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Abstract

Due to their useful physical properties, copper-based chalcogenides materials are recently
promising for numerous emerging technological fields. In photovoltaics, discovering and
designing suitable materials for solar cells is a primary technical challenge. The structural,
electrical, optical, and thermoelectric properties for both CuYSez and CuYTe; in the hexagonal
phase, as well as CuYS; in the orthorhombic phase have been investigated using a numerical
Full Potential-Linearized Augmented Plane Wave (FP-LAPW) technique based on Density
Functional Theory (DFT).

To compute the structural properties, both, the local density approximation (LDA) and the
generalized gradient approximation (PBE-GGA) were used as exchange-correlation potentials.
On the other hand, the modified Becke-Johnson (mBJ) was used to compute the optoelectronic,
properties with higher degree of precision. Our calculations revealed that these three
compounds have indirect band gaps in the range of 0.6eV to 2.1eV. Moreover, numerous
thermoelectric qualities of the investigated compounds estimated as a function of electric
potential energy at different temperatures using the semi-local Boltzmann transport theory,
whereby the findings exhibit a higher Seebeck coefficient for CuYS, compared to CuYZx(Z =
Seand Te) up to 2.7mV/K for CuY Sz at 300K, with acceptable values of thermal and electronic
conductivity. The quasi-harmonic model is used to examine thermodynamic properties such as
heat capacity at constant pressure and volume, entropy, Debye temperature, and thermal
expansion coefficient under both pressure and temperature influences. As a result of this study,
CuYSy, CuYSez and CuYTe; are promising materials for optoelectronic devices, especially as
photovoltaic materials in solar cells. we performed the numerical simulation. We optimize the
physical and electrical parameters such as the thicknesses for each layer of the cell in order to
see their influences on the electrical characteristic of the ZnO/CdS/CuSh(S/Se) structures. The
efficiency of the solar cells have been observed by varying the thickness and doping
concentrations of TCO layers, buffer layers, and absorber layers. Moreover, the obtained
maximum efficiencies are approximately 18.84% and approximately 14.19%, for CuSbhS; and

CuShSe> based solar cell, respectively.

Keywords: TB-mBJ, Seebeck Coefficient, Electrical and Thermal Conductivity Coefficients,
Dielectric function, absorption coefficient, reflectivity, heat capacity, thermal expansion
coefficient, wx-AMPS-1D.



General Introduction

General Introduction

With the new global trend towards renewable energies, scientific research in its
experimental and theoretical forms has begun to accelerate towards exploiting one of the most
important permanent energy resources, which is solar energy, where light energy is converted

into electrical energy such as solar panels and photovoltaic systems [1,2].

The basic idea of the invention of solar panels dates back to the noticed the possibility
of generating electrical energy by exposing certain materials to light rays. After this discovery,
many studies followed, including the discovery of the element selenium, which greatly affected
the progress of this technological aspect and its exploitation in several areas such as computers
and satellites. The efficiency of these photovoltaic technologies depends on many factors,

perhaps the most important of which is the nature of the materials of which they are made.

One of the main barriers to photovoltaics being implemented as a major energy
generation technology is its relatively high cost. Thin film inorganic photovoltaics is a proven
technology that offers significant reductions in cost compared with crystalline silicon which is
the current dominant market PV technology. Of these, copper indium diselenide (CIS) based
photovoltaics and in particular, it’s variant, copper indium gallium diselenide (CulnGaSe> or
CIGS), has yielded the highest laboratory efficiency of all the thin film technologies. Currently
both cadmium telluride (CdTe) and CIGS based photovoltaics are now produced at the
gigawatts peak (GWp) scale and their cost reductions and potential for thin film photovoltaics

is starting to be achieved [3].

During the period of these developments, the threats of climate change and security of
energy supply have become increasingly apparent and require finding alternative sources of
energy ever more urgent. As the photovoltaic market develops, the current CdTe and CIGS
technologies are making a significant contribution and this is expected to continue. However,
the scale of energy supply needs makes it necessary to consider sustainability of any future

energy source [4-6].

The application of crystalline silicon photovoltaics is not considered to be limited by the
active absorber layer material, because silicon is one of the most abundant materials on Earth.
Most studies consider silicon to be limited by the silver used in the contacts. The success of

CIGS technologies, together with the concerns about the dependency on materials with low
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availability and abundance, has stimulated interest in alternative materials in the same family
of inorganic compounds. These include Cu.ZnSn(Se, S)4 Sn—S based materials, together with
Cu-Sb and Cu-Bi based compounds. Of these materials the most promising to date are the
Cu2ZnSn(S, Se)s (CZTS) kesterite materials that have demonstrated laboratory conversion

efficiencies of over 12% [3].

CZTS-based devices utilize materials with significantly lower cost and greater
abundance than those based on CIGS. Copper pipes and electrical cables are found in most
buildings, while zinc is used on as galvanic protection for steel streetlights, fencing and
corrugated iron roofing. Tin is used in tinplate and is produced in volume for cans. Considering
the materials that form CZTS in the context of PV and future TWp markets, however, it
becomes clear that these materials have great potential for a sustainable stable thin film
technology [7]. On the other hand Copper-based chalcogenides materials in chalcopyrite,
chalcostibites, emplectites, kesterite, and stannite structures have recently been considered
promising materials for a variety of emerging technological fields, including optoelectronic and

photovoltaic devices, due to their semiconducting behavior and useful physical properties [8].

Due to the great importance that chalcogenides compounds have acquired, many
theoretical and experimental research groups have undertaken research work on chalcogenides
compounds of different structures, in order to explore their properties and then choose the most
appropriate field for their use. Among the most important theoretical methods that have been
widely used in the study of chalcogenides compounds are those that combine quantum theories
and computational simulation. Moreover, simulation methods allow for updating concepts and
computational relationships as they undergo improvements in an attempt to bring theoretical

results as close as possible to experimental results [9].

Ternary compounds chalcogenides are some of the promising materials, which have
been explored as potential candidates for the third generation of solar cells. They are a
combination of some elements from group I, I1I, IV and VI. Their general formula is AxByX;
with A = (Cu, Ag, Au); B = (Al, Ga, In); X = (S, Se, Te) and x, y and z € N. They crystallize
in different structures and the most common ones are the ABX in tetragonal, orthorhombic,

hexagonal and rhombehodral structures [10].

Motivated by their potential applications in the solar cell industry, the goal of this
research is to conduct a systematic theoretical and computational study of the structural,

optoelectronic, thermodynamic, and thermoelectric properties of ternary compounds based on
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Copper as a potential component of solar-energy harvests using first principles methods such
as FP-LAPW, with a focus on the CuY(S, Se, and Te). families. Then, we will try to invest
these properties for the proposal and the design of the thin film solar cell based on these

chalcogenides and make a comparison with other cells.

This thesis represents research and analysis done over the past four years. It is organized
into three chapters, each with a specific goal. Chapter 1 outlines an introductory for giving
information about chalcogenides, basic methodology used in these material synthesis and
importance of iterative size reduction technique as a new nanotechnology tool for the
fabrication of nano and microstructures. Chapter 2 contains a theoretical study in general for
any crystalline system based on the laws and foundations of quantum mechanics, in the study
of regular crystal lattices and abbreviated in the time-independent Schrédinger wave equation,
which describes a system composed of a large number of electrons and nuclei in motion and
interacting with each other, then we highlight the most important approximations that has been
adopted to simplify the solution of the Schrodinger equation as the Born-Oppenheimer
approximation, the Hartry approximation, the Harty-Fock approximation and the theory of the
density function, In addition, we present the two most important approximations for estimating
the exchange-bonding interaction between electrons, and then we explain the linearly increasing
full potential plane wave method FP-LAPW and finally and the description of the different
software used for the properties studied. Chapter 3 goes into more details calculation of the
structural properties by LDA and GGA approximations and determined some structural
properties of CuYS;, CuYSe; and CuYTez compounds as cell constants, compressibility
modulus and cohesive energy. The Density Functional Theory (DFT) will be used as the main
tools of the study. In the first stage, we will perform a structural phase stability of different
potential phases of CuYZ,. We studied the electronic behavior of the three compounds, where
we determined the value of the energy gap for each of them, as well as the electronic orbitals
contributing to each energy band by studying the density of state curves, in addition to
determining the type of bonds between atoms based on the charge density distribution curves
in the interfacial region. As for the optical properties, we studied both the absorption coefficient
and the reflection coefficient, the coefficients of inertia and refraction and the energy loss
coefficient for each compound, while comparing all the results obtained with what has been
obtained in other scientific research. From the thermodynamically and thermoelectrically
studies, the most stable phases of the three compounds will be identified, after that we proceed

to the proposal and the design of thin film solar cell based on the studied chalcogenides and
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make a comparison with other cells. Finally, we summarize the results of our work and give the

direction for future works.
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Theoretical background

Summary

We covered in this part the binary chalcogenides MCh (e.g., ZnCh), ternaries (represented by
chalcopyrites, such as CuAlChy, chalcostibites, emplectites, such as Cu(Sb/Bi)(S/Se).,
sulvanites, such as CusTaChs, -BaCuzSz, and related structures), and layered mixed-anion
oxychalcogenides (e.g., Cu3MChs) and we look at photovoltaic and photo-electrochemical
solar cells, transistors, and light-emitting diodes as examples of applications where
chalcogenides are used as an active or passive layer. This component of the study attempts to
stimulate future research on chalcogenides by analyzing, categorizing, and discussing

prospective prospects in this emerging class of semiconductors.
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+ Chalcogenides based materials, chalcostibites and emplectites

1. Introduction

Intensive research on photovoltaic cells in the second half of the twentieth century
resulted in technology up-scaling and continuous improvement of solar cell performance.
Initially used primarily in spatial applications, solar cells and solar panels gradually expanded
into other types of applications. Various solar programs funded by public subsidies in Europe,
Japan, and the United States during the 1990s and 2000s associated with industrial
development led to the widespread adoption of PV and the construction of numerous power
plants based on solar panels around the world. The achievement of leveled electricity costs
equivalent to or lower than conventional power plants in several recent PV projects represents

an important step toward much greater penetration of solar energy in today's energy landscape
[1].

Chalcogenide based compounds are a unique class of materials with many practical
applications, especially in relation to their optical properties. However, the fundamental
understanding of their electronic structure and physical properties is rather scattered and

incomplete [2].

The figure (1.1), show a chalcogenide group VI (Ch) that have been studied and divide
into many parts: (1) binary 11-VI MCh semiconductors (e.g., ZnS, CdS) [3-5] and other binary
MxChy semiconductors (e.g., SnSz, In2S3); (2) ternary chalcopyrite I-111-Chz semiconductors
(mostly Cu based), represented by CuAlS;, and other ternaries (e.g., a-BaCu»S, and
CusMChy) [6,8]; (3) Multinary layered mixed-anion compounds like LaCuOCh, BaCuSF, and
CuSCN [9,10]; and (4) 2D chalcogenides like MoS2, which include binary and ternary

materials.

This figure (1.1) shows a network diagram schematic of various material classes, with
chalcogenides highlighted in red. Various facets of this large topic of semiconductors are
addressed in numerous review papers and book chapters. Others focus on applications such as
transparent electronics, TFTs [10], and photovoltaic, while others look at oxide TCOs in
terms of intrinsic material properties [11,12], Others include graphene, nitrides [13], halides
[14], and carbides [15], among others [16]. A few publications cover chalcogenide
semiconductors briefly, although they only look at oxides or a small group of chalcogenides
[17]. As a result, we will concentrate on the chalcogenides in this section, referring to
chalcogen anions as Ch (with Ch = S, Se, Te) and excluding O [18].

7
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Figure.l.1. Schematic network diagram depicts various material classes of semiconductors.
Anion group is used to order the classes [6].

2. Chalcogenides based materials

Chalcogenide is derived from the Greek words "chalcos™ which means ore and "gen"
which means formation, hence the term chalcogenide is sometimes used to mean or former.
Chalcogens are the elements in Group VI of the periodic table. This group includes the
elements oxygen, sulfur, selenium, tellurium, and polonium. Despite the fact that oxygen is
not a chalcogenide and Po is a radioactive element, it is included in the chalcogenide group.
These were first established in the 1950s by N.A.Goryunova and B.T.Kolomits for arsenic
sulphide glasses that are optically clear over a broad IR range. Despite the fact that oxide
materials are the earliest known glass-forming mechanism, chalcogenide compounds have
historically been treated independently. Oxide glasses differ from chalcogenides in that they
have a wide band gap, which contributes to significantly distinct optical and electrical

properties [19].




CHAPTER | Theoretical background

M VI (e
Li | Be BlC|N|O|F |Ne
Na Mg le llg|aisi|r|s|alar
K | Ca Sc|Ti |V |Cr|Mn| Fe | Co id Cu | Zn | Ga | Ge Se | Br | Kr
Rl | 5r Y | Zr |Nb|Mo| Tc | Ru PdjAg|Cd|In |SnfsSk|Te | | |Xe
Cs | Ba Lu | HF | Ta | W | Re Ir | Pt | Au|Hg| TI Ei | Po | At |Rn
A
-4 Cu Zn Ag Cd 0O S Se Te
\ J
3 v
= 4s S8 chalcogens
:! — R ——
3 ° 4s 5s
@ 3d  — —
= e 5p
= a3
=, -12 ] Ad
o
@ —
@ 2p
= 3d
0 -16 —
5 ad i
L
5 4
2 3s s
< 5 | o
Common Ig & llg Group VI

transition metals

Figure.l.2. Atomic orbital (AO) energies of group VI elements (including chalcogens S, Se,
and Te) and typical transition metal elements present as cations in compounds [19].

Some binary chalcogenides, ternary chalcogenides, and oxy-chalcogenides that have been
predicted by computational researches are also highlighted. Many of these materials haven't
been well investigated for optoelectronic applications; therefore they open up new avenues for

further experimentation.

Table.l.1. The classification of amorphous chalcogenide systems [20].

N° Category Examples

01 Pure chalcogenide S,Se, Te

02 Pnictogen-chalcogen (V-VI) AszS3, PoSe, Se-Te-Sh, Se-Te-Bi

03 Tetragen-chalcogen (VI-VI) SiSe, GeSy, (111-V1) B2Ss, InkSe1x, Se-Te-In
04 Metal-chalcogenide MoSs, WSz, Ag2S-GeS»

05 Halogen-chalcogenide As-Se-In, Ge-S-Br, Te-Cl
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2.1 Binary I1-Ch Chalcogenides

The simplest family chalcogenide semiconductors are binary, bivalent metal
chalcogenides M?'Ch? (Ch = S, Se, Te). The most frequent binaries for electronic
applications are the II-VI chalcogenide materials (notated 11-Ch above), which typically
comprise metal cations from groups Il and llg (Zn, Mg, Mn, or Cd, among others). As seen in
figure (1.3), 11-Ch binaries generally crystallize as wurtzite (WZ), zincblende (ZB, also spelled
"zinc blende,” that is, sphalerite), rocksalt (RS, i.e., halite), or nickeline (NC, i.e., nickel
arsenide). The WZ, ZB, RS, and NC structures crystallize in the P6smc, F43m, Fm3m, and

P63/mmc space groups, respectively [21].
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Figure.l.3. (a) The four most common structural forms of binary, bivalent 1I-Ch metal
chalcogenides based on Zn, Mg, Mn, and Cd. (b) Band structures of typical binaries with
these crystal structures, derived using a GGA functional and a scissor operation to adjust for
experimental band gap from the Materials Project database. (c) As described in this section,
experimental band gaps of the most stable structure of each material in this class (see Table
1.2) [22].

We have listed in table (I.2), some physical parameters of the above-mentioned
experimentally investigated binaries, as well as other binary chalcogenide semiconductors that
demand future dopability research. As mentioned in the references above in the
Semiconductors: Data Handbook, we list their structure type, gap, doping information, and

electrical properties [23].
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Table.l.2. Experimentally Investigated Binary Chalcogenides and Their Reported
Optoelectronic Properties.

Compound Structure type Bandgap Carrier Dopant Conductivity Ref
(eV) type (Scm?)

ZnS ZB 3.7-3.8 N Alz, 103 24

Fs 2x107 2%

ZnS Wz 3.9 P Cuzn 10 %

ZnSe ZB 2.7 n Gazn 20 27

Clse 333 28

p Nse 0.02 2

ZnTe ZB 2.3 P Nte Cuzn 25 30

Sbzn 0.33 sl

30 32

MgS ZB 45 3

MgS wz 4.87 3

MgSe ZB 3.6-4.05 8

MgTe ZB 35 34

Wz 3.0 34

MnS Wz 3.88 P VMh 10° %

ZB 3.8 36

RS 2.8-3.2 37

MnSe RS 2.5 ®

ZB 3.4 39

W2z 3.5-3.8 40

MnTe NC 1.3 P 5-6 2

ZB 3.2 4

Wz 2.7 %

Cds WwZ 2.5 n Incq 50 42

p CUCd 2 43

ZB 2.3-2.4 a4

RS 1.5-1.7 45

BeS ZB 55 6

BeSe ZB 4.0-5.6 47

BeTe ZB 2.7-2.8 P Nre 86 48

SnS; Layered P3m1 2.1-2.2 n Vs 1-107 49

2.9 p S-doped 107 50

In2Ss Defect Spinel 141/amd ~ 1.80-2.75 N Intrinsic 2x10* 51

Snin 30 52

TaS: Layred P6s/mmc 2.3 N 100 8

HfSs Monoclinic P2;/m 3.1 P 0.01 33

y-Gd2S3 Orthorombic pnma 34 N 0.004 33

2.2 Chalcogenides-based ternary compounds I-III-Ch;

Ternary chalcogenide semiconductors of the I-111-VI; type have received considerable
attention over the last decades due to their physical, photoconductivity characteristics, and
other beneficial intrinsic properties, which make them suitable candidates for photovoltaic
cells [53]. Among different materials, CulnSez, CulnS2 and Cu>SnSz are effective light-

absorbing materials, which can be used in thin-film solar cells or in printable and flexible

11
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photovoltaic devices. These materials possess advantageous properties for solar applications,
since their band gap energy is at the red edge of the visible solar spectrum (bulk CulnSe; and
CulnS. have band gap energies of 1.05 and 1.5eV, respectively) [54]. Moreover, also

chalcopyrite, CuFeS; represents earth-abundant thermoelectric material [55].
Below we will categorize some of the common sections of ternary chalcogenides.

2.2.1 Chalcopyrites

Now we'll take a look at ternary chalcogenide semiconductors. The group IB
transition metal cation is Cul* or Ag**, the group 111 metal cation is AI¥*, Ga3*, or In®", and the
chalcogenide anion Ch; is Sy, Sez, or Te in the IB*-I1113*-Ch; ternary chalcopyrite category
(simplified as I-111-Chz hereunder). For more than 50 years, wide-gap chalcopyrites have been
studied in depth for their fascinating characteristics and uses [56-59]. Their structure is
common for P and as anions, as well as Chalcogens, and their name comes from the
chalcopyrite mineral CuFeS,. Figure 1.4.a depicts the crystal structure of CuAlS,, a typical
compound with a tetragonal 142d space group and tetrahedral anions and cations.

