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Summary 

 

        This work presents a contribution to the study of the thallium substitution effect on 

structural, electronic, and optical properties of chalcopyrite-type materials AgGaS2 and 

AgGaSe2. 

        To predict these different properties, we performed simulations by applying the 

Linearized Augmented Planar Wave method with local orbitals (FP-APW+lo) which is based 

on density functional theory (DFT) using the generalized gradient approximation (WC-GGA) 

to treat the exchange and correlation term. 

        The computed band gap energy of pure AgGaS2 and AgGaSe2 is about 2.59 eV and 

1.85eV using Tran-Blaha (TB)-modified Becke Johnson (mBJ) exchange potential, which is 

in good accord with experimental measurements. Those band gap values were observed to 

decrease when Tl is substituted into Ga site, respectively, for 25%, 50%, and 75% 

concentrations. This investigation establishes that Tl substitution increases both hole and 

electron carrier mobility of the pure AgGaS2 and AgGaSe2 compounds. By analyzing the 

band alignment diagram, it was observed that the Tl substitution increases the valence band 

offset (VBO) and decreases the conduction band offset (CBO), which can lead to the 

improvement of open-circuit voltage VOC. Moreover, the optical analysis reveals that Tl 

substitution enhances the optical properties of AgGaS2 and AgGaSe2 by reducing the 

transparency and improving the refractive index and the absorption in the visible light region.  

        Based on obtained results, it is predicted that the band gap and the optical properties of 

the AgGaS2 and AgGaSe2 chalcopyrite can be effectively tuned by Tl substitution over the Ga 

sites, making AgGa1-xTlxS2 and AgGa1-xTlxSe2 alloys promising candidates for optoelectronic 

and photovoltaic applications. 

 

Keywords: FP-LAPW; Electronic properties; Optical properties; Band alignment; 

Photovoltaic applications. 



Résumé 

         

        Ce travail présente une contribution à l'étude de l'effet de la substitution du thallium sur 

les propriétés structurelles, électroniques et optiques des matériaux de type chalcopyrite 

AgGaS2 et AgGaSe2. 

        Pour déterminer ces différentes propriétés, nous avons effectué des simulations en 

appliquant la méthode Linearized Augmented Plan Wave avec des orbitales locales (FP-

APW+lo) qui est basée sur la théorie de la fonction de la densité (DFT) en utilisant 

l'approximation du gradient généralisé (WC-GGA) pour traiter le terme d'échange et de 

corrélation. 

        L'énergie de la bande interdite calculée pour l’AgGaS2 et l’AgGaSe2 dans leur état pur 

est d'environ 2,59 eV et 1,85 eV respectivement en utilisant le potentiel d'échange Tran-Blaha 

(TB) - Becke Johnson (mBJ) modifié, ce qui est en bon accord avec les mesures 

expérimentales. On a remarqué que ces valeurs de bande interdite diminuent lorsque Tl est 

substitué dans le site Ga, respectivement pour des concentrations de 25%, 50% et 75%. Cette 

étude montre que la substitution de Tl augmente la mobilité des trous et des porteurs 

d'électrons des composés AgGaS2 et AgGaSe2 purs. En analysant le diagramme d'alignement 

des bandes, il a été constaté que la substitution de Tl augmente le décalage de la bande de 

valence (VBO) et diminue le décalage de la bande de conduction (CBO), ce qui peut conduire 

à l'amélioration de la tension en circuit ouvert VOC. De plus, l'analyse optique révèle que la 

substitution de Tl améliore les propriétés optiques d’AgGaS2 et AgGaSe2 en réduisant la 

transparence et en améliorant l'indice de réfraction et l'absorption dans la région de la lumière 

visible. 

          Sur la base des résultats obtenus, il est prévu que la bande interdite et les propriétés 

optiques de la chalcopyrite AgGaS2 et AgGaSe2 peuvent être efficacement ajustées par la 

substitution de Tl sur les sites Ga, ce qui fait des alliages AgGa1-xTlxS2 et AgGa1-xTlxSe2 des 

candidats prometteurs pour des applications optoélectroniques et photovoltaïques. 

 

Mots-clés : FP-LAPW ; propriétés électroniques ; propriétés optiques ; alignement de bande ; 

applications photovoltaïques. 



 ملخص

 

يقدم هذا العمل مساهمة في دراسة تأثير استبدال الثاليوم على الخصائص الهيكلية والإلكترونية والبصرية للمواد من         

 . 2AgGaSe.و t نوع الكالكوبيريت

أجرينا عمليات محاكاة من خلال تطبيق طريقة الموجة المستوية الخطية المعززة  للتنبؤ بهذه الخصائص المختلفة ،        

 باستخدام تقريب التدرج المعمم  )DFT(تستند إلى نظرية الكثافة الوظيفي والتي  )APW lo-FP (مع المدارات المحلية

 )GGA-WC(،حيث يتم تنفيذ حزمة هذه الطريقة في التعليمات البرمجية لمعالجة مصطلح التبادل والارتباط 

.WIEN2K 

باستخدام  eV 1.85و eV2.59النقي حوالي  2AgGaSeو  2AgGaSتبلغ طاقة فجوة النطاق المحسوبة لـ         

 Blaha-Tran -  تعديلBecke Johnson  mBJ  .ولوحظ  إمكانية التبادل, وهو يتفق بشكل جيد مع القياسات التجريبية

. 75٪ و 50٪ و 25، على التوالي ، لتركيزات  Gaفي موقع  Tlأن قيم فجوة النطاق هذه تنخفض إلى وقت استبدال 

يزيد  Tlيثبت هذا التحقيق أن استبدال  .eV0.61ووجدت أنها  2AgTlSإلى جانب ذلك ، تم أيضًا حساب فجوة النطاق 

النقية. من خلال تحليل مخطط محاذاة النطاق ،  2AgGaSeو  2AgGaSمن حركة الثقب وحامل الإلكترون لمركبات 

(, مما قد يؤدي  CBO( ويقلل من إزاحة نطاق التوصيل )  VBOيزيد من إزاحة نطاق التكافؤ )  Tlلوحظ أن استبدال 

صائص يعزز الخ Tlإلى تحسين الجهد الكهربائي للدائرة المفتوحة. علاوة على ذلك ، يكشف التحليل البصري أن استبدال 

عن طريق تقليل الشفافية وتحسين معامل الانكسار والامتصاص في منطقة الضوء  2AgGaSeو  2AgGaSالبصرية لـ 

 المرئي. 

استنادًا إلى النتائج التي تم الحصول عليها ، من المتوقع أن يتم ضبط فجوة النطاق والخصائص البصرية لـ         

2AgGaS 2  وAgGaSe  بشكل فعال عن طريق استبدالTl  عبر مواقعGa 2, جعل سبائكSxTlx-1AgGa  و

2SexTlx-1AgGa .مرشحين واعدين للتطبيقات الإلكترونية الضوئية والخلايا الكهروضوئية 

 

: الخصائص الإلكترونية. الخصائص البصرية ؛ التطبيقات الكهروضوئية ؛ نهج المبادئ الأولى ؛ الكلمات الرئيسية

 Wien2k 
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  General Introduction  
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General introduction 

 

o overcome the decline of fossil fuel sources and to fulfill the ever-increasing need 

for clean energy, the production of photovoltaic energy has grown in importance, as 

solar cells release no toxic gases. The current solar cell industry is mostly based on 

monocrystalline silicon or III-V semiconductors, which have proven extremely high 

efficiency [1], but many low-cost solar cells are needed for general and wider applications. 

Therefore, designing and developing new solar cell materials with desired electronic, optical, 

and photovoltaic properties is an important step. For example, inorganic materials based on 

transition metal and chalcogenides or halide materials have recently been investigated which 

show promising optoelectronic properties [2,3]. Besides, mixed organic-inorganic materials 

have also been suggested as promising candidates for solar cell applications due to their ideal 

optical properties as well as relatively low-cost preparation methods [4–6].   

        Among these materials the chalcopyrite-based compounds of the general formula I-III-

VI2, where I is usually copper (Cu) or silver (Ag), have been receiving high attention in the 

last decade due to its usage in detectors, light-emitting diodes (LEDs), thermoelectric, 

photocatalysts, nonlinear optics (NLO) applications and solar energy conversion [7–12]. The 

major characteristic of chalcopyrite semiconductors is that they possess unique electronic and 

optical properties, direct band gap, transparent behavior against visible and infrared radiation, 

a high absorption coefficient and a lifetime in outer space longer compared to that of Si and 

III-V compounds [13].  

        Recently the copper (Cu-III–VI2) based chalcopyrites have proven their efficiency for 

solar cell applications. For example the CuGaSe2 shows efficiency of about 11.2% [8] while 

CuInSe2 realizes 14.5% efficiency [14] via a tandem cell of ZnO/CdS/CuInSe2. However, 

Cu(InGa)Se2 (CIGS) have recorded the highest power conversion efficiency (PCE) of about 

23.4% (cells), 17.4% (module) [15–19] which make it promising absorber materials for solar 

cell applications. Conversely, the silver (Ag-III–VI2) based chalcopyrites receive much 

attention due to their suitability for non-linear optical and photonic applications [20]. 

T 
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        The AgGaS2 and AgGaSe2 are known as part of the chalcopyrite family with a direct 

band gap of about (2.48–2.75) eV for AgGaS2 [21–24] and (1.86-1.90) eV for AgGaSe2 [21–

24]  .Those compounds are used as commercial material for NLO applications due to its large 

NLO coefficient d36 = 39 p.m./V and excellent transparency in the mid-IR range (1–18 μm) 

[25]. Besides, the two materials were proposed as promising candidates for X-ray dosimetry 

[26]. However, its band gap values and weak absorption in the visible light region limit its use 

as absorber material for photovoltaic solar cells. Very recently, the best efficiency of 5.85 % 

was reported using AgGaS2 [27] and 5.8 % using AgGaSe2 as an absorbing layer [28].  

        The main goal of the present work is to improve the optical and electronic properties of 

AgGaS2 and AgGaSe2 using band convergence strategy by substitution of Thallium (Tl) into 

the gallium (Ga) site in the AgGaS2 and AgGaSe2 compounds for the building of AgGa1-

xTlxS2 and AgGa1-xTlxSe2 alloys. From an experimental and theoretical point of view, it has 

already been reported that tailoring the band gap values of AgGaS2 and AgGaSe2 leads to 

interesting optoelectronic and photocatalytic properties [9, 29–31]. The current work deals 

with the study of the structural, electronic, and optical properties of the Tl-doped AgGaX2 (X 

= S, Se) chalcopyrite through the full potential augmented plane wave plus local orbital's 

method. This thesis manuscript is arranged in four chapters: 

 In the first chapter we will briefly present an overview of the density functional 

density functional theory which we have used to study the properties of the chosen 

properties of selected materials. 

 The second chapter gives an overview of the chalcopyrite family. 

 The third chapter presents the structural electronic and optical properties of AgGaS2 

doped with Thallium. 

 The fourth chapter will be devoted to the detailed study of the structural, 

optoelectronic properties of AgGa1-xTlxSe2 alloys. 

We will end up this manuscript with a general conclusion on the different points discussed 

above and some perspectives. 
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I.1.Introduction 

        The physical and chemical properties of matter in its atomic, liquid and solid aspects and their 

understanding can be described by the behavior of its constituents "electron and nucleus" and their 

interactions. The fundamental theoretical problem in solid state physics is to understand the inner 

organization of these particles which gives specific properties to the material. The calculation of its 

properties in the ground state of an N-electron system in a crystal is very difficult, as each particle 

interacts with all other particles. . The Schrödinger equation (1926) [1] becomes mathematically 

unsolvable. To overcome this difficult situation it was necessary to seek formalisms other than the 

traditional wave function to better describe the properties of a system.  

        In recent years, scientists have developed methods based on theoretical concepts known as the 

ab-initio methods, which attempt to predict the properties of materials by solving the quantum 

mechanical equations without using adjustable variables .Among the ab-initio methods, the density 

functional theory (DFT) [2]. DFT is a mean field method. It therefore proposes to replace the system 

of N interacting electrons by a fictitious system composed of N independent electrons, interacting 

with an external potential that was originally developed by Pierre Hohenberg and Walter Kohn in 

1964 [3].further, this theory got improved by Kohn and Lu Sham in 1965  [4]. They treated the N-

body problem with the single-particle Schrödinger-type equations called the Kohn-Sham equations. 

Since then, DFT has been very successful in quantum calculations of the electronic structure of 

matter (atoms, molecules, solids) in both condensed matter physics and quantum chemistry. 

I.2.Schrödinger's equation 

        Solids are made up of an association of elementary particles: nuclei and electrons. The 

fundamental theoretical problem of solid state physics is to understand the intimate organization of 

these particles at the origin of their properties [5]. But in this case, classical mechanics proves to be 

insufficient and it is necessary to call upon quantum mechanics, the basis of which is the resolution 

of the Schrödinger equation established by Erwin Schrödinger in 1925 and which is written in the 

following form [6]: 

                                                       𝑯
^

 𝚿(𝒓
→
, 𝑹
→

) = 𝑬 𝚿(𝒓
→
, 𝑹
→

)                                                            (I.1) 

Where: 

𝑬  Denotes the total energy of the system described by 𝚿(𝒓
→
, 𝑹
→

) 

𝚿(𝒓
→
, 𝑹
→

) Is a function of all electronic and nuclear coordinates, which is time independent. 
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𝒓
→

= 𝒓𝟏, 𝒓𝟐, … , 𝒓𝒏 Represents the entire set of coordinates of the electrons while 𝑹
→

= 𝑹𝟏, 𝑹𝟐, … , 𝑹𝑵 

represents the full set of coordinates of the cores. 

 𝑯
^

 Represents the Hamiltonian operator of the total energy of a many-body system. It form is 

expressed as follows: 

                                            𝑯
^

= 𝑻
^

𝒆 + 𝑻
^

𝑵 + 𝑽
^

𝒆𝒆 + 𝑽
^

𝑵𝑵 + 𝑽
^

𝑵𝒆                                             (I.2) 

Where 𝑇
^

 and 𝑉
^

 are the operators for kinetic and potential energy, respectively. 

The general problem can be expressed as an equation of movement of all particles within the crystal. 

The exact Hamiltonian of the crystal (non-relativistic) results from the presence of electrostatic 

interaction forces (repulsion or attraction) depending on the charge of the particles (nucleus, electron) 

[7]. 

                                                            𝑻
^

= 𝑻
^

𝒆 + 𝑻
^

𝑵                                                                         (I.3) 

                                                            𝑽
^

= 𝑽
^

𝒆𝒆 + 𝑽
^

𝑵𝑵 + 𝑽
^

𝑵𝒆                                                          (I.4) 

𝐻
^

 Is a non-relativistic differential operator including all forms of energy [6]: 

The electron kinetic energy operator 𝑻
^

𝒆(𝒓
→
): 

𝑻
^

𝒆(𝒓
→
) = −

ħ𝟐

𝟐𝒎
∑  𝒏

𝒊 𝛁𝒊
𝟐   

The kinetic energy operator of nuclei  𝑻
^

𝑵(𝑹
→

): 

𝑻
^

𝑵(𝑹
→

) = −
ħ𝟐

𝟐𝑴
∑  

𝑵

𝑰

𝛁𝑰
𝟐 

Potential energy operator of the coulombic interaction of repulsion between electron and electron 

𝑽
^

𝒆𝒆(𝒓
→
): 

𝑽
^

𝒆𝒆(𝒓
→
) =

𝒆𝟐

𝟒𝝅𝜺𝟎
∑ 

𝒏

𝒊=𝟏

∑ 

𝒏

𝒋>𝑖

𝟏

|𝒓
→

𝒊 − 𝒓
→

𝒋|
 

Operator of the potential energy of coulombic interaction of attraction between nucleus and electron 

𝑽
^

𝒆𝑵(𝒓
→
, 𝑹
→

): 

𝑽
^

𝒆𝑵(𝒓
→
, 𝑹
→

) = −
𝒆𝟐

𝟒𝝅𝜺𝟎
∑ 

𝒏

𝒊=𝟏

∑ 

𝑵

𝑰=𝟏

𝒁𝑰

∣ 𝒓
→

𝒊 − 𝑹
→

𝑰

 

Operator of the potential energy of the coulombic repulsion interaction between nucleus and nucleus 

𝑽
^

𝑵𝑵(𝑹
→

): 
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𝑽
^

𝑵𝑵(𝑹
→

) =
𝒆𝟐

𝟒𝝅𝜺𝟎
∑ 

𝑵

𝑰=𝟏

∑ 

𝑵

𝑱>𝐼

𝒁𝑰𝒁𝑱

|𝑹
→

𝑰 − 𝑹
→

𝑱|
 

 

Thus, the global Hamiltonian becomes: 

 

𝐇
^

 = −
ħ𝟐

𝟐
∑  𝒊

𝛁𝟐𝑹
→

𝒊

𝑴𝒏
−

ħ𝟐

𝟐
∑  𝒊

𝛁𝟐𝒓
→

𝒊

𝒎𝒆
−

𝟏

𝟒𝝅𝜺𝟎
∑  𝒊,𝒋

𝒆𝟐𝒁𝒊

|𝑹
→

𝒊−𝒓
→

𝒋|
+

𝟏

𝟖𝝅𝜺𝟎
∑  𝒊≠𝒋

𝒆𝟐

|𝒓
→

𝒊−𝒓
→

𝒋|
+

𝟏

𝟖𝝅𝜺𝟎
∑  𝒊≠𝒋

𝒆𝟐𝒁𝒊𝒁𝒋

|𝑹
→

𝒊−𝑹
→

𝒋|
               (I.5) 

 

The calculation of the ground state energy of the system is analytically very difficult for most 

systems. Nevertheless, current mathematical knowledge does not yet allow the solution of equation. 

Knowing that with three interacting bodies it is impossible to solve this equation exactly, therefore 

numerous approximations have been developed to overcome this obstacle. 

- The Born-Oppenheimer approximation (Frozen core approximation). 

- The Hartree-fock approximation (Independent electron approximation). 

I.2.1.The Born-Oppenheimer approximation 

        It consists in separating the movement of the electrons from that of the nuclei [8]. Considering 

the large difference in mass between electrons and nuclei, the latter can be considered as fixed 

compared to electrons. So the electrons move quite a bit faster than the atomic nuclei. According to 

Born and Oppenheimer [9], electrons are always in their ground state, regardless of the position of 

the atomic nuclei. This approximation simplifies the Schrödinger equation, the kinetic energy terms 

of the nuclei and the nucleus-nucleus interactions, independent of the electrons, cancel each other 

out. The problem to be solved now is therefore a system of Ne electrons interacting in an external 

potential generated by the nuclei. The interaction term between the nuclei is only involved in the 

calculation of the total energy of the system, but not in the calculation of the electronic wave 

functions. 

The Hamiltonian can thus be defined as: 

                                                          𝑯
^

 = 𝑻
^

𝒆 + 𝑽
^

𝒆𝒆 + 𝑽
^

𝒆𝑵                                                             (I.6) 

Or:                        𝐇
^

 = −
ħ𝟐

𝟐
∑  𝒊

𝛁𝟐𝒓
→

𝒊

𝒎𝒆
−

𝟏

𝟒𝝅𝜺𝟎
∑  𝒊,𝒋

𝒆𝟐𝒁𝒊

|𝑹
→

𝒊−𝒓
→

𝒋|
+

𝟏

𝟖𝝅𝜺𝟎
∑  𝒊≠𝒋

𝒆𝟐

|𝒓
→

𝒊−𝒓
→

𝒋|
               (I.7) 

The Born-Oppenheimer approximation is called adiabatic [10] because it separates the electronic 

problem from the lattice vibration problem.  
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Despite this reduction, the Schrödinger equation remains difficult to solve. The new total wave 

function of the system depends on the coordinates of all the electrons and cannot be decoupled 

therefore the problem cannot be solved especially using current computer resources. Therefore, 

further approximations are necessary. 

I.2.2.Hartree-Fock approximation 

        In 1930 Fock [11] showed that Hartree [12] solutions infringe the Pauli Exclusion Principle as 

they are not antisymmetric with respect to the exchange of two random electrons. The anti-

metrisation of the electronic wave function is written, for example, as follows: 

                             Ф(�⃗� 𝟏, �⃗� 𝟐, … �⃗� 𝒊. �⃗� 𝒊+𝟏, … �⃗� 𝒋, �⃗� 𝑵𝒆
)=-Ф(�⃗� 𝟏, �⃗� 𝟐, … �⃗� 𝒊. �⃗� 𝒊+𝟏, … �⃗� 𝒋, �⃗� 𝑵𝒆

)                          (I.8)  

Such a description obeys the Pauli Exclusion Principle, stating that two electrons of the same 

quantum number cannot simultaneously occupy the same quantum state. However, in the Hartree 

formulation of the wave function, this is not the case, as the electron i occupies precisely the state i.  

