversion efficiency of 

material for solar cell application is very fundamental. The spectra show two peaks, we noticed 

that the substitution of iodine atom to bromine atom allows the increase of the absorption peak 

value, it goes from 54×104/cm at 428 nm for KGeI2Br, 67×104/cm at 447 nm for KGeIBr2. We 

notice high absorption capacity in the visible range for the examined compounds and it is 

something that we are looking for in solar cell applications. The highest absorption value is clearly 

shown by the KGeIBr2 compound compared to others. Therefore, KGeIBr2 would be a better 

applicant for solar cell applications. 

https://www.thesaurus.com/browse/fundamental
https://www.thesaurus.com/browse/wherefore
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Figure V. 9: Absorption spectrums of the KGeI2Br and KGeIBr2 compounds as a function of the 

wavelength. 
 

 

Among the relevant properties for photovoltaic application, reflectivity is the capacity of reflecting 

a sample surface to the incident radiation flux. Fig.V.9 shows the reflectivity of the compounds in 

the visible region of the spectra. We clearly see that the reflectivity of the KGeI2Br has a value of 

0.29 at 320 nm and suddenly decreases to 0.17. The KGeIBr2 have an average value of 0.19 which 

is a low value which is great for the PV application. 

 Fig V.11 represents the refractivity index, in the range between 300 and 900 nm calculated by the 

expression (3). Clearly, it distinguishes the increase of the refractive index for the compounds, 

crossing on the value 2.4. For 𝜆 >  450 𝑛𝑚, we find a value of 2.39 and 2.44, for KGeI2Br and 

KGeIBr2, compounds, respectively. 
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Figure V. 10: Reflectivity behavior of the KeI3-xBrx ( x = 1; 2) as a function of the wavelength. 
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Figure V. 11: Refractivity index of the KGeI3-xBrx (x = 1; 2) as a function of the wavelength. 
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V.3.2.3 Formation energy 

The calculation of the formation energy for KGeI3-xBrx (x = 1; 2) compounds gives an idea of the 

stability phase and the possibility of synthesizing the compounds under investigation. The 

formation energy is given by the expression (5.1) [24], where 𝑥, 𝑦, and 𝑧 are the numbers of the 

atoms K, Ge and, X in the unit cell, respectively. 𝐸𝑡𝑜𝑡𝑎𝑙
𝐾𝐺𝑒𝑋3, 𝐸𝑠𝑜𝑙𝑖𝑑

𝐾 , 𝐸𝑠𝑜𝑙𝑖𝑑
𝐺𝑒  and, 𝐸𝑠𝑜𝑙𝑖𝑑

𝑋  are the 

calculated total energies of KGeX3 compounds, K, Ge, and X, respectively. We find -2.431 and -

2.552 for KGeI2Br and KGeIBr2 respectively. The energy values are negatives. This implies that 

these phases are energetically favorable, and chemically stable structures and most likely to be 

synthesis experimentally. Also, the Goldschmidt tolerance factor (t) of all compounds is around 

⁓0.86 ; this confirmed that the compounds are stable. 

𝐸𝑓𝑜𝑟𝑚
𝐾𝐺𝑒𝑋3 =

1

𝑥+𝑦+𝑧
 [𝐸𝑡𝑜𝑡𝑎𝑙

𝐾𝐺𝑒𝑋3 − (𝑥𝐸𝑠𝑜𝑙𝑖𝑑
𝐾 + 𝑦𝐸𝑠𝑜𝑙𝑖𝑑

𝐺𝑒 + 𝑧𝐸𝑠𝑜𝑙𝑖𝑑
𝑋 )]             (5.1) 

V.3.2.4 Thermoelectric properties 

To calculate the thermoelectric properties as the Seebeck coefficient, the electrical and the thermal 

conductivity using the Boltzmann theory embedded in BoltzTraP code. Fig V.12 (a) shows the 

Seebeck coefficient variation as a function in temperature. This coefficient allows us to know if 

we have an abomination of charge carrier, if the results show a negative sign; it represents n-type 

material, so if its positive sign means that it’s a p-type material. According to our results, for the 

compounds, it’s clearly positive. Concluding that, these compounds are p-type materials. 