With a unit cell twice as large and metal species | and 11 alternating between
sites, the chalcopyrite structure is an isoelectronic ternary analog of the (I1-1V) zincblende
structure previously identified. It differs from zinc-blends because to its cation ordering and
tetragonal distortion caused by (I-Ch) and link lengths, which may be measured using an

anion displacement parameter [60].

(a) (b)
4.0 ®- CuAiCh, —®- AgAICh,
3.51 e —® CuGaCh, - AgGaCh,
S 30 u _1___'_':_:-_::_;thulnChg — AginCh,
=
@ 1.5
1.0
0.5- T T T T
) Se Te
Chanion

Figure.l.4. (a) lllustration of the chalcopyrite structure, represented by CuAlS, and (b)
experimentally measured band gaps of I-11I-Ch2 semiconductors using the DFT+U+GoWo
density of states from Zhang et al [61].
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The I-111-Ch system has 18 potential chemistries when all of the ion combinations are
included. The experimentally determined optical band gap of these materials as a function of
chalcogenide anion is shown in Figure 1.4-b (representative reports listed in Table 1.3). The
electronegativity of the Ch anion, the electronegativity difference between the two cations,
and the atomic number are all positively associated with the band gap magnitude (e.g.,
decreases along Al, Ga, In). The degree of intrinsic localization and covalent bonding
tendencies of the Cu 3d (and Ag 4d) states are similarly influenced by the various cations
combinations; for example, shorter CuS bonds lead to greater pd VB hybridization and
decreased hole effective masses [61].

CUAIS,, CuAlSe,, CuAlTey, CuGaS,, AgAIS,, AgAlSe,, AgAITe,, and AgGas; are
the eight stable semiconductors in this system with documented experimental band gaps
exceeding 2eV [61].

2.2.2 I-III-Ch2 Alloys

To stabilize polymorphs and adjust the band gap, conductivity, and band edges
toward a specific application, I-111-Ch, semiconductors can produce diverse multinary alloys.
Figure (1.5) depicts the band gap vs lattice constants for all of the I-111-Ch, chalcopyrite
structures discussed above, as well as a few more with gaps less than 2eV, to help visualize
this alloy space. The effects of band gap bowing in chalcopyrites are not displayed, but many
of these band gap dependencies have been demonstrated to be close to linear computationally
and empirically, with bowing values typically smaller than 0.5 eV. (See below) [62,63].
Also, despite nonisostructural and multicomponent alloying are commonly used in this region,
such as zincblende (Be, Mg, Zn)Se used for UV lasers [64] and quinternary alloys CuAlxGaz.-
x(S1-ySey) [65], alloy band gaps are only drawn here between isostructural systems with one
substitution. We go over three ways for alloying I, 11l, or Ch ions briefly, as well as some

example chalcopyrite alloys.

13
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Figure.l.5. Band gap vs. lattice constant for zincblende 11-VI chalcogenides, rocksalt 11-VI
chalcogenides, and ternary I-111-VI> chalcopyrite chalcogenides at room temperature [66].

e (Cu, Ag)-111-Chz: CuxAgixIl1-Chz can be made by alloying Cu-111-Ch;
with Ag-111-Ch,. CuxAg1xAlS2 polycrystalline thin films made by chemical spray pyrolysis at
360 °C, for example, have been described, however they have a tendency to oxidize due to
residual oxidant in the precursor. Although the bending parameter was not provided, it was
discovered that the optical band gap changed nonlinearly with respect to x [67]. With a large
bending parameter of 0.8 eV, the structural and optical characteristics of bulk CuxAg:-xGaS>
materials were examined [68].

e |-(Ga, Al)-Ch2: CuGa1-xAlxS2 alloys were shown to satisfy Vegard's rule
experimentally, with a near-linear gap versus lattice constant relationship and a bowing
parameter of 0.34 eV [69,70]. CuGaixAlxSe2 has had its absorption studied more thoroughly,
with a reported bowing parameter of 0.28 eV [71,72]. Cocy doping, in particular, has been
investigated as a way to change absorption. This blend of qualities has also been deposited as
a layered hetero-structure, which is another method of achieving a mix of traits [73,74].

e I-III-(S, Se and Te)2: CuAl(S1-xSex)2 single crystals have a reported
bending value of 0.34 eV, while CuGa-(S1-xSex)2 has a bowing parameter of almost zero [72].

As solar absorbers, both systems have been investigated. CuAl-(Si1xSex)2 transport
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characteristics have been estimated for thermoelectric applications, yielding p-type

conductivity and a low theoretical power factor [75].

2.2.3 Chalcostibites and emplectites compounds

Cu(In,Ga)Se> (CIGS) has been touted as one of the most promising thin-film
solar cell materials. ZSW in Germany has claimed a 22.6% efficient CIGS thin-film solar cell
[76]. However, the availability of the rare elements indium and gallium may limit their mass
manufacture in the future [77]. As indium-free photovoltaic materials, Cu2ZnSn(S,Se)s
(CZTS) has gotten a lot of attention. IBM researchers developed a CZTS solar cell that has a
12.6% efficiency [78].

CuShbSz, a novel type of In-free Cu chalcogenide, has also been investigated.
Ikeda et al. created a CuShS; solar cell with a 3.13% efficiency [79]. CuSbS; films were
created by sulfurizing a Cu and Sb electrodeposited stacked metallic precursor film on a Mo-
coated glass substrate. CuShSe solar cells with efficiency more than 3% were reported by
NREL. They used a self-regulated sputtering technique to make CuSbSe, films [80]. The
thermoelectric materials CuSbSe> and CuMoo2Sho.9sSe; [M=Ti,Pb] have also been
investigated [81]. CuSbS; and CuShSe; crystal structures were found to have orthorhombic
chalcostibite-type structures with a Pnma space group (N° 62). We recently used first-
principles calculations to determine the electronic structure of chalcostibite-type CuSbS, and
CuSbSe> [82]. The valence band maxima of CuShS, and CuSbSe> were placed at the I'-point
in their band structure computed with the HSEO6 hybrid functional, whereas the conduction
band minima were located at the R-point. The I'-point, whose energy level was roughly

identical to the R-point, was their second-lowest conduction band.

The solid solutions CuSbS,, CuShSe,, and CuSh(S,Se). have a chalcostibite
structure with an orthorhombic space group system (Pnma). The diffuse reflectance spectra of
ultraviolet/visible/near-infrared spectroscopy were used to calculate the indirect and direct

band gap energies of CuSbh(S, Se)2 solid solutions [83].

The indirect and direct band gap energies of CuSh(S, Se). (0.0x1.0) samples
estimated by diffuse reflectance spectra are shown in Figure 1.6. CuShS; has indirect and
direct band gap energies of 1.40 and 1.45 eV, respectively. The energy of the direct band gap
is 1.45eV, which is slightly higher than the energy of the indirect band gap, which is 1.40 eV.
CuSbSe> has indirect and direct band gap energies of 1.04 and 1.08 eV, respectively. The
difference in band gaps between indirect and direct is negligible. The CuSh(S, Se). solid
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solution’s indirect band gap decreases linearly from 1.40 eV of CuSbS> (x=0.0) to 1.04 eV of
CuSbSe> (x=1.0). The direct band gap of the CuSh(S, Se). solid solution decreases linearly
from 1.45 eV for CuShS> (x=0.0) to 1.08 eV for CuShSe (x=1.0) [83].

Because of their high absorption coefficient, non-toxic nature, low cost
(abundant elements), and environmental friendliness, CuSbS, and CuShSe, are currently

being discussed as promising materials for solar cell applications [84, 85].
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Figure.l.6. Diffuse reflectance spectra were used to estimate the indirect (a) and direct (b)

band gap energies of the CuSbh(S1-xSex)2 system [86].

Cu(Sbh/Bi)S; containing heavy group-V elements Sb or Bi, i.e., CuShS; (CSS)
or CuBiS: (CBS) as ternary compound [87-94], can be used as a base compound for alloying
to adjust the electronic band edges, such as CuSb(Se1-xTex)2 alloy (CSST) and CuBi(S1-xSex)2
alloy (CBSS) [95]. Cus(Sh/Bi)S3 (Sb/Bi)S3 (Sb/Bi)Ss (Sb/Bi)Ss (Sh/Bi)Sz (Sh/Bi)S3 (Sb/Bi)S3
(Sb/Bi)Ss (Both the VBM and the conduction band minimum (CBM) can be tuned for the
overall band profile of the solar cell device, which includes the buffer layers, window layer,
and electrodes, using the right cation and anion alloying combinations. One can, at the same
time, to certain extend also minimize the lattice mismatching between the absorber and buffer

layers. (This can also be done by choice of proper buffer layer material) [96-100].
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2.2.4 Other Ternary Chalcogenides
e CusMChgs Sulvanite-like Materials

CusMChy is a group of copper-based chalcogenide semiconductors, where M
stands for group VB transition metal V, Nb, Ta, and Ch stands for S, Se, Te. They have the
same cubic sulvanite structure (space group P43m), resulting in isotropic optical and electrical
characteristics. The structure of the example compound CusTaSs is shown in Figure I.7.a. M
cations are centered in the unit cell's corner, whereas Cu cations are edge centered. Ch anions

tetrahedrally coordinate all M and Cu cations [101].

This isotropic cubic structure eliminates the requirement for special crystal
substrates for epitaxial development of anisotropic Cu-based large band gap p-type
semiconductors, which also necessitate high growth temperatures and are difficult to achieve
ohmic contact with. For this system, Kehoe et al. estimated indirect fundamental band gaps
that drop down the Ch group and increase up the Mgroup. Figure 1.7.c shows the band
structure of CusTaSs4, which corresponds to an average electron effective mass of 1.36 and a
hole effective mass of 1.01, implying significant hole mobilities [102].
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E - E(eV)
o ~ -
5
\ }
ML AN
‘ )\
&
\
1
{
E - E/ (eV)

i
i
Il
\V |
s
I I/ |
‘y\mrl‘bl.i. -
1N

[ I —= Py = .| : =l
r X M r R XM X S YT Z UR TZINMX|SR
k k

| |
ol

Figure. 1.7. From the Materials Project database, (a) sulvanite CusTaSs crystal structure, (b)
sulvanite-like CusPS4 crystal structure, and (c, d) their corresponding GGA electronic band
structures, with a scissor operation done to adjust for experimental band gap values [102].
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e ABCh:2 Delafossites

CUAlIO2, which crystallizes in the delafossite structure (R3m space group) and
was chosen based on chemical manipulation of the valence band, was the first predicted p-
type widegap conducting oxide [103]. Other delafossite oxides, such as the highly conductive
(although relatively absorbing) Mg-doped CuCrO, [104] and ambipolar CulnO [105], were
next produced as p-TCOs.

The computationally predicted wide-gap oxide and chalcogenide delafossite
compounds ABChz (Ch = O, S, Se, Te) for p-type dopability have recently been examined,

indicating promise in this class of ternary chalcogenides, if they can be stabilized [106].

For comparison, the crystal structure of KYSz, another promising chemical, is
given in Figure 1.8. For nearly all of these compounds, branch point energy calculations
showed midgap Fermi stabilization energies, which is not definitive of doping type, and so
defect calculations are still needed. Although the goal of this research is to create p-type
transparent conductors, the predicted structures could also be useful in other applications,

such as those that take use of their magnetic properties.

KYS BaZrS"  CsZmSes’  Lax0nSe 2108
R32/m Pnma Tham P3ml P23
delafossite perovskite oxyselenide oxysulfide

Figure.l.8. Chemical compositions and crystal structures of a representative set of
computationally predicted wide-gap p-type dopable chalcogenides, with polyhedra to
emphasize coordination. The symbol "*" denotes a new material that did not exist in the ICSD
or Materials Project databases at the time the prediction research was conducted [105].
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e ABChs Perovskites

Perovskites are a form of ternary material that can be found as both n-type
and p-type transparent conducting oxides, such as n-type CdSnOsz (CTO) [107] and n-type
CdSnO3 (CTO). p-type La:BaSnOs [108], p-type LaCrOsz [109]. and in:SrTiOs (ISTO) [110].

Several compounds with wide band gaps (EG>2 eV) and low hole effective masses (m*< 1)
that could be investigated as p-type transparent conductors were discovered during a
computational study looking for new sulfide perovskite materials as photoelectrochemical
(PEC) absorbers, including BaZrSs, BiGaSs, BiScSs, CaZrSs, and ZrCdSs [111]. These
structures were screened for defect tolerance to verify there were no defect states in the
middle of the gap, however p-type dopability was not confirmed and is still being explored.

e A:B3Chs and Dimensional Reduction

Many binary chalcogenides, except the materials listed in the previous
section, have gaps less than 2 eV. By starting with tiny band gap binary constituents and
growing their gaps, the dimensional reduction is a promising technique for expanding the
space of large band gap ternary compounds [112]. For example, by admixing with Cs,Ch,
small gap binary chalcogenides MCh (Ch = S, Se, Te) can obtain a bigger gap, thus reducing
dimensionality (i.e., introducing layers) and orbital overlap. However, lower dispersion due to
weakened covalent bonding and therefore greater hole effective masses is a trade-off of this

approach, which is the opposite trend as going from I1-Ch to I-111-Ch, material systems.

The ternaries Cs2Zn3Ses and Cs2ZnsTes (see Figure 1.8) were presented as
promising p-type TCs, with HSEO06 gaps of 3.61 and 2.82 eV and hole effective masses of
1.23 and 1.25, respectively, based on this technique. Cs2ZnsSes and CspZnsTes were
discovered to be innately p-type materials when they were not doped. The free hole
concentration, on the other hand, may be limited by the low energy of native donor defects,
such as Zn interstitials Zni [113]. TI2HgsSs and K2HgsSs with gaps of 2.22eV and 2.2-2.6eV,
respectively, were proposed in another dimensional reduction investigation with HgCh [114].
Because the dimensional reduction technique has only been applied to a few classes of binary
chalcogenides that have yet to be investigated experimentally, more research into this strategy
iS needed.
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e A3BChs and Other Ternaries

The wittichenite structure (P21212; space group) of CusShSz has a computed
HSE gap of 2.02 (indirect) and 2.14 (direct), whereas nanowires with an experimental optical
gap of 2.95 eV have been observed [115]. To widen the gap, this material has been doped
with Os. LisShSs, NasShSs, and Ca>Sh>Ss were found to exhibit gaps of 2.96, 3.14, and 2.11
eV, respectively, and low hole effective masses (not stated) in a screening of antimony-based
thermoelectric sulfides [116]. These materials have not yet been synthesized experimentally,
to our knowledge. This shows that information gleaned from thermoelectric material screens

could be used to develop new wide-gap chalcogenides.

Spinels and spinel-like AB>Chs compounds, such as BaGeSes, Ba SiSes,
(both anticipated p-type dopable), SrAl>Ses Al2ZnS4 (unlikely p-type dopable), and Al.CdSs,
as well as BaB;Ses and IrSbS, are among the wide-gap ternary chalcogenides predicted

computationally (see Table 1.3).

Table 1.3 lists the above-mentioned experimentally proven ternary
chalcogenides. We include several other experimentally achieved ternary chalcogenides with

broad band gaps at the end of the table.

2.3 Quaternary and mixed-anion chalcogenides

In the current research and application of quaternary chalcogenide solar materials,
there is a general impasse. On the one hand, CIGS (copper indium gallium selenide) solar
cells have gotten a lot of press because of their high power conversion efficiency and stability.
These materials, on the other hand, provide a possible environmental risk due to Se toxicity
and are economically unfavorable due to the restricted availability and high cost of In and Ga
[140-143]. Individual ingredients in CIGS can be substituted as a solution. Stannite
(Cu2FeSnSy) and kesterite (Cu2ZnSnSy), for example, are intriguing alternatives to traditional
solar materials [142, 144, 145]. They have an optimal band gap, a high absorption coefficient,
and good radiation stability. The elemental components are environmentally friendly (S is
used instead of hazardous Se), inexpensive, and readily available (earthabundant Fe, Zn, and

Sn are used instead of uncommon In and Ga).
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Table.l1.3. Experimentally

Optoelectronic Properties.

Investigated Ternary Chalcogenides and Their

Reported

Compound  Structure Type Bandgap (eV) Carrier Conductivity Refs
type (Scm?)

CuAlS; Chalcopyrite ~3.4-35 p Bulk(0.9) 1

Thin film(0.016) 18

250 119

4.6 120

1 121

63.5 122

41.7 123

CuAlSe; Chalcopyrite ~2.6-2.7 p 3.3x10°® 123

123 123

n 2.3x10°® 123

50 124

CuAlTe; Chalcopyrite ~21-25 p 103 125

CuGa$; Chalcopyrite 2.22-2.55 p Bulk(1.7) 126

Thin film(0.7) 127

Single 128

crystal(0.83)

AgAIS; Chalcopyrite ~ 3.2 129

AgAISe; Chalcopyrite 2.5-2.7 130

AgAlTe, Chalcopyrite ~23 131

AgGas; Chalcopyrite ~ 2.7 p <10° 132

BaCu,S; a-orthorombic 2.1-25 p 0.1-53 !

BaAg.S: CaAl;Sir-type 2 (calculated) 133

CusTaS, Sulvanite 3 p 1.6 134

CusTaSes Sulvanite 2.35 p 3x10°3 135

CusNbS, Sulvanite 2.6 p 0.1-0.2 136

CusNbSe, Sulvanite ~2.2 p 1.9 137

CusPS, Enargite 2.38 p 0.2-1.0 138
(sulvanites-like)

CusP(SsSe)  Enargite 2.06 p 0.2-1.0 138
(sulvanites-like)

AgsPS, Enargite 2.88(calculated) 139
(sulvanites-like)

AgsPSe, Enargite 2.09(calculated) 139

(sulvanites-like)
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(a) Kesterite Cu>ZnSnS, (b) Stannite Cu>ZnSnS,

Figure 1.9. Conventional cells for (a) kesterite and (b) stannite structures of CZTS [143].

2.3.1 Quaternary Single-Anion Compounds.

The kesterite structure I2>-11-1V-Chs, is the quaternary chalcopyrite’s extension, which
is the most frequent quaternary chalcogenide structure. Although the gap in the p-type
kesterite Cu2ZnSnSs (CZTS) is 1.4-1.5eV (perfect for solar absorption), wide-gap materials
may exist within this ternary region or in adjacent structural families (e.g, wurtzite-derived
stannite). For example, experimental gaps of 2.27 and 2.07eV have been reported for kesterite
and stannite CuxZnGeSa, respectively, and hole conductivity in the stannite phase has been
reported up to ~ 1 S.cm™ [144], a- and B-Cu»ZnSiS4 have higher band gaps of ~3.0 and ~3.2
eV, respectively [145], but are effectively insulating [146].