Hartree and Fock generalized this concept by showing that Pauli's principle is respected if we write 

the wave function [13]   as a: <Slater's determinant> [14] 

      Ф(�⃗� 𝟏�⃗⃗� 𝟏, �⃗� 𝟐�⃗⃗� 𝟐, … , �⃗� 𝑵𝒆�⃗⃗� 𝑵𝒆)= 
𝟏

√𝑵𝒆  !
|

Ф𝟏(�⃗� 𝟏�⃗⃗� 𝟏) Ф𝟏(�⃗� 𝟐�⃗⃗� 𝟐) … Ф𝟏(�⃗� 𝑵𝒆�⃗⃗� 𝑵𝒆)

Ф𝟐(�⃗� 𝟏�⃗⃗� 𝟏) Ф𝟐(�⃗� 𝟐�⃗⃗� 𝟐)  … Ф𝟐(�⃗� 𝑵𝒆�⃗⃗� 𝑵𝒆)

Ф𝑵𝒆(�⃗� 𝟏�⃗⃗� 𝟏) Ф𝑵𝒆(�⃗� 𝟐�⃗⃗� 𝟐) … Ф𝑵𝒆(�⃗� 𝑵𝒆�⃗⃗� 𝑵𝒆)

|                    (I.9)             

Where �⃗⃗�  is the spin. 

The function Ф given by equation leads to the Hartree-Fock equations for a one-particle system: 

(−
𝟏

𝟐
∆𝒊 + 𝑽𝒆𝒙𝒕(�⃗� ) + ∑ ∫𝒅𝟑�⃗� 

𝑵𝒆
𝒋=𝟏
(𝒋≠𝒊)

|Ф𝒋(�⃗́� )
𝟐
|

|�⃗� −�⃗́� |
Ф𝒊(�⃗� )-∑ 𝜹𝝈𝒊𝝈𝒋

𝑵𝒆
𝒋=𝟏
(𝒋≠𝒊)

∫𝒅𝟑�⃗́� 
|Ф𝒋∗(�⃗́� )Ф𝒊(�⃗� )|

|�⃗� −�⃗́� |
Ф𝒊(�⃗� )=𝜺𝒊Ф𝒊(�⃗� )               (I.10) 

Electron-electron interactions produce additional energy terms in addition to those of the Hartree 

approximation which are called Wigner correlation energy terms.  

I.2.3.Density functional theory (DFT) 

        The density functional approach expresses the properties of the ground state, such as total 

energy, equilibrium positions and magnetic moments in terms of the electron density ρ(r). The basis  

of this theory was formulated by Hohenberg, Kohn and Sham [8]. In general, the Hohenberg-Kohn 

theorem shows that the total energy of a gas of electrons subjected to any external potential is a 

unique functional of the density of the gas. The ground state of the system can therefore be obtained 

by minimising the energy system with respect to the density. The basic principles can be expressed 
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according to Hohenberg and Kohn by considering a system of 𝑁𝑒 electrons in interaction subjected to 

an external potential Vext 

The Hamiltonian is then: 

                                                    𝐇 = 𝐓 + 𝐕𝐞𝐞 + ∑  
𝐍𝐞
𝐢=𝟏 𝐕𝐞𝐱𝐭(𝐫𝐢)                                                  (I.11) 

Where T and Vee are the kinetic energy and electron interaction terms respectively.In this case, the 

ground state energy of a system has several interacting electrons places in an external potential 

𝐕ext(ri)is a unique functional of 𝝆(𝐫): 

                                                     𝑬[𝝆] = ∫ 𝑽𝒆𝒙𝒕(𝐫)𝝆(𝐫)𝒅𝟑𝒓 + 𝑭[𝝆(𝐫)]                                      (I.12) 

Where 𝑬[𝝆] is a universal electron density functional 𝝆(𝐫)that contains the kinetic and coulombic 

contributions of energy. The functional 𝑭[𝝆(𝐫)]is independent of  𝑽𝒆𝒙𝒕(𝐫), and is not known exactly. 

The term ∫ 𝑽𝒆𝒙𝒕(𝐫)𝝆(𝐫)𝒅𝟑𝒓 represents the core-electron interaction. 

The problem is therefore to determine 𝑬[𝝆] which is expressed as follows: 

                                                    𝑭[𝝆(𝐫)] = 𝑻𝒔[𝝆(𝐫)] + 𝑬𝑯[𝝆(𝐫)] + 𝑬𝒙𝒄[𝝆(𝐫)]                          (I.13) 

Where: 

𝑻𝒔[𝝆(𝐫)]: is the kinetic energy of an electrons gas without interaction 

𝑬𝑯[𝝆(𝐫)]: is the classical coulomb interaction energy 

𝑬𝒙𝒄[𝝆(𝐫): is the exchange and correlation energy that describes the entire N -body contributions that 

are not taken into account in the Hartree approximation. This term is not known analytically. One 

method of solving this problem is to use the Kohn-Sham formulation and the local density 

approximation (LDA) or the generalized gradient approximation (GGA) explained below 

I.2.4.The Kohn and Sham equations 

        Kohn and Sham [KS] [9] wrote the exact ground state energy of an interacting system in an 

external potential Vext as a functional depending only on the electron density 𝝆( �⃗� ), 

                  𝐄[𝝆(𝐫)] = 𝑻𝑺[𝝆(𝐫)] + ∫ 𝒅𝟑𝐫𝑽ext 𝝆(𝐫) + ∫ 𝒅𝟑𝐫𝒅𝟑𝐫
𝝆(𝐫)𝝆(𝐫)

|𝐫−𝐫|
+ 𝑬𝑿𝑪[𝝆(𝐫)]                  (I.14) 

In this case Kohn and Sham propose to solve the following system of self-consistent equations which 

allows to find the density 𝝆( �⃗� ),that minimizes the energy of the system  

                               {
𝑯𝒌𝒔𝚽𝒊(𝐫) = [−

𝟏

𝟐
𝚫𝒊 + 𝑽𝒆𝒇𝒇(𝐫)]𝚽𝒊(𝐫) = 𝜺𝒊

𝒌𝒔𝚽𝒊(𝐫)

𝝆(𝐫) = ∑  
𝑵𝒆
𝒊=𝟏 𝒇𝒊|𝚽𝒊(𝐫)|

𝟐
                                     (I.15) 

𝜺𝒊𝒌𝒔 and Фi(�⃗� ) being respectively the eigenvalues and the monoelectronic (so-called Kohn-Sham) 

eigenwave functions from which we determine the electron density.      

𝝆( �⃗� ),𝑽𝒆𝒇𝒇 is the effective potential in which the particles move: 
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𝐕𝐞𝐟𝐟(𝐫) = 𝐕𝐞𝐱𝐭(𝐫) + 𝐕𝐇(𝐫) + 𝐕𝐱𝐜(𝐫)                                               (I.16) 

 Where we put:                      𝑽𝑯(𝐫) = ∫ 𝐝𝟑𝐫
𝝆(𝐫)

|𝐫−𝐫|
 et 𝑽𝑿𝑪(𝐫) =

𝜹𝐄𝐗𝐂|𝝆(𝐫)|

𝝆(𝐫)
                                     (I.17) 

By replacing the kinetic energy and electron density in equation (II.15) with those found by solving 

the system (II.15) we find the total energy of the ground state of the system: 

                            𝑬[𝝆] = ∑  𝑵𝒆
𝒊=𝟏 𝜺𝒊 − ∫ 𝒅𝟑𝐫𝒅𝟑𝐫

𝝆(𝐫)𝝆(𝐫)

|𝐫−𝐫|
− ∫ 𝒅𝟑𝐫𝑽𝒙𝒄(𝐫)𝝆(𝐫) + 𝑬𝒙𝒄[𝝆]                 (I.18) 

We note that the Kohn-Sham transformations are exact transformations. The problem of Ne 

interacting electrons is replaced by Ne independent electrons interacting with the total electron 

density, which simplifies the calculations considerably. 

In the Kohn-Sham formulation, all the energy terms, and their associated potentials, can be evaluated, 

except the exchange-correlation term, which is problematic. This term Exc [𝛒] is not known exactly 

even though it appears as a corrective term. In any case, various approximations have to be used, 

which we will discuss next. 

I.2.5.Resolution of exchange and correlation energy 

There are two very common approximations for dealing with the term VXC 

I.2.5.1.The local density approximation (LDA) 

        To approximate the density functional 𝑬𝑿𝑪
  [ρ(r)], Kohn and Sham proposed as early as 1965 

the local density approximation (LDA) [15], which treats an inhomogeneous system as locally 

homogeneous, with exchange and correlation energy known exactly: 

                                                     𝐄[𝝆(𝐫)] = ∫ 𝝆(𝐫)𝜺[𝝆(𝐫)]𝐝𝟑𝐫                                                   (I.19) 

Where 𝜺[𝝆(𝐫)]is the exchange and correlation energy per particle of a uniform electronic gas of 

density 𝝆 that is known to be in the form:  

                                      𝐕𝐗𝐂(𝐫) =
𝜹𝐄𝐗𝐂 [𝝆(𝐫)]

𝜹𝝆(𝐫)
= 𝜺[𝝆(𝐫)] + 𝝆(𝐫)

𝜹𝜺𝐗𝐂[𝝆(𝐫)]

𝜹𝝆(𝐫)
                                       (I.20) 

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

LDA must then be extended to the Spin Density Approximation [15]. and the LDA must then be 

extended to the Local Spin Density Approximation (LSDA) where the exchange and correlation 

energy 𝑬𝑿𝑪
   becomes a functional of the two high and low spin densities: 

                                           𝐄𝐗𝐂[𝝆 ↓⋅ 𝝆 ↑] = ∫ 𝝆(𝐫)𝜺[𝝆 ↓⋅ 𝝆 ↑]𝐝𝟑𝐫                                               (I.21) 
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The most commonly used forms for energy and exchange potential in LDA are those of Kohn-Sham 

and Wigner [17], Von Barth-Hedin[15], Gunnarson-Lundqvist [16], Vosko et al.[18] and Perdew and 

Wang [19] . 

 

Table. I.1: Computational performance in the LDA approximation [13]. 

Quantity LDA error 

Bond length ~1% 

Vibration frequency Some % 

Elastic constant Some % 

Cohesive energy ~15% 

Energy barrier ~20% 

 

I.2.5.2.Generalized Gradient Approximation (GGA) 

       In several cases the (LDA) [20] 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 local variations in density. For this reason the gradient of the electron 

density has been introduced leading to the generalized gradient approximation GGA [21], in which 

the exchange and correlation energy is a function of the electron density and its gradient: [22] 

              𝑬𝑿𝑪
𝑮𝑮𝑨 = ∫ 𝒏(𝒓)𝜺𝑿𝑪[𝒏, |𝛁𝒏|, … ]𝒅𝟑𝒓 ≡ ∫ 𝒏(𝒓)𝜺𝑿

𝒉𝒐𝒎(𝒏)𝑭𝑿𝑪[𝒏, |𝛁𝒏|, … ]𝒅𝟑𝒓                 (I.22) 

Where 𝜺𝑿
𝒉𝒐𝒎is the exchange energy of a non-polarized system of density 𝒏(𝒓). There are many forms 

of 𝑭𝑿𝑪 , the most commonly used are those introduced by Becke [23], Perdew and Wang [24] and 

Perdew, Burke and Ernzerhof [25]. 

I.2.5.3.The EV-GGA approximation 

The major shortcoming in both approximations (GGA and LDA) is the estimation of the 

energy gap value, which is essentially due to the correlation term being considered too simple, and to 

correct this shortcoming, Engel and Vosko [18] have shown that the GGA cannot improve on the 

second-order expansion of the generalized gradient due, most of the time, to the cancellation of local 

errors, hence the correction brought to the correlation term, by mixing the second-order generalized 
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gradient with the exact Hartree-Fock correlation term. But unfortunately it remains poor if one is 

interested in calculations of the fundamental energy as a function of the structural parameters [30]. 

I.2.5.4.Modified Becke and Johnson potential (mBJ) 

        A new version of the exchange potential, first proposed by Becke and Johnson [26], was 

published by Tran and Blaha [27]. This is the mBJ "modified Becke Johnson Potential" (also known 

as the TB potential: Tran-Blaha) which has been implemented in the latest versions of the ab initio 

Wien2k code. Tran and Blaha [28] tested the exchange potential proposed by Becke and Johnson 

(BJ) [26] which was designed to reproduce the shape of the exact exchange potential called the 

"optimised effective potential (OEP)". They noted that using the BJ potential combined with the 

GGA correlation potential always gives underestimated gap energies. In order to improve these 

results, Tran and Blaha [27] introduced a simple modification of the original BJ potential and 

obtained good agreement with other more expensive approaches (due to their high self-consistency) 

such as hybrid functional and the GW method  [29-31]. The modified BJ potential (mBJ) proposed by 

Tran and Blaha [27] has the following form: 

                                     𝒗𝒙,𝝈
𝒎𝑩𝑱

(𝒓) = 𝒄𝒗𝒙,𝝈
𝑩𝑹(𝒓) + (𝟑𝒄 − 𝟐)

𝟏

𝝅
√

𝟓

𝟏𝟐
√

𝟐𝒕𝝈(𝒓)

𝝆𝝈(𝒓)
                                        (I.23) 

𝜌𝜎(𝒓) = ∑  
𝑛𝜎
𝑖=1 |𝜓𝑖,𝜎(𝒓)|

2

   is the density of electrons. 

𝒕𝜎(𝒓) =
1

2
∑  

𝑛𝜎
𝑖=1 𝛁𝝍𝑖,𝜎

∗ (𝒓)  is the density of the kinetic energy. 

                                     𝒗𝒙,𝝈
𝒎𝑩𝑱

(𝒓) = −
𝟏

𝒃𝝈(𝒓)
(𝟏 − 𝒆−𝒙𝝈(𝒓) −

𝟏

𝟐
𝒙𝝈(𝒓)𝒆

𝒙𝝈(𝒓))                                   (I.24) 

𝒗𝒙,𝝈
𝒎𝑩𝑱

 is the Becke-Roussel (BR) potential [32] which has been proposed to model the coulombic 

potential created by the exchange hole. 

The term 𝒙𝝈 in equation (I.24) was determined from. 𝜌𝜎 (𝑟), ∇𝜌𝜎 (𝑟), ∇2𝜌𝜎 (𝑟) 𝑒𝑡 (𝑟); while the term 

(𝑟) was calculated using the following relationship: 

                                                        𝒃𝝈(𝒓) = [
𝒙𝝈
𝟑𝒆−𝒙𝝈

𝟖𝝅𝝆𝝈
]

𝟏

𝟑
                                                                   (I.25) 

In equation (II.25), c has been chosen to depend linearly on the square root of the mean of 
𝛁𝝆𝝈(𝒓)

𝝆𝝈(𝒓)
 

                                           𝒄 = 𝜶 + 𝜷 (
𝟏

𝑽𝒄𝒆𝒍𝒍
∫  
𝒄𝒆𝒍𝒍

|𝛁𝝆(𝒓′)|

𝝆(𝒓′)
𝒅𝟑𝒓′)

𝟏

𝟐
                                                   (I.26) 
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𝜶 and 𝜷 are adjustable parameters (𝜶 = -0.012 (dimensionless) and (𝜷 = 1.023 𝑏𝑜ℎ𝑟) and 𝑽𝒄𝒆𝒍𝒍 is 

the volume of the unit mesh. For 𝒄 =1, we have the reproduction of the original Beck and Johnson 

potential. 

                                          𝒗𝒙,𝝈
𝑩𝑱

(𝒓) = 𝒗𝒙,𝝈
𝑩𝑹(𝒓) +

𝟏

𝝅
√

𝟓

𝟏𝟐
√

𝟐𝒕𝝈(𝒓)

𝝆𝝈(𝒓)
                                                       (I.27) 

By varying c for a given material, it was found that for many solids the gap energy increases 

monotonically with respect to c [27]. Specifically, for solids with small gaps copt (the value of c that 

leads to perfect agreement with the experiment) ranges from 1.1 to 1.3 while for solids with larger 

gaps, copt is larger (its value varies from 1.4 to 1.7) [28]. 

I.2.6.The APW method 

        Slater [36] proposed the augmented plane wave functions (APW) as a basis for solving the one-

electron Schrödinger equation, which corresponds to the DFT-based equation of Kohn and Sham. 

The APW method is based on the Muffin-Tin (MT) approximation to describe the crystal potential. 

According to this approximation the unit cell is divided into two types of regions: spheres called 

"Muffin-Tin" (I) which do not overlap and are centered on each atom α of radius 𝑹𝜶 and interstitial 

regions (II) (the empty space). As a consequence, the wave functions of the crystal are developed in 

different bases depending on the region considered: radial solutions multiplied by spherical 

harmonics in the MT spheres and plane waves in the interstitial region 

                                       

Figure I.1: Muffin-Tin" potential 
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Thus the wave function is of the form: 

                                            𝝋(𝒓) = {
∑  𝒍𝒎 𝑨𝒍𝒎𝑼𝒍(𝒓)𝒀𝒍𝒎(𝒓)    𝐫 ∈ 𝐈

𝟏

𝛀
𝟏
𝟐

∑  𝑮 𝑪𝑮𝒆
𝒊(𝑮+𝑲)𝒓    𝐫 ∈ 𝐈𝐈                                              (I.28) 

Where𝑨𝒍𝒎 and 𝑪𝑮 are the expansion coefficients, 𝛀 is the volume of the unit cell. 𝑼𝒍(𝒓) is the radial 

solution of the Schrödinger equation which is written as : 

                                            (−
𝛛𝟐

𝛛𝒓
+

𝒍(𝒍+𝟏)

𝒓𝟐 + 𝑽(𝒓) − 𝑬𝒍) 𝒓𝑼𝒍(𝒓) = 𝟎                                           (I.29) 

 

Where 𝑬𝒍 is the linearization energy and 𝑽(𝒓) the spherical component of the potential in the sphere. 

The radial functions defined by equation are automatically orthogonal to any state of the same 

Hamiltonian that vanishes at the boundary of the sphere as the following equation shows:  

                                              (𝑬𝟐 − 𝑬𝟏)𝒓𝑼𝟏𝑼𝟐 = 𝑼𝟐
𝒅𝟐𝒓𝑼𝟏

𝒅𝒓𝟐 − 𝑼𝟏
𝒅𝟐𝒓𝑼𝟐

𝒅𝒓𝟐                                         (I.30) 

 

Where 𝑼𝟏 and 𝑼𝟐 are radial solutions for the energies 𝑬𝟏 and 𝑬𝟐 .The overlap being constructed by 

using equation and integrating it by parts. 

Slater justifies the particular choice of these functions by noting that plane waves are solutions of the 

Schrödinger equation when the potential is constant. As for the radial functions, they are solutions in 

the case of a spherical potential, when 𝑬𝒍 is an eigenvalue. 

This approximation is very good for materials with a face-centered cubic structure, and less and less 

satisfying as the material's symmetry decreases. 

However, to ensure continuity at the sphere boundaries in the APW method, the 𝑨𝒍𝒎 have been 

defined in terms of the 𝑪𝑮 coefficients of the existing plane waves in the interstitial regions. These 

coefficients are thus expressed by the following expression: 

                                              𝑨𝒍𝒎 =
𝟒𝝅𝒊𝒍

𝛀𝟏/𝟐𝑼𝒍(𝑹𝜶)
∑  𝑮 𝑪𝑮𝒋(|𝑲 + 𝒈|𝑹𝜶)𝒀𝒍𝒎

∗ (𝑲 + 𝑮)                         (I.31) 

 

𝑹𝜶 is the radius of the sphere, and the origin is taken as the centre of the sphere. 

Thus the 𝑨𝒍𝒎 are determined by the plane wave coefficients 𝑪𝑮 and the energy parameters𝑬𝒍, as these 

are variational in the APW method. The individual functions which are represented by the index G 

and which consist of plane waves in the interstitial plane waves in the interstitial region and radial 

functions in the spheres are called augmented plane waves (APW). 

The APW method, thus constructed, presents some difficulties related to the function 𝑼𝒍(𝑹𝜶) which 

appears in the denominator of the equation. Indeed, depending on the value of the parameter𝑬𝒍, the 
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value of 𝑼𝒍(𝑹 ) can become nil at the surface of the MT sphere, leading to a separation of the radial 

functions from the plane wave functions. In order to overcome this problem, several modifications to 

the APW method have been made, including those proposed by Koelling and Andersen [37]. 

I.2.7.The LAPW method 

        The LAPW (linearized Augmented Plane Wave) method developed by Andersen [37] is one of 

the most accurate bases for the calculation of crystalline solids.  It corresponds to an improvement of 

the Augmented Plane Wave (APW) method, developed by Slater. This LAPW method provides a 

more flexible and accurate basis for band structure calculations of crystal lattices. This procedure 

uses the partition of space into two zones. The improvement of this formalism over the APW method 

lies in the fact that the basis functions in the MT sphere are linear combinations of the radial 

functions multiplied by spherical harmonics, 𝒖𝒍(𝒓)𝒀𝒍𝒎(𝒓
→
) and their derivatives 𝒖

˙

𝒍(𝒓)𝒀𝒍𝒎(𝒓
→
) in 

relation to energy.  

