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Abstract 
 
 

 
 In this work, we studied the structural, electronic and Optical properties of binary compounds 

CaSe and ZnSe by the augmented and linearized plane wave method (FP-LAPW), based on 

the density functional theory (DFT) implemented in the Wien2K code. We have used the 

generalized gradient approximation (GGA) for the term of the potential for exchange and 

correlation (XC) to study the structural properties. 

The calculation of the structure of electronic bands was carried out in the approximation 

generalized gradient (WC-GGA) and mBJ. 

The study of the electronic structure of the binary compounds CaSe and ZnSe has been 

carried through the calculation of the band structure, total and partial electronic density of 

states diagrams (TDOS and PDOS). 

We have also analyzed the optical properties (dielectric function, refractive index, the 

absorption coefficient, the reflection coefficient and the energy loss coefficient).  

Several calculated results have been compared with available experimental and other 

theoretical data. 

 

 

 Keywords: FP-LAPW, DFT, Binary compounds, GGA, mBJ.  
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Résumé 

 

Dans ce travail, nous avons étudié les propriétés structurelles, électroniques et optiques des 

composés binaires CaSe et ZnSe par la méthode des ondes planes augmentées et linéarisées 

(FP-LAPW), basée sur la théorie de la fonctionnelle de densité (DFT) implémentée dans le 

code Wien2K. Nous avons utilisé l'approximation du gradient généralisé (GGA) pour le terme 

du potentiel d'échange et de corrélation (XC) afin d'étudier les propriétés structurelles.  

Le calcul de la structure des bandes électroniques a été réalisé dans l'approximation du 

gradient généralisé (WC-GGA) et mBJ.  

L'étude de la structure électronique des composés binaires CaSe et ZnSe a été réalisée par le 

calcul de la structure de bande, des diagrammes de densité d'états électroniques totale et 

partielle (TDOS et PDOS). 

Nous avons également analysé les propriétés optiques (fonction diélectrique, indice de 

réfraction, coefficient d'absorption, coefficient de réflexion et coefficient de perte d'énergie).  

Plusieurs résultats calculés ont été comparés aux données expérimentales et théoriques 

disponibles. 

 

 

Mots-clés : FP-LAPW, DFT, Composés binaires, GGA, mBJ.  
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 ملخص

 

 

 الثنائية للمركبات والبصرية والإلكترونية البنيوية الخصائص قمنا بدراسة العمل، هذا في

CaSe و ZnSe الخطية المعززة المستوية الموجة طريقة باستخدام  (FP-LAPW)، 

  Wien2K. كود في المطبقة (DFT) الوظيفية الكثافة نظرية إلى استناداً

 لدراسة (XC) والارتباط التبادل جهد لمصطلح (GGA)  المعمم التدرج تقريب استخدمنا

 .البنيوية الخصائص

  mBJ.و (WC-GGA) المعمم التدرج تقريب باستخدام الإلكتروني النطاق بنية حساب تم

 بنية حساب خلال من ZnSe و CaSe الثنائية للمركبات الإلكترونية البنية دراسة تمت

 .PDOS ) .و (TDOS للحالات والجزئية الكلية الإلكترونية الكثافة ومخططات النطاق،

 ومعامل الانكسار، ومعامل العازلة، الدالة) البصرية الخصائص بتحليل قمنا كما

 (. الطاقة فقدان ومعامل الانعكاس، ومعامل الامتصاص،

 .المتاحة والنظرية التجريبية بالبيانات المحسوبة النتائج من العديد قورنت

 

 GGA ،mBJ، مركبات ثنائية، FP-LAPW: ،DFT  الكلمات المفتاحية
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General Introduction 

 

Materials science plays a very important role in technological developments, and this role 

continues to grow in many fields. In the field of solid-state physics, semiconductors are 

among the most widely used materials in advanced technologies and are the most extensively 

studied, especially binary semiconductors. These compounds have been often worn in 

domains of materiality and band structure countenances and have a range of desirable 

properties that can be exploited in electronic sensors and circuits [1], [2], [3], [4], [5]. II-VI 

semiconductor compounds are those materials formed of a metal from either group 2 or 12 of 

the periodical table (the alkaline earth metals and group 12 elements, in the past appealed 

groups II A and II B) and a nonmetal from group 16 (the chalcogens, in the past appealed 

group VI). Recently, group-II-VI semiconductors have brought a lot of care. This is owing to 

their aspiring employment in electronics and optoelectronic devices which vary from blue to 

near-ultraviolet spectral area [6], [7]. They have many implementations scoping from 

catalysis to microelectronics. These materiality are commonly differentiated by their band-

gaps. They crystallize in the zinc-blende, the wurtzite or the rock-salt (NaCl) structures [8], 

[9], [10]. 

Studying the physical properties of these compounds requires accurate theoretical models, due 

to the difficulty and cost of experimental work, especially at unusual temperatures and 

pressures. One of the most accurate theoretical methods for calculating electronic structure 

and crystalline properties is the FP-LAPW (Full-Potential Linearized Augmented Plane 

Wave) method. This method is based on density functional theory (DFT) and is known for its 

high ability to realistically and accurately describe the behavior of electrons in solids. 

The aim of this thesis is to study the structural, electronic, and optical properties of the binary 

compounds CaSe and ZnSe, using the Wien2K simulation code with the linearized augmented 

plane wave (FP-LAPW) method within the framework of DFT density functional theory. 

Following this introduction, the thesis is organized around three chapters: 

The first chapter presents a detailed literature review, in which we present the materials used 

and describe their general physical properties. 
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The second chapter is devoted to a review of DFT density functional theory, the 

approximations used to treat the exchange and correlation potential, the principle of the FP-

LAPW method, and the algorithm of the Wien2K computer code. 

The third chapter summarizes the results obtained during our study, their interpretations, and 

a comparison with some available theoretical and experimental work. 

Finally, our manuscript concludes with a general conclusion summarizing the essence of our 

results. 
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I.1. Introduction 

Class II-VI semiconductors have attracted considerable interest from both experimental and 

theoretical points of view [1], due to their potential technological applications ranging from 

the blue spectral region to the near ultraviolet region [2]. They are characterized by a wide 

band gap [3], and most of them, particularly those of group IIAVIA, crystallize in the 

Rocksalt (NaCl) structure [4] and those of group IIB-VIA crystallize in the Zinc blende 

structure under normal conditions [5]. This type of semiconductor has bonds that become 

increasingly ionic due to the transfer of electronic charge from the group II atom to the group 

VI atom [6]. This favors their use in optoelectronic devices and in thin films [7]. These 

compounds are also of remarkable interest given the simplicity of their synthesis and the good 

optical results obtained [8]. 

This first chapter provides a bibliographic review of the general physical properties of the 

binary compounds CaSe and ZnSe. It includes a description of the rocksalt and zinc blende 

crystal structures, followed by an overview of previous theoretical and experimental studies 

conducted on these materials. 

 

I.2. Semiconductor 

I.2.1. Definition of II-VI Semiconductors  

A II-VI semiconductor is a compound material formed by combining one or more elements 

from group II of the periodic table (such as calcium, zinc, cadmium) with one or more 

elements from group VI (such as oxygen, sulfur, selenium, tellurium). 

These materials are widely studied due to their desirable properties: 

 High chemical and mechanical stability 

 Good thermal conductivity 

 Wide bandgap energies 

 Direct bandgap nature, which makes them suitable for optoelectronic applications 

A compound exhibits semiconducting behavior when the total number of valence electrons 

from its constituent elements equals eight. 

In this context, calcium selenide (CaSe) and zinc selenide (ZnSe) are binary II-VI 

semiconductors formed by combining a group II element—calcium (Ca) or zinc (Zn)—with 

selenium (Se), a group VI element. 
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This work focuses on these binary compounds, CaSe and ZnSe, due to their potential 

applications in optoelectronics, including LEDs, laser diodes, and photovoltaic devices. 

 

I.2.2.The different Types of Semiconductors 

I.2.2.1. Intrinsic Semiconductors 

An intrinsic semiconductor is a pure material in which the number of free electrons is equal to 

the number of holes. The concentration of impurities is extremely low—less than one 

impurity atom per 10¹³ host atoms. 

 

I.2.2.2. Extrinsic Semiconductors 

An extrinsic semiconductor is an intrinsic material that has been intentionally doped with 

specific impurities to modify its electrical properties, making it suitable for use in electronic 

components (such as transistors and diodes) and optoelectronic devices (like light emitters 

and detectors). 

There are two main types of doping: 

 

N-type Semiconductor 

N-type dopants, also called donors, are elements or compounds with five or more valence 

electrons. When introduced into the intrinsic material, four of their electrons form covalent 

bonds with neighboring atoms, while the fifth electron becomes free to conduct electricity. In 

N-type semiconductors, electrons are the majority charge carriers, while holes are the 

minority carriers. 

