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General Introduction

General Introduction

Today, materials-intensive physics and materials science are essential to advancing
technology; As a result, this is a broad and renewable field in which many theoretical and
experimental researchers are active.to make sure the physical and chemical properties of a
material and before selection it is necessary to determine whether its structural, electronic,
mechanical and optical properties are suitable for use in technological applications. Since
the physical and chemical properties of solids are closely related to their electronic structure.
The determination of electronic structure of solids is one of the main goals of both solid
physics and chemistry. Studying the electronic structures of materials is necessary to
interpret experimental results, as well as to predict the physical and chemical properties of
materials that have not yet been used experimentally. The Schrddinger equation can be
solved according to quantum mechanical theory to make sure the electronic structure of
material. Chemists and physicists theoretical have used a variety of techniques and models
to solve the Schrodinger equation for atoms and molecules into one of two categories. The
second type uses a more accurate method that does not require experimental data to calculate
the electronic structure of the material, regardless of the chemical composition of its

components.

The electronic structure of atoms, molecules, and materials can now be calculated
using computational methods based on first principles, which also makes it possible to
predict the structural, electronic, mechanical, light, and other properties of the materials.
These methods eventually took over as the most popular ones for analyzing and
comprehending the findings of empirical research. In fact, they have frequently supplanted
experience, where it is difficult or impossible to make empirical measurements.

» The goal of the search:

The field of semiconductors, particularly perovskites, nanoring, and catalysts, has
received considerable attention due to their broad properties and wide range of applications,
including solar cells, light-emitting devices, and catalysts. With recent scientific
developments, research has focused on examining the structural and physical properties of
these materials. The primary objective of this study is to verify the following:

1. Analyze the structural and physical properties (mechanical, electronic, electrical and
optical) of pure perovskite and doped with Zn atom at different concentrations and

compare our findings with both theoretical and experimental results.
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2. Examination of pure chalcogenide and aluminum-doped chalcogenide in varying
concentrations to determine their structural and physical properties (mechanical,
electronic, electrical and optical) and compare them with previous research.

3. Studying the structural, physical, mechanical, electronic, electrical and optical
properties of pure tellurium-saturated zinc oxide and comparing them with other
experimental and theoretical results.

4, Evaluation of the effect of impurities on structural and physical properties and their
potential benefits in technological applications.

5. Investigated the effect of dopants on the bandgap of semiconductors, a critical
parameter that determines their optoelectronic properties.

> Previous studies

In the field of material science, several studies have been conducted to explore the
structural, electronic, optical, and thermal properties of different materials. In 2021, Adewale
et al. [1] conducted a study on the structural, electronic, mechanical, and thermoelectric
properties of ATiOs (A = Be, Mg, Ca, Sr, and Ba) using the first DFT-based method within
the GGA-PBEsol Exchange Correction. Moreover, in 2020, SSA. Gillani et al. [2] presented
detailed results of structural, electronic, optical, and thermal properties using Zn-doping in
the cuboctahedra structure of SrTiOa.

For instance, according to the study conducted by (P. S. Aktas et al., 2022) [3] different
values of x in nano powder SrTi1xNbxO3 (STNO) were synthesized using the sol-gel auto
combustion technique with two fuel mixtures. In 2014, Samia Bensalem et al. [4]
investigated the structural, elastic, and thermodynamic properties of SrTiO3z within the
functional theoretical framework of density (DFT) and the pseudopotential plane wave

approach.

CulnS; is a solar cell material with intriguing electronic structure and optical
properties, as studied by (Soni et al., 2010) [5]. This compound is of interest for photovoltaic
applications due to its unique characteristics, making it a promising candidate for solar
energy conversion. CulnS thin-film homojunction solar cells were investigated by
(L.Kazmerski et al., 1977) [6]. This research explored the potential of CulnS; as a material
for solar cell applications, focusing on its homojunction properties and performance. (Z.
Pachuau's, 2023) [7] provides a first-principles investigation of the electronic, optical, and

thermoelectric properties of CulnS; and CulnSez. This research delves into the fundamental
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characteristics of these compounds, offering insights into their potential applications in

various fields.