Figs. V.12 (b) and (c) represent the electrical conductivity (σ) and thermal conductivity (k0) of the 

KGeI2Br and KGeIBr2 respectively. We see an increase in both electrical (σ) and thermal 

conductivity (k0) by increasing temperature to reach 1017and 1012, respectively. The thermal 

conductivity depends on the molecular vibrations of the free electrons. So, we can say that the 

molecular vibration increases in our compounds with the increase of temperature. 
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Figure V. 12: (a) Seebeck coefficient, (b) the electrical conductivity, and (c) the thermal 

conductivity of the KGeI3-xBrx (x = 1; 2) as a function of the temperature. 

Conclusion  

As a conclusion, the modified Becke–Johnson with generalized gradient approximation has been 

used in order to study the electronic structure, optical, and thermoelectric properties of the 

perovskite KGeI3-xBrx and CsBI2Br compounds using the FP-LAPW with Generalized Gradient 

Approximation (GGA + mBJ) implemented in Wien2k code. Based on the result, we can clearly 

see the effect of the change of the metal ion on the electronic as well as the optical properties. By 

analyzing the results, it is evident that the Germanium is more attractive compound because of its 

high optical absorption up to 6.3 × 105 cm-1 in the visible range and very favorable band gap of 

1.18 which allows them to be more productive. This means that there is better performance than 

Lead and Tin for PV panels. In addition, The KGeIBr2 shows a very interesting absorption value 

up to 6,7 .105 in the visible range what allows it to be more productive is attractive for solar cell 

application.  Moreover, we have investigated the effect of adding the spin–orbit correction on the 

bandgap energy of the perovskite. Such results have been compared with those of the GGA + mBJ 

values without the spin–orbit correction. 
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VI.1 Introduction 

Investigating the CsBI2Br (B = Pb, Ge, Sn) and the KGeI3-xBrx (x = 0; 1; 2; 3) lead me to explore 

the potential of AGeI2Br with (A= K, Cs, Rb) compounds, trying to find new improvement for PV 

application. In this part, we investigate the electronic structure, optical, and thermoelectric 

properties of AGeI2Br with (A= K, Cs, Rb) compounds. Calculations on the properties were 

achieved adopting the full-potential linearized augmented plane wave (FP-LAPW) method in the 

framework of density functional theory with GGA and the modified Becke–Johnson (mBJ) 

approximations to define the electronic and optical properties to look for new and useful properties 

of these compounds for different applications.  

VI.2 Computational Methods 

The calculations are performed using the full-potential linearized augmented plane wave method 

(FP-LAPW) based on density functional theory (DFT) as implemented in the Wien2k code [68]. 

This method allows us to calculate the optical and electronic properties, band gaps, and densities 

of states, counting the absorption coefficient, and the reflectivity of our compounds at T=0.0K. In 

the cubic halide perovskite AGeI2Br (A = Cs, K, Rb), the A atoms occupy the corner positions (0, 

0, 0) fractional coordinates, the B atoms occupy the body-centered position (
1

2
;
1

2
;
1

2
) fractional 

coordinates, and the I and Br atoms occupy the face-centered positions (
1

2
;
1

2
;0), (0;

1

2
;
1

2
) and (

1

2
; 0;

1

2
) 

respective fractional coordinates. We started by the optimization step figure VI.1 for the 

determination of the lattice parameters. The generalized gradient approximation (GGA) [136] and 

the modified Becke-Johnson with Generalized Gradient Approximation (GGA+mBJ) are used for 

exchange and correlation calculations. We fixed the convergence criterion at 10−4 Ry and the 

convergence force to 1 mRy/a.u. We also use the Boltzmann theory embedded in BoltzTraP code 

to calculate the thermoelectric properties as the Seebeck coefficient, the electrical, and the thermal 

conductivity. 
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Figure VI. 1: Optimization of the of the AGeI2Br compounds 
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VI.3 Result and discussion 

VI.3.1 Electronic properties 

The studied compounds display direct band gaps with a clear semiconducting behavior, as shown 

in Fig VI.2. The calculated total density of state without strain effect was plotted in Fig VI.3. From 

Fig VI.2. (a, b, and c), It’s clearly shows that the maximum of the valence band (VB) and the 

minimum of the conduction band (CB) are located at R axe which confirmed the direct bandgap, 

with bandgap values of 0.894 eV, 0.913 eV, and 1.18 eV for the KGeI2Br, RbGeI2Br and CsGeI2Br 

compounds, respectively, calculated using GGA + mBJ approximation as seen in the table VI.1. 