P-type Semiconductor 

P-type dopants, known as acceptors, have three valence electrons. When incorporated into the 

semiconductor, they create "holes" by accepting electrons from neighboring atoms. In P-type 

semiconductors, holes are the majority charge carriers, and electrons are the minority carriers 
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Figure I.1. N-type Semiconductor 

 

Figure I.2. P-type Semiconductor 

I.3. Direct and Indirect Bandgaps 

The energy band diagrams illustrated in Figure (I.3) highlight two fundamental types of 

semiconductors: 

direct bandgap semiconductors, the conduction band minimum and the valence band 

maximum occur at the same wave vector 𝑘⃗, typically at the center of the Brillouin zone (𝑘⃗ = 

0). This alignment allows electronic transitions to occur without a change in momentum. 

 

indirect bandgap semiconductors have their valence band maximum and conduction band 

minimum located at different wave vectors 𝑘⃗. As a result, momentum is not conserved during 

electron transitions between these bands. 
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Figure I.3. Energy band structure of (a) direct bandgap and (b) indirect bandgap 

 

I.4. Physical Properties 

I.4.1. Characteristic of each element 

Here is a table presenting some fundamental data about the elements Ca, Se and Zn: 

Element Ca Se Zn 

Designation Calcium Selenium Zinc 

Atomic number 20 34 30 

Year of discovery 1808 1817 1746 

Land of discovery UK Sweden Germany 

Classification Alkaline earth metal  Non-metals Transition metal 

Band IIA-B VIA IIA-B 

Period 4 4 4 

Relative atomic mass 40.08 u 78.96u 65.38 u 

Melting temperature 842 °C 221 °C 419.5 °C 

Density 1.55 g/cm³ 4.81 g/cm³ 7.14 g/cm³ 

Types of crystal lattice 

structure 

Face-Centered Cubic 

(FCC) 

Hexagonal Hexagonal 

Table I.1 .Characteristics of Ca, Se and Zn 
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I.4.2. Electronic Configuration of Compounds 

The classification of the constituent elements of our CaSe and ZnSe compounds is shown in 

Table (I.2) 

IA-B  IIA-B    𝐼𝐼𝐼𝐴 IVA       VA VIA VIIA  

𝐿𝑖3 

𝑁𝑎11 

𝐶𝑢29 

𝐴𝑔47 

𝐴𝑢79 

𝐵𝑒4 

𝑀𝑔12 

𝐶𝑎20 

𝑍𝑛30 

𝐶𝑑48 

𝐻𝑔80 

𝐵5 

𝐴𝑙  13 

𝐺𝑎31 

𝐼𝑛49 

𝑇𝑖81 

 

𝐶6 

𝑆𝑖14 

𝐺𝑒32 

𝑆𝑛50 

𝑃𝑏82 

𝑁7 

𝑃15 

𝐴𝑠33 

𝑆𝑏51 

      𝐵𝑖83 

𝑂8 

𝑆16 

𝑆𝑒34 

𝑇𝑒52 

𝑃𝑜84 

𝐹9 

𝐶𝑙17 

𝐵𝑟35 

𝐼53 

𝐴𝑡85 

 

Table I.2. Selected Portions of Mendeleev's Periodic Table 

The atomic electronic configuration and atomic number of the atoms constituting the 

compounds studied are shown in Table (I-3). 

 

 

The element Atomic number (Z) Electronic Configuration 

Ca 20 [Ar] 4s² 

Se 34 [Ar] 3d10 4s2 4p2 

Zn 30 [Ar] 3d10 4s2 

Table I.3. Atomic number and electronic configuration of the elements studied. 

Element II provides 2 valence electrons (from an s orbital) and element VI provides 6 (2 from 

an s orbital and 4 from a p orbital), making 8 electrons for each element pair, as is the case for 

all semiconductors (IV-IV, III-V, II-VI). The atomic orbitals then hybridize to form sp3 

interatomic bonds, where each cation (element II) is in a tetrahedral environment of an anion 

(element VI) and vice versa. These bonds are polar, with a character intermediate between 

ionic and covalent bonds [6]. Qualitatively, group VI elements are more electronegative than 

group II elements. 

 

I.4.3. Crystallographic Structure of the Binary Compounds CaSe and ZnSe 

I.4.3.1. Description of the rock-salt NaCl structure (CaSe) 
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The NaCl structure is represented by two face-centered cubic’s offset from each other by a 

quarter of the cube diagonal, this is shown in Figure (I.4). The group space is Fm3men 

(Hermann-Mauguin notation) [9] with the number "225" in the International Tables of 

Crystallography. 

The atoms occupy the positions: 

Cl :(0, 0,0);(½, ½,0);(½, 0,½); (0,½, ½).  

Na :(½,½,½);(0, 0,½);(0, ½,0);(½, 0.0). 

 

Figure I.4. NaCl crystal structure 

 

I.4.3.2. Description of the Zinc Blende structure (ZnSe) 

The compound ZnSe crystallize in the so-called Zinc Blende (or sphalerite) structure shown 

in Figure (I.5), which is similar to the diamond structure. This structure consists of two face-

centered cubic (FCC) sublattices: one formed by zinc (Zn) atoms and the other by selenium 

(Se) atoms, shifted relative to each other by one quarter of the main diagonal of the unit cube.  

Each atom is located at the center of a regular tetrahedron whose vertices are occupied by 

atoms of the opposite species. The structure is fully defined by the lattice constant a, also 

called the lattice parameter. This crystalline arrangement gives ZnSe its characteristic 

semiconductor properties [10]. 

The atomic positions are [11–12]: 

Zn: (0, 0, 0); (½, ½, 0); (½, 0, ½); (0, ½, ½).  

Se: (¼, ¼, ¼); (¼, ¾, ¾); (¾, ¼, ¾); (¾, ¾, ¼). 
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Figure I.5. Crystal lattice of the Zinc-blende structure. 

 

The lattice parameters of CaSe and ZnSe in the bulk state are:  a = 5.916 Å [13] and  a =5.668 

Å [14] respectively 

 

I. 5. First Brillouin zone 

By definition, the primitive Wiigner-Seitz cell of the reciprocal lattice is called the first 

Brillouin zone. The terms Wigner-Seitz cell and first Brillouin zone refer to identical 

geometric constructions. In practice, the first Brillouin zone is only applied to the cell of the 

k-space [15]. It has the shape of a truncated octahedron; this reduced space of the reciprocal 

lattice is characterized by points and lines of particular importance, called points and lines of 

high symmetry. This information for both structures is shown in Figure (1.6). 

 

I. 5. 1. Points of high symmetry: 

The high symmetry points are the intersection points of each of the high symmetry lines with 

the boundaries of the first Brillouin zone. These points are denoted by: 

Γ, K, X, L, W, and Z with the following meanings: 

Γ: This point occupies the central position of the first Brillouin zone and is characterized by 

the coordinates;  0,0,0k   

X: This point is located at the center of a square face of the octahedron associated with one of 

the axes; 𝑘𝑥,𝑘𝑦Or 𝑘𝑧. In othersterms, with eachsquare faces, we haveso: 

 0,0,1
a

2
k x 


,    0,1,0

a

2
k y 


,   1,0,0

a

2
k z 


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L: This point occupies the central position of a hexagonal face of the octahedron, 

characterized by the coordinates:  1,1,1
a

2
kl


  

W: This point is located at one of the vertices of the square faces, with the coordinates:









 1,

2

1
,0

a

2
kw


 

Z: This point is positioned along the line connecting the center of a square face to one of the 

corners of the octahedron, with the coordinates: 







 1,

2

1
,1

a

2
k z


 

I. 5. 2. Lines of high symmetry 

The high symmetry lines are denoted ∆, ∑, and Λ, such that: 

∆: This line illustrates the trajectory or direction<100>. It connects the center Γ to the pointX. 

∑: This is a point belonging to the symmetry plane 𝑘𝑥=𝑘𝑦 or 𝑘𝑦=𝑘𝑧 or 𝑘𝑥=𝑘𝑧 

Λ:This line corresponds to the <100> direction. It establishes the connection between the 

center of the zone (Γ) and the center of a hexagonal face, represented by the point L of the 

octahedron. 

 

 

 

 

 

Figure I.6.First Brillouin Zone (zinc-blende, NaCl) with the representation of points and 

lines of high symmetries [16] 
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I. 6. Previous work on the study compounds 

Numerous theoretical and computational studies have been dedicated to investigating and 

understanding the structural, electronic, elastic, and optical properties etc… of the CaSe and 

ZnSe compounds, which belong to the family of II–VI semiconductors. The significance of 

these materials lies in their excellent physical characteristics, such as mechanical stability, 

high hardness, good thermal conductivity, and their electronic and optical behavior under 

conditions of elevated pressure or temperature. 