In the study by (ZHANG et al., 2011) [8], first-principles simulations and experimental
evidence were used to investigate the enhancement of transmission in ZnO films. This
research explored methods to improve the transmission properties of ZnO films, which have
potential applications in various optoelectronic devices. In the study by (Sonmezoglu et al.,
2014) [9], tellurium (Te) doping was employed to enhance the physical properties of ZnO
thin films. This research aimed to improve the characteristics of ZnO thin films, which can
be crucial for various applications, including electronic and optoelectronic devices.

> Research structure

The aim of this research is to investigate the doping effect on the physical properties
of SrTiOs perovskite compound, CulnS; chalcopyrite compound and ZnO compound using
Density Functional Theory (DFT) method and CASTEP program. In addition of the general
introduction and conclusion, this study is divided into two parts:

+ The first section presents a theoretical background divided into three chapters:
¢ The first chapter introduces the principal approaches of DFT, introduces pseudo-
probability and plane-wave methods, and provides a good presentation of CASTEP
program and SCAPS-1D.

¢ Chapter II provides a general introduction and physical properties of SrTiO3

perovskite material.

¢ Chapter III provides a general introduction and physical properties of CulnS»

chalcopyrite material.

+ The second section presents the calculated results obtained using the CASTEP program

and discusses them scientifically with comparison with theoretical and experimental studies
available in scientific publications. This section contains four chapters:
¢ Chapter IV, V and VI present a detailed study, the results obtained of the structural,
mechanical, electronic, and optical properties of pure SrTiO3, CulnSzand ZnO and
the effects of doping on the properties of these compounds.
+«» Chapter VII present an application of the physical properties of ZnX (X = Te, S,
and O) in solar cell structure, using the SCAPS program.

Finally, the study concludes with a general summary of the most important results.
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Chapter I: Density Functional Theory (DFT)

1.1 Introduction

Density Functional Theory (DFT) was initially proposed by Hohenberg and Kohn,
with further development by Kohn and Sham by (Parr, Robert G, 1983) [1]. Despite initial
skepticism, DFT has become a widely used computational method for predicting and

analyzing electronic properties of materials [1].

In addition to DFT, several other ab initio codes are available for simulating and
predicting material properties, including Quantum Espresso, ABINI, CASTEP, and VASP
[2-5]. These codes have been extensively employed in studying various material types, such

as metals, semiconductors and insulators.

DFT has been the primary tool for quantum mechanical simulation of periodic systems
(P. Edwards et al., 2013) [6]. Computational tools like DFT and other ab initio codes have
played a crucial role in advancing material science research, enabling the design of materials
with desired properties Robert R et al., 1986) [7].

In conclusion, the development and applications of DFT and other ab initio codes have
significantly contributed to material science research, leading to new discoveries and
advancements in this.

1.2 Schrédinger's equation

The Schrodinger equation is essential in the non-relativistic quantum description of
crystalline or molecular systems. It serves as the foundation for this formalism and can be
simplified through various approximations for ease of solution. To tackle the multi-body

problem in quantum mechanics, the following Schrodinger equations [8,9] must be solved:
HY = EY (1.1)

Where E is the total energy of the system and ¥ is the wave function of the system.

H: Hamiltonian

The total Hamiltonian, denoted as H, is the Hamiltonian of the quantum system under study.

In the non-relativistic case, it is written in the form:

H == TN + Te + ]/e_e + VN—N + Ve—N (|2)

—h2
Ty = WZkAk ('-3)
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Where:
TN: Kinetic energy of the nuclei:

Te: Kinetic energy of the electrons:

—h2
Te = EZiAi (|4)

Ve-e: Electron-electron interaction potential:

2

1 1 e
Veee = 5 X121 Uij = 52i,j¢i—4ng — (1.5)
OlTi—Tj|
Vn-n: Nuclei-nuclei interaction potential:
1 1 CEVAYA)
Vn-n = 5 Dtz Ut = 5 Zkisk g (1.6)
o[Rg-F|
Ven: Electron-nuclei interaction potential:
— _y_ Zke’
Ve—N - Zl,k Ulk - Zl,k 4me (|-7)

o|Ry—74

In an effort to simplify the notation, the spin coordinate was excluded. Nevertheless,

the electrons' spin degree of freedom impacts the wave function.

For stationary processes, the time-independent Schrodinger equation can be expressed as

follows:
For electrons:
(—h2/2m)V2¥ (r) + V(¥ (r) = E¥(r) (1.8)
For nuclei:
(—h2/2M)V?®(R) + U(R)®(R) = ER®(R) (1.9)
Where:
+ h is the reduced Planck’s constant;
+ m is the mass of an electron;
+ M is the mass of a nucleus;
+ V2 is the Laplacian operator.