One of the most important factors of our study is the calculation of the formation energy of the 

AGeI2Br compounds.  
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Figure VI. 2: Band structure of the AGeI2Br compounds calculated via GGA + mBJ 

approximation: (a) KGeI2Br, (b) RbGeI2Br, (c) CsGeI2Br. 
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Table VI. 1 : Lattice parameters a, Formation energy Ef, and Band Gap energy values Eg of the 

AGeI2Br (A= K, Rb, Cs) compounds calculated via PBE-GGA, and GGA + mBJ 

approximations. 

 

a (Å) V (Å3) Ef 

Energy Gap (eV) 

PBE-GGA GGA + mBJ 

KGeI2Br 5.82 197.14 -2.431 0.685 0.894  

RbGeI2Br 5.87 202.26 -2.441 0.702 0.913 

CsGeI2Br 5.89 204.34 -2.471 0.989 1.180  

 

The total density of state is represented in Fig VI.3. of the AGeI2Br (A = K, Rb, Cs), two 

distinguished regions are asserted. The first region in the valence band is located between -4 and 

the fermi level which is dominated by the halide atoms Bromine and the Iodine. For the conductive 

region, it starts from 0.894 eV, 0.913 eV and 1.18 eV for the KGeI2Br, RbGeI2Br and CsGeI2Br 

compounds respectively. With a dominance of the germanium (Ge) in large part, exceeding 4.5 

eV we have a dominance of the alkali metal A.  
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Figure VI. 3 : Total Density of charge of the AGeI2Br compounds calculated via GGA + mBJ 

approximation: (a) KGeI2Br, (b) RbGeI2Br, (c) CsGeI2Br. 

 

As a second part of our study, we applied the strain to the cubic structure of AGeI2Br compounds 

along the axis z, and we determined the volume of the stretch in percentage (%) to determine the 

effect on the AGeI2Br properties. Table VI.2, shows the results obtained by applying the strain 

with 1%, 2%, and 3% with GGA and GGA + mBJ approximations. The value of the gap energy 
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increases when the percentage of strain. As we can see, the gap increases from 0.685 eV (0%) to 

1.206 eV (3%) for the KGeI2Br, from 0.702 eV (0%) to 1.208 eV (3%) for RbGeI2Br, and from 

0.989 eV (0%) to 1.319 eV (3%) for CsGeI2Br. 

Table VI. 2 : Band gap with strain effect simulated via PBE-GGA and GGA + mBJ. 

 PBE-GGA GGA + mBJ 

 0% +1% +2% +3% 0% +1% +2% +3% 

KGeI2Br 0.685 0.909 0.934 0.969 0.894 1.124 1.167 1.206 

RbGeI2Br 0.702 0.904 0.945 0.981 0.702 1.123 1.168 1.208 

CsGeI2Br 0.989 1.123 1.164 1.199 0.989 1.289 1.317 1.319 

 

VI.3.2 Optical properties 

On the other hand, the optical properties of the AGeI2Br with (A = K, Rb, Cs) compounds are 

studied by figuring out the complex dielectric function, which includes a real and an imaginary 

part. Reflectivity R(ω), refractive index n(ω) and absorption spectra α(ω) are investigated for our 

considered compounds in a range between 300 nm and 900 nm. Fig.VI.4 represents the optical 

absorption spectrum, we can notice that the absorption spectra present peaks for each compound 

in the visible range. A peak that reaches 62×104 at 455 nm for CsGeI2Br, 58×104 at 434 nm for 

RbGeI2Br and 54×104 at 428 nm for KGeI2Br. For solar cell application, we are always looking 

for high absorption capacity in visible range. A maximum absorption is observed with Cs based 

compounds compared to K and Rb based counterparts. We also investigate the reflectivity and the 

capacity of the compounds to reflect the incident radiation flux. Fig VI.5 represents the reflectivity 

of the compounds in the visible region of the spectra. We notice for the CsGeI2Br a peak at 460 

nm, but it has an average of 30% of reflectivity.  The RbGeI2Br compound also has a peak of 34% 
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at 376 nm but the average is about 25%. KGeI2Br has the least value of the reflectivity at the 

visible spectra with 20%. However, this reflective part can be used to increase the solar cell 

efficiency.   Further, the refractive index is plotted in Fig.VI.6. in the range between 300 nm and 