 

I. 6.1. Compound CaSe 

Pankaj Kumar et al. (2020) [17] explored the structural, mechanical, and optical properties of 

hexagonal 2D CaSe monolayers using PAW-PBE within DFT. They found the material to be 

dynamically and thermally stable, exhibiting an indirect band gap of ~2.96 eV and anisotropic 

optical behavior, including low reflectivity and strong transparency in the visible/UV range. 

This makes 2D CaSe a candidate for transparent optoelectronic devices and anti-reflective 

coatings. 

 

Recent theoretical investigations by Khaldi et al. (2024) [18]  focused on the structural and 

elastic properties of calcium chalcogenides (CaS, CaSe, and CaTe) under hydrostatic pressure 

using DFT within the GGA approximation. They reported that CaSe crystallizes in the rock-

salt (B1) structure and maintains mechanical stability under increasing pressure, as confirmed 

by the positive elastic constants satisfying Born's criteria. Moreover, the study predicted a 

pressure-induced phase transition from the B1 to the B2 (CsCl-type) structure at 

approximately 25.2 GPa. The compound also exhibited a high bulk modulus and low 

compressibility, suggesting strong resistance to deformation and potential applicability in 

high-pressure environments. 

 

In a recent study by Chauhan et al. (2025) [19], the temperature-dependent mechanical and 

thermal properties of CaSe were thoroughly investigated using first-principles DFT methods 

and Born stability criteria. The study explored a wide range of parameters including second- 

and third-order elastic constants, ultrasonic velocities, Debye temperatures, specific heat, and 

thermal conductivity across temperatures up to 500 K. The results confirmed the mechanical 
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stability and brittleness of CaSe and highlighted its potential in high-temperature applications 

due to its robust acoustic and thermal characteristics. 

 

I. 6.2.  Compound ZnSe 

In an earlier work, Khenata et al. (2006) [20] performed a detailed DFT-LDA analysis of the 

structural, elastic, and electronic properties of ZnSe in the zinc blende (B3) phase. Using the 

FP-LAPW method implemented in WIEN2k, the authors calculated fundamental properties 

such as the lattice constants, elastic constants (C₁₁, C₁₂, C₄₄), bulk modulus, and band gap 

evolution under pressure. A key finding was the direct band gap at the Γ point, which makes 

ZnSe a strong candidate for optoelectronic applications. Moreover, the study revealed how 

pressure influences its electronic structure and optical behavior, emphasizing the material's 

stability and versatility under extreme conditions. 

 

In another study, Ghaleb et al. (2024) [21]  investigated the structural, electronic, and optical 

properties of ZnSe in its zinc-blende (cubic sphalerite) phase using first-principles 

calculations based on both LDA and GGA approximations. They found that ZnSe possesses a 

direct band gap of approximately 1.33–1.34 eV at the Γ-point, making it a promising 

candidate for optoelectronic devices. The study also revealed robust optical characteristics, 

including a high refractive index and strong ultraviolet absorption, which confirm the 

material’s suitability for applications such as UV detectors and photovoltaic systems. The 

mechanical stability was also confirmed through consistent elastic constants. 
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II.1. Introduction 

The physics of materials and condensed matter science are closely linked to the understanding 

and utilization of systems of interacting electrons and nuclei. In theory, all characteristics of 

materials can be identified if we have powerful computational tools to solve this quantum 

mechanical problem. In practice, studying electronic properties provides information on 

structural, electronic, mechanical, thermal, vibrational, and optical properties. However, the 

electrons and nuclei that make up materials form a strongly interacting many-body system, 

which makes direct solution of the Schrödinger equation impossible [1]. The foundations of 

density functional theory are presented in this chapter. 

 

II.2. Schrödinger Equation 

Each crystalline body can be considered a unique system composed of light particles 

(electrons) and heavy particles (nuclei) [2]. In non-relativistic quantum mechanics, all 

information is contained in the wave function, whose evolution is governed by the 

Schrödinger equation, also known as the time-dependent equation, which is written as 

follows: 

 EH  (II.1) 

H is the Hamiltonian of the system, which includes the kinetic and potential energy, and it is 

expressed in the following form: 

Htot = Te + Tn + Vn−e + Ve−e + Vn−n       (II.2) 

      (II.3) 

The equations used in this manuscript are expressed in atomic units (a.u.) 

 ( ).          (II.4) 

 is the kinetic energy of the electron                                                            (II.5)    

is the kinetic energy of the nuclei                                       (II.6) 

 is the potential energy of attraction between nuclei and electrons.        (II.7) 

 is the potential energy of repulsion between the electrons.                             (II.8) 
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is the potential energy of repulsion between nuclei.                                (II.9) 

 

The i and j represent the electrons, while the A and B represent the nuclei. MA and ZA 

represent respectively the mass and charge of the nucleus in question, while RAi, rij, and 

RAB represent respectively the distances between the nucleus and the electron, the 

electron/electron, and the nucleus/nucleus. 

 

II.3. Fundamental Approximations  

II.3.1. Born-Oppenheimer Approximation  

This approximation was jointly developed; however, given the complexity of equation (III-1), 

it is impossible to solve it even in the simplest case. It is an N-body problem that can only be 

solved using approximations. 

 

r Born and Oppenheimer in 1927 [3]. It involves taking into account the large mass disparity 

between the nuclei and the electrons [4].  

The first observation is that the duration of the motion of nucleons is often shorter than that of 

electrons. In reality, electrons have a lower mass than protons, approximately 1 for 1836, 

which means their speed is higher. In this perspective, it was suggested in the early days of 

quantum mechanics that electrons can be described by immediately following the motion of 

nucleons, always in the same stationary state of the initial electronic Hamiltonian.  

Thus, the total Hamiltonian is 5:  

eeeneT VVTH                          (II.10) 

The Born-Oppenheimer approximation is called adiabatic because it allows distinguishing the 

electronic problem from that of lattice vibrations. Thus, we can write the wave function of the 

system, which is the solution of the Schrödinger equation in the adiabatic approximation, as 

follows: 

     r.Rr,R en                     (II.11) 

With : Ψn the nuclear wave function is Ψe is the electronic wave function 

 

II.3.2. The Hartree and Hartree-Fock Approximations:  

The first approach to the multi-electron problem can be likened to Hartree's initial proposal 

[6] (1928). The fundamental idea is that the multi-electron wave function can be represented 


BA
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nn
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as a simple product of single-electron orbitals, which is why this approximation is also known 

as the orbital approximation. Even though it is generally not real for electronic systems, it is 

simply meant to illustrate the aspect of the one-electron approach.  

                (II.12) 

 

The free electron hypothesis is used for the latter, which means it does not take into account 

the interactions between electrons and spin states. This leads to two major repercussions:  

We overestimate the total Coulomb repulsion Ve-e of the electronic system. 

 

The Pauli exclusion principle is not taken into consideration. 

Fock created the Hartree model in 1930 and introduced a spin principle in the field of 

electronics. Therefore, there is N! probability of placing N electrons at the position r 

⃗𝒓⃗⃗𝑵,………………𝒓⃗⃗𝟏 , 𝒓⃗⃗𝟐 [7-8]. For example, the first possibility is:  

 

𝚿𝟏(𝐫𝟏).𝚿𝟐(𝐫𝟐)𝜳𝟑(𝐫𝟑)…………… 𝚿𝐧(𝐫𝐧)                (II.13) 

The second possibility is: 

𝚿𝟏(𝐫𝟏).𝚿𝟐(𝐫𝟑)𝜳𝟑(𝐫𝟐)…………… 𝚿𝐧(𝐫𝐧)                (II.14) 

 

By using all the substitutions, we obtain N! End in the same type, which is a more serious 

consequence than the first. To correct this defect, Fock [9] suggested the Pauli exclusion 

principle. Thus, the electronic wave function is written in the form of a Slater determinant 

composed of a single-electron spin orbital that respects the antisymmetry of the wave 

function. 

𝛹𝐻𝐹(𝑟1 , 𝑟2, … … 𝑟𝑛) =
1

√𝑁!
|

𝛹1(𝑟1). 𝛹2(𝑟2) … . .…… . .𝛹𝑛(𝑟𝑛)

𝛹1(𝑟𝑛). 𝛹2(𝑟𝑛) ….    …… .𝛹𝑛(𝑟𝑛)
|              (II.15) 

              

Or: 1/√N! is the normalization factor. 