Quaternary Lnbased ALnxMyCh; chalcogenides, where A is an alkali or alkalimetal
(K, Rb, Cs, Ba, Sr, Cd, Mg) and Ma transition metal (e.g., Cu, Ag, Zn), have been synthesized
and solved for crystal structure. Band gaps tend to lic within a window of 2—2.6eV, but there
are not many published investigations of optoelectronic properties [147—149]. One such
investigation reported the (010) band gaps of CsYZnSes, CsSmZnSes, and CSErZnSes (Cmcm
space group) as 2.41, 2.63, and 2.63 eV, respectively.

BaYCuSs, BaNdCuSs, and BaNdAgSs have reported gaps of 2.61, 2.39, and 2.31,
respectively [150]. In a table, a computationally predicted quaternary wide-gap p-type
chalcogenide derived from the sulvanites structure, but one can imagine other such
compounds derived from binary and ternary structures. To compare properties of quaternary
and mixed-anion chalcogenide semiconductors, we summarize the materials above in Table
1.4.
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Table 1.4. Experimentally Investigated Quaternary and Mixed-Anion Chalcogenide

semiconductors and Their Reported Optoelectronic Properties.

Compound Structure Type Band gap (eV) Carrier ~ Conductivit ~ Refs
type y (S.cm™)

Cu,ZnGeS, Kesterite 2.27 P 1 158
LaCuOS Tetragonal layered 3.1 P 0.26 151
LaCuOSe Tetragonal layered ~ 2.8 P 140 152
LaCuOTe Tetragonal layered 2.31 P 1.65 153
BaCuSF Tetragonal layered 3.2 P 82 154
BaCuSeF Tetragonal layered 3 P 43 154
BaCuTeF Tetragonal layered 3 P 167 155
CuSCN Layered ~3.6-3.9 P 2 156
AgSCN Layered 3.4 157
Sr,Cu,Zn0,S; Tetragonal 2.7 P 0.12 158
Sr,CuGa0sS; Tetragonal P 2.4x107 159
Sr3Cu,Sc;0sS; Tetragonal 3.1 P 2.8 160

3. Applications

We highlight the numerous functions that chalcogenide semiconductors play in

various electronic devices in this section, concentrating on their particular advantages over

other materials when appropriate.

Table 1.5. Chalcogenides in materials science [161].

Chalcogenide

Application

CulnSz, CulnSe2, CuZnSnS4, CulnxGag-xSe2

Solar energy conversion

ZnS, PbS, AgzS, CdSe

Infrared windows and detectors

PbS, CdS, BeZnSeTe, CulnS2

Light-emitting diodes

FeS, C09Ss, M0S2, WS, CoS>

Hydrogen evolution and storage

Cu12SbsSi13, CuS, CuSe, Cr2Ss3

Thermoelectricity

Tisz, MoS2, WS2, NiS2, GeS

Lithium and sodium-ion batteries

ZnS:Mn, SrS:Ce, BaAl2SsEu

Luminescence

AQ2S, PbS

lon-selective electrodes

CrsSs, FexMn(1-x)S, CoxMn@a-xS

Giant magnetoresistors

CdS, CdSe, CdTe, Ag2S Diagnstics
MoSz, Sb2Ss, SnS, WS, FeS Wear resistance
MoS2, FeS, ZnS, RuSz, WS2 Catalysts
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+ Chalcogenides based thin films solar cells

1. PV materials choice criteria

When light strikes a photovoltaic (PV) cell, it can be reflected, absorbed, or pass
directly through the cell. The PV cell is made of semiconductor material, which conducts
electricity better than an insulator but not as well as a good conductor like metal. PV cells
make use of a variety of semiconductor materials.

When exposed to light, the semiconductor absorbs the energy and transfers it to
negatively charged particles in the material known as electrons. This extra energy enables
electrons to flow as an electrical current through the material. This current is extracted via
conductive metal contacts — the grid- like lines on solar cells — and used to power your home
and the rest of the electric grid.

The efficiency of a PV cell is simply the amount of electrical power coming out of
the cell in relation to the energy from the light shining on it, indicating how effective the cell
is at converting energy from one form to another. The amount of electricity produced by PV
cells is determined by the characteristics of the available light (such as intensity and
wavelengths) as well as the cell's multiple performance attributes.

The bandgap of PV semiconductors is an important parameter because it indicates
what wavelengths of light the material can absorb and convert to electrical energy. If the
bandgap of the semiconductor matches the wavelengths of light shining on the PV cell, the
cell can efficiently use all of the available energy [162].

2. PV materials and technologies

Year after year, conversion efficiencies in various types of solar cells improve [163].
Multijunction cells, single-junction gallium arsenide (GaAs) cells, crystalline silicon (c-Si)
cells, thin film technologies, and new developing technologies are the five main types of
semiconductors (see Figure 1.10). Multijunction cells have a conversion efficiency of 40%
(46% for the best [163]); single-junction gallium arsenide cells have a conversion efficiency
of 27% - 29% in the lab (29.3 % for the best [162]); c-Si cells have a conversion efficiency of
25% - 30% (27.6% for the best [164]); conversion efficiency for thin film technologies is 20
percent 25% (23.3% for the best [165]); conversion efficiency for new e (the highest
efficiency of perovskite rapidly becomes 22.1% [166], but it has a poor stability). These

figures for solar cell efficiency are from December 2021. Solar cells are already a very
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important technique to produce renewable energy, and their importance is projected to rise in

the future, thanks to ever-improving efficiencies.
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Figure 1.10. Best research-cell efficiencies for several solar cell technologies around the

world [162].
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Thin film solar cells, with a thickness of 1-2 m, are solar cells created by depositing
one or more thin layers. This permits cells to be rather thin, resulting in lighter, more cost-
effective, and more systems that are flexible. Thin film solar cells have a lower record
efficiency than c-Si, which is 23.3% using copper indium gallium selenide (CIGS Culni-
xGaxSez) with concentrator by the National Renewable Energy Laboratory (NREL) in Golden,
Colorado [165] and 22.6% without concentrator by the Centre for Solar Energy and Hydrogen
Research Baden-Wirttemberg (ZSW) [167]. Copper zinc tin sulfide selenide (CZTSSe,
Cu2ZnSn(S1xSex)4), perovskite cells, quantum dot cells, dye-sensitized cells, and shortly
CZTSSe cells have already achieved a record efficiency of 12.6% in IBM [168]. There are no
hazardous elements in CZTSSe (though Se can be toxic in large amounts). The Korea
Research Institute of Chemical Technology (KRICT) has set a new record for perovskite cell
efficiency of 22.1% [165]. Perovskite cells have only been used in solar cells since 2009 [167-
169], and their conversion efficiency has increased dramatically from 3.8 percent to 22.1% in

just seven years.

2.1 Thin-Film Photovoltaics

A thin-film solar cell is created by depositing one or more thin layers of PV
material on a supporting material like glass, plastic, or metal. On the market today, there are
two main types of thin-film PV semiconductors: cadmium telluride (CdTe) and copper indium
gallium diselenide (CIGS). Both materials can be deposited directly onto the module's front or
back surface.

After silicon, CdTe is the most commonly used PV material, and CdTe cells
can be produced using low-cost manufacturing processes. While this makes them a more cost-
effective option, their efficiencies are still not as high as silicon's. In the lab, CIGS cells have
optimal properties for a PV material and high efficiencies, but the complexity of combining
four elements makes the transition from lab to manufacturing more difficult. To enable long-
term outdoor operation, CdTe and CIGS both require more protection than silicon.

Copper indium gallium selenide (Cu(In,Ga)Se., CIGS) and cadmium telluride
(CdTe)-based solar cells are the most promising thin film technologies that have already
reached the commercial stage. At the research and development scale, solar submodules
above 18% for these two technologies have been reported [167] while commercially available
modules exhibit total area efficiencies in the range 14-16% depending on the manufacturer
and the technology [166-168].
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Concerns about the toxicity of Cd as well as the potential scarcity of Te and In
have triggered intense research effort to find more earth-abundant and non-toxic thin film
absorber materials for solar cells. Cu2ZnSn(S, Se)s (CZTS) has been identified as a potential
alternative that matches well the previously mentioned criteria. Record solar cell efficiency

for this material is 12.6% at the research scale denoting a high improvement potential [169].
3. Chalcogenide thin films solar cells state of the art

Copper-based chalcogenide absorber materials such as CIGS, CZTSSe, and other
possible copper-based chalcogenide absorber materials (see Table 1.6). They all have strong
absorption coefficients, and the gap energies can be tuned to be suited for PV applications by

alloying them.

Table 1.6. Abbreviation of main copper-based absorber materials, where the alloy

composition x can vary from 0 to 1 [170].

Abbreviation Description
CIS CulnSe;
CGS CuGasSe:

CIGS CulnixGaxSe2
CZTS Cu2ZnSnS,
CZTSe Cuz2ZnSnSes
CZTSSe Cu2ZnSn(S1-xSex)4
ZnSn(S/Se)4 CZTS and CZTSe
CTGS Cu2Sn1-xGexSs
CTSS CuzSn1xSixSs
Cu(Sh/Bi)(S/Se)2 CuSbS,, CuSbSe», CuBiS; and CuBiSe>

Hahn synthesized CIS for the first time in 1953 [171]. In 1974, it was used for the first
time as an absorber material in a single crystal solar cell, with a conversion efficiency of 5%
[172]. Kazmerski constructed the first thin film solar cell based on a p-CIS and n-CdS
heterojunction in 1976. Boeing Corporation conducted foundational research on thin film
polycrystalline CIGS solar cells in the 1980s. The highest conversion efficiency in the

laboratory to date (January 2014) is 23.3% [173]. In marketed solar cells, Culno7Gap3Se> is
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already a well-developed compound. Therefore, more experimental and theoretical studies are

expected.

In a wide spectrum of energies, Cu(Sh/Bi)(S/Se). has higher absorption coefficients
than CIGS and CZTSSe. The localized feature of the Sb/Bi p-like conduction band states can
be explained by a multi-valley band structure with flat energy dispersions. Cu(Sh/Bi)(S/Se)2
has indirect band gap energies in the range of 1.0-1.6 eV, according to our calculations. The
difference between direct and indirect band gap energies is only 0.2-0.3 eV because the
lowest CB is flat [170].

3.1 Copper antimony and bismuth chalcogenides

The compounds in this study are indirect band gap semiconductors with predicted
band gap energies ranging between 1.0 and 1.6 eV. The difference in band gap energy
between direct and indirect band gaps is only 0.2-0.3 eV. Cu(Sh/Bi)(S/Se). has a greater
absorption coefficient than CIGS and CZTS, allowing solar cells made using these absorber
materials to be thinner and hence less expensive. These findings are in line with those of other
researchers [174-179].

Only a few investigations on solar cells based on Cu(Sb/Bi)(S/Se), have been
published to date. Despite the fact that the compounds are indirect gap materials, they are
unique PV absorber materials that are particularly attractive for ultra-thin film solar cells due
to their higher absorption coefficients. Solar devices are currently only made of CuShSe; and
CuShS,, and they are quite simple to manufacture [180]. To boost efficiency, however, device
engineering is required. By alloying the anion with Te (CuSb(Se1-xTex)2), the band gap energy
can be optimized. Our results also indicate that CuSb(Se1xTex)2 may have slightly higher
absorption coefficients than Cu(Sh/Bi)(S/Se)..

3.2 Potential copper-based chalcogenides

CIGS is already a commercialized absorber material and CZTSSe is under
development. However, finding alternative absorber materials is an ongoing research. CuzSn:-
xGexSz (CTGS) and CuzSn1xSixSs (CTSS) are potential solar cell materials. Despite a few
studies of CuzSnSs, Cu2GeSs, and CuzSiSz [181-186], only few groups reported the
investigations of the corresponding alloys [186,187]. The conversion efficiencies of 4.63%
and 4.29%, using Cu>SnSs, were achieved by Nakashima et al. [188] and Kanai et al. [189],
respectively. Cell efficiency of 6.0% was obtained for Cu>Snos3Geo17S3 by Umehara et al.
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[190]. Another type of potential candidate materials are Cu(Sb/Bi)(S/Se)> due to higher
absorption coefficients. Solar cells based on CuSbS; and CuShSe; have been fabricated by

Septina et al., [191] and Welch et al., [192] with conversion efficiency of ~3%.

4. Conclusion

In this chapter, we focused on distinctive physical bonding and properties of
chalcogenides and then covered general classes of chalcogenide semiconductors that have
been experimentally synthesized, including binary chalcogenides MCh (e.g., ZnCh), ternaries
(represented by chalcopyrites, for example, CuAlChy, chalcostibites, emplectites, like
Cu(Sh/Bi)(S/Se)2, sulvanites, for example, CusTaChs, a-BaCu»S2, and related structures),
layered mixed-anion oxychalcogenides (e.g., LaCuOCh, Ba-CuChF, etc.), and touched on

multinary compounds.

Finally, we look at applications in which chalcogenides are used as an active or
passive layer, such as photovoltaic and photo-electrochemical solar cells, transistors, and
light-emitting diodes. By evaluating, categorizing, and discussing potential prospects in
chalcogenides, this section of the study aims to encourage further research on this growing

class of semiconductors and thus enable future advancements in optoelectronic devices.
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Theoretical methods and outline
of the computations

Summary

In this part, we will briefly mention the most important concepts, theories, and methods used in
calculating structural, optoelectronic, thermoelectric and thermodynamic properties. We will
describe the main ideas of the Born-Oppenheimer, Hartree and Hartree-Fock molecular dynamics
methods. In addition a detailed presentation of Density Functional Theory (DFT), seen as a method
to obtain accurate properties, the Kohn-Sham equations and the approximations making it possible
to estimate an exchange-correlation potential, namely those of the local density. (LDA) and those
of the generalized gradient (GGA), the modified Becke and Johnson approximation (mBJ) and the
Engel-Vosko approximation (EV-GGA). Thus, we present the augmented plane wave method (APW)
and the linearized augmented plane wave method (FP-LAPW) and describe the Wien2k simulation

code used for the study of our compounds.
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1. Introduction

The techniques used in the study of the electronic structure of materials and the
understanding of many characteristics constitute a basic tool, and each time these techniques have
constant updates and improvements, especially with technological development, which depend
mainly simulations using fast computing means, such as clusters and sophisticated computers. The
advantage of these techniques is to save time and compensate for some costly experiments. In
addition, some tests are very serious, such as experiments in the field of nuclear radiation and
experiments on certain dangerous chemicals. Moreover, it gives the property to control theoretically
and to fix certain factors when using simulators, which can be difficult experimentally. These
techniques, and among them the ab-initio method, are based on the simplification of the study of a
very complex system made up of a large number of atoms and electrons, interacting with each other
(quantum interactions), difficult to solved by conventional methods.

2. The Schrédinger equation

The beginning of the study of systems that contain a large number of

microscopic particles was in the year 1926 when the physicist Erwin Schrodinger
[1], in the framework of quantum theory - proposed a partial differential equation
known at the time as the Schrédinger equation. The solution to this equation allows

{

function, which includes all the information about the studied system [2,3]. The expression for the

describing the instantaneous quantum state of the system through its wave

Schrodinger equation is given by the following mathematical relationship:
HY (R, 7) = E¥(R,,7) (11.1)
Where:

H: Nonrelativistic Hamiltonian operator associated with the sum of kinetic energy and the potential

energy of the system.
¥ : The wave function relates to all particle coordinates.

E : Steady state energy.

The Hamiltonian system made up of nuclei and electrons includes the kinetic energy of
electrons, nuclei and nuclei, as well as interaction energies (electron-electron, electron-nucleus and
nucleus-nucleus), where the expression of the total Hamiltonian effect of the system is given by the

following expression:
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H=T+T, +V, +V, +Vi (1.2)

Where:

2 W L . .
T = % =Y - o (V2 ) Electron kinetic energy term (mi the mass of the electron i).

2
T, = Z oM = Z—ZhT/l(Vza) Kinetic energy term of the nucleus (m; the mass of the nucleus I).

V, = 1 ,1 _e _ Term of the electron-electron interaction potential.
i, ji 472-‘90 2 r,— rj‘
2
N = 1 Z_ _e Zi Term of the electron-nucleus interaction potential.

a

Are, iz ‘I’i -R

Vi Z € %a%5  Torm of the nucleus - nucleus interaction potential.

47[80 = ‘R _R—‘
The two symbols i, j are coefficients for electrons, while the symbols «, f and coefficients for

nuclei mj, mi represent electron masses and M,, are nuclei masses.
IR,~R,|  The distance between the two nuclei o and 3.

|ri - Ra| The distance between the nucleus a and the electron i.

I

- rj‘ The distance between the two electrons i and j.

Solving the Schrodinger equation for a system composed of a large number of electrons and
nuclei is not easy in practice, since it is not possible to obtain an exact solution but approximate
solutions after introducing simplifications and approximations in order to obtain an approximate

solution that is closer to the real solution.
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3. Born-Oppenheimer approximation (Adiabatic)

The Born-Oppenheimer approximation [4], developed by
scientists Max Born and Robert Oppenheimer in 1927, allowed
the movement of nuclei and electrons to be separated. Because

the nucleus, despite its movement, remains very close to

equilibrium when compared to electrons, which move very
quickly, it is possible to ignore the kinetic energy of nuclei in comparison to the kinetic energy of
electrons and treat the nucleus-nucleus interaction energy as a constant quantity (Vnn = Constant)
[8,9].

The application of the Born-Oppenheimer approximation to the Schrddinger equation
enabled a significant progress to be made in solving the Schrodinger equation, where the most

prominent results were as follows:

: -0 Y . .
The total wave function of the system ¥ (RI ,ri) is now written as a product between the

. . -0 . - 0
electronic wave function ¥, (RI ,ri) and the nuclear wave function ¥, (RI )

@ (ﬁlo, ﬁ) =y (ﬁlo) @, (ﬁlo,f}) (11.3)

The motion of electrons can be separated from the motion of the nuclei, and thus write the

Schrédinger equation after applying the Born-Oppenheimer simplification to the form:

[Te + Vee + Ver]¥e (ﬁlof ?'1) =E, (ﬁlo) P, (ﬁlof 771)
(1.4)
|7 + Vi + Ee (ﬁlo)] Y, (ﬁlo) = E¥, (ﬁlo)

4. Hartree-Fock approximation

The Hartree-Fock approximation was proposed to modify and
correct the defects of the Hartree approximation. The idea
presented by Hartree in 1928 [5-8] is based on the principle of
independent particles, considering that all electrons are the same

and each electron moves independently of others and without
interaction with other particles within an average field resulting from the influence of the rest Other
particles and this is based on the approximation of independent particles [8,9]. During this

approximation, the interactions between electrons were treated based on symmetric charges without
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spinning any Columbian repulsion interactions with ignoring both the correlation and exchange
terms, in addition to the fact that the wave function did not take into account the Pauli exception

principle and is therefore not 'antisymmetric'.