The functions 𝒖𝒍(𝒓) are defined as in the APW method and the 𝒖
˙

𝒍(𝒓)𝒀𝒍𝒎(𝒓
→
)  must satisfy the 

following condition: 

                                          {−
𝒅𝟐

𝒅𝒓𝟐 +
𝒍(𝒍+𝟏)

𝒓𝟐 + 𝑽(𝒓) − 𝑬𝒍} 𝒓𝒖
˙

𝒍(𝒓) = 𝒓𝒖𝒍(𝒓)                                   (I.32) 

In a non-relativistic treatment, the radial functions 𝒖𝒍 and 𝒖
˙

𝒍 ensure continuity with plane waves on 

the surface of the MT sphere. The wave functions thus augmented constitute the basic functions of 

the LAPW method: 

                              𝝓
𝑮

𝒊
˙

(𝒓
→
) = {

𝟏

𝛀
𝟏
𝟐

∑  𝑮 𝑪𝑮𝒆
𝒊(𝑮

˙
+𝑬

˙
)𝒓

˙

    𝒓 > 𝑹𝜶

∑ [𝑨𝒊𝒎
𝜶 𝒖𝒍(𝒓) + 𝐁𝒍𝒎

𝜶 𝒖
˙

𝒍(𝒓)𝒀𝒃𝒎(𝒓)     𝒓 < 𝑹𝜶

                               (I.33) 

Where 𝐁𝒍𝒎
𝜶  are the coefficients corresponding to the 𝒖

˙

𝒍 function and are of the same nature as the 

𝑨𝒊𝒎
𝜶  coefficients. The LAPW functions are plane waves only in the interstitial zones as in the APW 

method. Within the spheres, LAPW functions are better suited than APW functions. Indeed, if 𝑬𝒍 

differs a little from the band energy𝑬 , a linear combination of and will reproduce the radial function 

better than APW functions consisting of a single radial function. Non-spherical potentials inside the 

"Muffin -Tin" sphere can now be treated without difficulty. The LAPW method thus ensures the 

continuity of the wave function on the surface of the MT sphere, but the calculations lose accuracy 

compared to the APW method. LAPW functions form a good basis for obtaining all valence bands in 

a large energy region with a single 𝑬𝒍. When this is not possible, the energy window can usually be 

split into two parts, which is a great simplification compared to the APW method. 
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I.2.8.The FP-LAPW method 

        In the Full Potentiel Linearized Augmented plane Waves (FP-LAPW) [35] as implemented in 

the wien2k code [34] the LAPW basis provided by equation and the APW+lo basis provided by 

equations and are involved and used depending on the nature of the electronic states of the system 

under study as explained above. However, no approximation is made for the shape of the potential 

nor for the charge density. Indeed, the potential describing the interactions between nuclei and 

electrons can be treated differently depending on whether one is inside or outside the muffin sphere. 

It is developed in harmonics (in each spherical muffin tin atom) and in Fourier series (in the 

interstitial regions):           

                                      𝐔(𝐫 ) = {
∑ 𝐔𝐥𝐦𝐘𝐥𝐦(𝐫 )                          𝐫 < 𝐑𝛂𝐥𝐦

∑ 𝐔𝐊𝐞
𝐢𝐤𝐫 

𝐊                                  𝐫 > 𝐑𝛂

                                       (I.34) 

The potential then has an angular dependence in the interior through the intervention of spherical 

harmonics. The introduction of such a potential gives the FP-LAPW method the "full potential" 

characteristic because it takes into account the angular dependence in the whole space [35]. 

I.2.9.The LAPW+LO method 

        The FP-LAPW method generally gives accurate band energies in the vicinity of the linearisation 

energies and in most materials, it is sufficient to choose these energies in the neighbourhood of the 

centre of the bands. In order to improve the linearisation and make it possible to the treatment of 

valence and semicore states in a single energy window, so-called local orbitals (LO) are added to the 

LAPW database, and consist of a linear combination of two radial functions corresponding to two 

different energies and the derivative with respect to energy of one of these two functions. A local 

orbital (LO) is defined by [40]: 

 

                  𝝋(𝒓) = {
                       𝟎                                                                           𝒓 < 𝑹𝒂

[𝑨𝒍𝒎𝑼𝒍(𝒓, 𝑬𝒍) + 𝑩𝒍𝒎𝑼𝒍(𝒓, 𝑬𝒍) + 𝑪𝒍𝒎(𝒓, 𝑬𝒍) +]𝒀𝒎
𝒍 (𝒓), 𝒓 < 𝑹𝒂

}                (I.35) 

Where the coefficients 𝑪𝒍𝒎 are of the same nature as the coefficients 𝑨𝒍𝒎 and 𝑩𝒍𝒎defined 

previously. 

A local orbital is defined for a given atom for each l and m. It is called local because it is null 

everywhere except in the muffin-tin sphere to which it refers. These local orbitals are then added to 

the LAPW basis. Thus the addition of local orbitals increases the size of the LAPW basis.  
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I.2.10.The APW + lo method 

        The issue with the APW method was the energy dependency of the set of basic functions. This 

dependency could be eliminated in the LAPW+LO method but at the cost of a larger base size, where 

both APW and LAPW+LO methods acquire an important limitation.  

Sjösted, Nordström and Singh [38] have improved on this by developing a basis that combines the 

advantages of the APW method with those of the LAPW+LO method. This method is called 

"APW+lo", it corresponds to an energy independent basis (as was in the LAPW+LO method), In 

addition, it requires only one plane wave cut-off energy, where this cut-off energy is very slightly 

higher than that required in the APW method. 

It consists in using a standard APW basis but considering 𝑼𝒍(𝑹 ) for a fixed energy 𝑬𝒍 in order to 

keep the advantage brought by the linearization of the problem at eigenvalues. Since an energy base 

is fixed, this method does not provide a satisfactory description of the eigenfunctions, local orbitals 

are also added to provide variational flexibility in the radial basis functions. 

An "APW+lo" base is defined by the combination of the following two types of wave functions wave 

functions: 

- APW plane waves with a set of fixed 𝑬𝒍 energies [39]: 

                                          𝝋(𝐫) = {
𝟏

𝛀𝟏/𝟐
∑  𝑮 𝑪𝑮𝒆𝒊(𝐑+𝐆)⋅𝐫    𝑟⟩𝑹𝜶

∑  𝒍𝒎 𝑨𝒍𝒎𝑼𝒍
𝜶(𝒓, 𝑬𝒍)𝒀𝒍𝒎(𝒓)    𝑟⟨𝑹𝜶

                                        (I.36) 

- Local orbitals different from those of the LAPW+LO method, are defined by [39] : 

                 

                           𝝋(𝐫) = {
0    𝑟⟩𝑹𝜶

[𝑨𝒍𝒎𝑼𝒍(𝒓, 𝑬𝒍) + 𝑩𝒍𝒎�̇�𝒍(𝒓, 𝑬𝒍)]𝒀𝒍𝒎(𝒓)    𝑟⟨𝑹𝜶
                                   (I.37) 

  In a calculation, a mixed LAPW and APW+lo basis can be used for different atoms and even for 

different values of the and even for different values of the l. In general, orbitals that converge more 

slowly with the plane wave number (such as the 3d states of the transition elements), or atoms with a 

small sphere size are described by the APW+lo basis and the rest by the LAPW basis [39].  

I.3.The WIEN2k code 

The FP-LAPW method was implemented in the WIEN2k code, a set of programs developed by 

Blaha, Schwarz and their colleagues [41]. This code has successfully dealt with high temperature 

superconducting systems [42], minerals, transition metal surfaces [43], non-ferromagnetic oxides 

[44], molecules as well as the electric field gradient. The calculation procedure involves three steps: 
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The initialization 

It consists of constructing the spatial configuration (geometry), the starting densities, the number of 

special points required for integration in the Brillouin irreducible zone, etc. All these operations are 

performed by a series of auxiliary programs that generate: 

NN: It is a program that gives the distances between the nearest neighbours, and helps to determine 

the atomic radius of the sphere. 

LSTART: A program that generates the atomic densities and determines the different orbital’s are 

processed in the band structure calculation. 

SYMMETRY: it generates the symmetry operations of the space group and determines the point 

group of individual atomic sites. 

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

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

superposition of the atomic densities generated in LSTART. 

Self-Consistent Calculation 

In this step, the energies and electron density of the ground state are calculated according to a 

convergence criterion (energy, charge density, strength). The sub-programs used are: 

LAPW0: Generates the potential from the density. 

LAPW1: Calculation of valence bands, eigen values and eigenvectors. 

LAPW2: it calculates the valence densities for the eigenvectors. 

LCORE: it calculates states and core densities. 

MIXER: it mixes the input and output densities 
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Figure I.2: The structure of the WIEN2k program. 

 



Chapter I                                                                              Density Functional Theory (DFT) 

 

23 
 

I.4.Conclusion 

In this chapter, the different approximations used for various electronic states in a solid have been 

discussed. Density Functional Theory (DFT) provides an alternative quantum mechanical 

methodology to the Hartree-Fock method. The main interest of this formalism lies in the fact that it 

allows the modelling of large relative systems with excellent accuracy compared to other methods 

which require a considerable numerical effort to take into account electronic correlations. The density 

functional theory has the advantage of taking into account electronic correlation within its formalism. 

This type of method has become very efficient since the 1980s thanks to the substantial improvement 

of algorithms for solving the Khon-Sham equation in a self-consistent way by taking the waves as the 

basis of composition. But the only term it leaves undetermined is: the correlation exchange term. This 

term is then treated by several approximations such as the local density approximation LDA, the 

generalized gradient approximation GGA and TB-mBJ. As it is impossible to solve the Kohn-Sham 

equations, numerical methods and approaches will be used, including the Linearly Augmented Plane 

Wave (LAPW) method, which is essentially a modification of the Slater APW method. 

The basic function (LPAW) consists of plane waves in the interstitial region and augmented in the 

spheres.it aims to obtain precise band energies in the vicinity of the linearization energies El. 

The LAPW method has been improved, including the LAPW+LO method, which offers a better 

treatment of the problem compared to a solution based on the LAPW method  as well as the APW+lo 

method which is a further improvement. 
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II.1.Introduction 

A high cost of a material will automatically reduce the need for it and make its use 

unnecessary. Currently, the affordability of PV systems is one of the main barriers to the large-

scale production and application of these systems. The efficiency of such a device is a very 

crucial factor for researchers, and for this aim they are constantly carrying out experiments and 

research to find the best materials to improve it and obtain better results. 

In recent years, several investigations have been directed towards the use of ternary materials 

of the I-III-VI2 group (I, III, and VI represent elements in the corresponding columns of the 

periodic table) which crystallize in the chalcopyrite structure due to their broad technological 

applications such as solar energy converters [2], optical non linear device (NLO) [1], 

frequency conversion in the field of lasers [4], light emitting diodes (LED) [3]… 

Thin film solar cells based on the use of chalcopyrite materials with the general formula AIBIII 

C2
VI (A = Li, Na, Cu, Ag; B = Al, Ga, In; C = S, Se, Te) are currently considered as the next 

generation of photovoltaic cells [5] due to their unique electronic and optical properties, direct 

band gap [1], a wide range of transparency of the visible and infrared spectra, a high absorption 

coefficient and a lifetime in outer space longer compared to that of Si. 

the silver (Ag-III–VI2) based chalcopyrites receive much attention due to their suitability for 

non-linear optical and photonic applications [6]. 

The AgGaS2 and AgGaSe2 which is the subject of this study are known as part of the 

chalcopyrite family with a direct band gap. Those compounds are used as commercial material 

for NLO applications due to its large NLO coefficient d36 = 39 pm/V for AgGaS2  and  d36 = 

28.9 pm/V and excellent transparency in the mid-IR range (1–18 μm).Besides [7], the AgGaS2 

compound was proposed as a promising candidate for X-ray dosimetry[8]. 

II.2.Background and history  

The crystal structure of chalcopyrite has been the topic of numerous analyses since it was first 

described by Burdick & Ellis in 1917. The currently recognized atomic structures of 

chalcopyrite are those first identified by Pauling & Brockway (1932) and by Donnay, Corliss, 

Elliott and Hastings (1958), respectively. This study sought to provide more accurate structural 

parameters than those presently available and thus allow a meaningful comparison with those 
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of other chalcopyrite-like minerals chalcopyrite, talnakhite Cu9Fe8S16 (Hall & Gabe, 1972), 

mooihoekite Cu9Fe9S16 and haycockite Cu10Fe8S16 (Cabri & Hall, 1972) [9]. 

II.3.Name source 

First described by Johann Friedrich Henckel in 1725 [10], the term "Chalcopyrite" (or copper 

pyrite) stems from the two words from the Greek χαλκóς "chalkos" which means "copper; Cu" 

and the word πυρίτες which refers to the yellow colour of the mineral "pyrites; FeS2" [25] that 

signifies to light a fire (or only a fire) . 

II.4.Définition 

The chalcopyrite structure is named after a mineral species composed of double sulphide 

(34.63%), copper (30.43%) and iron (34.94%), of the formula CuFeS2 [11] .With traces of Ag; 

Au; In; Tl; Se and Te. It has also adopted a number of compounds, it an equivalent (ternary 

compound) of diamond structure, where each atom is bonded to four first neighbours in a 

tetrahedral structure [2]. 

                               

Fig.II.1: the crystal structure of CuFeS2 
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The chalcopyrite semiconductors have two families: one composed of a first column B element, 

a third column A element and a sixth column A element: I-III-VI2, and the other composed of a 

second column B element, a fourth column A element and a fifth column A element: II-IV-V2. 

column A and an element from column A: II-IV-V2 [26,27]. 

 

Fig.II.2: Portion of a periodic table showing the two families of chalcopyrite phase 

semiconductors 

II.5.Type III-III-V2 and III2-V-V chalcopyrites: 

In addition to these two families (I-III-VI2) and (II-IV-V2) [10], there are other families that 

have been recently studied by several researchers, such as the ordered ternary II-IV alloys 

known as chalcopyrites of type (III-III-V2), theoretically and experimentally analyzed by 
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Zunger and his co-authors [22,33]. As well as the ternary ordered III-V alloys called 

chalcopyrites of type (III2-V-V) and (VI2-II-II) also studied by Zunger [22] and Teng et al 

[34],[11]. 

 

Fig.II.3: Schematic representation of chalcopyrite structures of type (III2-V-V) and (VI2-II-II) 

GaInAs2,GaInP2, GaInN2. 

 

Table.II.1: Mesh parameter a for some type III-III-V2 or III2-V-V ternary chalcopyrites [11, 

35]. 

ABC2 a (Å) ABC2 a (Å) 

AlGaAs2 5.656 AlGaP2 5.459 

InGaSb2 6.298 InAlAs2 5.870 

InGaAs2 5.866 InGaP2 5.672 

InAlP2 5.674 AsPGa2 5.552 

SbAsGa2 5.884 SbPGa2 5.787 
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Fig.II.4: Cation substitution diagram with corresponding structures [28, 29] 

 

II.6.Crystal structure of chalcopyrite 

Semiconductors often crystallize in one of the following structures:  diamond structure, Zinc 

blende structure (Cubic), Wurtzite structure (Hexagonal) and the NaCl (Cubic) structure. A 

variety of semi-conductors such as Si, Ge, GaP and GaAs crystallize in a diamond structure 

(composed of the same types of atoms: Si), or a zinc blende structure (composed of two 

different types of atoms: GaAs). Both structures have covalent bonds (diamond structure) and 

ionic (zinc blende structure) tetrahedral bonds where each atom is surrounded by four 

neighboring atoms located on the corners of a regular tetrahedron. 

II.7.Structures overview: 

II.7.1.Diamond structure: 
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Fig.II.5: diamond structure 

In the diamond structure shown below, there are 14 (grey) carbon atoms C placed at the corners 

of the CFC lattice and a further 4 carbon atoms (green) placed at (¼, ¼, ¼), (¾, ¼, ¾), (¼, ¾, 

¾) and (¾, ¾, ¼) 

- Each carbon atom is surrounded by four other C atoms (the nearest neighbours), so the 

coordination of the carbon atoms with each other is therefore four. 

- The number of atoms per cell is 8 and the cell parameter a = 3.5668 Å [12]. 

- The diamond structure can also be viewed as two face-centred cubic structures offset 

from each other by (1/4, 1/4, 1/4), from this structure and by substitution, the binary 

compounds (II-VI) and (III-V) are derived which have the structure zinc blende. 

II.7.2.Zinc Blende Structure 

In the zinc blende structure, the four carbon atoms inside the diamond structure are substituted 

by four atoms of another element. In the case of ZnS, the four S atoms (in yellow) occupy the 

coordinate sites (¼, ¼, ¼), (¾, ¼, ¾), (¼, ¾, ¾) and (¾, ¾, ¼).the zinc atoms occupy the 

network nodes CFC (in grey). one can also say that the zinc blend structure can be considered 

as two face-centred cubic structures of (1/4, 1/4, 1/4) (as the diamond structure but the two cfc's 

do not contain the same atom). 
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Fig.II.6:Zinc-Blend structure (ZnS) 

 

- The mesh contains 4 cations Zn2+ and 4 anions S2-. 

- Each anion of sulphur S2- is surrounded by 4 cations Zn2+.The S atom is then located at 

the centre of the regular tetrahedron formed by the 4 cations Zn2+. 

- The mesh parameters of ZnS are: a = b = c =5.404 A [13]  

II.7.3.Chalcopyrite structure: 

The ternary I-III-VI2 and II-IV-V2 (ABC2) (semiconductor) compounds can be considered as 

the ternary analogues of the binary compounds II-VI and III-V, respectively, belonging to 

space group I42d of the tetragonal system with four groupings forms per cell Z = 4. The known 

phases with this structure are presented in tables I.2 and I.3. The Bravais lattice of chalcopyrite 

is quadratic centred. 

The atomic distribution is as follows [1]: 

1. Equivalent position (0,0,0; 
1

2
, 

1

2
, 

1

2
 ) 

2. Coordinates of the eight atoms in the elemental lattice of chalcopyrite : 

4A in (a) positions (0, 0, 0;0, 
1

2
, 

1

4
 ) 

4B in (b) positions (0,0, 
1

2
; 0, 

1

2
, 

3

4
 ) 

8C in (d) positions (u, 
1

4
, 

1

8
; ū, 

3

4
, 

1

8
 ;  

3

4
,u, 

7

8
; ;  

1

3
, ū, 

7

8
) 
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If we add the coordinates of the equivalent positions to the coordinates of the sites a, b and d 

we obtain the coordinates of all the atoms.  

Generally, a ternary compound ABC2, composed of a mixture between two Zinc- Blende 

structures, introduces a symmetry group change from F43m to I42-d thus characterising a 

quadratic chalcopyrite structure for these types of crystals, the transition from the structure to 

the chalcopyrite structure causes a decrease in symmetry and a change in volume, due to two 

types of cations, leads to an elemental lattice of eight atoms in the chalcopyrite structure 

compared to a two-atom unit cell in the zinc blende structure. 

The chalcopyrite structure is a superlattice of the zinc-blende structure, it can be obtained by 

doubling the zinc-blende structure along the z-axis.  Then the mesh parameter c should be twice 

the a parameter, chalcopyrites have, due to the alternation of the cations. Consequently, each A 

and B cation is tetrahedrally linked by four C anions, while each C anion is tetrahedrally 

bonded by two A and two B cations . The tetrahedral coordination implies that the bonding is 

mainly covalent, although there are some ionic characters present because the atoms are 

different.  

                  

Fig.II.7: Structure of CuInS2 (two Zinc- Blende structures) 



Chapter II  Overview on chalcopyrite family  

 
 

36 
 

II.8.Different types of chalcopyrite: 

There are three basic types of the chalcopyrite structure: 

Pure chalcopyrites 

Chalcopyrites defects 

Doped chalcopyrites. 

II.8.1.Pure chalcopyrites 

Semiconductors with formula I-III-VI2 that crystallise in the chalcopyrite structure are pure 

chalcopyrites. 

II.8.2.Chalcopyrite defects: 

If we take the structure chalcopyrite AIBIIIC2
VI and replace four atoms AI by two AII (a non-

isovalent substitution), we obtain the mesh AIIB2
IIC4

VI (these compounds are called defect 

chalcopyrites). In this way, it differs from that of pure chalcopyrite by the presence of two 

vacant metal sites [17]. According to Hahn [18], the thologallate structure, with metal atoms in 

tetrahedral coordination, appears only when there is an anion with a strong polarising effect on 

these atoms. The order of the cations and vacancies induces a c/a ratio superior to 1, up to c/a = 

2 for CdAl2Se4.The vacancies in the tetrahedra, which are relatively small, are distorted for the 

selenides. The existence of I4 (𝐷11
2𝑑) (compared to (I-42m) with order, is explained by a more 

regular distribution of electrons between different lattice planes, giving a character closer to 

that of Zincblende. This structure is characterised by these three internal free positions x, y and 

z. As shown in fig.II  

Table.II.2: Positions of defect chalcopyrite structure according to Wyckoff [11]. 

 x y z 

 0 0 0 

   
0 0 1/2a 

(I4(𝑆2
4)) 0 1/2a 1/4a 

 
1/2a 1/2a 0 

 xa ya za 
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Figure.II.8: Graphical representation of the effective chalcopyrite structure as well as the 

distortion c/a and the internal x, y and z positions along the x, y, z axes [11]. 

 

Table.II.3: Some known defects ternary chalcopyrites [33]. 