This is an estimate from Hartree Fock 1930.  

Despite the precise description of the electronic system thanks to the Slater determinant, 

which takes into account the Pauli principle, the Hartree-Fock method remains complex. The 

calculation is still very complex numerically. The modern and certainly more powerful 

method used by researchers is the density functional method. This method has significantly 

simplified the calculations initially. 
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II.3.3. Density Functional Theory (DFT) 

II.3.3.1. Problem Statement  

Density Functional Theory (DFT) is a quantum calculation tool that allows for the study of 

electronic structure, in principle, with precision. At the beginning of the 21st century, it is one 

of the most commonly used methods in quantum calculations, both in quantum chemistry and 

condensed matter physics, for systems of very diverse sizes, ranging from a few atoms to 

several hundred [10]. 

 

The multi-electron wave function is the basis of classical methods in theories of the electronic 

structure of matter, notably Hartree-Fock theory and methods derived from this formalism. 

Density functional theory primarily aims to replace the multi-electron wave function with the 

electron density as the fundamental quantity for calculations.  

The DFT model is derived from the work of Llewellyn Thomas and Enrico Fermi in the late 

1920s. However, the theoretical formalism on which the current method is based will not be 

established until the mid-1960s, with contributions from Pierre Hohenberg, Walter Kohn, and 

Lu Sham. 

 

II.3.3.2. Hohenberg-Kohn Theorems 

The basic principle of DFT is simply summarized in two theorems, initially introduced by 

Hohenberg and Kohn [11], which assert that there is a bijection between the set of potentials 

and that of minimizing densities, based on the following points:  

a) The total energy of the ground state of a system consisting of interacting electrons is a 

distinct characteristic of the density. 

  

𝑬 = [(𝒓)]                                                                                                                             (II.16) 

b) Par conséquent, obtenir la densité qui réduit l'énergie liée à l'Hamiltonien permet d'évaluer 

l'énergie de l'état fondamental du système.  

Le deuxième théorème de Hohenberg et Kohn insiste sur le fait que la densité qui réduit 

l'énergie est celle de l'état fondamental.  

(𝝆𝟎 ) = (𝝆)                                          (II.17) 

𝝆𝟎 : The density of the ground state  

The functional of the total energy of the ground state is written as follows:  

𝑬[𝝆(𝒓)⃗⃗ ⃗⃗ ] = 𝑭[𝝆(𝒓)⃗⃗ ⃗⃗ ] + ∫𝑽𝒆𝒙𝒕 (𝒓 )⃗⃗⃗⃗⃗⃗  𝝆(𝒓)⃗⃗ ⃗⃗ 𝒅
𝟑𝒓⃗⃗                (II.18) 
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Où:  𝑭[𝝆(𝒓⃗⃗)] = ⟨𝚿|𝑻 + 𝑽|𝚿⟩                 (II.19)  

Let's emphasize that the functional F[ρ] is universal for any multi-electron system. If the 

functional F[ρ] is known, then it will be relatively easy to use the vibrational principle to 

determine the total energy and the electronic density of the ground state for a given external 

potential. Alas, the Hohenberg-Kohn theorem provides no indication about the form of F[ρ].  

 

II.3.3.3. Kohn and Sham Approach 

 Density functional theory remains today the most commonly used method for calculating 

electronic structure. Its success is attributed to the approach proposed by Kohn and Sham 

(KS) [12] in 1965. The objective of this method is to identify the precise characteristics of a 

multi-particle system based on multi-particle methods. In practice, this revolution in the field 

has led to some approximations that have been very satisfactory. 

 

The expressions for the kinetic energy and potential energy for this fictitious system are 

known, which is of interest. It is therefore possible to transition from a problem with a wave 

function Ψ(r) for Ne electrons to a problem with Ne single-electron wave functions ɸ(r), 

called Kohn-Sham states. We denote T_int [ρ] as the kinetic energy of the system of Ne 

independent electrons and V_int [ρ] as the classical potential energy, which is the Hartree 

term:  

  

𝑽𝒊𝒏𝒅[𝝆] =
𝟏

𝟐
∫
𝝆(𝒓)𝝆(𝒓′)

|𝒓−𝒓′|
𝒅𝒓𝒅𝒓′                  (II.20) 

The value of the system's energy is therefore precise: 

 

𝑬[𝝆] = 𝑻𝒊𝒏𝒅[𝝆] + 𝑽𝒊𝒏𝒅[𝝆] + 𝑬𝒙𝒄[𝝆] + ∫𝑽𝒆−𝒏(𝒓)𝝆(𝒓)𝒅𝒓              (II.21) 

Et :      𝑭𝑯𝑭 = 𝑻𝒊𝒏𝒅[𝝆] + 𝑽𝒊𝒏𝒅[𝝆] + 𝑬𝒙𝒄[𝝆]                (II.22) 

With: 𝑬𝒙𝒄[𝝆] is The exchange-correlation energy functional encompasses all the complex and 

intricate concepts of the system, namely the correlation effects caused by the quantum nature 

of electrons. This expression encompasses all multielectronic effects. 

 𝑬𝒙𝒄[𝝆] = 𝑻[𝝆] − 𝑻𝒊𝒏𝒅[𝝆] + 𝑽[𝝆] − 𝑽𝒊𝒏𝒅[𝝆]               (II.23) 

By defining this new functional, Kohn and Sham had the idea to gather as much information 

as possible on the kinetic and potential terms, to group everything that is unknown into a 

single contribution that can be approximated, in order to reduce the error on the total energy. 

By reducing (II.11), we obtain the Euler equation. 
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∫ [
𝜹𝑻𝒊𝒏𝒅[𝝆]

𝜹𝝆(𝒓)
+ ∫

𝝆(𝒓′(𝒅𝒓′′)

|𝒓−𝒓′|
+ 𝑽𝒆−𝒏(𝒓) +

𝜹𝑬𝒙𝒄[𝝆]

𝜹𝝆(𝒓)
] 𝜹𝝆(𝒓)𝒅𝒓 = 𝟎                         (II.24) 

If the number of particles remains constant, we obtain: 

∫𝜹𝝆(𝒓)𝒅𝒓 = 𝟎                   (II.25) 

In equation (II.22), the term in parentheses thus remains constant. The first Kohn-Sham 

equation thus allows us to define an effective potential in which the electrons are found. 

𝑽𝒆𝒇𝒇[𝝆(𝒓)] = 𝑽𝒆−𝒏(𝒓) + 𝑽𝑯𝒂𝒓𝒕𝒓𝒆𝒆(𝒓) + 𝑽𝒙𝒄[𝝆(𝒓)]              (II.26) 

The Hartree potential is defined as follows: 

𝑽𝑯𝒂𝒓𝒕𝒓𝒆𝒆(𝒓) = 𝒄∫
𝝆(𝒓′)𝒅𝒓′

|𝒓−𝒓′|
𝒅𝒓′                 (II.27) 

Taking into account the potential for exchange and correlation:  

𝑽𝒙𝒄 =
𝜹𝑬𝒙𝒄[𝝆]

𝜹𝝆(𝒓)
                    (II.28) 

The second Kohn-Sham equation, known as (II.22) and (II.24), is the system of Ne single-

electron Schrödinger equations that allows for the determination of the Ne states. Kohn Sham 

ɸ
𝒊
(𝒓): 

[−
𝐡𝟐

𝟐𝒎𝒆
𝛁⃗⃗⃗𝟐 + 𝑽𝒆𝒇𝒇(𝒓⃗⃗)]ɸ𝒊(𝒓) = 𝜺𝒊ɸ𝒊(𝒓),     𝒊 = 𝟏, … ,𝑵              (II.29) 

With 𝜺𝒊  the Kohn-Sham energies. Having these states, all that remains is to determine the 

electronic density of the system. The third Kohn-Sham equation is as follows: 

𝝆(𝒓) = ∑ |ɸ
𝒊
(𝒓)|²

𝑵𝒆
𝒊=𝟏                    (II.30) 

It is necessary to solve these three interdependent equations self-consistently to obtain the 

ground state density. The iterative solution of these three equations is the basis of all type 

calculations. DFT It is important to emphasize that in DFT, only the total energy, the Fermi 

energy, and the electron density have physical significance. 

The Kohn-Sham states and energies are just computational tools. The DFT method is 

currently an accurate method, it is used in numerous scientific works to calculate certain 

quantities such as band structures. 