One of the disadvantages of the Hartree approximation is that it did not take into account the
electron spin and the Pauli Exception Principle. But the positive thing about this approximation is
its simplification of the Schrodinger equation, where he moved from studying a large number of
electrons to studying one electron, so that the total Hamiltonian H of the electrons is the sum of the
hamiltonians of each hi electron, while the total wave function of the electronic system is
represented by the product of the individual wave functions of each electron and in the latter is the
total energy of the electronic system as the sum of the individual energies of the electrons [3,10].
The Hamiltonian equation for one electron, according to the Hartree approximation is given as

follows:
H=Yh (11.5)

L W N AL B
hi = —o -8 — X . 3l (11.6)
While the wave function of the electronic system, as well as the total energy of the system,

are given by the following expressions:

Y. = IL:¥: (11.7)

E,.= Y& (11.8)

The most important modification introduced by the scientist Fock [3,8,10,11] in 1930 on the
Hartree method was to replace the wave functions of the electron with a Slater determinant [12],
which enabled him to take into account the limit of the exchange that had previously been neglected
by Hartree, where the interaction between electrons takes taking into account the limit of the
Columbic interaction between the negative charge of electrons [3,10] as well as the exchange, thus
replacing the previous functions with anti-symmetric functions, and thus Fock worked to introduce
the spin factor in his treatment of interactions between electrons and replace the wave function of

the electronic system with a Slater determinant [12] expressed by the relationship:

Y1) U)o ()
(IIIQ)KIUHF(?DFZ'."’FN)=\/%e! Lngrl) lngrz) lIJz(:rN)

W) U)o ()

44



CHAPTER 1l Theoretical methods and outline of the computations

1

Where T

represents the regularization coefficient of the wave function.

Despite the good development that resulted from the use of the Hartree-Fock approximation
in terms of results, this approximation remained unable to solve the problem of the correlation
between electrons, which is a quantum verb in addition, but the Schrddinger equation remained
difficult to solve, which made the studies that followed the work of Hartree-Fock search About a
simpler and more accurate method in terms of results, which is the density function theory (DFT).

5. Density functional theory (DFT)

Density functional theory (DFT) is based on the idea of rewriting the Hamiltonian of the
electron as a function of the electron density instead of using wave functions. This theory has
undergone a great development by researchers with their theoretical work, including Dirac [13],
Slater [14], Rothenburg and Kohn [15].

The first discovery of the DFT theory took place in 1927 in the work of Thomas and Fermi
[16,17] where they created the main idea of expressing the total energy of an electronic system as a
function of the electron density by considering the electronic system as a homogeneous and regular
electron gas. The idea made by the two scientists, Thomas and Fermi, was realized by the continuous
partition of the Brillouin region (without taking into account the correlations between the electrons)
in order to reach parts where the electron density is constant in each partition.

The expressions of the density of a homogeneous electron gas and of its kinetic energy are given,

respectively, by the two formulas:
1 2 2me\2
— 2 AY
= s (2) (120

3( h? 2 5
E, = —(J) (3 72)3 p3 (11.11)

5.1. Formalism of Density Functionality Theory (DFT)

The basis of the density functional theory (DFT) is to write the total energy of a system
containing several interacting electrons as a function of the electron density, i.e. the calculation of
the energy of the system based on electron density instead of its wave function, where the electron

density expression is given by the formula:
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p(@) = T W) (1.12)
Density Functional Theory (DFT) is based on two main axes:

5.2 The Hohenberg-Kohn theorem
The first and second theories presented by Hohenberg and Kohn
are considered the basis of the density functional theory [18-20],
‘;)ﬁ) where he considered in the first theory the total energy of an
Q)
N

electronic system present within an external potential V(ﬁas a

function of the electronic density so that it is possible to know all

the properties of the system when determining Electron density.

Elp(®] = Flp(®] + [V (®)p(®)dr? (11.13)

Where F[p(7)] is a comprehensive function of the electronic density of the system where it
represents the contributions of kinetic energy and interactions between electrons [10,21] where it is

given by the relationship:

Flp] = Tlp] + Ulp] (11.14)

For the external universe generated by the effect of drugs, it is given by the relationship:

Vort (7)) = — D42 (11.15)

Tia
Where Za is the charge of the nucleus, ria is the distance between nucleus A and electron i.

While in the second theory, he explained the condition of obtaining the total energy of the
basic state of the electronic system by finding the corresponding electronic density that makes the

density function at its minimum value.

E(po(¥) < E [p()] (11.16)

E(po) = MinE (p) £%<WIT+ Vi Vext + Vee|¥ ) (1.17)

To obtain the electronic density corresponding to the basic case, we apply the principle of

covariance [22], which expresses the differential of the total energy in terms of the electronic
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density, which is given by the mathematical relationship in terms of both the universal function
F[p(1)] and the external potential V/(r) [10]:

dF [p(0)] —
200 + V(@) =0 (11.18)

5.3 Kohn-Sham equations

Treating an electronic system of electrons in motion and
interacting with each other is difficult to solve mathematically
because describing both kinetic energy and electron-electron

interactions in terms of electron density is not an easy task.

The beginning of solving this problem in 1965 was based
on ideas presented by the two scientists Kohen and Sham [13], which was to replace the real
electronic system with an imaginary one in which the behavior of an electron is independent,
unconnected and not interacting with other electrons, but is affected only by an effective potential
(the Kohn-Sham potential). Which includes the external potential resulting from the effect of the
nuclei in addition to the potential resulting from the effect of the rest of the electrons on this electron
[10]:

Tr= Tr+ T (11.19)
T, = (P|T|¥) — (o|Ts|o) (11.20)

As for the interaction V. between electrons in the real system, it was written in the following

relationship [10]:
(W|V,o|W) = Uy + U, + U, (11.21)
Where the terms represent:

Uy : The Columbic repulsion energy between negatively charged electrons, or the so-called (Hartree
potential).

U, : Exchange energy between electrons having the same spin.

Uc :+ The binding energy between electrons.
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The Kohn-Sham equation for the electronic system is given in terms of the kinetic energy of the
electron: external potential energy, Hartree interaction and exchange-correlation energy, where the

terms represent:

Ts[p] : The Kkinetic energy of an electron in an imaginary system.

h2 .
Tslp]l = <<Pl —5r |<Pz> = ——2i[ 9V ¢ dr; (1.22)
Vnelp] : External potential generated by the nucleation effect (nuclear-electron interaction).

Vaslp J‘z“ﬁ“?d (11.23)

Uylp] : Hartree reaction (Columbian reaction between electrons).

p(F)p(F)

—
—r"

Ec[p] : Exchange-correlation energy, which is the sum of the terms of correlation and exchange,

drdr’ (11.24)

Ulpl =3

and this energy is not an accurate mathematical statement, but is estimated by approximations.

Exc[p] = Ex[p] + Ec[p] (11.25)

Thus, the Kohn-Sham equation is written as [21-23]:

Hys; () = [Ts[p] + Vs () = e%%¢;(#) (11.26)
Vks(7) = Vere @) + V() + +Vyc(¥) (11.27)
Elp] = Ts[p] + Vyglpl + Unlpl + Exclpl (11.28)

5.4 Solving the Kohn-Sham equation

The solution to the Kuhn-Sham equation requires finding the analytic or estimation
expressions for all the terms of the Kuhn-Sham effective potential V¢ (#) especially the correlation
exchange potential E,..[p] since this term has no mathematical formula but is estimated by known
approximations, in addition to finding the functions The waveform that represents solutions to the

Kohn-Sham equation, which is given by the relationship [10]:
pis(P) = Zj Cij @j(?) (11.29)

Where C;; is the diffusion coefficients of the wave function and ¢; is the wave functions.
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Figure 11.1. Histogram for solving the Kohn-Sham equation in the framework of the density

functional theory.
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After simplifying these two relations and substituting into the Kohn-Sham equation, we get:

Y Cij Hks|oj) = 2 Cijexs o)) (11.30)
(x| Cij Hgs|o;) = (@il T Cijexs |@)) (11.31)
Y ((@rlHks|o;) — exs{pil@))Cij = 0 (11.32)

Thus, the Kohn-Sham equation is solved by finding the coefficients C;;.

The Kohn-Sham equation is solved according to iterative loops subject to the conditions of
convergence shown in Figure (1.1), where the iterative loop starts from an initial density p;, and
then the computer completes the first iterative loop by implementing it for algorithms and this is to
solve the Kohn-Sham equation and then the new density p,,; is calculated. After that, a test is
conducted for the convergence condition, if the condition is met, the calculation stops, but if the
convergence condition is not met, we will repeat the loop again after mixing the two electronic

densities for two successive phases p;, and pyy;-

6. Exchange-Correlation Functional

Because the exact form of the exchange-correlation potential is unknown today, it is the most
difficult part of solving the Kohn-Sham equation. As a result, there approximate it, such as the local
density approximation (LDA) [23-27], generalized gradient approximation (GGA) [28-31], and
hybrid functional approach, such as HSE06 [32, 33].

6.1 The local density approximation (LDA)

The local density approximation is based on the theory of homogeneous electron gas,
which forms a system of N electrons subjected to a positive external potential. As a result, the ground
state electron density is homogeneous and constant.

In 1965, Kohn and Sham used the exchange-correlation energy of homogeneous
electron gas 2™ to express the energy-correlation exchange functionality for a non-homogeneous

system. The exchange-correlation functionality is of the form [34]:

Egxctlpl = [p(Pege? [pld 7 (11.33)
We derive this functional with respect to p us find:

dELDA[] d LDA
Ve = == &+ p(N T (11:34)
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Where (¢£24[p] is the exchange-correlation energy density per electron in a homogeneous electron

gas).

We can separate the function £%24[p] into two terms (exchange term and correlation term) as

follows:

exelp] = 5°4[p] + e£”1p] (11.35)

The exchange term is known and given by the expression of Dirac [16] in the form:

exlpl = =3 Cp@): (11.36)

Determining the correlation energy &5 [p] is not easy.

6.2 The local spin density approximation (LSDA)

This approximation was introduced to compensate for our lack of knowledge of the
analytical mathematical expression of the cross-correlation energy between electrons. The widely
used approximation is the positional spin density approximation (LSDA), which was proposed by
two scientists, Kohn-Sham in 1964 [35], for the expression cross-correlation energy as well as the
corresponding potential in terms of electronic density as follows:

Exe™t = [ p(F) Exc [p(M)]dr” (11.37)

dELDA[p] e d £LDA
V= T = g0+ p(H5E (11.38)

When taking into account the case of spin, whether up or down, the total electronic

density is equal to the sum of the two electron densities p(7¥) = p1(¥) + p,(#) and we have two

equations to solve the Cohn-Sham equation according to each spin state [10]:

( h? 2 T = =4 7 r
<_EV + Veff(r)> @i(7) = exsi(7)

(11.39) 2

l <_:—mv2 + ijf(F)> 0:i(F) = egspi(P)

While the effective latency is given, its expression is given as follows [10]:
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LSDA

ngf(f") = Vexe + V,IC = Vo + dexc [Pr(t),pl(r)]
(11.40) )
| () = L= aekPApr ()0, ()]
Verr(T) = Vexe + Vie = Vexe + dpy(7)

6.3 Generalized gradient approximation (GGA)

One disadvantage of the previous approximation is that it assumes the electron density
is uniformly distributed, which is incorrect, especially in magnetic materials, because electron
interactions take both the charge and the spin state into account. The new approximation differed
from the first method in that the local electronic density was considered heterogeneous, and the total
energy function of the electronic system was considered to be related to the electronic density and
gradient as well, and thus the functional GGA energy depends only on the density and its gradient

at a given point and is written as: [36]
ESEh = [ dr®efSA [p(r),7,p(r)] (11.41)
6.4 Engel & Vosko generalized gradient approximation (EV-GGA)

Although the LDA and GGA approximations give good results for structural
properties, both approximations failed in the computation of the energy gaps in solids and the
deviations obtained from the band structure calculations in the density approximation. Local (LDA)
are about 40% compared to experimental results [37]. This deficiency is due to the fact that GGA
and LDA used a simple function in the processing of correlation exchange potential. In this case, it
is necessary to think of other formulas for the exchange-correlation energy by adding a new
correction to the level of the GGA and LDA approximations that can produce good results, at least
for the electronic properties.

Engel and Vosko [38] showed that the GGA does not significantly improve the given
exchange potential because in the GGA approximation, we used the lowest order of correction in
the gradient, using the potential of optimized model one can calculate the exact exchange potential
of atoms and they also show that the precision for the exchange energies is mainly due to its
excellent reproduction of the atomic exchange energies, which is mainly due to the elimination of
errors local. To correct this shortcoming, Engel and Vosko modify the correction made to the
correlation term, by mixing the second order of the generalized gradient with the exact Hartree-Fock
correlation term; finally, they obtain a new form of correlation exchange potential treatment. EV-

GGA that makes it possible to predict energy gaps close to experimental results.
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6.5 Modified Becke and Johnson approximation (mBJ)
Since the LDA and the GGA cannot estimate the energy gap of comparable value to
that obtained experimentally, Becke and Johnson (BJ) have developed a new form of exchange

potential [39], which improves the energy gap with respect to the LDA functions and GGA, It can

1[5 [ty
Vea(r) = VER(r) + - \E s (11.42)

Where p, () denotes the electron density and t, () represents the kinetic energy density, the index

be formulated as follows:

o is the spin notation.

Blaha et al [40] modified the exchange and correlation potential of the Becke and Johnson
(BJ) approach and developed the mBJ potential capable of better reproducing the experimental

deviation of semiconductors from LDA or GGA. The mBJ potential is given by:

mB]J _ ~1/BR o1 |5 [2ts(r)
Veo (1) =cVig(r) + (3c Z)E\/; /_pa(r) (11.43)

Where:
ps (1) = Z?=61|L|Ji,o-(r)|2 Is the electron density.
ty(r) = %2?21 Vi ,(r)V; ,(r) Isthe density of kinetic energy.

VER(r) Isthe Becke-Roussel potential (BR) [41], which has been proposed to model the Coulomb

potential:

BR 1 _ 1 -
Vo () = (—bam (1 — e = 2y, (r)e ) (11.44)

Where x_c is determined from p,(r), Vp,(r), V2p,(r) and t, (r), b,(r) is calculated using the

following relation:

1

_ XO3' (r)e_xo'(r) 5
bs(r) = [w] (11.45)
In the TB-mBJ, the value of c is calculated as follows:
_ 1 Vo@Dl 13,
c=a+p lvceu Joo - 3 ]l (11.46)
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Where V,,; is the unit cell volume, a and [ are free parameters with values of -0.012 and 1.023

Bohr, respectively.
6.6 Hybrid functional approach (HSEO06)

Another approximation method E,.[p] is to solve the exchange energy exactly within
the Hartree-Fock approximation and then use an approximation for the correlation energy. The band
gap energies produced by this exchange-energy method are typically too large. A combination of
the exchange-energy method and the LDA or GGA may be preferred in some cases. This is the so-
called hybrid functional approach [32, 33, 42, 43], in which the exchange energy is mixed to obtain
better total energies and band gap energies empirically. The mixing can be done in a variety of ways.

The following equation is defined in the HSE06 method.
EHSE = qESR(u) + (1 — @)EPBESR (W) + EJPEAR (1) + EPBE (11.47)

Perdew, Burke, and Ernzerhof (PBE) [31,32] merged the short-range (SR) element of the exact
exchange ESR with a short-range part of the GGA exchange Ef?"5R. The usual Hartree-Fock
mixing is 25% Hartree-Fock, or 0.25. Additionally, a PBE counterpart replaces the exchange

energy’s decaying long-ranged portion (LR) E£ %R

(u). The range-separation parameters u specify
this, with 0.2 being the preferred value. The PBE approximation EZBE provides the correlation

component of the electron-electron interaction.

HSEQ6 and other hybrid functional are meant to produce superior overall energies (e.g., the error in
lattice constants is often less than 12%) and band gap energies (the error bar is approximately 10%).

There are numerous exchange-correlation potentials available today [44-47]. It is still under
construction. The Kohn-Sham equation has the advantage of being simple to implement additional
potentials. However, because of the ease of implementation, various potentials exist, which can be

viewed as inconsistency.
6.7 Other approximations

In 1951, Slater [48] proposed a formula to determine the exchange energy as a

functional of the electron density p in the following form:

Exalp] = —3a ) [ p** @) d 7 (11.48)

Where a is an adjustable parameter which takes values between 0.7-0.8 [49] for most atoms but for

a homogeneous gas it takes the exact value 1.5.
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Another approximation of Ceperley and Alder [50] is that the exchange energy is

considered the energy of Dirac:

1
exlp] = —Cyp(¥)3 tel que C, = —z (3)3 (11.49)
We find the exchange potential:

Vy= —Zp3 (11.50)

3

Perdew and Zunger parameterized the correlation energy &.[p] by a Monte Carlo calculation. Thus

by posing [51]:

3 1

o) (11.51)

s = (

1.. The inter-electronic separation parameter.

We can define according to the value of 1, the relation of V. as follows:

0.03 In(rs) — 0.0583 + 0.0012 75 In(r) — 0.084 15 <1
Ve = (1.52)
_0.014723 _L+12284 JTs+0.4447, n>1

(1+1.0529 /15 +0.3334)2

In addition, Hedin and Lundqvist [52] formulate a more used approximation, to determine each

term (exchange and correlation) separately. The exchange term is given by:

-— 1 a—
e = = (3n2p) = 2O (11.53)

amars

Where: 75 is the parameter of an electron gas verifying the condition.

3 1
2 (1,05)° =1 (11.54)

Therefore, the term of the exchange potential is written in the form::

s dex(rs) _ 3
V() = ex (1) — 5. 7255 = 2 ex (1) (11.55)

The correlation energy term expressed by Hedin-Lundqvist is given by:
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gc(ry) = —CTez[(1+x2)log (1+§)+§—x2—1] (11.56)

3

Where C=0.045 and x = ;—1

The term of the correlation potential is written as:

s d (s) Cce? 1
Ve(rs) = ec(ry) —%.%:Telog(l +) (1.57)

7. Flat wave method (APW)

The scientist Slater [12] relied on the Muffin-Tin approximation [54], where he divided the
crystal space into two parts as shown in Figure 1.2. In this approximation, the atoms were represented
by non-overlapping spheres with radii Ri, in which the core electrons reside, in which the electrons
are bound to the nucleus. Its atom is strong, and between these balls is an interfacial region that

contains free electrons far from the nuclei of its atoms.

000
@ QQ% e

Figure 11.2. Diagram of the distribution of the elementary cell in atomic spheres and interstitial

4

region.

The latency to which the electrons inside the balls are subject is different from the latency to which
the electrons in the space between the atoms are subject. According to Slater's approximation, the
potential inside the spheres is symmetric, while the potential in the space region is constant, as

according to the following two statements:
V(r) r< Ry

V(@) = (11.58)
0 r >Ry
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In addition, the waves that describe the behavior of electrons in the region inside the spheres differ
from those in the steric region, where the wave functions in the two regions are different as the

equation follows:

Y120 Xl AU (1) Y (r) r< Ry
@(F) = (11.59)

Where radial functions U, (r) are regular solutions of the Schrédinger equation [55].

r2

<— :T Gy V(?)) rU, = EU, (11.60)

Where: E;: An energy parameter.