Phase N° The ternary phase  

1 
 

A 
I 

B 
II

C
VII 

(Ag2HgI4) 

 

2A 
I

C
VII 

 B 
II

C
VII 

(2AgI + HgI2) 

 

2 

 

A 
II 

B 
III

C
VI 

(ZnGa2S4) 

 

A 
II

C
VI 
 B 

III

C
VI 

(ZnS + Ga2S3) 

3 
A 

II 
B 

IV 
C

VI 
(Zn2GeS4) 

2A IICVI  B IV CVI (2ZnS + GeS2) 

4 
A 

II 
B 

IV 
C

VI 
(ZnGeS3) A 

II

C
VI 
 B 

IV 
C

VI 
(ZnS + GeS2) 

5 
A 

III 
B

V 
C

VI 
(Ga3PSe3) A 

III 
B

V 
 A 

III

C
VI 

(GaP + Ga2Se3) 

6 A 
III B

V C
VI  

 

A 
III

C
VI  B 

V C
VI  
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II.8.3.Doped chalcopyrite: 

Ternary chalcopyrite compounds can be derived from its analogues It is possible to additionally 

replace an additional metal M in a ternary system compound AIBIIIX2
VI without violating the 

four electrons per site of the network. In general, in the case of isovalent substitution, for 

example AIBIII
1-xM

III
x X2

VI (substitutes M for B), the new quaternary compound will always be 

a chalcopyrite, while a non-isovalent substitution will be accommodated in crystal lattices by 

the formation of associated vacancies, for example AI
1-2x

 BIIIMII
x X2

VI. These compounds are 

called chalcopyrites defects. If we dope an atom in the vacant space of the defect chalcopyrite it 

is then called doped chalcopyrite. 

        

 

Fig.II.9: a) defect chalcopyrite, b) doped chalcopyrite 

 



Chapter II  Overview on chalcopyrite family  

 
 

39 
 

II.9.physico-chemical characteristics of chalcopyrite [9]: 

Colour: brassy yellow, iridescent, especially warm brassy yellow, more yellow than 

chalcopyrite, chalcopyrite often has red, blue, purple or green tones, which can be confused 

with bornite 

Mineral shine: Matte metallic 

Transparency: opaque 

Fracture: brittle and fragile 

Hardness: from 3.50 to 4.00 (Mohs scale) 

Crystal clear habits: The predominant disphenoid is like two opposing wedges and looks like 

a tetrahedron. Crystals sometimes twinned 

Associated minerals: Quartz, fluorite, baryte, dolomite, calcite, pentlandite, pyrite and other 

sulphides. 

Better indicators: Crystal habit, soft and delicate. 

Electricity: conductor 

II.10.Varieties and mixtures: 

Gold-bearing chalcopyrite: Gold-bearing chalcopyrite seems to be fairly widespread in the 

United States (USA); in Europe, it is only recorded in Colle Panestra, Molazzana, Alpi 

Apuane,Lucca, Tuscany, Italy [13]. 

Chalcopyrite stannifère : variété stannifère de chalcopyrite trouvée à Toyoha, Sapporo, île 

d'Hokkaido, Japon [15]. 

Blister Copper: botroidal variety known in the USA and especially in Cornwall: Cook's 

Kitchen Mine, Carn Brea and Tincroft United Mine, Carn Brea area, Camborne - Redruth - St 

Day District [14]. 
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II.11.Known phases with the chalcopyrite structure 

Table.II.4: Some known ternary chalcopyrites type I-III-VI2 

The  

compound 

 

a (A°) 

 

c (A°) 

 

c/a 

 

µ 

Fusion 

point 

(K) 

 

E(eV) 

 

 

Ref 

LiBO2 4.196 6.511 1.55 - - - [31] 

CuBSe2 5.539 10.734 - - - - [31] 

CuAlTe2 5.976 11.80 1.97 - 1160 2.06 [31] 

CuGaS2 5.359 10.49 1.96 - 1513 2.43 [20] 

CuGaSe2 5.596 11.004 1.96 - 1310 1.71 [21] 

CuInS2 5.528 11.08 2 - 1300 1.54 [22] 

CuInSe2 5.782 11.62 2.01 - 1259 0.95 [23] 

CuInTe2 6.161 12.360 2 - 970 0.96 [24] 

CuTIS2 5.591 11.19 2 - - - [31] 

CuTISe2 5.844 11.65 1.99 - 680 1.07 [32] 

CuLaS2 5.25 10.86 1.93 - - - [31] 

AgAlS2 5.706 10.28 1.80 - 1323 3.13 [31] 

AgAlSe2 5.968 10.77 1.80 - 1220 1.66 [31] 

AgAlTe2 6.309 11.85 1.88 - 1000 0.56 [31] 

AgGaS2 5.755 10.28 1.78 - - 2.55 [31] 

AgGaSe2 5.985 10.90 1.82 - 1120 1.8 [31] 

AgGaTe2 6.301 11.96 1.90 - 990 1.1 [31] 
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Table.II.5: Some known ternary chalcopyrites type II-IV-V2 

The 

compound 

a (A°) c (A°) c/a µ Fusion 

point (K) 

Eg  

(eV) 

Ref 

ZnSiP2 5.407 10.451 1.93 - - 2.3 [33] 

 
5.399 10.435 1.932 0.269 - 2.96 [32] 

ZnSiAs2 5.606 10.890 1.940 - 1357 2.12 [23,33] 

 5.666 11.051 1.951 0.264 - - [31] 

ZnGeP2 5.466 10.722 1.961 - 1295 2.34 [32,30] 

ZnGeAs2 5.672 11.153 1.970 - 1150 0.85 [33] 

ZnSnP2 5.651 11.303 2.000 0.239 - 1.66 [31] 

ZnSnAs2 5.852 11.703 2.000 - 910 0.65 [31] 

ZnSnSb2 6.28 12.56 2.000 - - - [32] 

ZnSiSb2 6.077 - 1.922 0.270 - 0.9 [32] 

ZnGeSb2 6.111 - 1.95 0.263 - 0.5 [32] 

CdSiP2 5.671 10.423 1.838 - 1470 2.20 [32] 

CdSiAs2 5.884 10.882 1.85 - - 1.55 [30] 

CdGeP2 5.741 10.775 1.880 - 1060 1.80 [30] 

 5.811 10.976 1.889 0.283 - 1.49 [31] 

 

II.12.The crystal structure of the compounds AgGa(S,Se)2 

The materials subject of my study are called silver gallium Sélénium/Sulfur of formula AgGaS2 

and AgGaSe2, they are  important members of the ternary semiconductor family IIII-VI2 

(ABC2) (where A: Cu, Ag; B: Al, Ga, In, Tl and C: S, Se and Te) which are isoelectronic 

analogues of the analogues of the binary II - VI semiconductors. They adopt the typical 

structure of chalcopyrite, with a space group I-42d and a tetragonal system. Its lattice is 

described by a mesh having a shape of a rectangular parallelepiped with sides a, a and c. The 
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mesh consists of two interpenetrating face-centred cubic networks. One lattice is composed of 

selenium/Sulfur and the other is an ordered row of silver and other cations (Ga), it therefore 

follows that each S/Se atom in the AgGa(S,Se)2 compounds is surrounded by two atoms of the 

other species.The quadratic elemental lattice of the chalcopyrite structure can be also  

considered as two blende meshes one above the other along the z-axis but with alternately two 

different cationic planes (Ag and Ga) in this direction as well as in the (110) direction.The fact 

that replacing the single cation in the blende structure with two different cations (involving 

different bond strengths of Ag-S/Ag-Se and Ga-S/Ga-Se) creates two major distortions in the 

"parent" structure. One is the displacement of the anion sites from their equilibrium position 

(a/4; a/4; a/4) in blende. because the angles between the bonds in the tetrahedron are different 

from each other (Ag-S/Se-Ga ~ 106.581°, Ag-S/Se-Ag ~ 100.020° and Ga-S/Se-Ga ~ 111.0°) 

[14], This difference is due to the electronegativity effect of Sulfur/selenium [15]. The other is 

the compression of the elementary mesh along the direction (001) forming the quadratic 

structure which is characterised by the ratio c/a =1.888; the distortion parameter ( n= c/2a = 

0.944) [16]. These two distortions give the chalcopyrite structure an anisotropy that was not 

present in the blende structure.  

Fig.II.10: Graphical representation of the chalcopyrite structure AgGaSe2, as well as the 

distortion and the internal position u in the z direction [26]. 
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This type of chalcopyrite occupies the Wyckoff positions given in the table [26]. 

Table.II.6: Wyckoff positions of AgGa(S,Se)2 

(I42-d) x y z 

Ag 0 0 0 

Ga 0 0 (1/2)c 

(S,Se) u (1/4)a (1/8)c 

 

II.13.Chalcopyrite applications 

Semiconductors with the formula I-III-VI2 which crystallize in the chalcopyrite structure have 

recently attracted attention for their applications in non-linear optical devices, and solar cell 

detectors. 

They can have potential optoelectronic applications such as solar energy converters, non-linear 

optical devices (NLOs), light emitting diodes (LEDs), and detectors. 

CuInSe2 chalcopyrite compounds and CuInS2 -CuGaS2 system alloys have been used as 

absorber layers for thin film solar cells. 

They reduce nucleation and improve crystal morphology. 

They are useful for non-linear optical frequency conversion applications.  

The CuGaS2 alloy system has attracted considerable attention, because this material has a wide 

direct band gap, which is within the desirable range for applications in solid state lighting and 

high efficiency tandem solar cells a solar cell [19]. 

II.14.Prominence of chalcopyrite compounds 

The advantages of chalcopyrites include: 

1/ They are manufactured as thin films, either p-type or n-type, which allows the production of 

a variety of low-cost homo- and heterojunction components. 

2/ They are direct-gap semiconductors, a factor that minimises the diffusion length of minority 

charge carriers. 

3/ They have gap energy in the optimal range for the conversion of solar energy into electrical 

energy at the earth's surface. 
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4/ Their lattice parameters and electron affinity are in good coordination with those of CdS, 

which is a large direct gap semiconductor which has already proven its effectiveness in solar 

cells. It can be said that the importance of these materials applications, especially in the visible 

and infrared range through solar cells, light emitting diodes, and infrared detectors. 

 

II.15.Conclusion  

Chalcopyrite materials are promising in many fields of electronics, optics and photonics 

because of their excellent properties. In this chapter we have reviewed the knowledge about the 

chalcopyrite family such as the crystal structure, the different types, etc. We have also 

presented the materials that are the subject of our study. 
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III.1.Introduction 

The materials of the chalcopyrite family are very promising candidates for solar cell 

applications due to their ideal optical properties as well as relatively low-cost preparation 

methods [1–3]. Those physical properties give rise to numerous applications in everyday life 

such as light-emitting diodes (LEDs), nonlinear optics (NLO) and other optoelectronic 

components [4–9]. Our main focus in this section was to analyse the impact of Ga substitution 

by Tl on the structural, electronic and optical properties of the compound AgGaS2. For all of 

the calculations, we used the FP-APW+Io method implemented in the wien2k code within the 

framework of the   density functional theory DFT. Indeed, we have opted for numerical 

simulation which plays an important role in the determination of the properties of our materials 

to reduce the costs of expensive experiments and to model phenomena that are difficult or 

impossible to carry out experimentally and to minimize the risks of dangerous experiments or 

even inaccessible in the laboratory. The material AgGaS2, which is a material of the 

chalcopyrite family, was chosen for study because of its characteristics such as unique 

electronic and optical properties, direct band gap, transparent behavior against visible and 

infrared radiation, a high absorption coefficient and a lifetime in outer space longer compared 

to that of Si and III-V compounds [10]. The high yield of 5.85% has been reported using 

AgGaS2 chalcopyrite as the absorber layer [11]. Hence, the main aim is to improve the optical 

and electronic properties of AgGaS2 using band convergence strategy by substitution of 

thallium (Tl) in the gallium (Ga) site in the compound AgGaS2 for the formation of an AgGa1-

xTlxS2 alloy.  

III.2.Calcul details 

All calculations are done using the FP-APW+lo method [12,13], implemented in the WIEN2k 

code [14]. In this technique, the system space is divided into two regions the interstitial one and 

the muffin-tin spheres with muffin-tin radius (RMT) are chosen in a manner that the MT 

spheres do not overlap. The RMT values are adjusted to be 2.5, 2.3, 2.41, and 1.88 a.u for Ag, 

Ga, Tl, and S, respectively, with the following electronic configuration Ag: [Kr] 4d105s1, Ga: 

[Ar] 4s23d104p1, S: [Ne] 3s23p4, Tl: [Xe] 4f145d106s26p1. The electronic wave functions are 

expanded up to lmax equal to 4 and 10 outside and inside the MT sphere, respectively. Besides, 

the expansion of the wave functions and charge density were cut off by the RMTKmax = 7.5 and 

Gmax = 12 parameters. The exchange-correlation potential is treated by the generalized 
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gradient approximation performed by Wu and Cohen (GGA-WC) [15]. However, since the 

GGA approximation yields an underestimated band gap value, the Tran-Blaha modified Becke-

Johnson (mBJ) exchange potential is employed [16,17]. Besides, the AgGa1-xTlxS2 alloys are 

modeled using 1x1x2 periodic supercells with 16 atoms in the primitive cell. The gallium 

atoms are substituted by thallium atoms to adopt all the possible configurations with Ga and Tl 

mixed atoms to generate AgGa1-xTlxS2 alloys with x = 0.25, 0.50, and 0.75. (See Fig. III.1). 

 

a) 

 

b) 

 

c) 

 

d) 

 

Fig. III.1: Visualization of crystal structure of AgGaS2 (a), and AgGa0.75Tl0.25S2 (b), 

AgGa0.5Tl0.5S2 (c), AgGa0.25Tl0.75S2 alloy (d) obtained using VESTA software [18]. 
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III.2.1.Optimization of calculation parameters 

It consists in achieving a compromise between good accuracy and minimum computation time. 

The optimisation is done using an SCF cycle based on the convergence of basic quantities 

related to the properties to be calculated [16]. In the case of structural, electronic and optical 

properties, the basic quantity is the total energy. This operation is often referred to as 

"convergence testing" because it aims to ensure the convergence of the quantity according to a 

criterion which will be chosen according to the desired precision of calculation. The 

convergence criterion we have chosen is: ec = 0.0001 Ry which is the default value. 

The optimised parameters are as follows: 

 The number of points k in the Brillouin zone, 

 The product 𝑅𝑚𝑡×𝐾𝑚𝑎𝑥, 

 The parameter 𝐺𝑚𝑎𝑥. 

The optimization results are shown in the following figure: 

 

Fig.III.2: Curve of ETot(Ry) as a function of 𝑅𝑚𝑡×𝐾𝑚𝑎𝑥 
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Fig.III.3: Curve of ETot(Ry) as a function of the number of points k 

 

Fig.III.4: Curve of Etot (Ry) as a function of Gmax. 
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III.3.Structural properties 

At ambient conditions, the AgGaS2 material is reported to crystallize in chalcopyrite type-

structure (space group l-42d) [19] (see fig. III.1). In this structure, the Ag atoms are situated at 

4a (0, 0, 0), the Ga atoms at (0, 0, 1/2) and the S atoms at (0.28, 1/4, 1/8). Regarding this 

structure, we first optimized the anion displacement parameter uS with 1x104 Ry/a.u. force 

convergence criteria, and then calculated the total energy as a function of volume and c/a ratio 

for AgGaS2 (see fig.III.5 & fig.III.6) and then for each alloy. After that, the ground-state 

properties such as lattice parameters (a and c), bulk modulus B and its first pressure derivative 

B0 are determined through the Murnaghan equation [20] fitting of the energy vs. volume 

optimization curves. The results of the estimated structural properties (a, c, B and B’) of 

AgGa1-xTlxS2 alloys are reported in Table III.1 along with experimental [21,22,23] and 

theoretical results [24–28]. The resulting values are in reasonable agreement when compared to 

the experimental values. The difference in values between the calculated unit cell parameters 

and the experimental values is less than 0.2%. From Table III.1, one can observe that both a 

and c increase when Tl atoms are gradually substituted into Ga atoms in the AgGaS2 unit cell. 

Conversely, the bulk modulus was found to decrease with increase in Tl concentration owing to 

increase in the interatomic distance in the AgGa1-xTlxS2 alloys from x=0 to x = 1 (see Table 

III.2). 

 

Fig.III.5: variation of the total energy as a function of the volume of the AgGaS2 
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Fig.III.6: variation of the total energy as a function of the c/a of the AgGaS2 compound 

 

Table III.1: The calculated lattice constant (a and c) (Å), the anion displacement parameter u, 

bulk modulus (GPa) and its pressure derivative, and formation energy (KJ/mol) for AgGa1-

xTxS2 Alloys. 

AgGa1-xTlxS2 a  c  u B  B’  fE 

x = 0 

This work 5.746 10.266 0.287 75.08 4.88 -328.05 

Expt. 5.755[32] 10.278[32] 0.282[32] 77.6[32] 4[30]  

Other calc. 5.587[31] 

5.742[26] 

5.75[28] 

10.408[31] 

10.26[26] 

10.299[28] 

0.288[24] 

0.2844[27] 

0.281[28] 

67.15[25] 

72.62[26] 

76.2[28] 

4.744[25] 

4.7[27] 

5[28] 

-386.5[29]  

-359.4[29] 

x = 0.25 This work 5.868 10.493 0.268 68.82 4.56 -275.948 

x = 0.5 This work 5.98 10.67 0.257 61.45 4.63 -300.069 

x = 0.75 This work 6.09 10.86 0.244 56.95 4.73 -262.44 

x = 1 

This work 

Other calc. 

6.22 

5.882[28] 

11.12 

10.92[28] 

0.239 

0.257[28] 

59.95 4.77 -246.92 
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Table III.2: Interatomic distance for AgGa1-xTlxS2 alloys. 

AgGa1-xTlxS2 Ag—S Ga--S Tl—S 

x = 0 

This work 

Expt. [32] 

2.524 2.293 - 

2.556 ± 1 2.276 ± 1 - 

x = 0.25 This work 2.577 2.342 2.342 

x = 0.5 This work 2.625 2.385 2.385 

x = 0.75 This work 2.673 2.429 2.429 

x = 1 This work 2.565 - 2.644 

 

In the aim of analyzing the stability and formation of AgGa1-xTlxS2 alloys, the formation energy 

Ef is predicted as below: 

 

𝑬𝒇(𝑨𝒈𝑮𝒂𝟏−𝒙𝑻𝒍𝒙𝑺𝟐) = 𝟏/𝑵(𝑬𝑻(𝑨𝒈𝑮𝒂𝟏−𝒙𝑻𝒍𝒙𝑺𝟐) − [𝑬𝑨𝒈 + (𝟏 − 𝒙)𝑬𝑮𝒂 + 𝒙𝑬𝑻𝒍 + 𝟐𝑬𝑺])      (III.1) 

 

Where, ET (AgGa1-xTlxS2) is the total energy and EAg, EGa, ETl and ES are the energies of Ag, 

Ga, Tl and S atoms, respectively (see Table III.3). From Table III.1 it is remarked that the 

estimated Ef is negative suggesting thermodynamic stability of all AgGa1-xTlxS2 alloys. It is 

also noticed that the current calculated Ef of pure AgGaS2 is in good agreement with that 

estimated by Kumar et al. [29]. 

 

Table III.3: The total energy ET of AgGa1-xTlxS2 alloys and the energies of Ag, Ga, Tl and S 

atoms in (eV). 