 

When the electrons are loosely bound, the Kohn-Sham states provide a good approximation of 

the function Ψ_ede Ne electrons of the System[13].  
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Figure II.1. Interdependence of the Kohn-Sham equations [14] 

 

II.3.3.4. The exchange-correlation functional  

The exchange-correlation term is the only ambiguity in the Kohn-Sham (KS) approach. The 

difficulty in solving the KS equations lies in their formal complexity. However, this 

functional can be subjected to local or semi-local density approximations, that is, the Exc 

energy. So, to calculate the exchange and correlation energy and potential, several 

approximations are used, the main ones being LDA and GGA. These estimations have piqued 

the interest of many researchers and led to significant advancements in this field. 

 

a-Local Density Approximation (LDA)  

 

Kohn and Sham introduced the local density approximation (LDA) approach in 1965. The 

idea is to assume that the electronic density varies slowly within the system, without taking 

into account the impact of local variations in electronic density on the exchange and 

correlation energy [15]:  

 

𝑬𝒙𝒄
𝑳𝑫𝑨(𝝆) = ∫𝝆(𝒓)𝜺𝒙𝒄(𝝆(𝒓))𝒅𝒓

𝟑                 (II.31)  

Based on the principle of spin-orbit coupling, you express the exchange-correlation energy as: 

𝑬𝒙𝒄
𝑳𝑫𝑨(𝝆 ↑, 𝝆 ↓) = ∫𝝆(𝒓)𝜺𝒙𝒄 (𝝆 ↑ (𝒓), 𝝆 ↓ (𝒓))𝒅𝒓

𝟑               (II.32) 

Taking into account the division of exchange-correlation energy into two parts: 

 

Second Kohn-Sham equation 

(−
𝟏

𝟐
𝛁² + 𝑽𝒆𝒇𝒇(𝒓))ɸ𝒊(𝒓) = 𝜺𝒊ɸ𝒊(𝒓) 

 

First Kohn-Sham equation 

           𝐕𝐞𝐟𝐟[𝛒(𝐫)]

= 𝐕𝐞−𝐧(𝐫) + 𝐕𝐇𝐚𝐫𝐭𝐫𝐞𝐞(𝐫)

+ 𝐕𝐱𝐜 

Third Kohn-Sham equation 

𝝆(𝒓) = ∑ |ɸ𝒊(𝒓)|²
𝑵𝒆
𝒊=𝟏   
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𝜺𝒙𝒄(𝝆) = 𝜺𝒙(𝝆) + 𝜺𝒄(𝝆)                  (II.33) 

With: 𝜺𝒄and 𝜺𝒙: they represent the correlation energy and the exchange energy, respectively.  

The calculation of the electron density depends on all the occupied orbits, that is to say: 

 𝜌(𝑟) = ∑𝚿𝑖
∗ (𝑟)𝚿𝐢(𝐫)                  (II.34) 

The local density approximation (LDA) method provides good results for systems where the 

density fluctuates slowly. Systems with more inhomogeneous density exhibit lower 

performance, which has led to numerous developments aimed at improving the obtained 

results. 

 

b- Approximation of the generalized gradient GGA  

Another method to improve the local density approximation, which makes the Exc energy 

dependent on the density gradient ρ(r), is the generalized gradient approximation. The GGA 

method (Generalized Gradient Approximation) is extremely effective, as it often allows for a 

better description of bonding, resulting in improved total energy results and enhanced 

geometries for weak bonds. The LDA approach is less effective than this method for systems 

with inhomogeneous densities.  

The GGA represents the exchange and correlation energy as follows: 

  

𝑬𝒙𝒄
𝑳𝑫𝑨(𝝆) = ∫𝒇[𝝆(𝒓)(𝝆(𝒓), 𝛁𝝆(𝒓))𝒅𝒓𝟑                (II.35) 

𝛁𝝆(𝒓): expresses the gradient of the electronic density.  

 

c- mBJ Potential  

The exchange potential was first introduced by Back and Johnson in 2006. In 2009 [16]. [17]. 

Tran and Blaha published what they called the mBJ potential, also known as the "Beck 

Johnson modification," which has been implemented in the latest version of the Wien2k code. 

These same authors [18] also experimented with the exchange potential suggested by Beck 

and Johnson (BJ 2006). They found that the use of the BJ potential associated with the LDA 

correlation potential always results in underestimated values of the band gap energies. 

An original modification of the simple BJ potential was proposed by Tran and Blaha [2009] 

and was well accepted by other more costly approaches such as the hybrid functional [19-20] 

and the GW method [21-22].  

The following formula gives the modified potential (mBJ) of Tran and Blaha [23]:  
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𝑣𝑉𝑥,𝜎
𝑚𝑏𝑗(𝑟) = 𝑐𝑉𝑥,𝜎

𝐵𝑅(𝑟) + (3𝑐 − 2)
1

𝜋
√

5

12
√
2𝑡𝜎(𝑟)

𝜌𝜎(𝑟)
                                                               (II.36) 

𝜌(𝑟) = ∑ |𝛹𝑖, 𝜎(𝑟)|𝑛 𝜎
𝑖=1

2
                                                                                                                   (II.37) 

𝜌 is the electron density 

𝑡𝜎(𝑟)
1

2
∑ ∇Ψ𝑖,𝜎

+𝑛𝜎
𝑖=1

(𝑟)∇Ψ𝑖,𝜎(𝑟)                                                                                                  (II.38) 

The density of kinetic energy represented by the index σ is the spin notation. 

 

II.3.3.5. Solution of the Kohn-Sham Equations  

The solution of the Kohn-Sham equations requires the choice of a basis for the wave 

functions, which can be considered as a linear combination of orbitals, known as Kohn-Sham 

(KS) orbitals.  

   rCr jiji                     (II.39) 

 r  and iC  are The basis functions and the development coefficients are respectively the 

basis functions. 

  

When the orbitals are occupied, it reduces the total energy. The simplified calculation of 

symmetry points in the first Brillouin zone is facilitated by the solution of the Kohn and Sham 

equations. It is an iterative solution that uses a self-consistent iteration cycle, as shown in the 

flowchart Figure (II.2).  
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Figure II.2.Diagram of the self-consistent calculation of Density Functional Theory 

 

II.4. Augmented and Linearized Plane Wave Method (FP-LAPW) 

The FP-LAPW method is an improved version of the LAPW method; it is a method for 

solving the Poisson equation that allows for the calculation of the corresponding correlation 

potential.  

This method ensures the continuity of the potential at the surface of the defined Muffin Tin 

sphere (M,T) by using the derivative of U̇(𝑟), Ylm(𝑟U̇(r ⃑), Y_lm (r ⃑) with respect to energy 

[24]: 

φ(𝑟) =

{
 
 

 
 

1

𝛺
1

2

∑
  𝐶𝐺𝑒

𝑖(𝐺 + 𝐾)𝑟𝑟 > 𝑅𝛼
G

∑ 𝐴𝑙𝑚
𝑙𝑚

𝑈𝑙(𝑟⃑) + 𝐵𝑙𝑚𝑈𝑙(𝑟⃑)𝑌𝑙𝑚(𝑟⃑)                    𝑟 < 𝑅α

                                                  (𝐈𝐈. 𝟒𝟎) 

 

The function U_l is known as the function of the (APW) method [25], and the function 

(r)Y_lm (r)𝑈̇(r ⃑),Y_l (r ⃑) is subject to the following condition: 
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{−
d2

dr2
+

 l(l+1)

r2
+  v (𝑟)– E𝑙 }r𝑈𝑙(𝑟)

∗ =  r𝑈𝑙(𝑟)               (II.41) 

Regarding non-relativity, the functions (r) and U_l (r) ensure continuity at the surface of a 

sphere (M.T). This is the continuity with the plane wave outside. Reduces the function. Its 

APW function. The main function becomes that of the LAPW method.  

If the coefficients of the equivalent function are identical to the APWs function, they 

constitute the only plane wave in the intrusive region. 

 

In the ball, the function is influenced by the APWs function when the energy band E slightly 

differs from the APWs function. The best APWs radial function is followed by linear 

arrangements, which implies that the Ul function can propagate over the derived function and 

the El energy in the following form:  

 

   𝑼𝒍(𝑬. (𝑬. 𝒓) + (𝑬 − 𝑬𝒍)𝑼𝑳(𝑬. 𝒓) + 𝟎((𝑬 − 𝑬𝑳)
𝟐)𝒓) = 𝑼𝒍                                        (II.42)                                                                                                   

  𝟎((𝑬 − 𝑬𝒍)
𝟐 It represents the energy error of the quadrant. 

 

 

 

 

 

 

 

 

 

             Figure II.3.Distribution of atomic unit cells adopted in the APW method: muffin-tin 

spheres (S) of radius RMT and interstitial region (1).  

* Region 1:  characterized by atomic spheres of radius RMT (muffin tin). 