900 nm. It’s increased to 3.4, for both Cs and Rb compounds respectively, and to 2.3 for the 

KGeI2Br. The figure VI.7 resumes the result of the optical properties in percentage. 
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Figure VI. 4: Absorption spectrums of the AGeI2Br (A = K, Rb, Cs) compounds as a function of 

wavelength. 
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Figure VI. 5 : Reflectivity of the AGeI2Br (A = K, Rb, Cs) compounds as a function of 

wavelength. 
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Figure VI. 6: Refractivity index of the AGeI2Br (A = K, Rb, Cs) compounds as a function of 

wavelength. 
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Figure VI. 7: Absorption coefficient (A), Reflectivity (R) and Transmittance (T ) evolution of 

the AGeI2Br (A = K, Rb, Cs) compounds as a function of wavelength. 

 

VI.3.3 Optical properties under the strain effect 

Furthermore, we investigate the optical properties under the strain effect on the compounds, to 

examine the effect of strain on absorption coefficient, reflectivity and refractive index for different 

strain values from 1% to 3%. The figures VI.8; VI.9; VI.10 show the difference between the 0% 

strain which means no strain effect and the 1%, 2% and 3% strain. For the absorption coefficient 

we can note a slight difference for the K and Cs compounds, for the Rb the width of the peak 

shrunk, but the maximum is the same value. The strain effect is negligible for the reflectivity in 

KGeI2Br compound, a slight for the CsGeI2Br, but we can see a decrease of the value and it goes 

from 35% to 25% at the peak and from 30% to 20% for the average for the RbGeI2Br, and the 

same goes for the refractive index. 
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Figure VI. 8 : Absorption coefficient of the AGeI2Br (A = K, Rb, Cs) compounds as a function 

of wavelength under strain effect. 

 

 

 

 

 

 

 

 

 

 

Figure VI. 9: Reflectivity of the AGeI2Br (A = K, Rb, Cs) compounds as a function of 

wavelength under strain effect. 
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Figure VI. 10: Refraction index of the AGeI2Br (A = K, Rb, Cs) compounds as a function of 

wavelength under starin effect. 

VI.3.4 Photocatalytic properties 

The photocatalysis for water-splitting process prerequisite semiconductors possess wide bandgap 

to achieve a strong redox potential, by the reason of the intrinsic chemical inertness for both H2 

and H2O molecules. Though, these demands will bring on a decrease in the photocatalysis light 

response area. For this purpose, the new research will be of interest on the development of 

photocatalysis with a combination between a slight band gap and high charge separation 

efficiency. The halide perovskite semiconductors characterized by their wide band gap, redshift 

absorption, as well as appropriate positions of the CB edge over the water reduction level (H+/H2) 

and the VB edge under the water oxidation level (O2/H2O) [142] as described by the following 

equations: 

𝐻2𝑂 + 2ℎ+  → 2𝐻+ +
1

2
𝑂2 (6.1) 

2𝐻+ + 2 𝑒− → 𝐻2 (6.2) 
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Despite the excellent photocatalysis performance of lead halide perovskite semiconductors for 

water splitting H2 production and/or CO2 reduction, there are some drawbacks [143-145]. To 

ascertain the above conditions, we will investigate the water splitting photocatalytic properties of 

AGeI2Br (A = K, Rb and Cs) with and without strain effect. The mechanism of photocatalytic 

water-splitting is based on merging the photocatalyst in water, when it is excited with a photo-

induced light energy equal to or larger than its band gap energy, the electrons in the VB migrate 

to the CB, then start the reduction of H+ to H2. Whereas, the holes remain in the VB and start the 

oxidation of H2O to H+ and O2. A schematic photocatalytic water-splitting diagram is presented in 

Fig VI.10. The band-edge potential levels of AGeI2Br (A = K, Rb and Cs) photocatalysis are 

calculated using the well-known Mulliken electronegativity theory [146] as follow: 

𝐸𝑉𝐵 =  𝜒 − 𝐸0 + 0.5𝐸𝑔 (6.3) 