ET (AgGaS2) ET (AgGa0.75Tl0.25S2) ET (AgGa0.5Tl0.5S2) ET (AgGa0.5Tl0.75S2) ET (AgTlS2) 

-4.385 517 x105 -1.376 255 x109 -1.875 427 x106 -2.374 59 x106 -1.056085 x 105 

EAg EGa ES ETl 

-5.288 679 x 104 -1.446 705 x 105 -1.085 236 x 104 -5.520 529 x 105 
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III.4.Electronic properties 

III.4.1.Band structures 

The energy bands give the possible energies of an electron as a function of the wave vector. For 

simplicity, only the directions of highest symmetries in the first Brillouin zone are treated. The 

access to the band structure is the essential parameter for the realisation of optoelectronic 

devices. The critical point of the band structure corresponds to the value of the energy 

separating the valence band maximum from the conduction band minimum (gap).We have 

calculated the band structure of AgGaS2 and AgGa1-xTlxS2 alloys along the high symmetry lines 

in the first Brillouin zone. Fig. III.7 demonstrates clearly that both the top of the valence band 

(VB) and bottom of the conduction band (CB) are located at the same high symmetry point (Γ), 

without overlapping between them. Thus, AgGaS2 is a semiconductor material with a direct 

band gap of about 0.96 eV with GGA-WC. This band gap value is significantly lower than the 

experimental measurement (see Table III.4) which is due to the well-known shortcoming of 

the GGA approximation. Hence, the band structure is also estimated employing the WC-GGA 

þ TB-mBJ where the band gap value found is equal to 2.59 eV, which agrees well with the 

experimental values [32–35]. Moreover, using WC-GGA+TB-mBJ, the band structure of 

AgGa1-xTlxS2 alloys is calculated Fig.III.7. We remarked that when the Ga atom is substituted 

by the Tl atom the nature of the band gap and the semiconducting character is retained, 

however the minimum of the CB is shifted towards the Fermi level resulting in a reduction of 

the band gap value to be 2.17 eV, 1.84 eV, 1.53 eV, 0.65 eV for AgGa0.75Tl0.25S2, 

AgGa0.5Tl0.5S2, AgGa0.25Tl0.75S2, and AgTlS2, respectively. This behavior is mainly coming 

from the increase of the atomic size from Ga to Tl atom. In addition, due to the presence of the 

heavy atom (Tl) the spin-orbit coupling (SOC) is included Fig.III.7. It is well observed that 

SOC influences the band structures causing reduction of the energy band gap to be 1.91 eV, 

1.61 eV, 1.28 eV, and 0.61 eV for AgGa0.75Tl0.25S2, AgGa0.5Tl0.5S2, AgGa0.25Tl0.75S2, and 

AgTlS2, respectively. This spin-orbit coupling also increases the degeneracy of the bands near 

VBM in Γ-point. We note here that the band gap values of AgGa0.75Tl0.25S2, AgGa0.5Tl0.5S2, and 

AgGa0.25Tl0.75S2are quite similar to the established absorbent materials such as Cu2ZnSnS4 [36], 

GaAs [37], CdTe [38], and CH3NH3PbI3 [39], which proving their promising candidates for 

photovoltaic (PV) applications. 
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Fig.III.7: The calculated band structure of AgGa1-xTlxS2 alloys. 
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III.4.2.Density of states 

The density of electronic states (DOS) N(E) is defined as the quantification of the number of 

electronic states with a given energy in a material. It can also be defined by N(E)dE which is 

the number of electronic states of energy between E and E + dE per unit volume of the solid or, 

more frequently, per unit cell of the crystal studied. The density of states is equal to the integral 

of the spectral function over the first Brillouin zone and is given by the following relation: 

                                       𝑵(𝑬) = ∑  𝒏 ∫
𝒅𝟐𝑲

𝟒𝝅𝟐
𝜹(𝑬 − 𝜺)                                    (III.2) 

In order to accurately identify the states forming each band we have plotted the total (TDOS) 

and partial (PDOS) densities of states for AgGa1-xTlxS2 alloys at different concentrations x, 

through the WC-GGA+TB-mBJ approximation for (x =0) and including the SOC for (x = 0.25, 

0.5, 0.75, and 1). From Fig.III.8 one can remark that the valence band of AgGaS2 is divided 

into two sub-bands. The first one is starting from the top (zero energy) to -5 eV labeled as VB1 

and the second one from -5 eV to -8 eV labeled as VB2. The VB1 is mostly originated from the 

cation Ag ‘4d’ states hybridized with S ‘3p’ states suggesting covalent character for Ag–S 

bond. While in VB2 the bands are derived from a combination of Ga ‘4s’ states and anion S 

‘3p’ states. Whereas, the conduction band of AgGaS2 mainly comes from Ga ‘4s, 4p’ states 

hybridized with the anion S ‘3p’ states, the bottom of the conduction band has a dominant 

contribution from Ga ‘4s’ states. However, when Gallium is replaced by thallium, the valence 

band structure of AgGa1-xTlxS2 (x = 0.25, 0.5, 0.75, and 1) alloys remains unchanged except 

near the Fermi level where a small contribution of Tl ‘d’ state is observed. However, with 

increasing Tl content the S’3p’-Ag’4d’ hybridization state is pushed up towards higher energy 

to become between -3.8 eV and EF level in the case of AgTlS2 compound. Inversely the 

substitution of Tl atoms into Ga sites highly affects the conduction band. This Tl substitution 

leads to the formation of new states in the CB minimum, which mainly comes from the Tl ‘6s’ 

states. These Tl ‘6s’ states are hybridized with Ga ‘4s’ states for AgGa1-xTlxS2 (x = 0.25, 0.5, 

and 0.75) alloys and lowered the CBM and thus the band gap value is diminished. In contrast, 

for AgTlS2 the CB minimum is derived from a combination of Tl ‘6s’ states and anion S ‘3p’ 

states. It is previously reported that the anion displacement affected the band gap value of the 

AgGaX2 chalcopyrite [46]. Hence the band gap reduction can be explained by the increase of 

the atomic size from Ga to Tl and the decrease in the internal parameter u (see Table III.1) as 

the Tl concentration increase. 
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Fig.III.8: Total and partial density of states (DOS) of AgGa1-xTlxS2 alloys. 
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III.5.Carrier effective mass and mobility 

Using the calculated band structure we have calculated the effective mass of holes (mh*) from 

the maximum VB and the electrons effective mass (me*) from the minimum CB for AgGa1- 

xTlxS2 alloys using the following Equation:                                                            

                                                     𝒎∗ = ħ𝟐 (
𝛛𝟐𝑬

𝛛𝟐𝒌
)

−𝟏

                                        (III.3) 

The results are summarized in Table III.3. It is remarked that the electron effective mass is 

lower than the hole effective mass for pure AgGaS2, which agrees reasonably with the previous 

finding [40,41]. Besides, as this mass is linked to the band gap and this later is tuning after Tl 

substitution, it is also expected that this mass will be affected. Therefore, we have also 

calculated both hole and electron effective mass of AgGa1-xTlxS2 alloys (Table III.4). One can 

see that both hole and electron effective masses decrease when Ga is substituted by the Tl 

atom. Relying on the deformation potential theory [42], the carrier mobility for this compound 

is determined using the following relation: 

                                                 𝝁 =
(𝟖𝝅)𝟏 𝟐⁄ ћ𝟒𝒆𝑪𝒊𝒊

𝟑(𝒎∗)𝟓 𝟐⁄ (𝒌𝑩𝑻)𝟑 𝟐⁄ 𝑬𝜶
𝟐                                      (III.4) 

 

where ћ, Cii, e, m*, kB, T, Eα are respectively, the reduced Planck constant, elastic modulus, the 

element charge, effective mass (of a hole (mh*) or electron (me*)), Boltzmann constant, 

temperature, and deformation potential constant of the CB minimum for electron or VB 

maximum for the hole [43]. The calculated electron and hole carrier mobility are listed in 

Table III.4. We noticed that the electron carrier mobility of the pure AgGaS2 is much larger 

than hole carrier mobility. After Ga substitution by Tl, both hole and electron carrier mobility 

increases with the increase of Tl concentration, where the increase is about 70% for electron 

and 66% for hole after 75% Tl substitution. This carrier mobility augmentation is principally 

owing to increased elastic constant and reduced carrier effective masses after doping. Besides, 

when Ga is replaced by Tl the carrier mobility is slightly reduced compared to the other 

concentration especially in the case of hole carrier mobility. It is noteworthy to say that the 

high mobility value is one of the most wanted properties for a superior photovoltaic response 

since it will help to separate efficiently the photo-generated carriers without giving way to 

recombination.  
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Table III.4: The calculated band gap values and the effective mass of electron and hole, 𝑚𝑒
∗ , 

𝑚ℎ
∗  , elastic constant Cii (Kbar), deformation potential constants ECBM (eV) and EVBM (eV), and 

carrier mobility μ (×103 cm2 V-1 s-1) of  AgGa1-xTlxS2 alloys. 

AgGa1-xTlxS2 𝑬𝒈 𝒎𝒆
∗ /𝒎𝟎 𝒎𝒉

∗ /𝒎𝟎 Cii  ECBM EVBM µe µh 

x = 0 

This work 2.59 0.196 0.388 322.8 -3.5 -6.11 0.946  0.119 

Exp. 
]33, 30[

2.7, 
]32[

2.63 

]31[
2.75, 

]31[
2.48 

0.230 0.72 - - - - - 

Other calc. 2.4
[28]

 0.137
[58]

 0.383
[58]

 - 3.59
[58]

 6.09
[58]

 0.307
[58]

 0.044
[58]

 

x = 0.25 This work 1.91 0.115 0.331 681.59 -3.98 -5.88 2.06 0.181 

x = 0.5 This work 1.61 0.110 0.296 721.3 -4.11 -5.72 2.45 0.264 

x = 0.75 This work 1.28 0.107 0.283 831.3 -4.29 -5.57 2.93 0.379 

x = 1 This work 0.61 0.151 0.328 364.49 -4.48 -5.09 1.48 0.127 

 

III.6.Band alignment 

In the designing of a solar cell it is very important to consider the band edge position between 

the p-type absorber materials and the n-type window layer (p-n junction), because the electron 

charge carrier transport can be affected by the band misalignments from incompatible cell 

architecture design. Here we discuss the band alignments of AgGa1-xTlxS2/CdS heterojunction 

taking the CdS compounds as n-type window layer (Fig.III.9). The positions of the conduction 

and valence bands (ECBM and EVBM) with respect to the vacuum level of AgGa1-xTlxS2 alloys 

are calculated using the method described in Ref [44], however, those of CdS compound are 

taken from the literature [45]. From Fig.III.9 it is observed that the AgGaS2/CdS 

heterojunction forms a type-II band alignment, with the conduction band edge of AgGaS2 

positioning 0.78 higher than that of CdS compound. This conduction band offset (CBO) could 

be one of the reasons which reduce their PCE. Recently, using AgGaS2 as p-type absorber 

materials and CdS as n-type window layer the AgGaS2/CdS solar cell shows an open circuit 

voltage VOC = 0.60 V, short circuit courant JSC=7.5 mA cm2, and a PCE of about 5.85%[27]. 

On the other hand, the valence band offset (VBO) is about 0.61 eV. When Tl is substituted into 

Ga site of AgGaS2 the CBO is decreased to be 0.3 eV, and 0.17 eV, for AgGa0.75Tl0.25S2, and 

AgGa0.5Tl0.5S2, respectively Fig.III.9. Conversely, for x= 0.75 and 1, the AgGa1-xTlxS2/CdS 
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heterojunction forms a type-I band alignment, with the conduction band edge of 

AgGa0.25Tl0.75S2 and AgTlS2 positioning 0.01 and 0.2 lower than that of CdS compound, 

respectively. This decrease in CBO is resulting from the downshift of the conduction band edge 

which also leads to a reduction of the band gap value and then to the VBO enlargement. 

Consequently, one can conclude that the band gap and the band alignment of the AgGa1-

xTlxS2/CdS heterojunction can be tuned by controlling Tl content. 

 

Fig.III.9: Vacuum-aligned band diagram for AgGa1-xTlxS2 alloys compared with n type 

window layer material CdS. 

 

III.7.Optical properties 

The optical properties of solids are a major theme in both fundamental research and industrial 

applications. According to research, light interacts with matter with discrete energy, which is 

now called photons. More recently, it has been shown that in solids, and under the influence of 
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photons, the distribution of their electrons among their quantified energy states is transitorily 

modified. Understanding these effects has important consequences from both a technological 

and fundamental point of view. Indeed, the optical properties of chalcopyrite can be exploited 

as materials for the production of optoelectronic components, which are used in the 

manufacture of light detectors, light-emitting diodes, lasers and solar cells. For this purpose we 

have calculated the different optical quantities for the AgGa1-xTlxS2 alloys such as complex 

dielectric function, refractive index, reflectivity, and absorption coefficient 

III.7.1.Dielectric function 

Several optical properties are related to the band structure of the crystal. Most of these 

properties can be derived from the dielectric function which defines the linear behavior of the 

material when exposed to an external electromagnetic field, and therefore governs the 

propagation behavior of radiation in a medium, the frequency-dependent dielectric function is a 

real quantity, but in the case of a dynamic field, the dielectric function 𝜀(𝜔) is a complex 

function known as [55]: 

                                              𝜺(𝝎) = 𝜺𝟏(𝝎) + 𝒊𝜺𝟐(𝝎)                                  (III.5) 

Where 𝜀1 represents the real component, related to the polarisation of the environment, and 𝜀2 

is the imaginary component of the dielectric function which characterises the absorption of the 

material. 

The imaginary part of the dielectric function can be calculated from the matrix elements of the 

moment between the occupied and unoccupied electronic states in the first Brillouin zone. The 

imaginary part 𝜀2 of the dielectric function can be calculated via the following relation [57]  

               𝜺𝟐(𝝎) =
𝐞𝟐ħ

𝝅𝐦𝟐𝝎𝟐
∑  𝐯,𝐜 ∫  

𝐁𝐙
|𝐌𝐞𝐯(𝐤)|𝟐𝜹[𝝎𝐞𝐯(𝐤) − 𝝎]𝐝𝟑𝐤                (III.6) 

Where M is the dipole matrix, v and c are the initial and final states respectively. Mev(k) 

represents the momentum dipole of the elements, e is the potential vector defined by the 

electric field, which represents the elements of the matrix for the direct transitions between the 

valence band states uvk(r) and the conduction band states uck (r). The real part 𝜀1(𝜔) is deduced 

from the imaginary part of the dielectric function through the Kramers-Kronig relation [74,76]: 

                               𝜺𝟏(𝝎) = 𝟏 +
𝟐

𝝅
𝑷 ∫  

∞

𝟎

𝝎′𝜺𝟐(𝝎′)

𝝎′𝟐−𝝎𝟐
𝒅𝝎′                                   (III.7) 
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Where ω is the frequency and P is the principal part of the Cauchy integral.  The rest of the 

optical functions, such as the index of refraction, n(ω), the reflectivity R(ω), and the absorption 

coefficient, α, can be derived easily from the dielectric function. 

With the knowledge of the calculated electronic structure of AgGa1-xTlxS2 alloys and using the 

GGA TB-mBJ approximation for (x=0) and including the SOC for (x = 0.25, 0.5, 0.75, and 1) 

we calculated the real and imaginary part of the dielectric function for an incident photon of 

energy ℏω in the range 0 eV to 14eV. 

 

Fig.III.10: The imaginary ε1 (ɷ) (left panel) and real ε2 (ɷ) (right panel) part spectra of 

complex dielectric function for AgGa1-xTlxS2 materials. 

 



Chapter III         Study of the structural and optoelectronic properties of the material AgGax-1TlxS2 

 

66 
 

 Fig.III.10 shows the calculated real (ε1xx (ω), ε1zz (ω)) and imaginary (ε2xx (ω), ε2zz (ω)) parts 

of the complex dielectric function of AgGa1-xTlxS2 alloys as a function of the photon energy hν. 

We also present in these figures the average values that may be representative for 

polycrystalline structures: 

 An imaginary average part:  𝜺𝟐
𝒂𝒗𝒆𝒓𝒂𝒈𝒆(𝝎) = (𝜺𝟐𝒙𝒙(𝝎) + 𝟐𝜺𝟐𝒛𝒛(𝝎))/𝟑 

An average real part:   𝜺𝟏
𝒂𝒗𝒆𝒓𝒂𝒈𝒆(𝝎) = (𝜺𝟏𝒙𝒙(𝝎) + 𝟐𝜺𝟏𝒛𝒛(𝝎))/𝟑 

As shown in Fig.III.10 the ε1(ω) spectra of pure AgGaS2 reveal the main peak around 3.6 eV 

which is shifted towards lower energy in the other four alloys due to the Tl atom substitution. 

Besides, the average static dielectric value  𝜀1
𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝜔)  for AgGa1-xTlxS2 alloys which 

corresponds to the value of the real part taken at zero energy is listed in the table III.5 

 

 Table III.5: The values of the static dielectric constant   𝜀1
𝑎𝑣𝑒𝑟𝑎𝑔𝑒(0)for AgGa1-xTlxS2 alloys. 

AgGa1-xTlxS2 x=0 x=0.25 x=0.5 x=0.75 x=1 

 𝜀1
𝑎𝑣𝑒𝑟𝑎𝑔𝑒(0) 5.14 8.43 8.72 9.34 14.62 

 

This value is increased from 5.14 for AgGaS2 pure to 9.34 for AgGa0.25Tl0.75S2 alloy, and 14.62 

for AgTlS2 which is consistent with the decrease of the band gap value. This static dielectric 

constant can be expressed by the following relationship: 

                                                 𝜺(𝝎) = 𝟏 + (
𝒉𝝎𝒑

𝑬𝒈
)                                          (III.8) 

Where 𝜔𝑝 is the plasma frequency. 

On the other hand, as can be seen in the ε2(ω) spectra from Fig.III.10, doping AgGaS2 by 25% 

Tl leads to appearing of new peaks in the visible region. These new peaks are resulting from the 

photon absorption provoked by the direct interband transition from the occupied VB to the Tl 

‘s’ states in the MCB. Interestingly, these novel peaks are red-shifted along with the increased 

Tl concentrations from 3.42 eV for AgGa0.75Tl0.25S2 to 2.12 eV for AgTlS2 compound. 

The determination of the two parts of the dielectric function allows us to evaluate other optical 

properties such as absorption α(ω), reflectivityR(ω), loss energyL(ω)and refractive index n(ω). 
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III.7.2.Refractive index 

The refractive index of a material is usually encountered in its real form.However, it can be 

found in its complex form: 

                                          𝑵(𝝎) = 𝒏(𝝎) + 𝒊𝒌(𝝎)                                        (III.9) 

With N the complex refractive index, 𝑛 the real refractive index, 𝑘 the extinction coefficient. 

The refractive index (n) of a material represents the factor by which electromagnetic radiation 

is slowed down as it crosses the boundary between two media [53].Using the calculated 

imaginary and real parts of the dielectric function as a function of frequency, the refractive 

index n(ω) is calculated by the relation: 

                                    𝒏(𝝎) = [
ℇ𝟏(𝝎)

𝟐
+

√ℇ𝟏
𝟐(𝝎)+ℇ𝟐

𝟐(𝝎)

𝟐
]

𝟏

𝟐

                                (III.10) 

For low frequencies (ε ≈ 0) the relation becomes: 

                                             𝒏(𝟎) = √𝜺(𝟎)                                                  (III.11) 

The average value of the static refractive index n(0) of AgGa1-xTlxS2 alloys is listed in the table 

III.6  

 

Table III.6: The values of the static refractive index n(0) for AgGa1-xTlxS2 alloys. 

AgGa1-xTlxS2 x=0 x=0.25 x=0.5 x=0.75 x=1 

𝑛(0) 2.25, 2.40[54] 2.9 2.94 3.05 3.82 

 

The n (ω) spectrum records a maximum value in the visible light region for 25%, 50%, 75% 

and 100% of Tl concentration whereas this maximum is observed in the UV region for pure 

AgGaS2. Besides, the value of extinction coefficient k (ω) is zero up to 2.6 eV for AgGaS2 

which means it will not attenuate most of the incident visible light. However, a new peak 

comes in to view when the Ga atom is replaced by the 75% Tl atom improving the optical 

response of AgGaS2 
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III.7.3.Optical reflectivity 

Reflectivity is defined as a ratio of the intensity of the reflected ray to the intensity of the 

incident ray at the normal incidence of the electromagnetic wave on the system; it is a function 

of the refractive index and is given by the following relation: 

                                                   𝑹(𝝎) = [
ℇ()

𝟏
𝟐−𝟏

ℇ()
𝟏
𝟐+𝟏

]

𝟐

                                     (III.12) 

the average reflection R average at E=0 eV are around 15.5%, 23.8%, 24.2%, 25.6%, and 

34.2% for 0, 25%, 50%, 75% and 100% of Tl concentration, respectively. The R (ω) spectra 

show a maximum in the ultraviolet (UV) region which is enhanced with the increased Tl 

concentration. 

 

Fig.III.11: The calculated refractive index n (ω), extinction coefficient k (ω), and reflectivity 

coefficient R (ω) of AgGa1-xTlxS2 alloys along xx and zz-direction (left panel), average (right 

panel). 
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III.7.4.Absorption 

The frequency-dependent absorption coefficient α is defined as the fraction of light absorbed in 

a unit length of the environment. The variation of the absorption coefficient with photon energy 

hν is given by the following relation [52]: 

                                                𝜶 = 𝑨(𝒉𝝂 − 𝑬𝒈)𝒓                                         (III.13) 

Where A is a constant, Eg is the "optical" gap energy, and r is an index which can be equal to ½ 

1

2
 (for a direct gap) or 2 (for an indirect gap).  

                   

 

Fig.III.12: The calculated absorption coefficient α (ω) of AgGa1-xTlxS2 alloys 
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Consider Fig.III.12 which plots the absorption coefficient α (ω) against the photon energy of 

AgGa1-xTlxS2 alloys it is obviously observed that the Tl substitution strongly enhances the 

absorption coefficient in the visible region. The α (ω) value is about 0.4x 105 cm-1 for AgGaS2 

and is augmented to be 4.8x105 cm-1 for AgGa0.25Tl0.75S2 Suggesting that this alloy would 

display high absorption of sunlight in the visible region, and behave as ideal solar absorber. In 

addition, the square of absorption versus photon energy is plotted (i.e.,(αhν)2 versus hν for 

AgGa1-xTlxS2 alloys in Fig.III.13 Using a linear fitting a direct optical band gap is estimated to 

be 2.66 eV, 1.98 eV, 1.68 eV, 1.37 eV, and 0.74 eV for AgGaS2, AgGa0.75Tl0.25S2, 

AgGa0.5Tl0.5S2, AgGa0.25Tl0.75S2, and AgTlS2, respectively. Evaluating the obtained results of α 

for AgGa1- xTlxS2 alloys with other experimental results for established absorber materials such 

as GICS, CZTS, GaAs, CdTe, and CH3NH3PbI3 Fig.III.14, we observed that the absorption 

coefficient of AgGa0.5Tl0.5S2 is comparable to that of CdTe and CZTS, whereas the 

AgGa0.25Tl0.75S2 shows a good absorption coefficient as GaAs and CIGS compound. 

Consequently, AgGa1-xTlxS2 alloys could be considered as potential materials for photovoltaic 

and solar cells utilization. 