* Region 2:  located outside the spheres and called interstitial region 

 

II.5. THE WIEN2K CODE  

Wien2K, simulation code, Institute of Materials Chemistry, Vienna University of Technology, 

1990, Blaha P, Schwartz K, Sorintin P. and Trickey S. B [26]. 

Then, this code has been constantly revised and updated several times. Variants of the original 

Wien code were created (renamed according to the year of their introduction, Wien93, 

Interstitial region 2 

Rmt 

 

Sphère Muffin tin 

Rmt 

Sphère Muffin tin 

Region 1 
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Wien95, Wien97...). The Wien2K version (2014) was used by us [27-28]. 

The density of states, the Fermi energy, and the energy bands.  

Electrons, spins, and X-ray structure factors.  

The total energy, atomic forces, equilibrium structures, and structural optimizations.  

The polarization of spins (whether they are ferromagnetic, antiferromagnetic, or otherwise) 

and the connection between spin and orbit.  

The variations in the emission and absorption spectra of X-rays.  

The optical characteristics. 

 

II .5.1 Wien2K Algorithm 

The diagram below presents the use and operation of the various Wien2K programs Figure 

(II.4). Initialization is the first step of the calculation, which involves running a series of small 

auxiliary programs that generate inputs for the main programs [29].  

NN: a module that enumerates the distances between the nearest neighbors up to a given limit 

(usually equal to 2), which allows determining the value of the atomic sphere radius. Thus, it 

supervises the structure file cas.struct (Atom equivalence).  

The output file of this subprogram is cas-outputnn.  

SGROUP: allows determining the space group of the structure specified in the cas.struct file.  

The output file is then cas.struct-sgroup..  

SYMMETRY: is a program that lists the symmetry operations of the space group of our 

structure using the information provided in the cas.struct file (type of lattice, number of atoms 

composing our material and their positions, etc.). It establishes the chronological group of the 

different atomic locations as well as the matrices of the corresponding rotation operations. 

LSTART: generates atomic densities and evaluates how the different orbitals are treated in 

the band structure calculation (i.e., core states and valence states, with or without local 

orbitals...). Furthermore, this program requires the cut-off energy that separates core states 

from valence states, generally set at -6.0 Ry.  

KGEN: creates a k mesh in the Brillouin zone. The number of k points is indicated in the first 

Brillouin zone. 

DSTART: creates an initial density for the SCF cycle (self-consistent cycle) by 

superimposing the atomic densities generated in the LSTART subroutine.  
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II .5.2.The SCF calculation 

The SCF cycle consists of the following steps:  

LAPW0: produces the potential using the density.  

LAPW1: involves evaluating the valence bands (the eigenvalues and the eigenvectors).  

LAPW2: allows the determination of valence densities using eigenvectors.  

LCORE: allows determining core states and densities.  

MIXER: combines the valence and core densities to generate a new density.  

 

II .5.3 Calculation of properties 

 The physical properties are calculated using programs: 

OPTIMISE: determines the total energy as a function of the volume, which is used to 

calculate the lattice parameter, the compressibility modulus, and its derivative.  

TETRA: calculates the total and partial density of states.  

SPAGHETTI: calculates the band structure using the eigenvalues generated by LAPW1.  

OPTIC: calculates the optical properties.  

XSPEC: calculates the structures of the X-ray absorption and emission spectra  
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Figure. II.4. .Wien2k code [30]. 
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III.1. Introduction 

Recently, considerable attention has been directed toward II-VI semiconductor compounds 

due to their promising potential in various optoelectronic and photonic applications. Within 

this category, binary materials such as calcium selenide (CaSe) and zinc selenide (ZnSe) are 

of particular interest owing to their distinct structural and electronic properties. 

To gain deeper insights into the fundamental characteristics of these materials and to provide 

a theoretical basis for future electronic and optical device development, we employed density 

functional theory (DFT) within the framework of the full-potential linearized augmented 

plane wave (FP-LAPW) method. 

This study is focused on determining, using the WIEN2k computational package, the 

structural, electronic, and optical properties of the CaSe and ZnSe compounds, as well as 

analyzing and interpreting the results obtained from our simulations. 

 

III.2. Calculation details 

To perform our calculations, we employed the full-potential linearized augmented plane wave 

(FP-LAPW) method [1], in accordance with density functional theory (DFT) [2–3], using the 

WIEN2k computational package [4]. The aim of this work is to investigate the structural, 

electronic, and optical properties of the binary compounds calcium selenide (CaSe) and zinc 

selenide (ZnSe). 

To account for the exchange-correlation interaction, we adopted the generalized gradient 

approximation (WC-GGA) proposed by Wu and Cohen [5] for the prediction of structural 

properties. For the electronic properties, both the WC-GGA and the modified Becke-Johnson 

(mBJ) potential, developed by Tran and Blaha [6], were used to obtain more accurate energy 

band gap values. The mBJ potential was also applied for the computation of the optical 

characteristics of these compounds. 

The FP-LAPW method is an ab initio technique designed to solve the Schrödinger equation 

for solid-state systems. In this method, the unit cell is divided into two regions: non-

overlapping muffin-tin (MT) spheres centered on atoms, and the interstitial region between 

them. In the MT spheres, the basic functions, charge density, and potential are expanded in 

spherical harmonics up to a maximum angular momentum quantum number of 𝑙𝑚𝑎𝑥= 10. In 

the interstitial region, these quantities are expressed in terms of plane waves, with a cutoff 

defined by the product RMTKmax = 8, where RMT is the smallest muffin-tin radius and Kmax is 

the largest wave vector in the plane-wave expansion. 
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For the current study, the muffin-tin radii RMT were chosen to be 2.2 a.u. for calcium (Ca), 

2.3 a.u. for zinc (Zn), and 2.1 a.u. for selenium (Se). The electronic configurations considered 

in the calculations were as follows:  

Ca [Ar] 4s²                                        Zn [Ar] 3d¹⁰ 4s² 

Se [Ar] 3d¹⁰ 4s² 4p⁴ 

 

III.3. Results and discussion 

III.3.1. Structural properties of CaSe and ZnSe compounds 

As a first step in this work, we calculated the structural properties of the binary compounds 

CaSe and ZnSe using the WC-GGA approximation. 

In this study, we performed a self-consistent field (SCF) calculation of the total energy for 

different values of the lattice parameter a, taken near the experimental value. 

These properties were determined by fitting the total energy as a function of volume using the 

Murnaghan equation [7]. 

𝐸(𝑉) = 𝐸0 +
𝐵

𝐵′(𝐵′ − 1)
[𝑉 (

𝑉0

𝑉
)
𝐵′

− 𝑉0] +
𝐵

𝐵′
(𝑉 − 𝑉0) 

Where: E0, V0, B, and B′ represent, respectively, the total energy, the equilibrium volume, the 

bulk modulus (compressibility modulus), and its pressure derivative. 

The bulk modulus is given by: 

𝐵 = 𝑉
𝜕2𝐸

𝜕𝑉2
 

The figures below show the variation of the total energy as a function of volume for the 

binary compounds CaSe and ZnSe, using the WC-GGA approximation, for both the Zinc 

Blende (ZB) and Rock Salt (NaCl) phases, with the aim of investigating the stability between 

these two structures. 
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Figures III.1.Variation of total energy as a function of volume of binary compounds CaSe 

and ZnSe in zinc blende and NaCl structures calculated by (WC-GGA). 

The stable phase for each compound is the one with the lowest total energy. In this case, it is 

clearly observed that the CaSe compound is stable in the rocksalt structure, while the ZnSe 

compound is stable in the Zinc Blende structure. 

The numerical results obtained for the structural parameters of our binary compounds, namely 

the lattice parameter a and the bulk modulus B, using the WC-GGA approximation, are 

presented in Table (III.1). 

 

To validate our results, the table also includes experimental and theoretical data obtained 

using the same method. 

 

Lattice parameter a (A°) Bulk modulus B (Gpa) 

x  Our work  

(WC-GGA)  

Exp 

 

Other works  

(WC-GGA)  

 

Our work  

(WC-GGA) 

Exp 

 

Other works  

(WC-GGA)  

NaCl  ZB  NaCl ZB 

CaSe  5.876 6.509 5.916a 5.829a, 5.963b 52.143 34.387 51a 56.2a, 47.38b 

ZnSe  5.294 5.274 5.668c  5.635c, 5.666d 83.224 82.626 64.7e 

 

63.9f, 67.32d 

 

a Ref [8], b Ref [9], c Ref [10, d Ref [11], e Ref [12], f Ref [13]. 

 

Table III.1. Lattice parameter a in (Ǻ), bulk modulus B in (GPa) for the binary compounds 

CaSe and ZnSe compared to other experimental and theoretical data. 