The radial functions defined by equation (I11.4) are orthogonal to any proper state of the heart, but
this orthogonally disappears in the boundaries of the spheres. As the following equation shows:

dZTU]_ dZTUZ
E,—E = -
( 1 2 )UIUZ UZ d2r 1 dzr

(11.61)

U, , U,: are the radial solutions for these energies E; et E,respectively.

The coefficients A;,,, are determined using the application of the wave function continuity
condition in the vicinity of the point r = Ry, for this we develop the plane wave as a function of
Bessel, then we do | 'equality between the external wave function of the MT sphere and that of the

interior. Finally, we find:

4 L — - %
Aim = Ty Za Ceralt (K + G|Ro)Y " (K + 6) (11.62)
Where: J;: The Bessel function and C,,sare the coefficients of the plane waves existing in the

interstitial region.
Once the coefficients are calculated, we can define the base function given by the equation (11.59).

Unfortunately, the use of the APW method has its weak points because it is very slow and
time consuming because the calculations are very complicated in the diagonalization of the
Hamiltonian matrix of the secular equation. Because of the radial function U; which is common, it
is difficult to define the radial function for each energy value E;, besides that, the basic function
which is called the augmented plane wave is not a solution of the Schrédinger equation for the whole

crystal because it is not linear. It is necessary to determine the wave function that satisfies the
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Schrodinger equation, to overcome the problem we need to use a linear combination of the

augmented plane waves.
8. The Linearized Augmented Plane Wave Method (LAPW)

To avoid the drawbacks of the first method, Anderson [56] introduced modifications on the
APW method and deduced a new method called LAPW (Linearised Augmented Plane Wave). In
the latter, Anderson writes the radial function U; in Taylor expansion series in the neighborhood of

the energy E, as follows:

dUl(T',E)
dE E=

Ul(T,E) = Ul(T',El) + (El - E) e + O(El - E)Z (“63)

O(E — E}) ? : Represents the squared error.

The potential inside "MT" atomic spheres is spherically symmetrical, but outside it is assumed

constant, and can be expressed as:

Zf?n Vlm(r)ylm r< Ry
V@) = (11.64)
m Vie(r)er r >R,

In the LAPW method, the basic functions inside the muffin-tin sphere are a linear combination of
the radial functions U, (r)Y;,,,(r) and their derivatives U, (r)Y;,,, (r) with respect to | 'energy. As we

have seen in the APW method, the wave functions in the two regions are given by:

Xim (AZmUz(T) + BlmUz(T)) Yim (1) r< R,
Do, o (F) = (11.65)
1 i(K+6)7
k\/_EZGCG el(K+ ) T>RO

Such as:

-

K: Represents the wave vector.

G: The vector of the reciprocal network.

A Coefficients corresponding to the function U,.
B,,,,: Coefficients corresponding to the function U;.

Radial functions U, and their derivatives U, in MT spheres fulfill the normalization condition, which

is written as follows:
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UlUy = [P URridr=1 (11.66)
0r2(2,(r)dr = N (11.67)
0

In addition, the radial functions U, and their derivatives U, are orthogonal, and we can write them

in the form of orthogonality:
J,°r? U (U, (Ddr =0 (11.68)

In general, if U, is equal to zero at the surface of the sphere, its derivative U, will be different from
zero. The radial functions U, are defined as in the APW method and the functions U, are the solutions

of the following equation:
(- + L0y () - Eyriy () = ru(r) (11.69)

This equation results from the derivation of equation (11.60) with respect to energy.

Finally, it remains to determine the coefficients A;,, and B;,,, for each wave vector, and for each
atom, for this, we apply the conditions of continuity of the basic functions in the vicinity of the limit
of the spheres as we did in the APW method. After certain operations, we can define the coefficient

formula A;,,, and By,,, in the following forms:

amrg2il
A = 2=V (K + Q)ay (K + 6) (11.70)
amrg2il .
(K +G) = [U,)(K+G)—U"ji(K+6)] (11.72)
b(K+G) = [Uji(K+G)— U, j (K +6)] (11.73)

Where U’ and ' are the derivatives of U, and j, with respect to r.

Unlike the formalism of the standard APW method, in which the energy E, is constant for
this, the LAPW method is faster, since it makes it possible to choose different values of the

parameter E; depending on the value | of the angular momentum.

The LAPW functions form a good basis that allows, with a single E;, to obtain all the valence bands
in a large energy region. When this is not possible, the energy window can generally be divided into

two parts, which is a great simplification compared to the APW method.
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9. The Full-Potential Linearized Augmented Plane Wave Method (FP-LAPW)

The disadvantage that resulted from the application of the previous method lies in the
slowness of the calculations, which made Anderson [57] make improvement changes to the APW

method [58], so he used Taylor's publication to write the radial functions U;(r) as follows:

Qv )
Ui(r,E) = Uy(r E) + (B~ E)ZE2|  + O(E, ~ E)? (11.74)
=51

Then he got the phrase cumin in and out of Muffin-Tin balls as follows:

2im Vim (1)Yim r < R,
V(r) = (11.75)
M Vie(r)etr r >R,

As well as the wave functions inside the balls in terms of radial functions and their derivatives.

Where the wave functions are written as [38, 39]:

(Zim (AU () + BinUy(1) Y () 7= Ry
P, e() = ! (11.76)

[ 4 P
k\/_ﬁZG Ce el(K+G)T' r >Ry
Where K the wave ray, G the inverse lattice ray and the coefficients A;,,, and By, are:

A, Coefficient related to radial functions

4-77,'7"0 2 iL

Am = NG

Y (K + G)ay(K + G) (1.77)

B,,, Coefficient related to the derivative of radial functions

amry2il

Bim = NGl

Y* (K + G)b;(K + G) (11.78)

The method of linearly incremented flat waves gave impressive results and later became one of the

best methods adopted in the study of compounds, especially as it uses the full potential.

10. Choice of E; and Rg

To avoid the risk of confusing semi-core states with valence states because of the no-
orthogonally of some core states, the FP-LAPW method requires a good choice of E; and therefore

we are obliged to change the value E, to every time.
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Unfortunately, this solution is not available in all cases, so we take an appropriate radius of
the sphere (when we take a small radius of the MT sphere, this choice is impracticable because it is
not possible to describe an atom very close to the nucleus. Similarly, if we take a radius of the MT
sphere large the wave function is not adequate to describe the region further to the nucleus). So to
obtain precise calculations and good results from the electronic structure one is obliged to adjust the

value Ro*Gmax Which is practically between 7 and 9 (7 <Ro*Gmax < 9).
11. Constructions of radial functions

In the method (FP-LAPW), the base functions are radial functions inside the spheres, and in
the interstitial region, they are plane waves. Thus, the construction of the basic functions consists in

determining:

1- The radial functions U,(r) and their derivatives U, ().

2- The coefficients A;,,, and B;,,, which satisfy the boundary conditions.

The boundary conditions provide a simple means for the determination of the cut-off of the
angular momentum Inax also for the representation of the cut-off Gmax Of plane waves in the MT
sphere for a radius Ro. A reasonable strategy consists in choosing these cut-offs, such as Ro*Gmax =
Imax, Which is achieved in practice since the convergence of the FP-LAPW calculations is ensured

for Ro*Gmax between 7 and 9.
12. Solving the Poisson equation

The potential used in the Kohn and Sham equation contains the correlation exchange
potential and the Coulomb potential (V¢ = VHartree + V). Solving the Poisson equation allows us to

determine the Coulomb potential.

V2V (#) = 4mtp(¥) (1.79)
The "pseudo-charge” method proposed by Hamann [59] and Weinert [60] solves the Poisson

equation; it is essentially based on the following two observations:

1- The charge density is continuous and varies slowly in the interstitial regions; on the other hand,

it varies rapidly in the core region.

2- The Coulomb potential in the interstitial region does not depend only on the charges in this region,

but also on the charges in the core region.

The charge density is described by a Fourier series in the interstitial region as follows:
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p(®) =T p(G) el (11.80)

The development of the Bessel function j; allows calculating the plane waves elGT,

R1+3 ]l(éf) G+0
[irt2 g (GR)dr = o (11.81)
= 010 G=0
3 )
Then:
plGT — 4nei5?az il (|5||7—,> — 7Y (5)Y F -7 )) (1.82)
m® Ji allim m a '

Where: r: Is the radial coordinate and 7,: Is the position of the sphere a.
The Coulomb potential becomes:

Ve(6) = eld) (11.83)
By integrating equation (I1.79) we find:

Vew = Xm Vi W(T)Ylm (r) =2y VIFW(T)Kv(T) (11.84)
Where: Vpy,: The interstitial potential.

Let: K,(r) = Y CimYim (), We can determine the potential inside the sphere (MT) by using

Green's function.

ﬂﬂfdf””mwv+ﬂfdf”1m@0

2041 R 1+2
Rzl+1 f tdr'r" py (1)

V() = Vil ) |5+ 5 (11.85)

Where: p,(r") are the radial parts of the charge density.
13. The LAPW + LO method

To overcome the disadvantage of processing semi-core electrons (low energy valence
electrons) in the LAPW method, two windows are used energy and the resulting secular equations
are solved separately. Singh [61] proposes the LAPW+LO method, it uses a third category of basic
functions. These functions are denoted local orbitals (LO). These functions result from the linear
combination of two radial functions corresponding to two different energies and the derivative with

respect to the energy of one of these functions.

The proper function has the following form:

o) = Zlm[AlmUl(rr El,l) + BlmUl(rr El,l) + ClmUl(r' EZ,Z)] Yim(r) 1 <Ry, (11.86)
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Where the coefficients Cj,, are of the same nature as the coefficients A;, and B, defined

previously.
14. The APW + lo method

The problem with APW was related to its energy dependence. In LAPW+LO, this problem
was solved by using an energy independent base at the cost of a larger base size. It is only natural
to consider another, more efficient and unbiased method that includes the exciting features of APW
and LAPW.

Sjostedt et al. [62] proposed an approach called APW+lo. In this method, the set of basic
functions is independent and has the same size as the original APW system. This means that each
radial wave function is evaluated at a fixed linearization energy to solve the nonlinear eigenvalue

problem and using local (lo) orbitals for the physically important quantum numbers.

The following is the set of basic APW+lo functions made up of APW functions taken at a

fixed energy Ei:
. 2im A Ui (r) Yin (1) r <R 187
(nb(r) - \/%ZG CG ei(I(+G)T_" r> RO ( ' )

With supplement, the functions are local orbitals (lo) different from those of the LAPW+LO
method, defined by:

b(F) = {Zlm[AlmUl(r' E) + BunUy(r, ED)] Y (1) r <Ry (11.88)
0 r > R,

15. Account Program Explanation “Wien2k”

With technological development, especially programming languages, researchers at the
Institute of Materials Chemistry in Vienna [63] were able to design the Wien2k program, which is
considered one of the most important programs used in studying the properties of solid materials.
This program consists of several embedded and arranged software written in FORTRAN, which are
algorithms for equations of the crystal system processed according to density functional theory
(DFT) that adopts the method of linearly increasing full-latency plane waves FP-LAPW as a method

to calculate to algorithms in order to study the properties of compounds [10].

Originally, WIEN2k was developed at the Institute of Materials Chemistry at the Technical
University of Vienna and published by Blaha P., Schwarz K., Sorintin P. and Trickey S. B [10] and
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it is subject to several modifications and improvements such as WIEN93, WIEN95, WIEN97 and
WIENZ2K.

The most important software and its function in the various Wien2k programs are shown in

the diagram in Figure 3. I, which is as follows [10]:

NN: This program calculates the distances between adjacent atoms, which helps to determine the

appropriate atomic radius value, as it verifies that there is no interference between atoms.

SGROUP: The task of this program is to determine the group of the space group to which the

compound belongs.

SUMMUTRY : This program calculates the number of symmetry operations for the space group of
the compound.

LSTART: This program calculates the electronic density of free atoms and determines how to
handle the different orbitals in the band structure calculations.

KGEN: Generates a network of K points in the irreducible part of the first Brillouin region.
DSTART: It calculates the initial density of the SCF cycle by fitting the atomic densities.

After the last subroutine; we enter a loop of SFC calculations and therefore we will go to the five
steps:

LAPWO (POTENTIEL): Uses the total electron density to calculate the Coulomb and exchange
potential (Hartree-Fock potential). In addition to that, it divides the space into an MT sphere

(muffin-tin) and an interstitial region.

LAPW1 (BANDES): Calculate the eigenvalues and wave functions for valence electrons from the

solution of equation (I.1).
LAPW2 (RHO): Calculate the valence electron densities they get in step lapwO.
LCORE: Calculate the eigenvalues and wave functions to obtain the core electron densities.

MIXER: Calculate the new density by mixing.
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Figure 11.3. The Wien2k code program flowchart.

In addition to other programs, this program accepts the integration of other programs on it,

such as BoltzTraP [41] and xcrysden [64] and other programs.
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16. The semi-classical model “Boltzman”

Boltzmann's theory [65] was used to calculate the conductivity properties of materials under
the influence of an electric field E, magnetic B, or a thermal gradient AT to which the material is
subjected. The electric current j can be written in terms of the conductivity effects according to the

relationship:
]i = O—ij E]+ O—ijkEjBk_*_ vij VJT+ (“89)

Through this Boltzmann model, it is possible to obtain expressions of the thermoelectric
properties such as the electrical conductivity ¢ and the electronic thermal conductivity with the two

relations:

(T,u) = 2  0ap (&) [— W] de (11.90)

1 9 fu(Tw)
k(T 1) = o [ 0gg () (e — 1)? [— T“] de (1.91)
Where f is a Boltzmann distribution function, u is the chemical potential.

17. Calculation Program Boltztrap?2

The program BOLTZTRAP2 [65] was designed using the Python programming language to
calculate the transport coefficients for a free electron based on the semi-classical Boltzmann semi-
classical model like abinit, Wien2k and others. This program has contributed to the development of
research, especially with regard to the study of materials that have applications in the field of

thermoelectricity.

This program enables the calculation of many properties and their changes in terms of both
temperature and chemical potential. Among the properties that this program can calculate, we
mention Seebeck coefficient, electronic conductivity, electronic thermal conductivity, electronic

heat capacity and magnetic permittivity.
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Figure 11.4. The BoltzTrap code program flowchart.

18. Debye's quasi-harmonic model

The program used in calculating thermodynamic properties is GIBBS2 [66]. This program
is based on the theoretical basis of Debye's model, its proposed by Peter Debye in 1912 in order to
find an explanation and explanation for many phenomena thermal of solid materials such as heat
capacity of solids and thermal expansion, where he considered that the movement of the atom by
movement is affected by the vibration of other atoms and compensated for the vibration pulse

previously introduced by Einstein through a spectrum of pulses:

9nw? .
)Y == sl w < Wp
gDebye(w) - @p )
0 si w = wp

(11.92)

Therefore, the Gibbs function can be used to study a group of atoms vibrating under the influence
of temperature so that this system is in a stable state when the derivative of the Gibbs function with

respect to volume is at its minimum value.

(ac* (V.,p,T)

- LT=0 (11.93)

Where the expression of the Gibbs function of an unstable oscillating system is given by the formula:
G'x,V;P,T) = Esta(x, V) + PV+ A" ,;, X, V; T) + F, (x,V; T) (11.94)

Where the functions A*;, (%, V; T) and FZ; (x,V; T) are given by the two expressions:

67



CHAPTER 1l Theoretical methods and outline of the computations

Ayip = fooo [% + kgT Ln (1 — e_kB_T)] g(w)dw (11.95)

F*(X, V; T) = Esta(XJ V) + A*Vib (X' V; T) (“96)

The use of the semi-hormonal model made it possible to explain several phenomena, and it also

enabled the estimation of some heat parameters, such as:

e Entropy
S= —3nkgIn(1— e ®/T) + 4nkzD(0p/T) (11.97)
e Heat capacity
C,= 12nkgD(Op/T) — ‘ZG,“DB,—G;D_QT (11.98)
e Coefficient of thermal expansion
= _%(Z_‘T’)P - ‘%T (11.99)

19. wxAMPS-1D software

Numerical simulation has become essential for research on photovoltaic cells. Simulation
software gives us the possibility of studying and interpreting the results obtained, in order to
optimize the structure and the various components of the cells to improve their performance. Among
the available software, our choice is focused on the wxAMPS-1D (Analysis for Microelectronic and
Photonic Structures — One Dimension), mainly used for inorganic thin film solar cells. It was created
and developed by Professor Stephen Fonash and his team of students John Arch, Joe Cuiffi, Jingya
Hou, William Howland, Peter, and visiting researchers McElheny, Anthony Moquin, Michael
Rogosky, Francisco Rubinelli, Thi Tran and Hong Zhu at Pennsylvania State University as part of

support from the Electric Power Research Institute (EPRI) [67].
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wiAMPS.

Screenshot (a)
WxAMPS-1D Main Panel

Ambient — 3CuYs2
01 Eletrical | pefect | Optical | Advanced
0.05
Permittivity 4,94
ambientDlg 8
Eg 2.01 ev
Temperature 300 K
Affinity 4,2
Light [#]on  FullAM1.5.spe
2.2e+418 -
Yo e . s
Nv 1.8e+19 an-3
Contacts [#]PHIB(ev) SnO(cm/s) SpO(cm/s) RF
100
) OEE DA O " e
u| 25 an2fvfs
. 0NN A A E ’ "
w0 s
Bias Voltages LightD_0.4_1.val Load
e 200413 s
Screenshot (b) Screenshot (c)
Ambiant panel Material Panel

Figure 11.5. wxAMPS-1D software main window.

The wxAMPS-1D interface (Figure 11.5) consists of three dialog boxes. Each gives the
necessary parameters before launching the simulation by the wxAMPS-1D. The three dialog boxes

give:

e Environmental conditions.

e The material properties of each layer.

e Modeling parameters: model type, grid spacing for numerical calculations, bias voltages for
which output (J-V) and (QE) should be generated [68]. The interface of the environmental
conditions in the software of WxAMPS-1D (Represented in the Screenshot (b)). Therefore, to study
the effect of temperature and/or lighting on the performance of the solar cell, they can be varied

from the high right interface.

In the screenshot (c) we have represented the interface of the material properties of each
layer such as the electrical properties (gap energy, mobility, affinity, doping, etc.), optical properties
and defects. Therefore, after choosing the model of the solar cell that we want to simulate it, we can
study the effect of the thickness and the doping of each layer on the parameters of the solar cell to

obtain maximum efficiency from varying them in this interface.
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The key element of the wxAMPS-1D software is the numerical resolution of the Poisson
equation and the continuity equations taking into account the boundary conditions [69].

d

2 (e Z)) = ¢ p@) = n(@) + Nj () = Nj () + pe(x) = ne(x)] (11.100)

The equation (IV-1) is the one-dimensional form of the Poisson equation used by the wxAMPS-1D

software.