Where V(r) represents the electron potential energy in terms of its spatial coordinates,
U(R) represents the nuclear potential energy in terms of its spatial coordinates, E represents

2
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the total energy of the electron system and ER represents the total energy of the nuclear

system.

Note: The equations provided assume a non-relativistic framework and neglect the spin-spin

interactions between electrons and nuclei.

Where H is the Hamiltonian operator, ¥ is the wave function, E is the energy of the system,

and the subscript "t" is omitted since the equation describes stationary states.

The total Hamiltonian operator (T H) for a system with multiple interacting particles,
consisting of N nuclei and M electrons, can be obtained by adding the t. Total kinetic energy
operator (T T) and the operator describing all Coulomb interactions (T V) in the Schrodinger

equation.

The Hamiltonian operator plays a critical role in quantum mechanics as it describes

the total energy of the system and is utilized to predict its time evolution.

The wave function must account for electron spin coordinates, introducing additional
complexity. However, exact solutions are impractical for large systems due to the increasing
number of particles. Consequently, simplifications are employed, such as the Born-
Oppenheimer approximation, Density Functional Theory, and Hartree-Fock method (D. A.
McQuarrie, 2007) [10].

The electromagnetic interaction becomes challenging for systems with numerous
atoms and electrons, like solids with billions of nuclei and valence electrons. Without further
simplification, solving the problem would be infeasible. Three common levels of
simplification are the Born-Oppenheimer approximation, Density Functional Theory or
Hartree-Fock approximation [11, 12].

1.2.1 Born Oppenheimer approximation

The Born-Oppenheimer approximation is a widely used technique in quantum
mechanics to simplify the solution of the Schrédinger equation. This method assumes that
the motion of the atomic nuclei is much slower than the motion of electrons, so the kinetic
energy of the nuclei is neglected, and the Coulomb energy remains constant. Thus, the nuclei
are considered to be stationary while the electrons move in their field. This approximation
allows the separation of the electronic and nuclear motions, and the electronic Hamiltonian

He is defined to describe the electronic behavior in the field of the nuclei. Using this
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Hamiltonian, the Schrodinger equation can be written to solve for the electronic wave
function. The Born-Oppenheimer approximation is a fundamental concept in quantum
chemistry and has many practical applications in molecular spectroscopy and electronic

structure calculations [13,14].
Born-Oppenheimer approximation:
Schrodinger equation simplification:
V2¥(r,R) + (2u/h*)(E — V(R))¥(r,R) =0 (1.10)
Electron motion decoupling from nuclear motion:
Y(r,R) = yY()R(R) (1.12)
Nuclear kinetic energy term is neglected:
+ T(R)=0
+ Electron term:
+ Electron wavefunction:
* y(r)
+ Nuclear term:
+ Nuclear wavefunction:
+ R(R)
Electrostatic interaction between nuclei becomes constant:
Vy_n = constant (1.12)

Electron-nucleus interaction potential is approximated as an external potential independent

of nuclear positions:

Ve-n = Vext (1.13)
Electronic Hamiltonian:

H, =T, + Vgt (1.14)
Second level of approximation:

Hartree-Fock method (approximation on wavefunctions):

V(1) — 20u/D*E [Vere + EU () — K@) i(r) = i (1) (1.15)
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Density Functional Theory (approximation on Hamiltonian):

He[p(r)] = Tel[p(1)] + Vexe + | p("Yv(r,7")dr" + Exc[p(r)]  (1.16)

The decoupling technique of separating electron and nucleus movements is an
important approximation method in quantum mechanics for addressing N-body problems.
This technigue is discussed in academic works like "Introduction to Quantum Mechanics"
by (D. J. Griffiths et al., 2018) [15] and "Quantum Mechanics: Concepts and Applications™
by (N. Zettili et al., 2003) [16]. However, obtaining analytical solutions for the Schrodinger
equation for electrons is challenging, except in simple cases like hydrogen. To overcome
this challenge, various approximation techniques are utilized, as mentioned in the

aforementioned sources.
1.2.2 Approximation of Hartree and Hartree.Fock
1.2.2.1 Hartree approximation

The Hartree-Fock approximation simplifies the behavior of multi-electron systems in
guantum mechanics. It assumes that each electron moves independently in a mean field
created by the other electrons and nuclei. By reducing the complex N-electron system to a
single-electron system, the Hamiltonian can be expressed as the sum of the Hamiltonians for
each electron. This approximation is widely studied and discussed in academic works such
as "Introduction to Quantum Mechanics" by [15] and "Quantum Mechanics: Concepts and
Applications" by [16]. The wave function of the entire electronic system is the product of
the individual wave functions of each electron multiplied by their corresponding energies.
The Hamiltonian for such a system is given by: [Hamiltonian equation].