 

The calculated lattice parameter show very good agreement with the experimental values and 

previous theoretical reports. For instance, the lattice constant of CaSe in the NaCl phase is 
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computed to be 5.876A°, which is very close to the experimental value of 5.916A°. Similarly, 

for ZnSe in the ZB phase, the value obtained (5.294A°) slightly underestimates the 

experimental value (5.668A°), a common trend observed in DFT calculations using GGA-

type functional. 

As for the bulk modulus B, the WC-GGA results slightly overestimate the experimental 

values, particularly for ZnSe in the ZB structure (82.06 GPa vs 64.7 GPa). This 

overestimation is also a known behavior of GGA approximations, which tend to predict stiffer 

materials. 

Overall, the close agreement between our results and the reference data confirms the 

reliability and predictive power of the WG-GGA method for describing the structural 

properties of these II-VI semiconductors. These findings provide a solid basis for further 

investigations into their electronic and optical properties. 

 

III.3.2. Electronic properties 

The study of the electronic structure of compounds helps to determine their field of 

application, particularly for optoelectronic devices. This study mainly relies on calculating the 

energy band gap and its type, whether direct or indirect. The electronic properties of 

semiconductors stem from their electronic structures, which is why we will examine the band 

structure of each of our binary compounds. 

Energy bands represent the possible energies of an electron. The band structure describes the 

relationship between an electron’s energy and its wave vector 𝑘⃑  (the dispersion relation E(k)) 

[14] 

III.3.2.a. Band structure and energy gap 

In this section dedicated to the study of the electronic structure of binary compounds, we 

focused on calculating the band structures in order to determine the energy gaps of these 

materials. 

The band structures were computed using the optimized lattice parameter obtained from our 

structural property calculations, specifically the one determined using the WC-GGA 

approximation. These band structures were calculated along the high-symmetry directions of 

the Brillouin zone of a cubic cell. 

 

For the treatment of the exchange-correlation potential, as previously mentioned, the mBJ 

approximation was also included in our calculations alongside WC-GGA, with the aim of 

improving the energy gap values and bringing them closer to experimental results. This is due 
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to the fact that traditional DFT functionals [2] have consistently underestimated energy gaps 

compared to experimental data. 

Figure (III.2) presents the band structures of the binary compounds CaSe and ZnSe calculated 

by the (mBJ) approximation. 

 

 

 

 

 

 

 

 

 

 

 

Figure III.2. Band structure of CaSe and ZnSe compounds using mBJ approximation 

From these curves, we can observe that for the binary compound CaSe, the maximum of the 

valence band is located at the symmetry point Γ and the minimum of the conduction band is 

located at the symmetry point X. Therefore, the binary compound CaSe has an indirect band 

gap along the direction (Γ→X). For the compound ZnSe, the minimum of the conduction 

band and the maximum of the valence band are located at the symmetry point Γ. Therefore, 

the compound has a direct band gap along the direction (Γ→Γ). 

The values of the energy gaps, calculated using the mBJ approximation, are compiled in 

Table (III.2). They are then compared to experimental data as well as to the results of other 

theoretical work. 
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Eg(eV)   

Composés Nos calculs Exp Autres calculs 

WC-GGA mBJ 

CaSe 2.14 4.12 3.85a 2.1b, 2.08b, 2.81b 

ZnSe 1.144 2.753 2.68c 1.863d, 1.848e, 2.50f 

a Ref [15], b Ref [16], c Ref [17], d Ref [18], e Ref [19], f Ref [20] 

Table III.2. Energy gaps of the compounds CaSe and ZnSe (in eV) with the different 

approximations (WC-GGA), and mBJ compared to other experimental and theoretical results  

It is evident that the mBJ method yields significantly higher band gap values than WC-GGA. 

This discrepancy is expected, as GGA-based approaches, including WC-GGA, are known to 

systematically underestimate band gaps due to their inadequate treatment of the exchange-

correlation potential in semiconductors and insulators. In contrast, the mBJ potential is 

designed specifically to improve the description of the band structure, particularly the 

conduction bands, thus providing results that are closer to experimental values. 

For example, in the case of CaSe, the WC-GGA predicts a band gap of 2.14 eV, while the 

mBJ method yields 4.12 eV, which is in better agreement with previous theoretical results      

(3.85 eV) and lies within the range reported in literature. Similarly, for ZnSe, the WC-GGA 

result (1.144 eV) is much lower than the experimental value, whereas the mBJ prediction 

(2.753 eV) aligns more closely with both experimental and other theoretical findings. 

We can say that the mBJ method provides a more accurate estimate of the electronic band 

gap, making it more suitable for studying the optical and electronic properties of 

semiconductors such as CaSe and ZnSe. 

 

III.3.2.b. Density of states 

The density of electronic states, abbreviated DOS (Density of State), ranks among the most 

crucial electronic properties, providing insight into the behavior and electronic nature of a 

given system. Partial densities of states are derived from the total DOS, based on the atomic 

orbitals of each compound (s, p, d, f). 

In this study, the calculation of the density of electronic states is used as a tool to validate the 

reliability of the band diagrams over the entire Brillouin zone, and not only in specific 

directions. 

Figure (III.3) illustrates the densities of states of the CaSe and ZnSe materials by the mBJ 

approximation. 
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The density of state spectra of the binary compounds CaSe and ZnSe are distributed mainly in 

two regions: 

-For the CaSe semiconductor 

1-The valence band between -3 eV and the Fermi energy is mainly due to the p orbital of 

selenium (Se) with a slight contribution from the d orbital of calcium (Ca).  

2-Above the Fermi level (conduction band), the electron density is dominated by the d orbital 

of calcium (Ca) and a slight contribution from the d orbital of Se. 

-For the ZnSe semiconductor 

1-The first region (the valence band) of the compound ZnSe, located between -6.8 eV and 0 

eV, dominated mainly by the hybridization of the d orbital of Zink (Zn) and p orbital of 

selenium (Se). 

2-In the conduction band, above the Fermi level, the electron density is dominated by the d 

orbital of selenium (Se). 
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Figure III.3.Total and partial density of states (DOS) of CaSe and ZnSe compounds using the 

mBJ approximation. 
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III.3.3. Optical properties 

Optical properties in solid-state physics result from electronic transitions between the valence 

band and conduction band levels. Transitions describe the interaction of electromagnetic 

radiation with a material and induce polarization effects. These processes constitute the 

material's optical response and can be characterized by the dielectric function 𝜀(𝜔), which 

plays an important role in the study of optical properties. Determining the dielectric 

function 𝜀(𝜔) allows us to obtain other optical quantities such as absorption, refractive index, 

reflectivity, and lost energy. 

In this section, we focused on determining the optical properties of the binary compounds 

CaSe and ZnSe to understand the nature of these compounds and to provide a clear idea of 

their applications in optoelectronic devices. 

The dielectric function 𝜀(𝜔) [21] is the sum of two components: the real component or part 

𝜀1(𝜔)and the imaginary component or part 𝜀2(𝜔), such that: 

𝜀(𝜔) = 𝜀1(𝜔) +  𝑖 𝜀2(𝜔)                                                                                                  (III-3) 

The real part 𝜀1(𝜔) is related to the polarization, and the imaginary part 𝜀2(𝜔), depends on 

the electronic transition causing the absorption. Both the real and imaginary parts of the 

dielectric function can be obtained from the Kramers-Kronig relations [22, 23]: 

𝜀1(𝜔) = 1 +
2

𝜋
𝑃 ∫

𝜔′𝜀2(𝜔′)

(𝜔′2−𝜔2)

∞

0
𝑑𝜔′                 (III-4) 

𝜀1(𝜔) = −
2𝜔

𝜋
𝑃 ∫

𝜀1(𝜔
′)−1

(𝜔′2−𝜔2)

∞

0
𝑑𝜔′                 (III-5) 

Where ω is the light frequency and P the principal value of the Cauchy integral. 

Among the optical properties that describe the interaction of light with the medium is the 

complex refractive index . These two quantities are linked by the 

relationship: . 