𝐸𝐶𝐵 = 𝐸𝑉𝐵 − 𝐸𝑔 (6.4) 

where, Eg, EVB and ECB are the band gap energy, valence band and the conduction band edge 

potential, respectively, E0 is the energy of free electrons on the hydrogen scale (E0 = 4.5 eV) [147], 

and 𝜒 is the absolute electronegativity of the simulated systems (4.26, 4.62, and 4.34 for AGeI2Br 

(A = Cs, K, and Rb) respectively) calculated by the following formula: 

χ (AGeI2Br) = (χ(A) χ(Ge) χ(I)2 χ(Br) )1/5 (6.5) 

where; χ(A), χ(Ge), χ(I), and χ(Br) are the absolute electronegativity of A with (A = K, Rb and 

Cs), Ge, I, and Br elements, respectively. The absolute electronegativity of AGeI2Br (A = K, Rb 

and Cs) systems elements equal to; 1.29, 1.92, 1.41, 4.10, 6.04, and 7.29 for Cs, K, Rb, Ge, I, and 

Br, respectively [148].  

The band gap energy (Eg) of the studied compounds was found to be 1.18 eV [144], 0.91 eV, and 

0.89 eV for AGeI2Br (A = K, Rb and Cs) systems, respectively. The effective mass values 

calculated of photo-induced electrons and holes are presented in Table 1. In addition to the 

calculation of band edges, the relative effective mass ratio (D) of photo-induced electrons and 
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holes (Table 3) was calculated to evaluate the charge separation efficiency [142]. The relative 

ratios of effective mass were calculated via the following formula: 

𝐷 =  𝑚ℎ
∗ (𝑚0) / 𝑚𝑒

∗(𝑚0) (6.6) 

Overall, a photocatalyst possessing a higher D value allows the higher probability of 

photogeneration electron-hole pairs separation, by consequence a lower recombination rate 

improving the photocatalytic activity [149]. The calculated value of relative ratios of effective 

mass were 1.20, 0.72, and 0.76 for AGeI2Br (A = K, Rb and Cs) halide perovskite, respectively. 

According to the NHE (normal hydrogen electrode), the CB edge potentials of simulated halide 

perovskite AGeI2Br (A = K, Rb and Cs) were, -0.83 eV, -0.33 eV, and -0.62 eV, respectively, 

while the VB ones are found to be 0.35 eV, 0.57 eV and 0.30 eV. The calculated relative ratio D 

of CsGeI2Br is higher than those of KGeI2Br and RbGeI2Br, and greater than one, highlighting on 

the more rapid diffusion rates of the both latest halide perovskite, signifying the easier separation 

of electron-hole pairs in CsGeI2Br [150]. To enhance the performance of the studied halide 

perovskites AGeI2Br (A = K, Rb and Cs), the strain effect was evaluated (Table VI.3). The 

AGeI2Br (A = Cs, K, and Rb) semiconductor undergoes a tensile effect following the proportions 

0%, 1%, 2%, and 3%. For CsGeI2Br and RbGeI2Br, the relative ratio D were improved under a 

tensile effect of 1% reaching a maximum value of 1.99 and 1.34 for CsGeI2Br and RbGeI2Br, 

respectively, then start decreasing until a value still greater than the unmodified compound. 

Whereas, for KGeI2Br, the relative ratio D is also enhanced under a stretching effect of 1%, hence 

decreasing to arrive at a minimum value which is slighter than the pure one.  
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Figure VI. 11: Schematic illustration for the calculated energy band diagram of AGeI2Br (A = 

K, Rb and Cs) with and without strain effect. 

From the calculated relative ratio D (Table VI.3) and the band edges (Figure VI.11), one can 

conclude the improvement of the photo-induced ability of all studied semiconductors under strain 

effect of 1% due to the increasing values of D (1.99, 1.10, and 1.34 for AGeI2Br (A = K, Rb and 

Cs) respectively), allowing them to be promising candidate for photocatalysis water-splitting.  