Where YV is the electrostatic potential, n the concentration of free electrons, p the concentration of
free holes, n, the trapped electrons, p, the trapped holes, N7 concentrations of ionized donors, N

concentration of ionized acceptors, € represents the permittivity and q the elementary charge of the

electron.
Ep—E,
n = N¢Fy ,exp( FkT ) (11.101)
Ey—EFr

Equations 11.101 and 11.102 are the expressions for the concentration of free electrons and the
concentration of free holes respectively at thermodynamic equilibrium, under voltage, under
illumination or both. In these Nc and Nv are the effective densities of states of the conduction band

and the valence band respectively and are described by the following equations:

e 3/2

Ne =2 (22) (11.103)
e 3/2

Ny =2 (Z2) (11.104)

Where the effective mass of electrons is my,, my, is the effective mass of holes and K is Boltzmann's

constant and h is Planck's constant.

dEfy,

Jn(x) = quan(=7) (11.105)
Jp(x) = qupp(dsf’) (11.106)

Equations 11.105 and 11.106 are respectively, the electron current density equation and the hole
current density equation, where i, represents the mobility of electrons and i, represents the

mobility of holes.
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20. Conclusion

This chapter was devoted to the presentation of the density functional theory (DFT) and the
linearized augmented plane wave method (FP-LAPW). Thus we have seen the basic approximations
(the Born Oppenheimer and Hartree-Fock approximation) come to alleviate the Schrodinger equation.
As already mentioned, the two important approximations, namely the local density approximation
(LDA) and the generalized gradient approximation (GGA) are used by the DFT. The chapter ends with
an illustration of the Wien2k, BoltzTrap and GIBBS2 codes that are installed in the Linux operating
system, where the method (FP-LAPW) is implemented and finally a description of the wWAMPS-1D

software that is implemented for photovoltaic applications.
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Results and Discussions

Summary

The aim of this chapter is to provide a detailed of our computational study of the structural and
optoelectronic properties of CuYX. ternary compounds (X = S, Se and Te), within the TB-mBJ
approximation. Then we revealed the results of thermodynamic studies and phase stability and that
the structure of chalcogenide is the preferred phase for these materials at zero temperature and
pressure. Finally, we presented some principles about the thermoelectric properties before presenting
all the results obtained in this work. We also compared all obtained results with other results of

experimental and theoretical studies available in previously published works.



CHAPTER I Results and Discussion

1. Introduction

The current state of materials research chalcogenide (Ch =S, Se, Te) semiconductors has been
examined in this chapter, suggesting that this is a key area for continuing and future study. Therefore,
we have studied and calculated the linear structural, electronic, optical, thermodynamic and
thermoelectric properties at equilibrium of the ternary compounds chalcogenides CuYZ, (Z=S, Se
and Te).

2. Simulation details

In this work, the WIEN2k code[1] is used to predict the structural, optoelectronic,
thermodynamic and thermoelectric properties of CuYS,, CuYSez, and CuYTe, using the Full
Potential-Linearized Augmented Plane Wave (FP-LAPW) approach based on density functional
theory (DFT).

For structural properties, we used both Perdew and Wang's local density approximation
(LDA)[2] and the revised Perdew-Burke-Ernzerhof (PBESol) parameterization of the generalized
gradient approximation (GGA)[3], whereas for optoelectronic properties, we used the modified

Becke-Johnson exchange potential (TB-mBJ)[4].

The initialization is presented under a series of programs which generate input files in order
to define a starting density, for the determination of the potential and thus the resolution of the
Schrddinger equation which gives the eigenvalues and the functions clean. As a result, a new density

is generated from the calculated eigenfunctions. This cycle is repeated until convergence is reached.

Before embarking on long and expensive calculations, it is necessary to optimize the input
parameters that control the initial calculation density. In general, there are two adjustments to be

made:

1- The size of the base of plane waves by the choice of the cutoff Ec (Cutoff Energy) which
allows a correct approximation of the eigenfunctions.

2- The quality of the sampling of the Brillouin zone (by the number of kpoints).

The unit cell is separated into muffin-tin spheres that do not overlap and an interstitial area.
Wave functions are enlarged in terms of plane waves in the interstitial area, with a cut-off of
RMT*KMAX = 8, where RMT is the minimum muffin-tin radius and KMAX is the amplitude of the

maximum K vector wave in the Brillouin zone. The optimal value of the cut-off parameter
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RMT*Kmax was chosen with the help of a convergence test where we calculated the total energy of
the crystalline for different values of RMT*kmax (between 5 and 9.5), then we plotted the curve of
the variation of total energy as a function of RMT*kmax, and we observed that The convergence
condition is satisfied from the value of RMT*Kmax = 8 (The difference between the two values of
the total energy for both states of RMT*Kmax = 8 and 8.5 is less than the value of the convergence

condition).

Whereas, a spherical harmonic expansion has used inside the spheres with an angular
momentum up to Imax = 10. The chosen values of the muffin-tin radius Rt for Cu, Y, S, Se and Te
atoms are 2.15, 2.4, 1.75, 2.35 and 2.4 (a.u) respectively. For the Brillouin zone (BZ) integration, 162
special k-points have been used for CuY Sz and 100 special k-points have been used for both CuY Se»
and CuYTe: in the irreducible wedge, the electronic configurations for valence electrons are for Cu
(3d° 4sY), Y (4d* 5s?), S(3s? 3p*) Se (3d° 4s? 4p*) and Te (4d™° 5s? 5p*).To separate between the
valence and core states -6 eV was used as separating energy. Both energy (10~°Ry) and charge (1073

e) values were used as criteria for convergence during the calculation.

Toappear pressure and temperature  effects on different  thermal  properties,
we employed the quasi-harmonic model implemented inthe GIBBS2 code [5,6]. To estimate the
thermoelectric properties, we have used the semi-local Boltzmann transport theory implemented in
BoltzTraP code[7].

3. Structural properties

Ternary chalcogenides with copper-based can be crystallized in several types of
structures, which directly affect many properties, especially electronic and optical. For this reason,
we studied CuYS, compound in orthorhombic phase structure with Pnma space group (62) and

CuYSe,, CuYTe: in hexagonal phase with P-3m1 space group (164).

The choice of these symmetry groups was done based on the experimental work done
CuYS: [8], CuYSe2 [9] and CuYTe> [10].
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(@) (b) (©)

Figure. I11.1. Crystal structure of: (a) CuYS: (orthorhombic), (b) CuYSezand (c) CuYTex.

Before calculating lattice constants, bulk modulus and the cohesive energy, we should
determine the atoms positions formed these compounds, through full geometry optimizations, the
internal atomic positions are relaxed by using the total energy and force minimization scheme basing
on Broyden’s method [11,12] in which a good relaxed structure can be achieved if the force applied

to each atom was smaller than 0.5 Ry/au.

The optimized positions of the atoms for each compound by using GGA and LDA

approximations are presented in Table.1 and compared to other experimental or theoretical results.
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Table. 111.1. Calculated atomic positions using GGA and LDA approximations of CuYZ, (Z=S, Se

and Te) compounds.

GGA LDA Other works

Materials Atoms X y z X y z X y z

Cu 0.4561 0.2500 0.3758 0.4589 0.2500 0.3768 0.4465 0.2500 0.3919®

CuyYs; Y 0.1335 0.2500 0.5016 0.1336 0.2500 0.5013 0.1348 0.2500 0.4925'
Prma#62) S 0.4602 0.2500 0.7534 0.4621 0.2500 0.7514 0.4623 0.2500 0.7597
S 0.2965 0.2500 0.2418 0.3002 0.2500 0.2440 0.2934 0.2500 0.2310

Cu 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 - - -
CuYSe, Y 0.0000 0.0000 0.5000 0.0000 0.0000 0.5000 - - -
(P-3m1#164) O€ 0.3333 0.6666 0.2323 0.3333 0.6666 0.2325 - - -
Se 0.6666 0.3333 0.7676 0.6666 0.3333 0.7675 - - -

Cu 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 - - -
CuYTe, Y 0.0000 0.0000 0.5000 0.0000 0.0000 0.5000 - - -
(P-3mi#164) T€ 0.3333 0.6666 0.2245 0.3333 0.6666 0.2246 - - -
Te 0.6666 0.3333 0.7754 0.6666 0.3333 0.7753 - - -

Computing the lattice parameter “a” of each unit cell is performed by calculating the total
energy at different volumes, and then, we use the Murnaghan equation of state [13] to determine the

equilibrium volume that correspond to the lowest energy (see Fig.2).

E(V) = Eo+ﬁIV(%)B —vol+§(V—Vo) (11.2)

Where Eo, Vo, B and B'are respectively: the total energy, the volume at equilibrium, and the

compressibility modulus and its derivative.

The compressibility modulus is given by:

2
B= -V =V_2 (111.2)

The volume at equilibrium is given by the minimum of the curve E (V).

Thereafter, the total energy for different values of c/a ratio for the hexagonal as well as c/a

and then b/a for the orthorhombic structure at a fixed volume is computed to measure the lattice
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constant "c" for both CuYSe, and CuYTe> in the hexagonal phase, as well as "b" and "c" constants

in the orthorhombic phase for CuYSo.
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Figure. 111.2. Energy-Volume optimization curves for (a) CuYS2 (b) CuYSe: (c) CuYTe>

compounds.
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The equilibrium lattice constants, bulk modulus, and cohesive energy are calculated and denoted
summarized in Table 111.2 and compared with the other available results, from this table we can see
that the finding lattice parameters obtained using GGA approximation for CuYS, and CuYTe;
compounds are in good agreement with the other experimental results, whereas the nearest parameters
of the experiment results for the CuY Se, compound are obtained using LDA approximation. The bulk
modulus B(GPa) describes the material's resistance to any deformation caused by applying external
hydrostatic pressure. Therefore, the bulk modulus values reveal that the CuYS2 compound is more
resistant against regular external pressure compared to CuYSez and CuY Tez where this distinction is
attributed to a disparity in the number of bonds, the strength of these bonds between atoms and the
difference in structure type between CuYS; and the remaining compounds. We can confirm this result

by calculating the cohesive energy of these compounds according to the following formula:

Cu Y VA CuYZ,
E +E +2E -E
Ec _ ( atom TEatom atom) atom (|||3)

oh — Ncy+Ny+Nz

Where Ncu, Ny and Nz are the numbers of Cu, Y and Z atoms, respectively, in the unit cell of the

CuYZ, compound and ESE ., EXiom and EZ,,., are isolated atoms energies of the Cu, Y and Z atoms,

respectively, E,foutyz2 is the total energy of bulk CuY Z, compound. Comparing the cohesive energy of

these compounds leads to finding that the CuYS: is more cohesive because it has higher energy and

is, therefore, the most structurally stable.
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Table. 111.2. The Calculated equilibrium lattice constants, bulk modulus, and cohesive energy for
CuYZ,(Z=S, Se and Te) using both GGA and LDA approximations.

a(d) bA) c(A) B(GPa) B’ Econ
(eV/atom)
GGA 13.446 3.979 6.287 80.594 4.1782 4.868

Other cal ™ 13.758 4.013 6.351  73.48 -
CcuYS, LDA 13.154 3.892 6.151 97.195 4.680 6.251
Other cal ™ 13.196 3.858 6.111  84.37 -

Exp @ 13.453 3.981 6.290 - -

GGA 3.995 6.339 71.180 4.7404 4,305

Other cal ™ 3.994 6.372 - -
CuYSe,

LDA 4.037 6.405 66.999 6.556

Exp! 4.068 6.454 - -

GGA 4,223 6.748 57.119 45038 3.874

Other cal *@ 4,317 6.918 - -
CuYTe;

LDA 4,107 6.587  73.457 5.1288 5.267

Exp 19 4.297 6.908 - -

4. Electronic Properties

Knowing the electronic behavior of materials has great importance in technology because it
allows us to decide the appropriate domain for their use. Band structures, state densities and electronic
charge density were chosen as analysis tools. In the study of graphs of band structures and from the
value of the energy gap of the forbidden band, we can specify whether the solid is insulating,
semiconductor, semi-metallic or metallic. The comparison between the curves of the band structures
with the densities of states and the density of electronic charge makes it possible to know the orbitals
contributing to the construction of these energy bands and to understand how the bonds between the

atoms of this material are formed.
4.1 The band structure

In an isolated atom the electrons orbit around the nucleus and occupy discrete energy

levels, when a large number of atoms come together and interact with each other to form a crystalline
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solid, the quantified energy levels rise. Hybridize and divide into different levels due to the reciprocal
interaction between atoms, these levels are very close to each other so that they ultimately form a
continuous energy band. The highest energy band (filled with electrons) is called the valence band;
the lowest energy band (unfilled) is called the conduction band. The distance between the top of the
valence band and the minimum of the conduction band is called the gap. Then the energy bands give
the possible energies of an electron as a function of the wave vector k and using the dispersion
equation E(k) we can plot the graph of the band structure. Note that the bands are therefore
represented in reciprocal space and only the directions of highest symmetries in the first Brillouin

zone are processed.

The majority of chalcogenide compounds have semiconductor behavior, as proven in
several studies [15]. Due to this character, these compounds are high demand, especially in the
spintronic and solar cells fields. The band structure using the TB-mBJ approach are plotted in Figure
I1.3.

Table 111.3. Calculation of energy gaps Eg at point I' for the chalcogenide compounds CuYSo,

CuYSe, and CuYTe, compared with other theoretical and experimental values.

Material Band gap (eV)
This work Exp
CuYS: 2.01 1.389"
CuYSe, 1.31 1531
CuYTe, 0.64 0.58M

Band structures curves of the studied compounds indicates the presence of two bands
(conduction above Fermi level and valence below) separated from each other by an indirect gap,
where the value of the gaps estimated using TB-mBJ approximation are 2.01, 1.31 and 0.64 eV for
CuYS,, CuYSe; and CuYTez respectively, and therefore we can say that these three compounds have
semiconductor behavior. We notice that our results are in good agreement with the other experiment
work [10,14,16].
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Figure. 111.3. Calculated band structure for CuYZ> (Z = S, Se and Te) within the TB-mBJ

approximation.
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4.2 Electronic state density

In solid-state physics, the density of states (DOS) of a system describes the number of
electronic states with a given energy. Unlike isolated systems, such as atoms or molecules in the gas
phase, density distributions are not discrete like spectral density but continuous. A high DOS at a
specific energy level means that many states having that energy and a DOS of zero means that at that
energy level no states can be found. We can also use the DOS parameter as a complementary tool to
interpret the formation of certain band structures, and to know the type of hybridization and the states

responsible for the binding, so we are talking about the density of total and partial states.

For energies in the interval € + de, the density of states (DOS) is defined such that
g(&)de is the number of energy states in the given range per unit volume, then the DOS is given by a
sum over all states with the energy in the interval [g, € + de]. However, since the wave vector k is
used to characterize the energy states, we need to add up the total number of states having energy in
the interval of interest. By taking into account the spin 2 degeneration factor and normalizing by the

volume Q of the solid, the density of states (DOS) is given by the following expression [ 14].

1 2
g(e)de = P Zk,ek elee+de] 2 = ngke [e,€ + de] dk (111.4)

Since the energy in the free electron model does not depend on the angular orientation of the wave

vector, i.e.
1
hz|k|z

g = S0 o pak = e ge g = (2eE)? (111.5)

2m, h2 h2

For the energy value ¢ € [¢, € + dg] the last two equations give the density of state in

a simple spherical symmetry of the form:

3

9(e) = (B5) Ve (111.6)

212 h2

In the crystal, we can express the density of states by an explicit relation between the

DOS and the band structure &; (k) which can be given by the following formula:

9() =5 %2 T8 (e —e1p) = %i2 [ s 6 (e — ep) (111.7)

The computation of the density of states (DOS) in the spin-polarized case is easy so
that by using €7, instead of ¢; , and g (¢) instead of g(e) (by replacing the factor 2 by 1) in

equation (1V.8) and at the end, we obtain the DOS for each spin state which is written in the form:
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9@ =-N2 %8 (e—ef )=Ni2 [ 68(e—eZ ) (8

(2m)3

We can go further and rewrite the expression for TDOS from equation (111.8) [15]:
1
9 == %2 Tiline]9in) 6 (e — &ixe) (11.9)
Where |§0i,k) are the eigenstates of KS corresponding to the eigenvalues &; .

We can calculate the partial (projected) density of states (PDOS) n; (&) after calculating the
polarized spin, we choose to project the TDOS on the atomic orbitals (e.g., s, p and d) to get the

contribution partial of each atomic orbital [14]:
n; (&) = Xn 8 (e — &) |PI? (111.10)

To understand the formation of each band in band structure spectra, we analyze the total and
the partial density of the atomic orbitals states that shown in Figure 111.3. According to this figure, we
notice that there is no density of the state around the Fermi level, which confirms the semiconductor
behavior of these compounds. Also, for CuYS: in its orthorhombic phase structure, it is clear that the
conduction band is formed mainly by the dominant contribution of the “d” orbitals of the Yttrium
atom, with the presence of weak contribution from “s” and “p” orbitals of Cu and Y atoms while the
“d” and “p” orbitals of the Cu and S atoms respectively which they exhibit a strong hybridization in
the range of -5 eV to 0 eV, on the other hand, the contribution of “s” orbital of “S” atom was located
around -12 eV. Partial density of states (PDOS) curves of CuYSe, and CuYTe, compounds have

€C 2
S

appeared that the valence band below Fermi level was formed due to orbital of Se and Te atoms
contribution near to -12 eV energy value, while “p” orbital of Se and Te atoms has contributed in the
range [-5 ; 0 eV] and hybridized with “d” orbital of Cu atoms. For the conduction band, the partial
density curves for both CuYSe; and CuYTe,, appears a dominant contribution of “d” orbital of Y
atoms. Through total partial density of states analysis, our obtained results are similar to the previous

studies [14,16].
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Figure. 111.4. Calculated total and partial density of states for CuYZ> (Z = S, Se and Te) within the
TB-mBJ approximation.
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5. Optical properties

The effect of incident light on solid materials differs depending on their electronic
behavior (conductor, insulator, or semiconductor), electronic density, and the gap separating the
valence bands from the conduction, and the number and the nature of bonds between their atoms. For
semiconductor materials, this difference is mainly due to the value of the energy carried by the
electromagnetic waves, the photon-electron interaction and valence band electrons, where the electric
field of the electromagnetic waves interacts with electrons and polarizes them in its same direction.
As a result of this polarization, the light energy can be absorbed through the excitation of the valence
electrons, in which this polarization gives sufficient energy to the electrons that allows them to move
from the valence band to the conduction band in the so-called interband transition, where the excited
electrons, the energy range in which the interband transition occurs, and the atomic orbital to which
they transform to/or from can be inferred and determined depending on the electronic state density
analysis. These phenomena can be depicted in terms of time-dependent perturbations of the ground-
state electronic states. As another result of the polarization, the velocity of these electromagnetic
waves can be reduced when across the material, where the refraction of the light occurs and its path
changes. Absorption, reflection, refractive index, and energy loss coefficients are among the main
characteristics that indicate usability of material in a specific application, whether as optical filters,

optical detectors, sensors, or anti-reflection coatings.