H = Zi-:"h(D) (1.17)
Where h is the single-electron Hamiltonian.
Y(xy X0 0nnnn. ;AN) = @i(x1)@i(x2)e i, ©r(xyn) (1.18)

represents the electronic wave function W for a system of N electrons. The wave function is
expressed as a product of single-electron wave functions oi, ¢j, ..., ok, where each wave
function depends on the coordinates xi, x2, xn of the corresponding electron. This equation
describes the spatial distribution of the electrons in the system, with each ¢ representing the

probability amplitude of finding an electron at a specific position.

1.2.2.2 Hartree-Fock approximation
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According to the article "Quantum Mechanics of Many-Electron Systems" by (P. A.
M. Dirac, 1929) [17], the Hartree field can be used to break down a multiple equation into
an equational system for a single electron. However, as [17] explain, the Hartree field
neglects the exchange of any two particles, which means that the total wave function must
be antisymmetric if the electron is a fermion. To address this, Fock suggested using Pauli's
exclusion principle to correct the electron wave function, as mentioned in the article by [17],
which can be expressed as a Slater determinant.

01(r1) b2(r1)  ba(rD) |

$1(12) d2(12)  du(r2)

Y(ryrs..., ) = 1/VN! (1.19)

Br(re) a(r) D)

The results of this approximation are good, but they are only applicable to small molecules

with few electrons.

1.3 Functional Density Theory (DFT)

The energy of an electronic system can be expressed in terms of the density of the
ground state, denoted as p(r), which forms the basis of the density function. The theoretical
model developed by Thomas and Fermi in 1920, which replaces the calculation of the wave
function dependent on 3N spatial coordinates with a simpler function, the electron density
that depends only on 3 spatial coordinates, is the origin of the DFT (Functional Density
Theory). Hohenberg and Kohn, as well as Kohn and Sham, made significant contributions
to the field in the 1960s. The Thomas-Fermi model is a remarkable concept in the field of
guantum mechanics, as it simplifies the complex calculation of the electron density. The
details on this model are available in the works of Thomas and Fermi (1927), (Hohenberg
and Kohn, 1964) [18], and (Kohn and Sham, 1965) [19].

Let's recall that the electron density, p(r), in an electronic system represents the number
of electrons per unit volume in a given state (or the probability of finding an electron in a

unit volume). It can be defined as:

p(T) = |qj(x1ﬁx2""'xN)|2 (|20)
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Here, ¥ represents the wavefunction of the system, and N represents the total number of
electrons. The electron density p(r) approaches zero as r tends to infinity, and when

integrated over all space, it equals the total number of electrons N:
[p(r)dr=N (1.21)

In 1964, Hohenberg and Kohn introduced two theorems to establish a mathematical
framework for earlier concepts. These two theorems form the basis of the current form of
DFT (Density Functional Theory).

1.3.1 Thomas-Fermi model

The work of Hohenberg and Kohn (1964) [18] initiated the development of density
functional theory in 1964 and 1965. Their publications introduced two theorems that are

considered the cornerstone of DFT.
> First theorem:

The relationship between the total energy E of an electronic system's ground state and
its density p(r) under a specific external potential Ve(r) was established through a theorem
[18]. According to this theorem, knowing the electron density enables the determination of
all wave functions. Consequently, a ground-state electron density functional denoted by
E[p(1)] is utilized to represent the total energy E of an electronic system interacting in an

external potential [18].
» Second theory:

Every multiparticle system has a total functional energy, the minimum corresponding

to the ground state. Ground-state particle density confirms:

According to the work of Hohenberg and Kohn (1964) [18], the actual density of the
ground state is the one that minimizes the energy E. In fact, all other properties of the system
are also dependent on this density. Vibration analysis is a method that is commonly
employed to calculate the ground state energy of an electronic system when it is subjected

to an external potential.
1.3.2 Hohenberg.Kohn theorems

The fundamental formalism of Density Functional Theory (DFT) applies to systems
with multiple interacting particles that evolve in an external potential, and is rooted in the
Hohenberg-Kohn theorem (Hohenberg & Kohn, 1964) [18]. The Hohenberg-Kohn theorem
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is based on two underlying theorems that provide a framework for DFT, making it a widely
applicable tool for studying electronic structure and properties of materials (Kohn & Sham
1965) [19].