 

Fig.III.13: Optical band gap of AgGa1-xTlxS2 alloys. 
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Fig.III.14: The calculated absorption coefficient α (ω) of AgGa1-xTlxS2 alloys compared with 

other materials such as CdTe [47], GaAs [48], CIGS [49], CZTS [50], CH3NH3PbI3 [51] 

 

III.8.Conclusion  

In this section, we performed detailed calculations using the FP-APW+ lo method to determine 

the effect of Ga substitution by Tl on the structural, electronic and optical properties of the 

compound AgGaS2. The current DFT calculation reveals that when the gallium is replaced by 

the thallium, the minimum of the CB is shifted towards the Fermi level, resulting reduction of 

band gap from 2.59 eV for AgGaS2 pure to 1.91 eV, 1.61 eV, and 1.28 eV for AgGa0.75Tl0.25S2, 
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AgGa0.5Tl0.5S2, and AgGa0.25Tl0.75S2, respectively. Besides, it is observed that both hole and 

electron effective masse decrease with the increase of Tl concentration, and thus both hole and 

electron carrier mobility is increased. Analysis of the band alignments of AgGa1-xTlxS2/CdS 

heterojunction reveals that when Tl is incorporated into AgGaS2, the conduction band offset is 

decreased, and thus the open-circuit voltage can be improved. From the optical properties 

calculations, it is established that Tl substitution enhances the optical properties of AgGaS2 by 

reducing the transparent region and improving the refractive index and the absorption in the 

visible light region. Consequently, the semiconducting nature with the appropriate direct band 

gap values and strong absorption (α > 105 cm-1) of the new AgGaxTl1-xS2 alloys in the visible 

light region make them promising candidates for optoelectronic and photovoltaic applications, 

especially in solar cells. 
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IV.1.Introduction 

Due to their ideal optical characteristics and relatively inexpensive processing methods, 

materials from the chalcopyrite family are well suited to their best known application in solar 

cells. [1–3]. Those physical properties give rise to numerous applications in everyday life such as 

photodetectors, water splitting, light sensing transistors and other optoelectronic components [4–

9].The Silver gallium selenide AgGaSe2, which belongs to the group of I-III-VI2 coumpounds, is 

nearly opaque in the visible region but highly transparent in the IR from 0.78 to 18 mm, its 

figure of merit is M=1.8d2 /n3 and it non-linear susceptibility is χ(ω) = 66 x1012 m/V [16]. It has 

also unique intriguing IR optical properties including large non-linear coefficients and 

birefringence [17] which make it suitable for a wide range of three-wave mixing applications 

[10]. It combine strong nonlinear coupling with phase matching across a wide (0.5- 12.5 μm) 

transmission range [15]. These properties provide the basis for CO2 laser harmonic-generator 

(HG), visible (VIS), and near-infrared (NIR) pumped optical parametric-oscillator (OPO) and 

summand difference-frequency-generator (SFG/ DFG) systems for producing tunable laser 

radiation from approximately 0.65 to 12 µm [11–14] . The main aim is to improve the optical 

and electronic properties of AgGaSe2 using band convergence strategy by substitution of 

thallium (Tl) into gallium (Ga) site in the compound AgGaSe2 for the formation of AgGa1-

xTlxSe2 alloys. 

IV.2.Calculation detail 

The present calculations were accomplished with a self-consistent approach by solving 

the Kohn-Sham equations using the full potential augmented plane wave and local orbital 

method (FP-APW+lo) [18] Based on density functional theory and embedded in the WIEN2K 

package [21,22]. The exchange correlation energy contribution has been handled via the 

generalized gradient approximation achieved by Wu and Cohen (GGA-WC) [19]. The 

innovative Tran-Blaha modified Becke-Jonson potential (TB-mBJ) [20] is applied to the accurate 

estimation of the electronic and optical properties, as it is well known that the GGA under-

estimates the band gap values. The muffin-tin sphere radius was chosen to be 2.5, 2.39, 2.28, and 

2.17 a.u. for Ag, Ga, Tl, and Se, respectively. The valence wave functions inside and outside the 

muffin-tin sphere were delimited to values of 𝑙𝑚𝑎𝑥
𝑖𝑛  = 10 and 𝑙𝑚𝑎𝑥

𝑜𝑢𝑡  = 4, respectively, whereas the 

charge density is Fourier expanded up to Gmax = 12 (a.u.)-1. Cut-off was done with the condition 

𝑅𝑀𝑇
∗ Kmax = 8 (RMT represents the tiniest radius of the atomic sphere and Kmax is the largest k-
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vector in the plane wave expansion). The number of k-points which provides the convergence in 

the Brillouin zone is 600 k-points.  It is noteworthy that in these calculations energy of −6.0 Ry 

is used to separate the valence states and the core states. Besides, the AgGa1-xTlxSe2 alloys are 

shaped using 1×1×2 periodic supercells. The gallium atoms are substituted by thallium atoms to 

adopt all the possible configurations with Ga and Tl mixed atoms to obtain AgGa1-xTlxSe2 alloys 

with x = 0.25, 0.50, and 0.75.  

IV.3. Structural properties 

At ambient temperature, the ternary AgGaSe2 compound crystallize in the tetragonal 

chalcopyrite structure (space group I-42d No.122) [23] with three separate Wyckoff sites 4a (0, 

0, 0), 2c (0, 0, 1/2) and 8c (u, 1/4, 1/8) for Ag, Ga, Se respectively. Thus, we have set the internal 

parameter u by relaxing the position of S atom. We then measured the total energy as a function 

of the unit cell volume at the equilibrium cell volume V0 using the experimental data for both 

parameters a and c from ref [24]. We then optimized the c/a ratio. Finally, using the two 

equilibrium parameters u and c, we optimized the volume. The ground-state lattice parameters (a 

and c), bulk modulus B and it first pressure derivative B’ of the AgGa1-xTlxSe2 alloys are 

obtained using the Murnaghan equation of state [25]: 

 

                       𝐄(𝐕) = 𝑬𝟎 +
𝐁′

𝑩′(𝑩′−𝟏)
[𝜸 (

𝑽𝟎

𝑽
)

𝑩′

− 𝑽𝟎] +
𝑩

𝑩′
(𝑽 − 𝑽𝟎)                                       (IV.1) 

 

The estimated ground state parameters are summarized in table IV.2 alongside with 

experimental and theoretical data. When compared to the experimental data, our calculated 

values diverges by only 0.34% and 1.1% respectively, which prove the accuracy and relevance 

of our calculations. From table IV.2 we remark that the lattice parameters a and c increase when 

Ga atoms are incrementally replaced by Tl atoms in the AgGaSe2 unit cell. The bulk modulus 

decreases too with increasing Tl concentration. The increase of the interatomic distance in the 

AgGa1-xTlxSe2 alloys from x = 0 to x = 0.75 could be the reason of this trend. 
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         Fig.IV.1: Variation of the total energy as a function of the volume of the AgGaSe2 

   

   Fig.IV.2: Variation of the total energy as a function of the c/a ratio of the AgGaSe2 compound. 
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IV.3.1 Formation and cohesive Energy 

In order to verify the relative stability of the AgGa1-xTlxSe2 (x=0, 0.25, 0.5, and 0.75) 

alloys we have calculated the formation energy using the following equation: 

 

        𝑬𝒇
𝑨𝒈𝑮𝒂𝟏−𝒙𝑻𝒍𝒙𝑺𝒆𝟐 =

𝟏

𝛂 + 𝛃 + 𝛄 + 𝛅
(𝑬𝒕𝒐𝒕

𝑨𝒈𝑮𝒂𝟏−𝒙𝑻𝒍𝒙𝑺𝒆𝟐 − 𝛂𝑬𝑨𝒈 − 𝛃𝑬𝑮𝒂 − 𝛄𝑬𝑻𝒍 −  𝛅𝑬𝑺𝒆)           (IV.2) 

 

Where, 𝐸𝑓
𝐴𝑔𝐺𝑎𝑆𝑒2 represents the energy of formation, 𝐸𝑡𝑜𝑡

𝐴𝑔𝐺𝑎𝑆𝑒2  indicates the total energy, α + β + 

γ + δ refer to the number of atoms in the unit cell and EAg, EGa and ESe denote the isolated atomic 

energies of Ag, Ga, and S atoms respectively. The observed Ef values are negative, which is 

indicative of the thermodynamic stability of all AgGa1-xTlxSe2 (see table IV.2). Moreover, the 

resulting Ef for pure AgGaSe2 is in good accordance with results of the previous study. 

 We can define cohesive energy as the strength of the binding forces between isolated atoms in a 

solid. It is mathematically given as the total energy of the compound subtracted from the total 

energy of the constitutive atoms as follow [41,42]: 

  𝑬𝒄𝒐𝒉
𝑨𝒈𝑮𝒂𝟏−𝒙𝑻𝒍𝒙𝑺𝒆𝟐 =

(𝛂𝑬𝑨𝒈+𝛃𝑬𝑮𝒂+𝛄𝑬𝑻𝒍+𝛅𝑬𝑺𝒆 −𝑬𝒕𝒐𝒕
𝑨𝒈𝑮𝒂𝟏−𝒙𝑻𝒍𝒙𝑺𝒆𝟐)

𝑵
  (With N=α + β + γ + δ)   (IV.3) 

 

Where 𝐸𝑐𝑜ℎ
𝐴𝑔𝐺𝑎1−𝑥𝑇𝑙𝑥𝑆𝑒2  represent the cohesive energy, 𝐸𝑡𝑜𝑡

𝐴𝑔𝐺𝑎1−𝑥𝑇𝑙𝑥𝑆𝑒2  is the total energy of the 

unit cell, N are the number of Ag, Ga and Se atoms in unit cell, respectively .EAg, EGa, ETl and 

ESe are the energies of the Ag, Ga, Tl and Se in their unrestricted nature. The calculated cohesive 

energie for AgGaSe2 is 3.78eV which is in good agreement with the theoretical data available 

[42]. The calculated cohesive energies for AgGa1−xTlxSe2 alloys are 3.18eV, 3.91eV and 3.08eV 

for (x=0.25, 0.5, and 0.75) respectively. 
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Table IV.1: Interatomic distance for AgGa1-xTlxSe2 alloys. 

AgGa1-xTlxSe2 Ag--Se Ga--Se Tl--Se 

x = 0 

This work 

Other calc.  

2.613 2.429 - 

2.70
 [26]

, 2.56
 [27]

 2.30
 [26]

 ,2.63
 [27]

 - 

x = 0.25 This work 2.661 2.474 2.474 

x = 0.5 This work 2.700 2.514 2.514 

x = 0.75 This work 2.747 2.554 2.554 

 

Table IV.2: The calculated lattice constant (a and c) (Å), the anion displacement parameter u, 

bulk modulus (GPa) and its pressure derivative, and formation energy (KJ/mol) for AgGa1-

xTxSe2 Alloys. 

AgGa1-xTlxSe2 a  c  U B  B’  fE 

x = 0 

This work 6.079 10.49 0.275 62.958 4.586 -365.58 

Expt. 

5.985[28] 

5.992[37] 

10.886[37] 0.272[28] 

63.8[30] 

65[37] 

4[37] 446[39] 

Other calc. 5.934[29] 

6.05[34] 

5.83[37] 

11.21[34] 

11.29[34] 

11.02[37] 

0.287[32] 

0.295[33] 

0.278[34] 

59.86[31] 

64.62[37] 

62.53[35] 

4.46[36] 

4.7[37] 

5.02[38] 

-288.4[40]  

-318.2[39] 

x = 0.25 This work 6.189 10.70 0.251 56.345 4.41 -307.45 

x = 0.5 This work 6.289 10.86 0.249 49.856 4.48 -378.11 

x = 0.75 This work 6.39 11.05 0.236 43.524 4.53 -297.47 
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IV.4 Electronic properties 

IV.4.1.Band structures 

 To fully comprehend the physical aspects of the electronic structure of AgGa1-xTlxSe2, 

both band structures and densities of states were calculated for the maximized lattice parameters 

using the WC-GGA and GGA-TB-mBJ approaches. The valence band maximum is taken at 0 eV 

as a reference for energy values to match the valence band maximum. Fig.IV.3 shows the 

calculated band structures of both AgGaSe2 and AgGa1-xTlxSe2 alloys, respectively that are 

considered along selected highly symmetrical directions in the Brillouin zone (BZ). It can be 

clearly perceived that the valence and conduction bands do not overlap; moreover the valence 

band maximum and the conduction band minimum are at the same point (Γ). Consequently, the 

compounds AgGaSe2 and AgGa1-xTlxSe2 alloys are direct band gap (ΓV- ΓC) semiconductors. 

The gap value of AgGaSe2 is 0.66 eV using GGA-WC. In fact, the GGA approach does not 

accurately describe the exchange correlation energy, which leads to a quantitative undervaluation 

of the band gap compared to the experimental data [43, 44]. The TB-mBJ approach is therefore 

used and the band gap value is found to be 1.83 eV which is consistent with the available 

theoretical and experimental work. Furthermore, by means of WC-GGA+TB-mBJ, the band 

structure of AgGa1-xTlxSe2 alloys is obtained. We have noticed that once Tl replaces the Ga 

atom, the shape of the band gap and semiconducting character is kept. However, the CB 

minimum is pushed down towards low energies, leading to a decrease in the bandgap value to be 

1.72 eV, 1.43 eV, 1.29 eV for (x=0.25, 0.5, and 0.75) respectively. Furthermore, the spin-orbit 

coupling (SOC) is incorporated due to the heavy atom (Tl). It can be seen that the SOC affects 

the band structures leading to the decrease of the energy band gap to be 1.68 eV, 1.42 eV and 

1.27 eV, for AgGa0.75Tl0.25Se2, AgGa0.5Tl0.5Se2 and AgGa0.25Tl0.75S2, respectively.  
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Fig.IV.3: The calculated band structure of AgGa1-xTlxSe2 alloys 

IV.4.2.Density of states 

To provide a further understanding of the electronic structure, we looked at the 

contribution of each atomic character to a series of bands in the total density decomposition. The 

total and partial atomic densities of state (TDOS and PDOS) for the pure AgGaSe2 and AgGa1-

xTlxS2 alloys at various concentrations x have been calculated. The TDOS and PDOS graphs on 

Fig.III.2 IV.9 have been plotted using the GGA-TB-mBJ+So. As we observe, the low-energy 

region from -5 eV to -8 eV in the valence band is coming mainly from a mixture of Ga '4s' states 

and S '3p' anion states. The second region pics from -5 eV to the Fermi level (Ef =0) stems 

principally from the Ag '4d' cationic states hybridized with the Se '3p' states, hinting at the 

covalency of the Ag-S bond. One can see the little contribution of Ga '4p' states. Although the 

AgGaSe2 conduction band is predominantly formed from Ga '4s, 4p' states hybridized with the 

Se '3p' states of the anion. Going deep in the conduction band we observe a dominant 
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contribution of Ga '4p' states hybridized with Se '4p' states. Going forward, the replacement of Tl 

atoms in the Ga sites has a strong impact on the conduction band. This substitution of Tl induces 

the constitution of new states in the CB minima, which mainly come from the Tl '6s' states. 

These Tl '6s' states are hybridized with Ga '4s' states and Se '4p' for AgGa1-xTlxS2 alloys (x = 

0.25, 0.5, and 0.75) and decrease the band gap value. The valence band structure of the AgGa1-

xTlxS2 alloys (x = 0.25, 0.5, 0.75 and 1) is left invariant, with only a small Tl 6d-state 

contribution near the Fermi level. Accordingly, the decrease in the band gap can be attributed to 

the increase in the atomic size from Ga to Tl and the reduction in the internal parameter u (see 

Table VI.1) as the Tl concentration grows. 

 

Fig.IV.4: Total and partial density of states (DOS) of AgGa1-xTlxSe2 alloys. 
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IV.5.Carrier effective mass and mobility 

Based on the deformation potential theory advocated by Bardeen and Shockley [45], the 

hole and electron carriers mobility can be determined through the following equation  

                                        𝝁 =
𝟐√𝟐𝝅𝐞ħ𝟒𝑪𝒊𝒊

𝟑(𝒌𝑩𝑻)
𝟑
𝟐(𝒎∗)

𝟓
𝟐𝑬𝟐

                                       (IV.4) 

Where e, kB and T denote the electron charge, Boltzmann's constant and the ambient temperature, 

respectively. Cii is the elastic modulus [46]:  

 

                                              𝑪𝒊𝒊 = 𝐕𝟎(𝛛𝟐𝑬𝐭𝐨𝐭/𝛛𝐕𝟐)                                                        (IV.5)  

Where Etot and V0 are the total energies and the equilibrium volume, respectively. The 

deformation potential constant, E, is established by [47]: 

                                                  𝑬 = (𝚫𝑬edge )/(𝚫𝑽/𝑽𝟎)                                                       (IV.6) 

This indicates the variation in energy of the CBM or VBM caused by the change in volume.  m* 

is the effective mass of electrons and holes and is determined using the equation: 

                                                  𝒎∗ = ħ𝟐 (
𝛛𝟐𝑬

𝛛𝟐𝒌
)

−𝟏

                                              (IV.7) 

where ћ, k, and E are the reduced Planck constant, wave vector, and corresponding energy, 

respectively. Here,we calculated the effective mass of electrons (m e
*) and holes (mh

*) along the 

x, y, and z directions. The results are listed in Table IV.4. Here, the band effective mass used in 

the calculation of the carrier mobility was defined as: 

                                            𝒎𝑩
∗ = 𝟑(𝟏/𝒎𝒙

∗ + 𝟏/𝒎𝒚
∗ + 𝟏/𝒎𝒛

∗)
−𝟏

                                         (IV.8) 

The elastic modulus Cii and the deformation potential constant E were calculated using parabolic 

and linearly fitting of the corresponding data toward unit strain, respectively. Ultimately, the 

values of m*,Cii , E, and μ were obtained and summarized in Table IV.4 

 

Table IV.3: The calculated effective masses (m*) of electrons and holes for AgGa1-xTlxSe2 

AgGa1-xTlxSe2 
Electrons Holes 

𝒎𝒙
∗  𝒎𝒚

∗  𝒎𝒛
∗ 𝒎𝒙

∗  𝒎𝒚
∗  𝒎𝒛

∗ 

x=0 (this work) 0.084 0.104 0.87 0.194 0.181 0.203 

Other calc. [48] 0.1 0.1 0.8 1.09 1.09 0.096 

x=0.25 0.088 0.078 0.091 0.195 0.179 0.187 

x=0.50 0.086 0.081 0.69 0.161 0.172 0.184 

x=0.75 0.077 0.071 0.069 0.169 0.177 0.162 
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Table IV.4: The calculated band gap values and the effective mass of electron and hole, 𝑚𝑒
∗ , 𝑚ℎ

∗  , 

elastic modulus Cii (Kbar), deformation potential constants ECBM (eV) and EVBM (eV), and carrier 

mobility μ (cm2 V-1 s-1) of  AgGa1-xTlxSe2 alloys. 

AgGa1-xTlxSe2 𝑬𝒈 𝒎𝒆
∗ /𝒎𝟎 𝒎𝒉

∗ /𝒎𝟎 Cii  ECBM EVBM µe µh 

x = 0 

This work 1.834 0.091 0.193   86.58 -3.33 -5.16  713  412 

Expt. ]44[1.80 , ]43[ 1.83 - - - - - - - 

Other calc. 1.76[49] , 1.80[50] 0.17[51] 0.73[51] - - - - - 

x = 0.25  1.682 0.085 0.187 103.57 -3.40 -5.08 475 569 

x = 0.5  1.428 0.079 0.173 157 -3.53 -4.95 412 336 

x = 0.75  1.276 0.073 0.169 831.3 -3.61 -4.88 436 392 

IV.6. Optical properties 

The optical properties such as complex dielectric function, refractive index, reflectivity, 

and absorption coefficient play a crucial role in designing good PV materials. In the current 

study, the optical properties of AgGa1-xTlxSe2 alloys were estimated using WC-GGA + TB-mBJ 

approximation for (x = 0) and including the SOC for (x = 0.25, 0.5 and 0.75) for incident 

radiation along the main crystallographic direction “xx” and “zz”. Many properties mentioned 

above can be obtained from the dielectric function [52] where the imaginary part of the dielectric 

function is directly related to the absorption spectrum and the real part to the scattering and 

reflection characteristics of the material. 

                                              𝜺(𝝎) = 𝜺𝟏(𝝎) + 𝒊𝜺𝟐(𝝎)                                                  (IV.9) 

In general, the real and imaginary parts 𝜀1 and 𝜀2 are related by relations called Kramers- Kronig 

relations [53]: 

                                             𝜺𝟏(𝝎) = 𝟏 +
𝟐

𝝅
𝑷 ∫  

∞

𝟎

𝝎′𝜺𝟐(𝝎′)

𝝎′𝟐−𝝎𝟐 𝒅𝝎′                                           (IV.10) 

                                             𝜺𝟐(𝝎) = 𝟏 +
𝟐𝝎

𝝅
𝑷 ∫  

∞

𝟎

𝜺𝟏(𝝎′)−𝟏

(𝝎′𝟐−𝝎𝟏𝟐)
𝒅𝝎′                                       (IV.11) 
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Where P is the main value of the integral. The real and imaginary parts of the dielectric function 

allow us to identify the main optical properties of solids such as the refractive index solids such 

as the index of refraction, the reflection coefficient and the absorption coefficient. It is stated that 

the dielectric function relies on the band structure of the solids [53]. However, the values of the 

band gap energies of AgGa1-xTlxSe2 obtained using the TB-mBJ +So approximation are in good 

agreement with the experimental data Table .IV.5. Therefore, to determine the dielectric 

function of AgGa1-xTlxSe2 we used the WC-GGA+TB-mBJ approximation for x=0 and including 

the SOC for x=0.25, 0.5, 0.75) for an incident photon of energy ℏω in the range 0 eV to 14eV. 