V.3.5 Thermoelectric properties 

Among the sources for conversion of the waste heat into electricity, thermoelectric materials are 

considered the promising one for this area. Hence, the efficiency of this application is evaluated 

through the calculation of the figure of merit (ZT) and power factor (PF). The electrical 

conductivity, thermal conductivity, seebeck coefficient, carrier mobility, and carrier’s 

concentration of the studied compounds, have been investigated at room temperature via the 

BoltzTraP package, and recapitulated in Table VI.4. The variation of figure of merit ZT as function 

of temperature has been examined used the following equation [151]:  

𝑍𝑇 =  
𝜎𝑆2𝑇

𝜅
 (6.7) 

where, σ, S, 𝜿, and T are the electrical conductivity, thermal conductivity, seebeck coefficient, and 

the temperature, respectively. And the variation of power factor as function of temperature is 

calculated as follow: 
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𝑃𝐹 =  𝜎𝑆2 (6.8) 

From Table V.6, one can notice the high electrical conductivity, high thermal conductivity, low 

seebeck coefficient of AGeI2Br (A = Cs, K, and Rb) halide perovskites. KGeI2Br and RbGeI2Br 

possess values of figure of merit around a unit. While, CsGeI2Br has a negligible figure of merit 

value due to the low seebeck coefficient and the high thermal conductivity compared to KGeI2Br 

and RbGeI2Br. Whereas, CsGeI2Br has a power factor value greater than KGeI2Br and RbGeI2Br 

due to their higher value of electrical conductivity compared to others. From the results presented 

on the Table VI.4, one can conclude that results obtained with strain effect have no effect on the 

thermoelectric properties and/or electrical properties. While for CsGeI2Br, the figure of merit and 

the power factor were slightly improved under tensile effect of 1%, then started decreasing until 

reaching minimum values. In spite of this, among the three compositions we found that KGeI2Br 

and RbGeI2Br can be considered as promising candidates for thermoelectric potential. 
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Table VI. 3 : Carrier effective masses, the relative ratio (D) of the effective masses, and the 

band-edge potential levels of AGeI2Br (A = Cs, K, and Rb). 

 

 Compound 0% +1% +2% +3% 

𝑚ℎ
∗ (m0) 

CsGeI2Br 

KGeI2Br 

RbGeI2Br 

12.47 

5.88 

7.96 

16.23 

9.70 

10.29 

8.20 

2.74 

6.84 

9.55 

2.86 

6.62 

𝑚𝑒
∗(m0) 

CsGeI2Br 

KGeI2Br 

RbGeI2Br 

10.23 

8.24 

10.52 

8.15 

8.81 

7.68 

5.66 

5.73 

10.57 

6.73 

6.97 

7.65 

D 

CsGeI2Br 

KGeI2Br 

RbGeI2Br 

1.22 

0.72 

0.76 

1.99 

1.10 

1.34 

1.45 

0.48 

0.65 

1.42 

0.41 

0.87 

EVB 

CsGeI2Br 

KGeI2Br 

RbGeI2Br 

0.35 

0.57 

0.30 

0.29 

0.56 

0.31 

0.30 

0.58 

0.32 

0.31 

0.60 

0.33 

ECB 

CsGeI2Br 

KGeI2Br 

RbGeI2Br 

-0.83 

-0.33 

-0.62 

-0.83 

-0.35 

-0.60 

-0.86 

-0.36 

-0.62 

-0.89 

-0.37 

-0.65 
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Table VI. 4: Electrical Conductivity, Thermal Conductivity, Seebeck coefficient, Figure of 

merit, Power factor, Carrier mobility, and Carrier’s concentration of AGeI2Br (A = Cs, K, and 

Rb) calculated at 300 K for different values of strain using TB-mBJ method 

 

 Compound 

AGeI2Br 
0% +1% +2% +3% 

σ(S.cm-1.s-1)/ τ 

         Cs 6.59 1019 2.78 1019 6.53 1019 2.82 1019 

A : K 1.67 1017 1.66 1017 1.66 1017 1.66 1017 

 Rb 4.28 1015 4.20 1015 4.19 1015 4.18 1015 

Kel (W.m-1.K-1.s-1)/ τ 

         Cs 4.40 1014 3.29 1014 4.38 1014 2.21 1014 

A : K 6.73 1012 6.71 1012 6.71 1012 6.70 1012 

 Rb 4.81 1011 4.72 1011 4.71 1011 4.70 1011 

S (V.K-1) 