It is also possible to relate the real and imaginary parts as follows: 

𝜀1(𝜔) = 𝑛2 − 𝑘⃑2                                   (III-6) 

𝜀2(𝜔) = 2𝑛𝑘⃑                                               (III-7) 

Knowledge of the real and imaginary parts of the dielectric function allows the calculation of 

optical constants. The real refractive index n(ω) and the attenuation coefficient k(ω) 

(extinction) are defined by the following two relations [24, 25]: 

      iknN 

2N
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𝑛(𝜔) = {
𝜀1(𝜔)

2
+

√𝜀1
2(𝜔)+𝜀2

2(𝜔)

2
}

1

2

                 (III-8)

 

𝑘⃑(𝜔) = {
√𝜀1

2(𝜔)+𝜀2
2(𝜔)

2
−

𝜀1(𝜔)

2
}

1

2

                 (III-9) 

When light radiation falls on a solid body, it interacts with it by exchanging energy. The 

reflection coefficient characterizes the portion of energy that is reflected at the interface of 

this body. It is given by: 

𝑅(𝜔) = |
√𝜀(𝜔)−1

√𝜀(𝜔)+1
|
2

=
(𝑛−1)2+𝑘2

(𝑛+1)2+𝑘2               (III-10) 

The absorption coefficient α (ω) corresponds to the energy absorbed per unit of time, volume 

and divided by the energy flux. It is defined by the following equation: 

𝛼(𝜔) =
4𝜋

𝜆
𝑘⃑(𝜔)                 (III-11) 

α(ω)is related to by the relation: 

α(ω) =
ε2(ω)

cn
                  (III-12) 

Where c and λ: the speed of light in vacuum and wavelength respectively. 

The energy lost by a fast electron passing through a material is defined by the following 

equation: 

𝐿(ω) = ε2(ω)/[ε1
2(ω) + ε2

2(ω)]               (III-13) 

At low frequency (ω = 0) and from relationship (III-8), we obtain the following relationship:

 0)0(n 2
1

                   (III-14) 

In our calculations of the optical properties of the binary compounds CaSe and ZnSe using the 

(WC-GGA) approximation, we used the equilibrium mesh parameter and a number of 3000 

points k in the Brillouin zone for our binary compounds (3 times the value of k points in the 

calculations of structural properties, as these calculations require high precision). 
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III-3-3.1. Results and discussions 

a. Imaginary part of the dielectric function 

The variation of the imaginary part 𝜺(𝝎) of the dielectric function as a function of energy is 

illustrated in Figure (III-4) for our binary compounds at radiation up to 40 eV. 

We can first note that the first critical points of the dielectric function, which correspond to 

the fundamental absorption thresholds, begin at approximately 0.12 eV and 0.21 eV for CaSe 

and ZnSe, respectively. These critical points originate in the optical transitions between the 

highest valence band and the lowest conduction band, with values corresponding to the 

indirect Γ→X transitions for CaSe and direct Γ→Γ for ZnSe. 

The main peak, which reflects the absorption maximum, is located at 5.89 eV and 6.31 eV for 

the CaSe and ZnSe compounds, respectively. 

 

Figure III.4.Variation of the imaginary part of the dielectric function as a function of energy 

for binary compounds CaSe and ZnSe 

 

b. Real part of the dielectric function 

The real part of the dielectric function is also obtained and presented in figure (III.5) for the 

two binaries CaSe and ZnSe. 

The zero crossing of both spectra signifies the non-existence of diffusion. 

We note that for the compounds the function 𝜺(𝝎) cancels at the following energy values: 

6.75eV for CaSe and 6.50eV for ZnSe. 

Note that at these energy values, dispersion is zero and absorption is therefore maximum. 
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Figure III.5.Variation of the real part of the dielectric function as a function of energy for the 

binary compounds CaSe and ZnSe. 

c. Refractive index 

Figure (III.6) shows the variation of the refractive index as a function of energy (eV) for the 

binary compounds CaSe and ZnSe. 

The evolution of these spectra shows that the refractive index values of the compounds CaSe 

and ZnSe reach a maximum value at energies 4.29 eV and 6.41 eV. 

 

Figure III.6. Variation of the refractive index as a function of energy for the binary 

compounds CaSe and ZnSe 

 

The static values of the refractive index n ( 0) and, on the other hand, the static values of the 

dielectric function 𝜺𝟏(𝟎) of our compounds  are illustrated in Table (III.3). 
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Composé 
Nos calculs 1(0) 

 WC-GGA  

Autres calculs Nos calculs n(0) 

WC-GGA  

Autres calculs 

CaSe 4.75 3.22a  2.17 1.75a 

ZnSe 5.44 7.50b, 7.84c, 6.49d 2.33 2.42e, 2.54d 

a Ref [26], b Ref [27], c Ref [28], d Ref [29], e Ref [30] 

Table III.3. Static dielectric function 𝜀1 (0) and static refractive index n(0) calculated for 

binary compounds CaSe and ZnSe. 

The calculated values of the static dielectric constant 𝜀1 (0) and the refractive index n(0) 

using the WC-GGA approximation for CaSe and ZnSe are found to be in reasonable 

agreement with previously reported results in the literature. 

For both compounds, the optical constants obtained in this study fall within the expected 

range, although some discrepancies are observed when compared with other theoretical 

values. In particular, the dielectric constant and refractive index for CaSe appear slightly 

overestimated, while for ZnSe, the calculated refractive index shows better consistency with 

other available data, even though the dielectric constant is somewhat lower than values 

reported elsewhere. 

These differences can be attributed to variations in computational methods, including the 

choice of exchange-correlation functional, basis sets, and convergence parameters. Such 

differences are common in ab initio studies and do not undermine the validity of the present 

results, which confirm the optical activity and semiconductor character of both materials. 

 

d. The reflectivity spectrum 

The evolution of the reflectivity of the studied binary is illustrated in Figure (III.7). 

The spectra show that the reflectivity is only appreciable in a very weak ultraviolet region. As 

a result, the reflectivity value in the energy range [0-40 eV] is sufficient for good exploration. 

The curves indicate a maximum of 48% at 27.93 eV for CaSe and 47% at 9.23 eV for ZnSe. 

These results show that our binary compounds are, a priori, good candidates for use in the 

ultraviolet region. 
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Figure III.7. Variation of reflectivity as a function of energy for binary compounds  

CaSe and ZnSe 

 

e. Absorption 

The variation of the absorption coefficient as a function of energy for our binaries is shown in 

Figure (III-8). 

We can say that the fundamental absorption thresholds start at around 0.10 eV and 3.08 eV 

for CaSe and ZnSe, respectively. 

The maximum energies marked on the curves equal 27.75 eV for CaSe and 8.46 eV for ZnSe. 

The presence of secondary peaks around the main peak is clearly visible in these spectra. 

These peaks are associated with other electronic transitions. 

For example: 

For secondary peaks, in the case of the CaSe compound, we have three peaks positioned 

around the following values 7.34 eV, 11.31 eV, 31.71 eV. And in the case of the ZnSe 

compound, there are two peaks around the values 6.41 eV and 11.31 eV. 
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Figure III.8: Variation of absorption coefficient as a function of energy for CaSe and ZnSe 

binary compounds. 

f. Electron energy loss spectrumf 

The energy loss spectrum is shown in Figure (III.9). 

According to this figure, the electron energy loss is maximum at 29.46 eV and 20.17 eV for 

CaSe and ZnSe respectively. These peaks coincide with the energies where the imaginary part 

of the dielectric function reaches its minimum and where the real part vanishes. 

 

Figure III.9. Variation of the energy loss coefficient as a function of energy for the binary 

compounds CaSe and ZnSe. 
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General conclusion 

  

We studied the structural, electronic, and optical properties of the binary compounds CaSe 

and ZnSe using the linearly augmented plane wave (FP-LAPW) method within the framework 

of density functional theory (DFT), implemented in the Wien2K code. Our results are 

presented as follows:  

 

The study of structural properties allows us to predict the most stable phase of the materials. 

We presented the variation of total energy as a function of volume for the compounds CaSe 

and ZnSe, calculated using the WC-GGA approximation in both NaCl and ZB structures. We 

found that the CaSe compound is stable in the rocksalt structure (NaCl), while the ZnSe 

compound is stable in the Zinc Blende structure (ZB). 

 

In the next step, we calculated the equilibrium quantities for our binary compounds, namely 

the lattice parameter a and the bulk modulus B in the two phases studied. These quantities 

agree well with the theoretical values available in the literature, and are also close to the 

experimental results. 

 

Next, we studied the electronic properties in the most stable phase and noted that: The results 

obtained from the energy band gaps of our binary compounds, calculated using the WC-GGA 

and mBJ approximations, show good agreement with previous theoretical studies. The binary 

compound CaSe is found to be an indirect band gap semiconductor, with the transition 

occurring along the Γ→X direction. In contrast, for the compound ZnSe, both the minimum 

of the conduction band and the maximum of the valence band are located at the Γ point, 

indicating that it is a direct band gap semiconductor along the Γ→Γ direction. We studied the 

total and partial densities of states (DOS) of each binary compound.  

 

Finally, optical properties such as the dielectric function ε(ω) as well as the refractive index, 

the absorption coefficient, the reflectivity and the lost energy were also calculated. This study 

shows that the binary compounds CaSe and ZnSe are a priori good candidates for use in the 

ultraviolet range. 
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