Knowledge of the different ways and forms of the interaction of light with matter in solid-
state physics is of great importance. For example absorption, transmission, reflection, scattering and
emission. The study of the optical properties of solids is an important tool in understanding the
electronic properties of materials. In some particular structures, the energy dependence of the
properties, mentioned above, on the band structure is very important. Crucial information on the
eigenvalues as well as the eigenfunctions is necessary to calculate the frequency/energy dependent

on the optical properties [17].

The optical properties were studied using the dielectric complex function e(w) as a

function of real (¢; (w)) and imaginary (&, (w)) parts given by the formula [17-20]:
t(w) = (W) +ie(w) (1r.11)

The real part of the dielectric function e1(w) present the dispersion of the incident photons
by the substance's [20] and it gives us more information about the electronic polarization state of the

material[21] while the imaginary part of the dielectric function e2(w) means the energy absorbed by
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the material. The Imaginary part e2(®) is estimated using the electronic band structure by relating the
momentum matrix elements between the occupied and unoccupied electronic states [22] whereas the
real part can be obtained from the Imaginary part e2(®) using the Kramers—Kronig transformation
[23].

The real and imaginary parts of the dielectric functions of the studied compounds are
calculated using TB-mBJ approximation along each x, y, and z directions and presented in Figures
I11.6. Through this figures, we can see that the values of the real part €1(w) at zero frequency present
the static dielectric constant which are calculated and summarized in Table I11.3 where we can see
reveals that CuYTe> has a higher value compared to the other compounds. Also, we can observe that
the spectra of e1(®) increase sharply from the static dielectric constant £1(0) and reaches its maximum
value at energies equal to 10.5, 9.0 and 7.0 eV for CuYS», CuYSe. and CuYTe; respectively, since
then gradually decreases to take negative values in the range [8 ; 18eV] for all the studied compounds
where their behavior in this region they transform from metallic to dielectric and therefore the
dispersion is unavailable in this range, unlike to the absorption coefficient, which has a greater value

in this range.

Regarding the spectra of the imaginary part £2(w) plotted in figures (111.5 and 111.6), we
can see that the optical band gaps obtained from the imaginary part of the dielectric function
calculated using TB-mBJ approximation are 2.01, 1.31 and 0.56 eV for CuYS2, CuYSezand CuYTe;
respectively. The e2(w) spectra express the absorption that can occur as a result of electronic
excitation from the valence states below the Fermi level to the conduction states where through this
spectra we can observe that this absorption can only occur if the energy value of the incident photons

is greater than the energy gap.
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Figure. 111.5. Real and imaginary part of the dielectric function for CuYS; within TB-mBJ

approximation compared the real one with other computational work.

91



CHAPTER IlI

g; (w)

(L P~ -
WNPFPOFPNWPEOOIOO N0 OWOEFrDND

g, (®)

O P NN W DS Ol OO NN O ©o

= =
o -

Results and Discussion

CuYSe,-TB-mBJ ——¢,,, 7

81zz 7

oo

91011121314151617 1819 20
Energy (eV)

CuYSe,-TB-mBJ

[P P P
34567

8§ 91011121314151617 181920
Energy (eV)

92



CHAPTER I Results and Discussion

20 I “rrrrrrrrrrrrrrrr>rrrr v rvrt ]
18} CuYTe,TB-MBJ ——g,,, -
ii i &y |
12F
10}

g,(w)

-IPI{QOI\J-PO‘)CIJ

P I I I P B |
01234567891011121314151617181920
Energy (eV)

16
CuYTez-TB-mBJ E2xx |

&2 A

14

12

reill I I I P P B B | L N n
0123456 7 8 9 1011121314151617 18 19 20
Energy (eV)

Figure. 111.6. The computed real and imaginary part of the dielectric function for CuYSe and

CuYTez within TB-mBJ approximation.
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Table. 111.4. The values of the refractive index and the static dielectric constant.

@(0)  n(0)  R()
mBJ-GGA 4942 222  0.144

CuY$S,
mBJ-LDA 5.105 2.26 0.149
mBJ-GGA 7.632 2.76 0.219
CuYSe>
mBJ-LDA 7.048 2.65 0.205
mBJ-GGA 11.754 3.42 0.301
CuYTe2

mBJ-LDA 13.200 3.63 0.323

The light incidence as an electromagnetic waves on the material causes electrons in the valence band
to absorb the energy and raising its energy level [25]. The absorption coefficient a(w) is connected to

the extinction coefficient k(w), by the following formula [24]:

a(w) = = K(w) (11.12)

Where A is the wavelength of light in vacuum. Also the absorption coefficient a(w) can be calculated

According to Figure.lll.7, the absorption edge is located at around 2.04eV for CuYSy, 1.31eV for

using another formula [24]:

CuYSe, and 0.56eV for CuYTe. where all the studied compounds have a good response in the range
of 11.3to 47eV for CuYS,, 6.25t0 47eV for CuYSe, and 5.7 to 47eV for CuYTe; to incident photons.

94



CHAPTER I Results and Discussion

220_-|-|-|-|-|'|'|'|'|'|'|'|"' T T T
200 - CUYSZ- B-mBJ _axx_

180 |
160 [
140 |
120 |
100 |
80 [
60 [
40 |
20 |

o(®)[10*](cm)?

PR IR Y I (YN INPUN ST AU ST N .
9 101112 1314151617 18 19 20
Energy (eV)

220'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'

180 |
160 |
140 [
120 |
100 [

a(®)[10*](cm)?

| | YN NI N YN NI U (NI NI NI N NI NI T NI N .
012345678 91011121314151617181920
Energy (eV)

L L L L B LA ELEN BLE DL B B B B
CuYTe,-TB-mBJ — 0Oy ]

oy, |

a(®)[10%](cm)™?

PR N U I U U U NI N I .
9 101112 13141516 17 18 19 20
Energy (eV)

o

IR

N -
w
~ L
o b
o
~
o |

Figure. 111.7. Absorption coefficient of CuYZ> (Z= S, Se and Te) within TB-mBJ approach.
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The optical refractive index, conductivity and the reflectivity are presented in Figures (111.8 -
[11.10). We have determined the refractive index given by using the real and imaginary parts of the

dielectric function [24]:

Results and Discussion

n() = 5 [Ver(@)? + & @7 + & ()]

The refractive index no at zero frequencies and the maximum values are shown in table 111.4 At
zero-frequency, the refractive index is 1.91 for CuYS», 1.88 for CuYSe, and 1.98 for CuYTe; with
maximum values of 2.80 at 6.59 eV for CuYS,, 2.92 at 7.90eV and 3.12 at 6.81eV for CuYSe, and

CuYTez respectively.
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Figure. 111.8. Optical refractive index of CuYTe, with (Z = S, Se and Te) within TB-mBJ

approach.

We define another parameter, which is the reflectivity coefficient R(w). This parameter
characterizes the part of the reflected energy from the solid surface and can be derived by the

refractive index [24] as follows :

_ |(w)-1)*+k%(w)
R(w) = (n(w)+1)2+k2(w) (111.15)

In the Figure 111.9, the optical reflectivity of CuYZ (Z = S, Se and Te) was plotted as function of the
light energy where the zero-frequency reflectivity limit of CuYZ is found to be 0.14 for CuYS;, 0.21
for CuYSe; and 0.30 for CuYTe,. We can see also that the high reflectivity peaks are observed at
energies 15.76eV, 9.03eV and 11.16eV for CuYSz, CuYSe, and CuY Te: respectively.
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Figure. 111.9. Optical reflectivity of CuYZ, with (Z =S, Se and Te) using TB-mBJ approach.
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Optical conductivity is a complex quantity defined by the following formula [26]:
o(w) = — = &(w) (111.16)

Figure 111.10 shows that the optical conductivity starting from 2.04eV, 1.31eV and 0.56eV to CuYS,,
CuYSez and CuY Tezrespectively. As remark, the maximum of optical conductivity of the compounds
is at 10.57eV for CuYSy, 8.28eV for CuYSe; and 6.62eV for CuYTe.
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Figure. 111.10. Optical conductivity of CuYZ, (Z=S, Se and Te) using TB-mBJ approach.

6. Thermodynamic properties
Getting high efficiency for materials that used in solar energy systems requires the full
knowledge of their properties such as the various changes occurred to their properties when under
temperature and pressure effects. The most important characteristics that we studied included the
changes in their energy absorption ability, their thermal expansion coefficient, and the resistance to

deformation and other properties.

All these properties were theoretically investigated in a temperature range of up to 1000
K and under the pressure influence up to 30 GPa. It calculation was performed using the quasi-
harmonic Debye model [26] applied in the GIBBS2 code [27, 28].

To study the thermodynamic properties variation of a solid matter under the influence of

temperature and pressure, we use the Gibbs free energy given by:
G* (%, V;P,T) = Eguat (X, V) + PV + A* iy (X, V; T) + F (x,V;T) (111.17)
Where Esat is the total energy, PV corresponds to the hydrostatic condition.

A, and FZ; are the non-equilibrium vibrational Helmholtz free energy and electronic free energies

respectively.
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Using Debye's model allows to express the non-equilibrium vibrational Helmholtz free

energy A", In terms of the density of phonon states (the vibrational density of states) g():
Ay = J; |2+ ksT Ln (1 — e %) | g(w)do (111.18)

F*(x,V; T) = Equ(x, V) + A*ip (x, V; T) (111.29)

Where n represents the atoms number per unit volume, and D (6/T) indicates the Debye integral,

which is written as:

3_
D(x) = = xye?

x370 1—e7Y

dy (111.20)

To get the equilibrium state, we minimize Gibbs free energy G* with respect to

volume at constant pressure and temperature:

aG*(VPT)\
(T)p,T =0 (111.22)

Solving the last equation enable us to find formulas of various thermal quantities, such as:

Entropy (S), the heat capacity at constant volume (Cy), and the thermal expansion coefficient (o)

which are given by:

S= —3nkgIn(1 — e ®0/T) + 4nkgD(0p/T) (111.22)

Co= 12nkgD(0p/T) — 25271 (111.23)
—_1(v)y _ ¥&

a= V(aT)p "~ VBr (11.24)

Heat capacity at volume constant Cy that is expressed by the formula (111.23) depicts how much
energy can be absorbed by 1 mole of compound when temperature increases by 1 K and is the result
of vibrations of the atoms of lattice [28]. We plotted in Figure 111.11 the variation of heat capacity of

CuYZ; (Z=S, Se and Te) as a function of volume and pressure.
6.1 Heat capacity at constant volume Cv

The heat capacity of a solid is given by a relation deduced from the vibratory movements
of the crystal lattice, and experimentally it expresses the amount of heat necessary to change its
temperature by one degree (has one unit of energy per degree). The heat capacity of metals is very

important because it expresses the ability of a substance to absorb energy. This ability logically
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increases with increasing number of degrees of freedom of a particle. The thermal capacities Cv and
Cr increase with the pressure (The closer the particles come together, the greater the inter-particle

forces. Part of the heat supplied is stored in the form of potential energy).

Figure 111.11-a shown that at low temperature (smaller than 200k) Cy increases with
temperature and proportions to T2, whereas it set up (100 j/mol.k) at a temperature equal or greater
than 450K which is in accordance to Petit Dulong law [29]. At ambient temperature (300k), all studied
compounds have high heat capacity values, where the greatest value was for CuTez (96.47 j/mol.k)
and the smallest value for CuY'S (91.89 j/mol.k). On the other hand, pressure affects the heat capacity
Cv, where the curves C\-P in figure I11.11-b appears a linear decrease of the heat capacities values

with pressure increasing of all compounds.
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Figure. 111.11. Pressure and temperature dependence of heat capacity “Cy” on CuYZ2 (Z=S, Se and

Te) compounds.
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6.2 The entropy of the system S

On a microscopic scale, entropy can be defined as a measure of the disorder of a system,
and it is viewed as a measure of the number of possible configurations. When the temperature
increases the atoms start to vibrate then new configurations become possible (the higher the entropy
of the system, the less ordered its constituent elements). The increase in the value of entropy causes
a certain change at the microscopic level of the substance and among these changes, we quote the
vibrations of the atoms, which move away from their equilibrium positions, the electrons pass from
an electronic level to another higher or change in spin state and random occupation of crystallographic

sites in disordered alloys.

At the macroscopic scale, the entropy of the system is the amount of internal energy of
the substance, which is not convertible into useful work, it can be considered as the energy unusable

to obtain a work per unit temperature.

We plotted in figure 111.12 the pressure and temperature effects on entropy thermal
quantity and this latter means the unconvertible energy in system. According to figure 111.12-a,
CuYTe2 has higher entropy compared to the other compounds, also, the three curves of entropy
change with increasing pressure and temperature and show a quasi-linear increase in entropy with
increasing temperature and pressure for each of them separately. We can explain this observation as
follow: the increase of temperature leads to a growth in the vibration modes and consequently the
number of configurations possible while increasing pressure affects the atoms movement and

therefore decreases the numbers vibrations atoms.
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Figure. 111.12. Pressure and temperature dependence of entropy “S” of CuYZ2 (Z= S, Se and Te)

compounds.

Thermal expansion expresses the proportion of change in dimension per unit degree
temperature change at constant pressure when the temperature changes. Higher temperature leads to
rise in the movement of the atoms that make up the substance and this leads to a change in its volume.
Vibrations of the constituent atoms of the substance always play an important role and affected by

external heat and their inter-atomic distances [30].

The coefficient of thermal expansion is related to several factors [31] such as the nature

of its constituent atoms, the number of bonds, and the type of its structure.

Figure 111.13-a shows the variation of the coefficient of thermal expansion as a function
of temperature. According to this figure, we can see that the thermal expansion of all studied
compounds increases rapidly for temperatures less than 200K and slowly for higher than 200K. Also,
we can notice that at temperatures less than 350K, CuYTe, compound has the greatest thermal
expansion coefficient, while at temperatures higher than 350K the CuY Se; thermal expansion value

become upper than the other.
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Figure. 111.13. Temperature dependence of entropy “S” of CuYZ> (Z='S, Se and Te) compounds.

The most important thermal property is the Debye temperature. It is associated with many
mechanical and elastic properties, and it represents the temperature that caused the greatest number
of vibration modes, Also, Debye temperature Op is associated to sound velocity due to the reason that
vibrations of solid are considered as elastic waves [28,32]. The obtained results of the temperature
dependence of Debye temperature for all compounds CuYZ (Z= S, Se and Te) are plotted in figure
[11.13-b. Curves of Op-T exhibit a linear decreasing of Debye’s temperature with increasing

temperature where CuY Sz has the highest value compared to CuYTe2 and CuY Se, compounds.
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7. Thermoelectric properties

To estimate Seebeck coefficient, electrical conductivity (o/t), the thermal conductivity (k/t)
and electronic specific heat capacity (c) of CuYZ, compounds (Z= S, Se and Te) for different
temperature (300, 500 and 700K) in the first step where the positive value of chemical potential ()
reveals that the doping is n-type whereas the negative value indicates the p-type doping [33], and at
Fermi level for each CuYZ, (Z = S,Se and Te) compound at room temperature equal to 300K we

depend on the semi-classical Boltzmann transport theory implemented in BoltzTraP code [7].

The intrinsic Seebeck coefficient is the ratio of the voltage created between the ends of a
material when its ends are exposed to a thermal gradient. This thermal gradient causes the moving

charge carriers (electrons or holes) [34] and induced an electrical current.

We plotted in Figure (111.14-a) the variation of Seebeck coefficient along the relative chemical
potential p to the Fermi level po for all CuYZ, (Z= S, Se and Te) compounds at three temperatures
values (300, 500 and 700K). According to the obtained results, we can see at a temperature of 300K
that the Seebeck coefficient is as great as possible for the three materials studied. We can also see
that the CuYS, compound has a significantly higher Seebeck coefficient than the other two
compounds, with a maximum value set up 2.7mV/K at 300K and decreasing to 1.6mV/K if the
temperature increases to 700K. Figure (I111.14-b) shows the temperature variations of the Seebeck
coefficient computed exactly at the Fermi level. The Seebeck coefficient rises to its maximum value
at temperatures 650, 350, and 500K for CuYSz, CuYSez, and CuYTe, respectively, whereas the
coefficient of Seebeck for the CuYSe, compound at room temperature is greater than for the

remaining compounds.
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Figure. 111. 14. Variation of Seebeck coefficient for CuYZ (Z=S, Se and Te) as function of: (a) the
relative chemical potential for different temperature values (300, 500 and 700K). (b) as function

temperature at Fermi level.

The other three important parameters in the study of thermoelectric phenomena are the
electrical conductivity (o/1), electronic thermal conductivity (/1) and electronic specific heat (c) of
the free electrons in material where these factors expresses the contribution of the movement of
electrons to the conductivity of electric current, its contribution to thermal conductivity and its
contribution to the heat capacity of the material, respectively. In Figures 111.15-17, we have plotted
the variation of the electrical conductivity (c/t) coefficient, the electronic thermal conductivity (i/t)
and electronic specific heat (c) of CuYZ; in terms of chemical potential in different temperatures

(300, 500 and 700K) and as function of temperature at Fermi level.
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Figure. 111.15. Variation of electrical conductivity (o/t) for CuYZ> (Z= S, Se and Te) as

function of: (a) the relative chemical potential for different temperature values (300, 500 and 700K).

(b) Temperature at Fermi level.

The electrical conductivity, which is a measure of free charge-carrier flow of the material [35].

The electrical conductivity directly depends upon the carrier concentration (n) and mobility ()

through the relation (o = nep) [33]. According to the results obtained about the changes of electrical

conductivity in terms of the relative chemical potential at different temperatures (300, 500, 700K)

shown in the figure 111.15-a. we note that the CuYTe> compound has higher electrical conductivity

than the rest of the compounds, where its maximum value was at the relative chemical potential in
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the range -1, -0.5 eV, also it can also be noted that the electrical conductivity has the highest value
at the temperature of 300k and decreased slightly with increasing temperature for the all studied
compounds whereas the electrical conductivity of the CuYS, compound is large when the relative
chemical potential is greater than 1.5eV. Figure 111.15-b characterizes the electrical conductivity
variation in terms of temperature for the three compounds at the Fermi level for each compound. The
results indicate that electrical conductivity is non-existent at low temperatures and then goes up with

increasing temperature, with the CuYSe> compound having a higher electrical conductivity

coefficient than the other compounds.
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It is usually known that the contributions of electrons to thermal and electrical conductivity are
exactly proportional and related to each other by relation of Wiedemann—Franz law k = Lo T ( L:
Lorentz constant), so we can see similar shapes of curves for the electrical conductivity (o/t) and the
electronic thermal conductivity (/1) (see figure 111.16 (a and b)) where the increase of the electronic
thermal conductivity is related to the electron-phonon interaction due to random transport carries
[50].
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The electronic heat capacity (c) is independent of system size and yields a degree of temperature
change per unit of the substance by absorbing heat [35]. The variation of the electronic heat capacity
(c) as function of the relative chemical potential at different temperatures (300, 500 and 700K) in
both is shown in figure 111.17-a. The results indicated that the value of electronic heat capacity (c)
takes higher values in the relative chemical potential range of -2eV to OeV for the three studied
compounds, and the value of the capacity increases with rising temperature for the three compounds.
The plotted curves also reveal that the CuY S, compound has a higher electronic heat capacity (c) than
the other compounds unlike to CuYTe> compound that having the lowest values. Concerning the
variations in electronic heat capacity (c) as a function of temperature computed at the Fermi level
(see figure 111.17-b), we found that the electronic heat capacity (c) has zero values at temperatures
below 150 K, whereas the electronic heat capacity (c) starts to rise as temperature increases and it

increases more in CuYS; than CuYTe, and CuY Se..