» Theorem |

According to this theorem, the electron density function (r) is sufficient to determine
all electronic properties of a system. This means that the ground state electron density 0(r)
and the external potential Vext(r) have a direct correspondence, and similarly, the wave
function of the ground state background(r) and background(r) also correspond. The energy
functional E [p, Vext] can be written as an integral consisting of two parts. The first part is

the integral of the external potential Vext multiplied by the electron density p(r):

Elp,Vext] = f Vextp(r)dr + FHK[p] (1.22)

In this equation, FHK[p] represents the universal HK functional that combines the
universal terms of electron kinetic energy T(p) and the potential energy due to electron-

electron interaction Ve-e. It can be written as:
FHK[p] = T[p] + V. — e[p] (1.23)

The second theorem of Hohenberg and Kohn attempts to answer the question of how
to determine whether any density is that of the ground state, given that it is known that the
electronic density of the ground state is sufficient to obtain all the properties of this state.

» Theorem |1

This theorem demonstrates that the energy functional E is minimal when any electron

density corresponds to the electron density of the ground state background(r).

In this theorem, the energy functional E[p(r)] that provides access to the ground state

energy is minimized when the electron density exactly matches that of the ground state.
E = minE|[p(r)] (1.24)

In other words, according to the first theorem, a test wave function and a test
Hamiltonian are both defined for a test electron density. From this, we can establish a
correspondence between the wave function of the variational principle and the electronic

density versions.

However, an important problem remains to be solved: how to rewrite an exact

analytical formulation of the FHK functional for an interacting N-electron system?
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1.4 Kohn and Sham equations

The description of kinetic energy and electron-electron interactions in terms of
electron density is a challenging mathematical problem when considering a system of
interacting electrons in motion. In an attempt to solve this problem, Kohn and Sham
introduced a theoretical approach, known as the Kohn-Sham equations (Kohn and Sham,
1965) [19]. This approach replaces the actual electronic system with a hypothetical system,
in which each electron behaves independently and is only influenced by an effective
potential, the Kohn-Sham potential. The potential comprises both the external potential
caused by the nuclei and the potential induced by the influence of other electrons on the

electron of interest.

K-S (Kohn-Sham) reformulated the energy functional of the real system based on the

fictitious system. The reformulated energy functional is expressed as:

E[p(1)] = Tolp(1)] + Vee[p(1)] + Vextlp(r)] + Exc[p(r)] (1.25)

In this expression, To[p(r)] represents the kinetic energy of non-interacting particles,
Ve[p(r)] represents the classical Coulomb contribution known as the Hartree energy, and

Exc[p(r)] is the exchange-correlation functional.
The total energy (E) is given by:

E =[T[p] = Tolpll + VIp] + Vee[p] + Vexlp] (1.26)
Where V[p] is the external potential term and [p] is the density-density interaction term.

The exchange-correlation potential (V) is calculated from the derivative of the exchange-

correlation energy functional (Exc) with respect to the electron density (p(r)):

Vexe = 0EX[p(1)]/9p(7) (1.27)
(HKS(r) —e)¢i(r) = 0 (1.28)

By introducing the Kohn-Sham framework, the Schrodinger equation is transformed
into N single-electron Schrédinger equations, commonly known as the Kohn-Sham

equations:

Here, HKS is the Kohn-Sham Hamiltonian, N represents the number of electrons, and &; are

the eigenvalues. The Kohn-Sham Hamiltonian is defined as:

HKS = —V2 + V,ff(r) (1.29)
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The effective potential (\VV_eff(r)) is given by:

Veff(r) = Velassical[p(r)] + Vee[p(r)] + Vext[p(N] + Vex[p(r)]  (1.30)

The electron density (p(r)) is determined from the N single-electron wavefunctions ¢i(r):
plr] = X¢i(r)* (1.31)

Where the sum runs from i =1 to N.