 

 

Fig.IV.5: The imaginary ε1 (ɷ) (left panel) and real ε2 (ɷ) (right panel) part spectra of complex 

dielectric function for AgGa1-xTlxSe2 materials. 
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Fig.IV.5 shows the calculated real (ε1xx (ω), ε1zz (ω)) and imaginary (ε2xx (ω), ε2zz (ω)) parts of 

the complex dielectric function of AgGa1-xTlxSe2 alloys as a function of the photon energy hν. 

There are two parts for dielectric function of chalcopyrite structure, ε2xx and ε2zz, the first term is 

the average of spectra for polarizations along the x and y directions and the second term is 

related to the z direction. The εAverage
 (ω) is the average function of both real and imaginary part 

calculated as follow: 

                                            𝜺 (𝝎) = (𝜺 
𝒙 + 𝜺 

𝒚 + 𝜺 
𝒛)/𝟑                                   (IV.12) 

 

The main peak in the calculated imaginary part ε2 (ω) for pure AgGaSe2 occurs at 5.45 eV. The 

increase of Tl in AgGa1-xTlxSe2 alloys results in the emergence of new peaks in the visible range. 

These new peaks are resulting from the photon absorption provoked by the direct interband 

transition from the occupied valence band  to the Tl ‘s’ states in the conduction band. These new 

peaks are moved toward lower energies with increasing Tl concentrations to be 3.5 eV, 3.1eV, 

2.7eV for (x= 0.25, 0.5, 0.75) respectively. The main features in the spectrum of the real part ε1 

(ω) for pure AgGaSe2 are a peak with a magnitude of 8.75 at around 2.93 eV , a decrease 

between 2.93 and 7.67 eV, after which ε1 (ω)  becomes negative , followed by a slow increase 

toward zero. With Tl substitution the main peak is shifted towards lower energy in the other 

three alloys.The most important quantity is the zero frequency limit ε1 (0), which is the electronic 

part of the static dielectric constant and depends strongly on the band gap. The static dielectric 

constant ε1(0) values calculated at the equilibrium lattice constants, for AgGa1-xTlxSe2 alloys are 

listed in table Table IV.6 and are in good agreement with the available data. 

The Complex refractive index (N) has two parts, real (n) and imaginary (k) parts that are known 

as refractive index and extinction coefficient: 

                                          𝑵(𝝎) = 𝒏(𝝎) + 𝒊𝒌(𝝎)                                          (IV.13) 

The compounds with high refractive index have high optical nonlinearity.The n (ω) spectrum in 

Fig.IV.6 records a maximum value in the visible light region for 0%, 25%, 50% and 75% of Tl. 

The average value of the static refractive index n(0) of AgGa1-xTlxS2 alloys is listed in the table 

IV.6 and is in good agreement with the found data. Besides, the value of extinction coefficient k 

(ω) is zero up to 2.6 eV for AgGaS2 which means it will not attenuate most of the incident visible 

light . The extinction coefficient is highest at 8.96 eV for AgGaSe2 this implies that absorption is 

also prominent at about 8.96 eV, as the absorption coefficient α (ω) is related to the extinction 

coefficient k (ω) through the following relation: 

                                                       𝜶 =
𝟒𝝅𝒌

𝝀
                                                       (IV.14) 
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However, a new peak comes in to view when the Ga atom is replaced by the 75% Tl atom 

improving the optical response of AgGaS2. The reflectivity R(ω) is also displayed in Fig.IV.6.  

the average reflection R average at E=0 eV are around 19.6 %, 28.1%, 30.4% and 31.6%, for 0, 

25%, 50%, and 75% of Tl concentration, respectively. The R (ω) spectra show a maximum in the 

ultraviolet (UV) region which is enhanced with the increased Tl concentration. 

 

Fig.IV.6: The calculated refractive index n (ω), extinction coefficient k (ω), and reflectivity 

coefficient R (ω) of AgGa1-xTlxSe2 alloys along xx and zz-direction (left panel), average (right 

panel). 
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Table IV.5: The calculated optical dielectric constant, static reflectivity and static refractive 

index of AgGaSe2 

AgGa1-xTlxSe2 ε1(0) n(0) R(0) 

x = 0 

This work 

Other calc.  

6.36 2.51 0.187 

7.2[55],  

6.64[54] 

2.8[55], 

2.58[54] 

0.198[56] 

x = 0.25 This work 11.67 3.42 0.296 

x = 0.5 This work 12.43 3.51 0.314 

x = 0.75 This work 12.82 3.63 0.325 

 

Fig.IV.7 illustrates the absorption coefficient α (ω) against the photon energy of AgGa1-xTlxSe2 

alloys. it is apparent that the Tl substitution increases the absorption coefficient in the visible 

range significantly. The α (ω)  value is about 0.3x 105 cm-1 for AgGaSe2 and is enhanced to 

2.9x105 cm-1 for AgGa0.25Tl0.75Se2, suggesting that this alloy displays high absorption of solar 

light in the visible range, and acts as an optimum solar absorber. In addition, the square of 

absorption versus photon energy is plotted (i.e.,(αhν)2 versus hν for AgGa1-xTlxS2 alloys in 

Fig.IV.8 Using a linear fitting a direct optical band gap is estimated to be 1.83 eV, 1.68 eV, 1.42 

eV, and 1.27 eV for AgGaSe2, AgGa0.75Tl0.25Se2, AgGa0.5Tl0.5Se2 and AgGa0.25Tl0.75Se2, 

respectively. Evaluating the obtained results of α for AgGa1- xTlxSe2 alloys with other 

experimental results for established absorber materials such as AgGaS2,GICS, CZTS, GaAs, 

CdTe, and CH3NH3PbI3 Fig.IV.9, we observed that the absorption coefficient of AgGa0.5Tl0.5Se2 

is comparable to that of CdTe and CZTS, whereas the AgGa0.25Tl0.75S2 shows a good absorption 

coefficient as GaAs and CIGS compound. Hence, AgGa1-xTlxSe2 alloys may be candidates for 

photovoltaic and solar cell usage. 
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  Fig.IV.7: The calculated absorption coefficient α (ω) of AgGa1-xTlxS2 alloys 

 

     Fig.IV.8: Optical band gap of AgGa1-xTlxSe2 alloys. 
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Fig.IV.9: The calculated absorption coefficient α (ω) of AgGa1-xTlxSe2 alloys compared with other 

materials such as CdTe [58], GaAs [59], CIGS [60], CZTS [61], CH3NH3PbI3 [62], AgGaS2 [63] 

 

IV.7.Band alignment 

The behavior of heterojunction solar cells depends crucially on the alignment of the 

energy bands of donor and acceptor semiconductors at the interface. Notice that these types of 

semiconductor heterojunction solar cells are different from that based on Schottky contacts and 

PN junctions consisting of semiconductor and metal heterojunctions. For donor and acceptor 

semiconductors used in heterojunction solar cells, there are several crucial factors for absorbing 

sunlight, such as a small direct band gap of roughly 1.2 - 1.6 eV to absorb wide range sunlight 

[67] and a high carrier mobility to facilitate efficient transport. Furthermore, the performance of 
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heterojunction solar cells depends on critically on the choice of donor and acceptor 

semiconductors with different VBM and CBM band positions. Here, we calculated the absolute 

band edges of the AgGa1-xTlxS2 according to the following equations proposed by Xu et al [64]: 

                                                               𝑬𝐂𝐁𝐌 = 𝝌 − (𝑬𝐠/𝟐)                                               (IV.15) 

                                                               𝑬𝐕𝐁𝐌 = 𝑬𝐂𝐁𝐌 + 𝑬𝐠                                                (IV.16) 

where EVBM and ECBM represent the absolute potentials of VBM and CBM, Eg is the calculated 

band energy gap of present structures based on the first principles calculation and χ is the 

electronegativity of the semiconductors and is estimated as follows: 

                                                  𝝌(𝒄𝒐𝒎𝒑𝒐𝒖𝒏𝒅) = (𝛘𝟏
𝐬 𝛘𝟐

𝐭 … 𝛘𝐧−𝟏
𝐩

𝛘𝐧
𝐪) 𝟏/(𝒔+𝒕+𝒑+𝒒)              (IV.17) 

where χn and n represent the absolute electronegativities of the constituent atoms and the number 

of atomic species, whereas s, t, p, and q represent the number of individual atoms. Here, the 

atomic electronegativity is obtained from the electron affinity (I) and the first ionization energy 

of the atom (A) via the expression [65]: 

                                                    χ (Atom)=(I+A)/2                                                  (IV.18) 

Figure IV.10 displays vacuum-aligned band diagram for AgGa1-xTlxSe2/CdS interface tacking 

CdS compound as n-type window layer. From this figure it is observed that the CB band edge of 

AgGaSe2 is lying 0.95 eV upper than CB band edge of CdS, while the VB band edge is 

positioned 1.75 upper than that of CdS, forming type-II band alignment. This high conduction 

band offset (CBO = 0.95 eV) may be one of the reasons leading to a poor open circuit voltage 

(VOC), which in turn reduces the power conversion efficiency (PCE). It has been reported 

previously that the solar cell based CdS/AgGaSe2 junction shows a short circuit courant JSC = 

12.2 mA.cm-2, an open circuit voltage VOC = 0.91 V, and a PCE = 5.8 % [66]. On the other hand, 

substituting Ga with Tl reduces the CBO to be 0.82 eV, 0.75 eV and 0.62 eV, which is a 

consequence of the downshift of the conduction band edge. This downshift also results in a 

reduction in the band gap value and an enlargement of the valence band offset (VBO) for 

CdS/AgGa1-xTlxSe2 junction. However, even with these new CBO values, we still believe that 

the PCE of CdS/AgGa1-xTlxSe2 solar cell will remain low. Therefore, we have suggesting others 

n-type windows layer such as ZnO [69], SnO2 [70], TiO2 [71], PCMB [72] (see Fig.10-b). 
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Analyzing this figure it is remarked that the CBO value is reduced to be 0.57 (0.49) eV for ZnO, 

0.47 (0.39) eV for SnO2, and 0.37 (0.29) eV for both TiO2 and PCMB in the case of 

AgGa0.5Tl0.5Se2 (AgGa0.25Tl0.75Se2) alloy. Thus, we expect that the optimal choice would be to 

use the TiO2 compound as windows layer to form a TiO2/AgGa1-xTlxSe2 solar cell, which will 

result in enhanced PCE. 

a) 

 

b) 

 

Fig.IV.10: Vacuum-aligned band diagram for AgGa1-xTlxS2 Compared with other common 

absorbers and the common n-type window layer material, CdS [68], ZnO [69], SnO2 [70], TiO2 

[71], PCMB [72]. 
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IV.8. Conclusion  

In this chapter, we have carried out extensive calculations using the FP-APW+ lo method 

to identify the effect of Ga substitution by Tl on the structural, electronic and optical properties 

of the compound AgGaSe2. The current DFT calculation reveals that when the gallium is 

replaced by the thallium, the minimum of the CB is shifted towards the Fermi level, resulting 

reduction of band gap from 1.86 eV for AgGaSe2 pure to 1.75 eV, 1.50 eV, and 1.28 eV for 

AgGa0.75Tl0.25Se2, AgGa0.5Tl0.5Se2, and AgGa0.25Tl0.75Se2, respectively. Besides, it is observed 

that both hole and electron effective masse decrease with the increase of Tl concentration, and 

thus both hole and electron carrier mobility is increased.  

From the optical properties calculations, it is established that Tl substitution enhances the 

optical properties of AgGaS2 by reducing the transparent region and improving the refractive 

index and the absorption in the visible light region. Consequently, the semiconducting nature 

with the appropriate direct band gap values and strong absorption (α > 105 cm-1) of the new 

AgGaxTl1-xSe2 alloys in the visible light range are attractive contenders for optoelectronic and 

photovoltaic uses. 

Analysis of the band alignments of AgGa1-xTlxSe2/CdS heterojunction reveals that when 

Tl is incorporated into AgGaSe2, the conduction band offset is decreased. However, even with 

this decrease, we still believe that the PCE of CdS/AgGa1-xTlxSe2 solar cell will remain low. 

Therefore, others n-type windows layer such as ZnO [69], SnO2 [70], TiO2 [71], PCMB [72] are 

suggested. From the analyze of the suggested band alignments we expect that the optimal choice 

would be to use the TiO2 compound as windows layer to form a TiO2/AgGa1-xTlxSe2 solar cell, 

which will result in enhanced PCE. 
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General conclusion 

 

n the present work the electronic and optical properties of AgGaS2 and AgGaSe2 using 

band convergence strategy by substitution of Thallium (Tl) into the gallium (Ga) site 

were investigated. All calculations were carried out using the full potential augmented 

plane waves plus local orbital’s (FP-APW+lo) method based on Density Functional Theory 

(DFT). Starting with the question: what effect will Tl substitution will have on these 

properties? We firstly formed the AgGa1-xTlxS2 and AgGa1-xTlxSe2 alloys for x = 0.25, 0.5, 

and 0.75. 

From stability view, the estimated energy formation Ef values are found negative, 

indicating the thermodynamic stability of all AgGa1-xTlxS2 and AgGa1-xTlxSe2 Alloys. We also 

remarked that both ground states parameters a and c increase when Tl atoms are gradually 

substituted into Ga atoms in the AgGaS2 and AgGaSe2 unit cell. The present investigation 

reveals that when the gallium is replaced by the thallium, the minimum of the CB is shifted 

towards the Fermi level, resulting reduction of band gap from 2.59 eV to 1.91 eV, 1.61 eV, 

and 1.28 eV for AgGa1-xTlxS2 (x = 0. 0.25, 0.5, and 0.75) alloys, respectively, and from 1.86 

eV to 1.75 eV, 1.50 eV, and 1.28 eV for AgGa1-xTlxS2 (x = 0. 0.25, 0.5, and 0.75) alloys, 

respectively. Besides, it is observed that both hole and electron effective masse decrease with 

the increase of Tl concentration, and thus both hole and electron carrier mobility is increased. 

Moreover, from the optical properties calculations, it is established that Tl substitution 

enhances the optical properties of AgGaS2 and AgGaSe2 by improving the refractive index 

and the absorption in the visible light region (α > 105 cm-1). These results making these news 

alloys attractive materials for optoelectronic applications. 

Analysis of the band alignments of AgGaX2 (X = S , Se)/CdS heterojunction reveals 

that both p-n junction posses high conduction band offset CBO = 0.78 eV, and 0.95 eV, 

respectively, which  may be one of the reasons leading to a poor open circuit voltage (VOC), 

which in turn reduces the power conversion efficiency (PCE). In addition, when Ga is 

substituted by Tl atoms the conduction band offset is decreased, and thus the open-circuit 

voltage can be improved. In fact this conclusion may be true for AgGaS2/CdS heterojunction, 

however is not the case of AgGaSe2/CdS interface. Therefore, others n-type windows layer 

such as ZnO, SnO2, TiO2, PCMB were suggested. From the analyze of the suggested band 
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alignments we expect that the optimal choice would be to use the TiO2 compound as windows 

layer to form a TiO2/AgGa1-xTlxSe2 solar cell, which will result in enhanced PCE.  

Overall, Tl substituted into Ga sites of AgGaS2 and AgGaSe2 chalcopyrite leads to 

new alloys that can be promising materials for solar cell applications, and we expect that these 

finding help scientist to experimentally investigate these new suggested alloys.    
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A B S T R A C T

The thallium substitution effect on structural, electronic, and optical properties of chalcopyrite-type material
AgGaS2 is investigated via first-principles approaches. The computed band gap energy of pure AgGaS2 is about
2.59 eV using Tran-Blaha (TB)-modified Becke Johnson (mBJ) exchange potential, which is in good accord with
experimental measurements. This band gap value was observed to decrease to be 1.91 eV, 1.61 eV, and 1.28 eV
when Tl is substituted into Ga site, respectively, for 25%, 50%, and 75% concentrations. Besides, the AgTlS2 band
gap was also calculated and found to be 0.61 eV. This investigation establishes that Tl substitution increases both
hole and electron carrier mobility of the pure AgGaS2 compound. By analyzing the band alignment diagram, it
was observed that the Tl substitution increases the valence band offset (VBO) and decreases the conduction band
offset (CBO), which can lead to the improvement of open-circuit voltage VOC. Moreover, the optical analysis
reveals that Tl substitution enhances the optical properties of AgGaS2 by reducing the transparency and improving
the refractive index and the absorption in the visible light region. Based on obtained results, it is predicted that
the band gap and the optical properties of the AgGaS2 chalcopyrite can be effectively tuned by Tl substitution over
the Ga sites, making AgGa1-xTlxS2 alloys promising candidates for optoelectronic and photovoltaic applications.

1. Introduction

To deal with the diminishing fossil fuel resources and to satisfy the
ever-growing need for clean energy, the production of photovoltaic en-
ergy has taken on great importance as solar cells do not emit any un-
wanted emissions. The actual market for solar cells is mainly based on
monocrystalline silicon or III-V semiconductors which have demon-
strated a very high efficiency [1], but many low-cost solar cells are
needed for general and wider applications. Therefore, designing and
developing new solar cell materials with desired electronic, optical, and
photovoltaic properties is an important step. For example, inorganic
materials based on transitionmetal and chalcogenides or halidematerials
have recently been investigated which show promising optoelectronic
properties [2,3]. Besides, mixed organic-inorganic materials have also
been suggested as promising candidates for solar cell applications due to
their ideal optical properties as well as relatively low-cost preparation
methods [4–6].

Among these materials the chalcopyrite-based compounds of the
general formula I-III-VI2, where I is usually copper (Cu) or silver (Ag),
have been receiving high attention in the last decade due to its usage in
detectors, light-emitting diodes (LEDs), thermoelectric, photocatalysts,
nonlinear optics (NLO) applications and solar energy conversion [7–12].
The major characteristic of chalcopyrite semiconductors is that they
possess unique electronic and optical properties, direct band gap, trans-
parent behavior against visible and infrared radiation, a high absorption
coefficient and a lifetime in outer space longer compared to that of Si and
III-V compounds [13]. Recently the copper (Cu-III–VI2) based chalcopy-
rites have proven their efficiency for solar cell applications. For example
the CuGaSe2 shows efficiency of about 11.2% [8] while CuInSe2 realizes
14.5% efficiency [14] via a tandem cell of ZnO/CdS/CuInSe2. However,
Cu(InGa)Se2 (CIGS) have recorded the highest power conversion effi-
ciency (PCE) of about 23.4% (cells), 17.4% (module) [15–19] which
make it promising absorber materials for solar cell applications.
Conversely, the silver (Ag-III–VI2) based chalcopyrites receive much
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attention due to their suitability for non-linear optical and photonic ap-
plications [20].

The AgGaS2 is known as part of the chalcopyrite family with a direct
band gap of about (2.48–2.75) eV [21–24]. This compound is used as
commercial material for NLO applications due to its large NLO coefficient
d36 ¼ 39 p.m./V and excellent transparency in the mid-IR range (1–18
μm) [25]. Besides, the AgGaS2 compound was proposed as a promising
candidate for X-ray dosimetry [26]. However, its band gap value and
weak absorption in the visible light region limit its use as absorber ma-
terial for photovoltaic solar cells. Very recently, the best efficiency of
5.85% was reported using AgGaS2 chalcopyrite as an absorbing layer
[27]. Therefore, the main goal of the present work is to improve the
optical and electronic properties of AgGaS2 using band convergence
strategy by substitution of Thallium (Tl) into the gallium (Ga) site in the
AgGaS2 compound for the building of AgGa1-xTlxS2 alloy. From an
experimental and theoretical point of view, it has already been reported
that tailoring the band gap value of AgGaS2 leads to interesting opto-
electronic and photocatalytic properties [9,28–30]. The current work
deals with the study of the structural, electronic, and optical properties of
the Tl-doped AgGaS2 chalcopyrite through the full potential augmented
plane wave plus local orbital's method.

2. Calculations detail

In the present investigations, all calculations are done using the FP-
APWþ lo method [31,32], implemented in theWIEN2k code [33]. In this

technique, the system space is divided into two regions the interstitial
one and the muffin-tin spheres with muffin-tin radius (RMt) are chosen in
a manner that the MT spheres do not overlap. The RMT values are
adjusted to be 2.5, 2.3, 2.41, and 1.88 a.u for Ag, Ga, Tl, and S, respec-
tively, with the following electronic configuration Ag: [Kr] 4d105s1, Ga:
[Ar] 4s23d104p1, S: [Ne] 3s23p4, Tl: [Xe] 4f145d106s26p1. The electronic
wave functions are expanded up to lmax equal to 4 and 10 outside and
inside the MT sphere, respectively. Besides, the expansion of the wave
functions and charge density were cut off by the RMTKmax ¼ 7.5 and Gmax
¼ 12 parameters. The exchange-correlation potential is treated by the
generalized gradient approximation performed by Wu and Cohen
(GGA-WC) [34]. However, since the GGA approximation yields an
underestimated band gap value, the Tran-Blaha modified Becke-Johnson
(mBJ) exchange potential is employed [35,36]. Besides, the AgGa1-xTlxS2
alloys are modeled using 1 � 1 � 2 periodic supercells with 16 atoms in
the primitive cell. The gallium atoms are substituted by thallium atoms to
adopt all the possible configurations with Ga and Tl mixed atoms to
generate AgGa1-xTlxS2 alloys with x ¼ 0.25, 0.50, and 0.75 (see Fig. 1).