Figure 111.18-a and b display the variation of ZT factor as a function of chemical potential at
different temperatures and as function of temperature at Fermi level for each compound. This

parameter is used to express the qualification of materials to transfer heat into useful electric energy.

As previously mentioned, the efficiency of materials in converting heat into electricity varies
from one material to another, as can be predicted theoretically by estimating the ratio of merit, this
letter is related to the many other thermoelectric properties of the material such as the contribution
of electrons to thermal conductivity ,electrical conductivity in addition to Seebeck coefficient. To
obtain a high merit ZT ratio, the material must have high Seebeck factor, high electricity fans and
low thermal conductivity, which are significantly contributing to the transfer the heat energy to
electricity instead of storing or transported as a heat. According to Figure 18-a shown to the ZT
variation in term of the chemical potential at different temperatures, we note that both CuYS, and
CuYSe, compounds have high ZT factor, unlike to CuYTe2 compound. For the variations of ZT
coefficient in terms of temperature at the Fermi level ( see Figure 111.18-b) we note that the value of
the coefficient for the CuYTez compound reaches a maximum at a temperature of 300 K and then
decreases with increasing temperature, in contrast to CuY S, and CuY Se> compounds, where the value

of the coefficient remains high and nearly constant at temperatures greater than 300 K.
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8. PHOTOVALTAIC APPLICATION

Before manufacturing a solar cell, it is useful to know beforehand the order of magnitude of
the electrical and optical parameters of the different layers constituting it, for which the best
performance can be obtained, that is to say, a maximum conversion of energy. Simulation has been
widely used in the photovoltaic field to determine the most important parameters for the operation of
solar cells, to minimize losses and to optimize the physical and geometric parameters of the cell in
order to obtain maximum yield. The major difficulty lies in the large number of parameters that

influence performance.

The main goal in this section is to study and simulate a chalcostibites-based thin-film solar
cell (ZnO/CdS/CuSh(S,Se)2) by using the simulation software (WxAMPS-1D). The simulated PV
structure being a multilayer system, this is why it is then essential to make an investigation of each
layer and to analyze the effect of variation of the optical and electrical parameters on the cell, in order
to make a comparison with the results of the simulations on chalcogenide based materials thin film
solar cells. Today, there are many different types of absorbers. The reason why the best material has
not been found yet is that device based on the material is expected to be not only highly efficient but
also environmentally friendly and of low cost. It requires not only that the growth, manufacturing
process, and recycling cost of the solar device shall be cheaper, but also that the device shall have a
longer operating lifetime. Moreover, the raw materials shall be abundant and non-toxic. In this

section, two main absorber materials are discussed CuShS, and CuShSe,.

8.1 Potential copper-based chalcogenides

CIGS is already a commercialized absorber material and CZTSSe is under development
[36]. However, finding alternative absorber materials is an ongoing research. CuzSn; xGexS3 (CTGS)
and CuzSn;«SixS3 (CTSS) are potential solar cell materials [37]. Despite a few studies of CuSnSs,
CuzGeSs, and Cu,SiSs [38-41], only few groups reported the investigations of the corresponding
alloys [41,42]. The conversion efficiencies of 4.63% and 4.29%, using Cu2SnSs, were achieved by
Nakashima et al. [43] and Kanai et al., [44], respectively. Cell efficiency of 6.0% was obtained for
CuzSnog3Geo17Ss by Umehara et al. [42]. Another type of potential candidate materials are
Cu(Sh/Bi)(S/Se)2 due to higher absorption coefficients. Solar cells based on CuShS, and Septina et
al.,[45] and Welch et al. have fabricated CuShSe2 with conversion efficiency of ~3% [46].
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8.2 Copper antimony and bismuth chalcogenides

The compounds in this study are indirect band gap semiconductors with predicted band
gap energies ranging between 1.0 and 1.6 eV. The difference in band gap energy between direct and
indirect band gaps is only 0.2-0.3 eV [47]. Cu(Sh/Bi)(S/Se). has a greater absorption coefficient than
CIGS and CZTS, allowing solar cells made using these absorber materials to be thinner and hence

less expensive. These findings are in line with those of other researchers [48-51].
An overview of the fundamental properties of CuBiS, and CuShSe: is presented in Table 111.5.

Table.111.5. Fundamental properties of CuBiS, and CuShSe..

Properties Orthorombic CuBiS» Orthorombic CuShSe>
Space group D% Pnma, N°.62 4 D1 Pnma, N°.62 58!
Lattice constant (A°) a=6.16 (6.14), b=3.88 (3.92) a= 6.31 (6.40), b=3.97 (3.95)
and c= 14.20 (14.52) [ and c= 14.65 (15.33) [
Wycoff position Cu: 4c, Bi: 4c Cu: 4c, Sh: 4c
S(1): 4c, S(2): 4c B4 Se(1): 4c, Se(2): 4c B4
Band group energy (eV) E=1.30, 1.65 Eg=1.21, 1.05 %
Effective mass at r (mo) No data Holes (heavy):0.9 ¢4
Main intrinsic defect No data n-type: Cu; %
p-type: V¢,
Dielectric constant g No data 13 (€]
Melting temperature (K) 793 81 753 B
Thermal conductivity 0.0005 71 0.002 14
(W/cm.K)

Only a few investigations on solar cells based on Cu(Sh/Bi)(S/Se). have been published to date [65].
Despite the fact that the compounds are indirect gap materials, they are unique PV absorber materials
that are particularly attractive for ultra-thin film solar cells due to their higher absorption coefficients.
Solar devices are currently only made of CuSbSe, and CuSbS;, and they are quite simple to
manufacture [65]. To boost efficiency, however, device engineering is required. By alloying the anion
with Te (CuSb(Se1xTex)2), the band gap energy can be optimized. Other research indicate that
CuSh(Sei1-xTex)2 may have slightly higher absorption coefficients than Cu(Sh/Bi)(S/Se)2 [65].
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8.3 Device structure

The classical thin film solar cell is a heterojunction device, meaning it comprises six layers
with diverse functional characteristics [66—68]. Figure 111.19 depicts a schematic of the studied
structure. A comparable device construction, but a different absorber layer material, is used for solar
cells based on other Cu-based materials such as CZTSSe, CTGS, CuShS», and CuSbSe,, because it
is easier to apply information from CIGS cells to the relatively new solar cells.

Back contact

Figure 111.19. Schematic structure of ZnO:Al/ZnO/CdS/Absorber material/Mo solar cell.

The substrate is on the bottom, and it comes in three varieties: soda-lime glass (SLG), metal,
and polyimide. Soda-lime glass containing sodium (Na) with a thickness of 1 to 3 mm is the most
typical substrate. Na can improve solar cells’ efficiency and reliability, as well as process tolerance
[69]. Because of its low resistivity and stability, molybdenum (Mo) with a thickness of 500nm is used
as a back contact. During CIGS development, an intermediate layer MoSe, serves as an ohmic
contact. The p-type absorber layer (CIGS), which has intrinsic flaws and has a thickness of 1000-
2000 nm [70], is the most significant portion of the device.

The upper layer on the CIGS is a thin n-type buffer layer CdS with a thickness of =50 nm
[71]. The front contact is made up of intrinsic zinc oxide (i-ZnO), n-type ZnO layers, and transparent
conducting oxides (TCO) [72]. When depositing the ZnO:Al window layer, the i-ZnO is employed
to avoid sputtering damage to the absorber materials and CdS, as well as current leakage due to
inhomogeneities [73]. Aluminum (Al) is doped into n-type ZnO to increase conductivity [74,75]. In
order to improve performance, the top of the cell is usually coated with an anti-reflective coating [76].

The ZnO/CdS/CIGS/Mo structure has been developed to improve the performance of solar cells [77].

115



CHAPTER I Results and Discussion

8.4 Optimization of device structure

The simulations within wxAMPS-1D of the ZnO/Cds/CuSb(S/Se). (Figure 111.6) solar cells
take into account previous experimental and theoretical works [78] on absorber material, CdS and

ZnO devices.

Table 111.6. Set of parameters of absorber material solar cell used in the simulations.

Code ZnOl’el CdSl®  CuSbS["®1  CuShSel™!
Thickness, [um] 0.08 0.05 2.5 2.5
£ Relative dielectric constant. 9 9 12 15
E,(eV) The width of the forbidden band. 2.4 3.4 1.45 1.08
xe(eV) Electron affinity. 45 4.1 4.05 4.11
No(em™3) Effective density of state of 2.2x10"®  1.8x10"°  1.23x10"°  9.9x 10%°
electrons in the conduction band.
Ny(cm™3) Effective state density of holesin ~ 1.8x10"°  2.4x10'®  1.78x10®°  9.9x10"
the valence band.
cm? Concentration of acceptors. 100 100 4 10
ta(55)
cm? Concentration of donors. 25 25 4 10
()
N,(cm™?) 10%® 108 0 0
N,(cm™3) 0 0 1x10% 1x10%

8.5 Results of simulation

In our work, we have used the simulation tool (WxAMPS-1D) to study our structures
(ZnO/CdS/CuSh(S/Se).) (figure 111.19) based on the physical parameters obtained from table (111.6).
To obtain the best simulation results, we have optimized the impact of materials properties such as
thickness, carrier concentration of absorber and buffer layer, charge carrier mobility and lifetime,
interface recombination speed, the band offset at the interface of buffer, and absorber layers to

understand the better insights for the device performance.

Using the optimal thickness values of the structure (ZnO/CdS/CuSh(S/Se)2) and the effect of cell
performance of CuSh(S/Se), doping concentration within the range (10%°-10%° cm3) is analyzed After
starting the simulation and choosing the optimal doping concentration for this cells (10%° cm)

obtained from the simulation the PV parameters obtained are shown in table I11.7.
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The table 111.7 represent the parameters of the CIGS, CZTS, and CdTe photovoltaic cells
compared with the results obtained.

Table.l11.7. The obtained electrical parameters of the optimized thin-film solar cells.

Thickness (um) PV Parameters
ZnO CdS CuShS; CuSbSez n(%) FF(%) Jsc(mA/cm?) Vo[V]
ZnO/CdS/CusbS;  0.01 0.01 1 - 18.84  88.87 20.87 1.01
ZnO/CdS/CuSbSe,; 0.01 0.01 - 05 14.19 84.85 25.29 0.66
ZnO/CdS/CIGS 23.400°1
ZnO/CdS/CZTSSe 13.000
25
20
§ 15 Voc (v) : 1.0169
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voltage(V)

Figure.l11.20. The current-voltage (J-V) characteristic of the CuSbS; solar cell.
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Figure.l11.21. The current-voltage (J-V) characteristic of the CuSbSe; solar cell.

In this section, we have been performed a simulation for CuSbSe, and CuSbhS; based thin-film
solar cells using wxAMPS-1D package. The efficiency of the solar cells has been optimized by
varying the thickness and doping concentrations of TCO layers, buffer layers, and absorber layers.
Moreover, the obtained maximum efficiencies are approximately 14.19% and approximately 18.84%,
for CuShSe, and CuShS; based solar cell, respectively.
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9. Conclusion

Our study presents new results concerning the electronic, optical, thermodynamic and
thermoelectric properties of the ternary chalcogenide compounds CuYS;, CuYSe, and CuYTeo.
These results are obtained using the FP-LAPW method with the TB-mBJ approximation and also
with the help of other approximations. The three compounds have the same electronic behavior, as
they are semiconductors with different energy gaps. These compounds are considered to have good
cohesive energies, especially CuYS, compound. They have good optical properties, in particular,
CuYS, compound, which has a high absorption coefficient compared to the rest of the compounds.
The CuYS: has a less ability to absorb energy at ambient temperatures compared to the rest of the
compounds as well as other thermal properties under the influence of pressure and heat, which they
are promising, compounds to use them in electro-optical fields and its applications. The CuYS; is a
good candidate thermoelectric device due to their high Seebeck coefficient reaching to 3.0 mV/K and
low thermal conductivity value at ambient temperature. Which makes them candidate materials to

use in photovoltaic applications.

Finally in this chapter, we optimize the physical and electrical parameters such as the
thicknesses for each layer of the cell in order to see their influences on the electrical characteristic of
the ZnO/CdS/CuSbh(S/Se) structures. Thus, it is hoped that this study will help the novices, scientists,
researchers and manufacturers to understand the behavior of CuSbSe, and CuShS; thin film solar
cells and to fabricate non-toxic, earth-abundant less complex and high-efficiency thin film solar cells

in the near future.
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General conclusion

General conclusion

Chalcogenide have a bright future and they are consistently finding applications in
various sectors. We are putting here few of the challenges which are dealing in current
research for a future prospectus. From the synthesis and processing point of view, these
materials should have cheap manufacturing process. These materials enlarge an excellent
challenge for their function and implementation in sensor devices due to their good sensor-

specific advantages.

The first principle calculation based on DFT theory was used to estimate structural,
electrical, and optical properties of copper-based chalcogenides: CuYS;, CuYSez, and
CuYTe; in orthorhombic and hexagonal structural phases. The results revealed that the three
compounds have the same electrical behavior, despite the fact that they are semiconductors
with different energy gaps. Furthermore, these compounds, particularly CuYSa, are thought to
have high cohesive energies. The optical properties of the three compounds show that they
have good optical properties, especially CuYS2, which has a high absorption coefficient
compared to the other compounds. As a result, they are good candidates for photovoltaic
applications. In terms of the temperature and pressure effects on the thermodynamic
properties of the three compounds, we discovered that the CuYZ; with the sulfur atom (S) has
a lower ability to absorb energy at ambient temperatures compared to the other compounds, as
well as other thermal properties under the influence of pressure and heat. As a result of our
research, CuYZ, (Z= S, Se, and Te) appear to be promising compounds for use in electro-
optical fields and applications. The ability of both CuYS, and CuYSe, to be used as
thermoelectric materials due to their specific thermodynamic and electronic features can be
validated by estimating thermoelectric properties based on the semi-classical Boltzmann
theory, such as thermal conductivity, Seebeck coefficient, and electronic conductivity. CuYS;
is a promising candidate thermoelectric device, according to the thermoelectric findings,
because of its high Seebeck coefficient of 3.0 mV/K and low thermal conductivity value at

ambient temperature.

Under AM 1.5G light, the performance of two separate solar cell installations was
optimized By using the wxAMPS-1D simulation program and compared in terms of doping,
thickness of dielectric layers, and absorption. The CuYS, buffer layer had the best
performance characteristics (n = 18.84%, FF=84.85%, Jsc=25.29 mA/cm? and Voc = 0.66 V).
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General conclusion

As a result, in CIGS thin-film solar cells, alloy could be a potential better alternative to the
traditional CdS dielectric layer. We observed that the band alignment at CuSh(S/Se). and CdS
interface is less critical as compared with other absorbers. Overall, the findings are critical for

future technical advancements in experimental work.

The present work clearly demonstrates the current state of semiconductors (Ch = S,
Se, Te) in materials research, indicating that this is a key area of ongoing and future study.
The work provided a brief overview of materials, sustainability issues, and some of the new
development approaches facing the field of thin-film photovoltaic technologies for the
challenging and exciting years ahead.

Finally, by evaluating, classifying, and discussing potential possibilities in
chalcogenides, this study aims to encourage further research on this growing class of
semiconductors, thus enabling future developments in optoelectronic devices and some new
development approaches that challenge the field of thin-film photovoltaic technologies in the

coming years.
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Résumé

En raison de leurs propriétés physiques utiles, les matériaux chalcogenides a base de cuivre sont depuis
peu prometteurs pour de nombreux domaines technologiques émergents. Dans le domaine du
photovoltaique, la découverte et la conception de matériaux appropriés pour les cellules solaires
constituent un défi technique majeur. Les propriétés structurelles, électriques, optiques et
thermoélectriques de CuYSe; et CuYTe; dans la phase hexagonale, ainsi que de CuYS; dans la phase
orthorhombique, ont été étudiées a l'aide d'une technique numérique Full Potential-Linearized
Augmented Plane Wave (FP-LAPW) basée sur la théorie de la fonction de densité (DFT). Pour calculer
les propriétés structurelles, I'approximation de la densité locale (LDA) et I'approximation du gradient
généralisé (PBE-GGA) ont été utilisées comme potentiels d'échange-corrélation. D'autre part, la
méthode de Becke-Johnson modifiée (mBJ) a été utilisée pour calculer les propriétés optoélectroniques
avec un degré de précision plus élevé. Nos calculs ont révélé que ces trois composés ont des bandes
interdites indirectes dans la gamme de 0,6 eV a 2,1eV. De plus, de nombreuses qualités
thermoélectriques des composeés étudiés ont été estimées en fonction de I'énergie chimique a différentes
températures en utilisant la théorie du transport de Boltzmann semi local. Les résultats montrent un
coefficient Seebeck plus élevé pour CuYS; par rapport a CuYZ, (Z = Se et Te) jusqu'a 2,7 mV/K pour
CuYS; a 300 K, avec des valeurs acceptables de conductivité thermique et électronique. Le modele
quasi-harmonique est utilisé pour examiner les propriétés thermodynamiques telles que la capacité
thermique a pression et volume constants, l'entropie, la température de Debye et le coefficient
d'expansion thermique sous l'influence de la pression et de la température. Suite a cette étude, CuYSy,
CuYSe; et CuYTe; sont des matériaux prometteurs pour les dispositifs optoélectroniques, notamment
comme matériaux photovoltaiques dans les cellules solaires. Nous avons réalisé la simulation
numeérique. Nous optimisons les paramétres physiques et électriques tels que les épaisseurs pour chaque
couche de la cellule afin de voir leurs influences sur la caractéristique électrique des structures
ZnO/CdS/CuSh(S/Se),. L'efficacité des cellules solaires a été observée en faisant varier I'épaisseur et
les concentrations de dopage des couches de TCO, des couches tampon et des couches d'absorption. De
plus, les rendements maximaux obtenus sont d'environ 18,84% et d'environ 14,19%, pour les cellules
solaires a base de CuShS; et de CuShSe;,, respectivement.

Mots clés : TB-mBJ, coefficient de Seebeck, coefficients de conductivité électrique et thermique,
fonction diélectrique, coefficient d'absorption, réflectivité, capacité thermique, coefficient de dilatation
thermique, wx-AMPS-1D.
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