         Cs 3.56 10-5 8.31 10-5 3.54 10-5 1.46 10-5 

A : K 3.54 10-4 3.54 10-4 3.53 10-4 3.53 10-4 

 Rb 5.99 10-4 5.99 10-4 5.99 10-4 5.99 10-4 

ZT 

         Cs 0.06 0.18 0.06 0.01 

A : K 0.93 0.93 0.93 0.93 

 Rb 0.96 0.96 0.96 0.96 

PF (W. cm-1 K-2) 

         Cs 8.37 1010 1.92 1011 8.20 1010 5.99 109 

A : K 2.081010 2.081010 2.07 1010 2.07 1010 

 Rb 1.54 109 1.51 109 1.51 109 1.50 109 

µp (cm2.V-1.s-1) 

         Cs 3.47 1018 2.39 1018 3.44 1018 1.48 1018 

A : K 8.77 1015 8.74 1015 8.74 1015 8.71 1015 

 Rb 2.25 1014 2.21 1014 2.21 1014 2.20 1014 

p (cm-3) 

         Cs 3.661023 3.19 1023 3.66 1023 3.67 1023 

A : K 3.07 1023 3.18 1023 3.18 1023 3.18 1023 

 Rb 3.06 1023 3.18 1023 3.18 1023 3.18 1023 
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VI.4 Conclusion 

 

In this part, the first-principles density functional theory (DFT) has been performed to 

explore the structural, electronic, optical, photocatalytic, and transport properties of 

Germanium based halide perovskite AGeI2Br (A= K, Rb, and Cs) compounds using the 

FP-LAPW method with the modified Becke-Johnson with Generalized Gradient 

Approximation (GGA+mBJ) implemented in Wien2k code. Moreover, by applying the 

strain effect, the gap energy increases when increasing the strain from 1% to 3%, 

whereas the optical properties are not affected by the strain, and we were able to keep 

a very good absorption coefficient. Furthermore, the photo-generated ability of the 

studied halide perovskites was improved only under strain effect of 1% due to the 

increasing values of D (1.99, 1.10, and 1.34 for AGeI2Br (A = K, Rb, and Cs) 

respectively), leading them to be a suitable candidate for photocatalysis water-splitting 

under UV-Visible illumination. In addition to that, among the studied compounds, we 

found that KGeI2Br and RbGeI2Br can be considered promising candidates for 

thermoelectric potential. Moreover, the technique proposed in this investigation is a 

good method to increase the gap energy, thus the photocatalytic water-splitting 

performance. In conclusion, we can consider the three compounds as promising 

candidates for photovoltaic, photocatalytic applications. 
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Conclusion 

The work presented in this thesis focuses on the theoretical study of potentially 

promising materials for photovoltaic application. The study undertaken in this thesis 

aims first to investigate the structural, electronic and optical properties using the FP 

LAPW method based on the DFT density functional theory with the modified Becke-

Johnson corrective approach implemented in the wien2k calculation code. We 

performed the calculation in a first step for the CIGS compound with different values 

of doping concentration of Ga, from CIS to CGS keeping the chalcopyrite structure. In 

a second part, we are interested in the study of another generation of materials called 

'perovskites' and more precisely the cubic perovskite halides of type ABX 3 (A = K; B 

= Ge, Sn; X = Cl, Br, I) with in common the direct character of their band gap in the R-

R direction. The electronic charge density shows an ionic (between A and X) and 

covalent (between Ge and X) bonding of these compounds. The optical properties of 

these compounds such as real and imaginary parts of dielectric functions, refractive 

indices, reflectivity and absorption coefficients are also calculated. The direct band gap 

and high absorption of these compounds in the visible and ultraviolet energy range 

allow these perovskites to be used in PV and optoelectronic devices operating in this 

range of the energy spectrum. Moreover, the thermodynamic properties have been 

investigated by the BoltzTrap software based on the semi-classical Boltzmann model. 

In the last part, we studied the mixed perovskite halides ABI 3-XBrx (A = K, Rb, Cs; B 

= Ge, Pb) with the generalized gradient approximation (GGA) as exchange correlation 

potential. The modified Becke - Johnson (mBJ) potential approximation is also used to 

calculate the electronic and optical properties of these materials. The results showed a 

direct band gap, a high absorption, in the visible range very attractive for photovoltaic 
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applications. For any future experimental or theoretical research, these results could be 

used as reference results. 
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