3. Results and discussion

3.1. Structural properties

At ambient conditions, the AgGaS2 material is reported to crystallize
in chalcopyrite type-structure (space group l-42d) [38] (see Fig. 1). In
this structure, the Ag atoms are situated at 4a (0, 0, 0), the Ga atoms at (0,

Fig. 1. Visualization of crystal structure of AgGaS2 (a), and AgGa0.75Tl0.25S2 (b), AgGa0.5Tl0.5S2 (c), AgGa0.25Tl0.75S2 alloy (d) obtained using VESTA software [37].
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0, 1/2) and the S atoms at (0.28, 1/4, 1/8). Regarding this structure, we
first optimized the anion displacement parameter uS with 1 � 10�4

Ry/a.u. force convergence criteria, and then calculated the total energy
as a function of volume and c/a ratio for each alloy. After that, the
ground-state properties such as lattice parameters (a and c), bulk

modulus B and its first pressure derivative B0 are determined through the
Murnaghan equation [39] fitting of the energy vs. volume optimization
curves. The results of the estimated structural properties (a, c, B and B’)
of AgGa1-xTlxS2 alloys are reported in Table 1 along with experimental
[23,40,41] and theoretical results [43–47]. The resulting values are in
reasonable agreement when compared to the experimental values. The
difference in values between the calculated unit cell parameters and the
experimental values is less than 0.2%. From Table 1, one can observe that
both a and c increase when Tl atoms are gradually substituted into Ga
atoms in the AgGaS2 unit cell. Conversely, the bulk modulus was found to
decrease with increase in Tl concentration owing to increase in the
interatomic distance in the AgGa1-xTlxS2 alloys from x ¼ 0 to x ¼ 1 (see
Table 2).

In the aim of analyzing the stability and formation of AgGa1-xTlxS2
alloys, the formation energy Ef is predicted as below:

Table 1
The calculated lattice constant (a and c) (Å), the anion displacement parameter u, bulk modulus (GPa) and its pressure derivative, and formation energy (KJ/mol) for
AgGa1-xTxS2 Alloys.

AgGa1-xTlxS2 a c u B B0 Ef

x ¼ 0 This work 5.746 10.266 0.287 75.08 4.88 �328.05
Expt. 5.755 [23] 10.278 [23] 0.282 [23] 77.6 [40] 4 [41]
Other calc. 5.587 [42] 10.408 [42] 0.288 [43] 67.15 [44] 4.744 [42] �386.5 [48]

�359.4 [48]5.742 [45] 10.26 [45] 0.2844 [46] 72.62 [45] 4.7 [46]
5.75 [47] 10.299 [47] 0.281 [47] 76.2 [47] 5 [47]

x ¼ 0.25 This work 5.868 10.493 0.268 68.82 4.56 �275.948
x ¼ 0.5 This work 5.98 10.67 0.257 61.45 4.63 �300.069
x ¼ 0.75 This work 6.09 10.86 0.244 56.95 4.73 �262.44
x ¼ 1 This work Other calc. 6.22

5.882 [43]
11.12 0.239

0.257 [43]
59.95 4.77 �246.92

Table 2
Interatomic distance for AgGa1-xTlxS2 alloys.

AgGa1-xTlxS2 Ag–S Ga–S Tl–S

x ¼ 0 This work Expt [23]. 2.524 2.293 –

2.556 � 1 2.276 � 1 –

x ¼ 0.25 This work 2.577 2.342 2.342
x ¼ 0.5 This work 2.625 2.385 2.385
x ¼ 0.75 This work 2.673 2.429 2.429
x ¼ 1 This work 2.565 – 2.644

Table 3
The total energy ET of AgGa1-xTlxS2 alloys and the energies of Ag, Ga, Tl and S atoms in (eV).

ET (AgGaS2) ET (AgGa0.75Tl0.25S2) ET (AgGa0.5Tl0.5S2) ET (AgGa0.5Tl0.75S2) ET (AgTlS2)

�4.385 517 � 105 �1.376 255 � 109 �1.875 427 � 106 �2.374 59 � 106 �1.056085 � 105

EAg EGa ETl ES

�5.288 679 � 104 �1.446 705 � 105 �1.085 236 � 104 �5.520 529 � 105

Fig. 2. The calculated band structure of AgGa1-xTlxS2 alloys.
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Ef ðAgGa1�xTlxS2Þ¼1
�
N
�
ET ðAgGa1�xTlxS2Þ�

�
EAgþð1�xÞEGaþxETlþ2ES

��
(1)

where, ET (AgGa1-xTlxS2) is the total energy and EAg, EGa, ETl and ES are
the energies of Ag, Ga, Tl and S atoms, respectively (see Table 3). From
Table 1 it is remarked that the estimated Ef is negative suggesting ther-
modynamic stability of all AgGa1-xTlxS2 alloys. It is also noticed that the
current calculated Ef of pure AgGaS2 is in good agreement with that
estimated by Kumar et al. [48].

3.2. Electronic properties

To give an exhaustive understanding of the electronic properties of
AgGa1-xTlxS2 alloys, the band structure and both total and partial density
of state are calculated. Fig. 2 shows the calculated band structure of
AgGaS2 and AgGa1-xTlxS2 alloys, respectively. This figure demonstrates
clearly that both the top of the valence band (VB) and bottom of the
conduction band (CB) are located at the same high symmetry point (Γ),
without overlapping between them. Thus, AgGaS2 is a semiconductor
material with a direct band gap of about 0.96 eV with GGA-WC. This
band gap value is significantly lower than the experimental measurement
(see Table 4) which is due to the well-known shortcoming of the GGA
approximation. Hence, the band structure is also estimated employing
the WC-GGA þ TB-mBJ where the band gap value found is equal to 2.59
eV, which agrees well with the experimental values [21–24]. Moreover,
using WC-GGA þ TB-mBJ, the band structure of AgGa1-xTlxS2 alloys is

calculated Fig. 1. We remarked that when the Ga atom is substituted by
the Tl atom the nature of the band gap and the semiconducting character
is retained, however the minimum of the CB is shifted towards the Fermi
level resulting in a reduction of the band gap value to be 2.17 eV, 1.84 eV,
1.53 eV, 0.65 eV for AgGa0.75Tl0.25S2, AgGa0.5Tl0.5S2, AgGa0.25Tl0.75S2,
and AgTlS2, respectively. This behavior is mainly coming from the in-
crease of the atomic size from Ga to Tl atom. In addition, due to the
presence of the heavy atom (Tl) the spin-orbit coupling (SOC) is included
Fig. 2. It is well observed that SOC influences the band structures causing
reduction of the energy band gap to be 1.91 eV, 1.61 eV, 1.28 eV, and
0.61 eV for AgGa0.75Tl0.25S2, AgGa0.5Tl0.5S2, AgGa0.25Tl0.75S2, and
AgTlS2, respectively. This spin-orbit coupling also increases the de-
generacy of the bands near VBM in Γ-point. We note here that the band
gap values of AgGa0.75Tl0.25S2, AgGa0.5Tl0.5S2, and AgGa0.25Tl0.75S2 are
quite similar to the established absorbent materials such as Cu2ZnSnS4
[49], GaAs [50], CdTe [51], and CH3NH3PbI3 [52], which proving their
promising candidates for photovoltaic (PV) applications.

The calculated density of states (DOS) of AgGa1-xTlxS2 alloys through
the WC-GGAþ TB-mBJ approximation for (x¼ 0) and including the SOC
for (x¼ 0.25, 0.5, 0.75, and 1) are displayed in Fig. 3. From Fig. 3 one can
remark that the valence band of AgGaS2 is divided into two sub-bands.
The first one is starting from the top (zero energy) to �5 eV labeled as
VB1 and the second one from �5 eV to �8 eV labeled as VB2. The VB1 is
mostly originated from the cation Ag ‘4d0 states hybridized with S ‘3p0

states suggesting covalent character for Ag–S bond. While in VB2 the
bands are derived from a combination of Ga ‘4s’ states and anion S ‘3p’

Table 4
The calculated band gap values and the effective mass of electron and hole, m*

e ,m
*
h, elastic constant Cii (Kbar), deformation potential constants ECBM (eV) and EVBM (eV),

and carrier mobility μ ( � 103 cm2 V�1 s�1) of AgGa1-xTlxS2 alloys.

AgGa1-xTlxS2 Eg m*
e/ m0 m*

h/ m0 Cii ECBM EVBM μe μh

x ¼ 0 This work 2.59 0.196 0.388 322.8 �3.5 �6.09 0.946 0.119
Exp. 2.63 [23], 2.7 [21,24]

2.48 [22], 2.75 [22]
0.230 0.72 – – – – –

Other calc. 2.4 [47] 0.137 0.383 – – – – –

x ¼ 0.25 This work 1.91 0.115 0.331 681.59 �3.98 �5.88 2.06 0.181
x ¼ 0.5 This work 1.61 0.110 0.296 721.3 �4.11 �5.72 2.45 0.264
x ¼ 0.75 This work 1.28 0.107 0.283 831.3 �4.29 �5.57 2.93 0.379
x ¼ 1 This work Other calc. 0.61

1.1 [43,53]
0.151 0.328 364.49 �4.48 �5.09 1.48 0.127

Fig. 3. Total and partial density of states (DOS) of AgGa1-xTlxS2 alloys.

R. Mouacher et al. Journal of Solid State Chemistry 309 (2022) 122996

4



states. Whereas, the conduction band of AgGaS2 mainly comes from Ga
‘4s, 4p’ states hybridized with the anion S ‘3p’ states, the bottom of the
conduction band has a dominant contribution from Ga ‘4s’ states. How-
ever, when Gallium is replaced by thallium, the valence band structure of
AgGa1-xTlxS2 (x ¼ 0.25, 0.5, 0.75, and 1) alloys remains unchanged
except near the Fermi level where a small contribution of Tl ‘d’ state is
observed. However, with increasing Tl content the S03p0-Ag’4d0 hybrid-
ization state is pushed up towards higher energy to become between
�3.8 eV and EF level in the case of AgTlS2 compound. Inversely the
substitution of Tl atoms into Ga sites highly affects the conduction band.
This Tl substitution leads to the formation of new states in the CB min-
imum, which mainly comes from the Tl '6s0 states. These Tl ‘6s0 states are
hybridized with Ga ‘4s0 states for AgGa1-xTlxS2 (x ¼ 0.25, 0.5, and 0.75)
alloys and lowered the CBM and thus the band gap value is diminished. In
contrast, for AgTlS2 the CB minimum is derived from a combination of Tl
‘6s’ states and anion S ‘3p’ states. It is previously reported that the anion
displacement affected the band gap value of the AgGaX2 chalcopyrite
[46]. Hence the band gap reduction can be explained by the increase of
the atomic size from Ga to Tl and the decrease in the internal parameter u
(see Table 1) as the Tl concentration increase.

3.3. Carrier effective mass and mobility

Using the calculated band structure we have calculated the effective
mass of holes (mh*) from the maximum VB and the electrons effective
mass (me*) from the minimum CB for AgGa1-xTlxS2 alloys using the
following Equation:

m* ¼ℏ2

�
∂2E
∂2k

��1

(2)

The results are summarized in Table 3. It is remarked that the electron
effective mass is lower than the hole effective mass for pure AgGaS2,
which agrees reasonably with the previous finding [54,55]. Besides, as
this mass is linked to the band gap and this later is tuning after Tl sub-
stitution, it is also expected that this mass will be affected. Therefore, we
have also calculated both hole and electron effective mass of
AgGa1-xTlxS2 alloys (Table 4). One can see that both hole and electron
effective masses decrease when Ga is substituted by the Tl atom.

Relying on the deformation potential theory [56], the carrier mobility
for this compound is determined using the following relation:

μ¼ ð8πÞ1=2ћ4eCii

3ðm*Þ5=2ðkBTÞ3=2E2
α

(3)

where ћ, Cii, e,m*, kB, T, Eα are respectively, the reduced Planck constant,
elastic modulus, the element charge, effective mass (of a hole (mh*) or
electron (me*)), Boltzmann constant, temperature, and deformation po-
tential constant of the CB minimum for electron or VB maximum for the
hole [57]. The calculated electron and hole carrier mobility are listed in
Table 4. We noticed that the electron carrier mobility of the pure AgGaS2
is much larger than hole carrier mobility. After Ga substitution by Tl,
both hole and electron carrier mobility increases with the increase of Tl
concentration, where the increase is about 70% for electron and 66% for
hole after 75% Tl substitution. This carrier mobility augmentation is
principally owing to increased elastic constant and reduced carrier
effective masses after doping. Besides, when Ga is replaced by Tl the
carrier mobility is slightly reduced compared to the other concentration
especially in the case of hole carrier mobility. It is noteworthy to say that
the high mobility value is one of the most wanted properties for a su-
perior photovoltaic response since it will help to separate efficiently the
photo-generated carriers without giving way to recombination.

3.4. Band alignment

In the designing of a solar cell it is very important to consider the band
edge position between the p-type absorber materials and the n-type
window layer (p-n junction), because the electron charge carrier trans-
port can be affected by the band misalignments from incompatible cell
architecture design. Here we discuss the band alignments of AgGa1-
xTlxS2/CdS heterojunction taking the CdS compounds as n-type window
layer (Fig. 4). The positions of the conduction and valence bands (ECBM
and EVBM) with respect to the vacuum level of AgGa1-xTlxS2 alloys are
calculated using the method described in Ref. [58], however, those of
CdS compound are taken from the literature [59].

From Fig. 4 it is observed that the AgGaS2/CdS heterojunction forms a
type-II band alignment, with the conduction band edge of AgGaS2 posi-
tioning 0.78 higher than that of CdS compound. This conduction band
offset (CBO) could be one of the reasons which reduce their PCE.
Recently, using AgGaS2 as p-type absorber materials and CdS as n-type
window layer the AgGaS2/CdS solar cell shows an open circuit voltage
VOC ¼ 0.60 V, short circuit courant JSC ¼ 7.5 mA cm�2, and a PCE of
about 5.85% [27]. On the other hand, the valence band offset (VBO) is
about 0.61 eV. When Tl is substituted into Ga site of AgGaS2 the CBO is
decreased to be 0.3 eV, and 0.17 eV, for AgGa0.75Tl0.25S2, and
AgGa0.5Tl0.5S2, respectively Fig. 4. Conversely, for x ¼ 0.75 and 1, the
AgGa1-xTlxS2/CdS heterojunction forms a type-I band alignment, with
the conduction band edge of AgGa0.25Tl0.75S2 and AgTlS2 positioning
0.01 and 0.2 lower than that of CdS compound, respectively. This
decrease in CBO is resulting from the downshift of the conduction band
edge which also leads to a reduction of the band gap value and then to the
VBO enlargement. Consequently, one can conclude that the band gap and
the band alignment of the AgGa1-xTlxS2/CdS heterojunction can be tuned
by controlling Tl content.

3.5. Optical properties

The optical properties such as complex dielectric function, refractive
index, reflectivity, and absorption coefficient play a crucial role in
designing good PV materials. In the current study, the optical properties
of AgGa1-xTlxS2 alloys were estimated using WC-GGA þ TB-mBJ
approximation for (x ¼ 0) and including the SOC for (x ¼ 0.25, 0.5, 0.75,
and 1) for incident radiation along the main crystallographic direction
“xx” and “zz”. Fig. 5 illustrate the real ε2 (ɷ) and imaginary ε1 (ɷ) part of
complex dielectric function for AgGa1-xTlxS2 materials.

We remarked that both imaginary ε1 (ɷ) and real ε2 (ɷ) spectra

Fig. 4. Vacuum-aligned band diagram for AgGa1-xTlxS2 alloys compared with n-
type window layer material CdS.
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display strong anisotropy for all alloys. As shown in Fig. 5, the ε1 (ɷ)
spectra of pure AgGaS2 reveal the main peak around 3.6 eV which is
shifted towards lower energy in the other four alloys due to the Tl atom
substitution. Besides, the average static dielectric value εaverage1 (0) is
increased from 5.14 for AgGaS2 pure to 9.34 for AgGa0.25Tl0.75S2 alloy,
and 14.62 for AgTlS2 which is consistent with the decrease of the band
gap value (Table 3). On the other hand, as can be seen from Fig. 5, doping
AgGaS2 by 25% Tl leads to appearing of new peaks in the visible region.

These new peaks are resulting from the photon absorption provoked by
the direct interband transition from the occupied VB to the Tl ‘s’ states in
the MCB. Interestingly, these novel peaks are red-shifted along with the
increased Tl concentrations from 3.42 eV for AgGa0.75Tl0.25S2 to 2.12 eV
for AgTlS2 compound.

Furthermore, using the real and imaginary part of the complex
dielectric function, we have estimated the refractive index n (ω),
extinction coefficient k (ω), reflectivity coefficient R (ω) and the

Fig. 5. The imaginary ε1 (ɷ) (left panel) and real ε2 (ɷ) (right panel) part spectra of complex dielectric function for AgGa1-xTlxS2 materials.

Fig. 6. The calculated refractive index n (ω), extinction coefficient k (ω), and reflectivity coefficient R (ω) of AgGa1-xTlxS2 alloys along xx and zz-direction (left panel),
average (right panel).
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absorption coefficient α (ω) of AgGa1-xTlxS2 alloys shown in Fig. 6. As
follows from Fig. 6, the average reflection R average at E ¼ 0 eV are around
15.5%, 23.8%, 24.2%, 25.6%, and 34.2% for 0, 25%, 50%, 75% and
100% of Tl concentration, respectively. The R (ω) spectra show a
maximum in the ultraviolet (UV) region which is enhanced with the
increased Tl concentration. The dependence of the real and imaginary
parts (n (ω), k (ω)) of the complex refractive index ~n (ω) ¼ n (ω) þ i k (ω)
along xx, and zz direction are given in Fig. 6. The average value of the
static refractive index n(0) of pure AgGaS2 is 2.25 which is in reasonable
agreement with the measured one (2.405) [60]. This value is augmented
to be 2.9, 2.94, 3.05, and 3.82 for AgGa0.75Tl0.25S2, AgGa0.5Tl0.5S2,
AgGa0.25Tl0.75S2, and AgTlS2, respectively. Apparently, the n (ω)

spectrum records a maximum value in the visible light region for 25%,
50%, 75% and 100% of Tl concentration whereas this maximum is
observed in the UV region for pure AgGaS2. Besides, the value of
extinction coefficient k (ω) is zero up to 2.6 eV for AgGaS2 which means it
will not attenuate most of the incident visible light. However, a new peak
comes in to view when the Ga atom is replaced by the 75% Tl atom
improving the optical response of AgGaS2 Fig. 6.

Consider Fig. 7 (top panel), which plots the absorption coefficient α
(ω) against the photon energy of AgGa1-xTlxS2 alloys; it is obviously
observed that the Tl substitution strongly enhances the absorption co-
efficient in the visible region. The α (ω) value is about 0.4� 105 cm�1 for
AgGaS2 and is augmented to be 4.8 � 105 cm�1 for AgGa0.25Tl0.75S2.

Fig. 7. The calculated absorption coefficient α (ω) of AgGa1-xTlxS2 alloys (top panel) compared with other materials (bottom panel) such as CdTe [61], GaAs [62],
CIGS [63], CZTS [64], CH3NH3PbI3 [65].
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Suggesting that this alloy would display high absorption of sunlight in
the visible region, and behave as ideal solar absorber. In addition, the
square of absorption versus photon energy is plotted (i.e., (αhν)2 versus
hν) for AgGa1-xTlxS2 alloys in Fig. 8. Using a linear fitting a direct optical
band gap is estimated to be 2.66 eV, 1.98 eV, 1.68 eV, 1.37 eV, and 0.74
eV for AgGaS2, AgGa0.75Tl0.25S2, AgGa0.5Tl0.5S2, AgGa0.25Tl0.75S2, and
AgTlS2, respectively. Evaluating the obtained results of α for AgGa1-
xTlxS2 alloys with other experimental results for established absorber
materials such as GICS, CZTS, GaAs, CdTe, and CH3NH3PbI3 Fig. 7
(bottom panel), we observed that the absorption coefficient of
AgGa0.5Tl0.5S2 is comparable to that of CdTe and CZTS, whereas the
AgGa0.25Tl0.57S2 shows a good absorption coefficient as GaAs and CIGS
compound. Consequently, AgGa1-xTlxS2 alloys could be considered as
potential materials for photovoltaic and solar cells utilization.

4. Conclusion

In the present study, the impact of the thallium substitution effect on
tuning the band gap energy and optical properties of AgGaS2 chalcopyrite
was investigated. The current DFT calculation reveals that when the
gallium is replaced by the thallium, the minimum of the CB is shifted
towards the Fermi level, resulting reduction of band gap from 2.59 eV for
AgGaS2 pure to 1.91 eV, 1.61 eV, and 1.28 eV for AgGa0.75Tl0.25S2,
AgGa0.5Tl0.5S2, and AgGa0.25Tl0.75S2, respectively. Besides, it is observed
that both hole and electron effective masse decrease with the increase of
Tl concentration, and thus both hole and electron carrier mobility is
increased. Analysis of the band alignments of AgGa1-xTlxS2/CdS hetero-
junction reveals that when Tl is incorporated into AgGaS2, the conduc-
tion band offset is decreased, and thus the open-circuit voltage can be
improved. From the optical properties calculations, it is established that
Tl substitution enhances the optical properties of AgGaS2 by reducing the
transparent region and improving the refractive index and the absorption
in the visible light region. Consequently, the semiconducting nature with
the appropriate direct band gap values and strong absorption (α > 105

cm�1) of the new AgGaxTl1-xS2 alloys in the visible light region make
them promising candidates for optoelectronic and photovoltaic applica-
tions, especially in solar cells.
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