1.4.1 Exchange and correlation energy approximations

1.4.1.1 Local density approximation (LDA)

The exchange-correlation energy of an inhomogeneous electron system can be
determined using a method based on the assumption that the electron density is constant in
each infinitesimal volume that makes up the actual system (J. P. Perdew, 1981) [20]. The
exchange energy of the density of each volume is then estimated using the exchange energy
obtained from a uniform electron gas (J. P. Perdew et al., 2008) [21]. This estimated
exchange energy is considered as the exchange energy of the corresponding density. The
total energy of exchange-correlation of the system can be expressed as the sum of the

exchange energies of all the infinitesimal volumes of the system. The equation is:

Exc = [ p(r)exc[p(r)]dr (1.32)

In this equation, exc[p(r)] represents the exchange-correlation energy density for a
homogeneous electron gas. It can be decomposed into the exchange energy density (ex[p(r)])

and the correlation energy density (ec[p(r)]):

exc[p(r)] = ex[p(r)] + ec[p(r)] (1.33)

The exchange energy density (ex[p(r)]) and the correlation energy density (ec[p(r)])
correspond to the exchange and correlation contributions of a homogeneous electron gas,
respectively. The Dirac exchange function precisely identifies the analytical expression of

exchange energy:
ex(r) = Cxp3 (1.34)
Where:
Cx = —(3/4m)(1/3) (1.35)
The exchange energy density (ex[p(r)]) and the correlation energy density (ec[p(r)])

correspond to the exchange and correlation contributions of a homogeneous electron gas,

10
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respectively. The Dirac exchange function precisely identifies the analytical expression of

exchange energy:
1.4.1.2 Generalized Gradient Approximation (GGA)

According to a scientific article by (J. P. Perdew et al., 1996) [22], the Local Density
Approximation (LDA) considers the density at a given point r, but in real systems, the
density is not homogeneous throughout space, which makes it more practical to include a
correction that considers the rate of change of r. To address this issue, the Generalized
Gradient Approximation (GGA) introduces a correction to the exchange-correlation energy
functional that takes into account the local charge concentrations and their gradients. The
GGA functional is defined in a general form that allows for a more accurate calculation of

electronic properties in real systems with spatially inhomogeneous densities.

The exchange-correlation functional is expressed in terms of the electron density (p) and its

gradient (Vp) according to the following equation:

Egealp] = fP(T)EGGA [p(7), Vp(r)]d3r (1.36)

In this equation, EGGA[p(r), Vp(r)] represents the generalized exchange-correlation

energy (GGA) depending on both the electron density and its gradient.

Often, the contributions for exchange (ex) and correlation (ec) are separately developed in

the GGA functional.
GGA[p,Vp] = GGA[p,Vplx + GGA[p,Vp]c (1.37)

Where GGA[p,Vp]x corresponds to the exchange contribution, and GGA[p,Vp]c
corresponds to the correlation contribution. The GGA functional can also include other terms
and coefficients denoted as Zxc. Additionally, the electron density (Vp) can represent the

gradient of the electron density with respect to spatial coordinates.

According to a research paper by (B. Hammer et al., 1999) [23], there exist various
forms of exchange-correlation (Exc) functionals in density functional theory. Among these,
the functionals developed by Perdew and Wang (PW91), Perdew and Becke (B88), and
Burke and Ernzerhof have gained popularity due to their accuracy and ease of
implementation. These functionals are commonly used for electronic structure calculations

in different fields of science and engineering.

1.5 Solving the Kohn-Sham equation

11
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The Kohn-Sham equation is a fundamental equation in density functional theory
(DFT) that describes the behavior of non-interacting electrons in an effective potential. The

equation can be written as:

[=1/2V2 + v ff(D]i(r) = i () (1.38)
Where vy _i(r) is the wavefunction of the i-th electron, € i is its energy, and v_eff(r) is

the effective potential, which is a sum of the external potential and the Hartree and exchange-

correlation potentials. The Hartree potential is given by:

va () = [ p(r')/Ir —r'|dr’ (1.39)

Where p(r) is the electron density. The exchange-correlation potential is a functional
of the electron density and is typically approximated using density functionals such as the

local density approximation (LDA) or the generalized gradient approximation (GGA).

The process of solving the Kohn-Sham equation involves finding the eigenvalues and
eigenfunctions through numerical methods such as the self-consistent field (SCF) method or

direct minimization.

The SCF method iteratively solves the Kohn-Sham equation until self-consistency is
achieved, meaning that the electron density matches the density used to calculate the

effective potential.

Detailed information on the Kohn-Sham equation and its solutions in density
functional theory (DFT) calculations can be found in various research papers and textbooks.
Some relevant references include "Density Functional Theory: A

Practical Introduction” by (J. A. Steckel et al., 2009) [24], as well as the research
papers by Kohn and Sham (1965) [19] and Hohenberg and Kohn (1964) [18].

1.6 Pseudo-potential methods and plane waves
1.6.1 Introduction

Pseudopotential methods and plane wave basis sets are widely used in solid-state
physics and materials science to study the electronic structure of materials. Pseudopotential
methods are a class of approximations used to simplify the calculation of electronic structure
in solids, while plane wave basis sets are used to represent the wavefunctions of electrons in
a crystalline solid.

12
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Pseudopotential methods were first introduced in the 1950s and have since become a
powerful tool for studying electronic structure in materials. The basic idea of pseudopotential
methods is to replace the complicated atomic potentials that describe the interaction between
electrons and atomic nuclei with a simplified potential that only includes the core electrons.
This simplification reduces the computational cost of electronic structure calculations and
allows for the study of larger and more complex systems. One of the earliest works in this
field was by Hohenberg and Kohn in 1964 [18], where they presented their density functional
theory (DFT) and its application to solids.

Plane wave basis sets, on the other hand, are a type of basis set used to represent the
wavefunctions of electrons in a crystalline solid. The wavefunctions are expanded in terms
of plane waves, which have a well-defined momentum and wavelength, and are periodic in
space. The use of plane wave basis sets allows for the accurate description of electronic

structure in materials, particularly in the case of metals and semiconductors.

One of the earliest works on this topic was by (F. Bloch 1929) [25], who developed

the concept of Bloch waves to describe the wavefunctions of electrons in a crystalline solid.

The combination of pseudopotential methods and plane wave basis sets has proven to
be a powerful tool for the study of electronic structure in materials. This approach is
commonly used in software packages such as Quantum ESPRESSO and VASP to simulate
and analyze materials at the atomic scale. The accuracy of these methods has been
continuously improved over the years, and they are now widely used in the field of materials

science.

In conclusion, the combination of pseudopotential methods and plane wave basis sets
has become a powerful tool for the study of electronic structure in materials. The
development of these methods was influenced by early works of Hohenberg and Kohn, and
Bloch. These methods are now widely used in software packages such as Quantum

ESPRESSO and VASP to simulate and analyze materials at the atomic scale.
1.6.2 Bloch Theorem (the plane wave approach)

The Bloch theorem, first introduced by Felix (F. Bloch, 1928) [26], is a fundamental
principle in the study of periodic structures. It relates the electronic wave function in a
crystalline solid to its periodic potential. According to the Bloch theorem, the wave function
of an electron in a periodic potential can be written as a product of a plane wave and a

periodic function, which is known as the Bloch function. The plane wave represents the free

13
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electron propagation, while the periodic function describes the periodicity of the crystal
lattice. The Bloch theorem is expressed mathematically as:

Y(r+ R) = e®Ry(r) (1.40)

Where vy (r + R) is the wave function at a point shifted by a lattice vector R, e(ik-R) is
a phase factor, k is the wave vector, and y(r) is the wave function at the original point. This
equation shows that the wave function of an electron in a crystal has the same form at any
two points that differ by a lattice vector R. The wave function is periodic with respect to the

lattice, and its periodicity is characterized by the wave vector k.

The Bloch theorem has important implications for the electronic structure of solids. It
explains why the energy bands in a crystal are formed, and why they have the periodicity of
the lattice. The electronic states in a crystal are labeled by their wave vectors, which are
restricted to a Brillouin zone, the first Brillouin zone being the primitive cell of the reciprocal
lattice. The band structure of a crystal can be calculated by solving the Schrédinger equation
for the Bloch functions. The Bloch theorem has been used extensively in the study of
semiconductors, metals, and insulators, and is the basis for many important concepts in solid-
state physics, such as the Fermi surface, the density of states, and the effective mass

approximation.
1.6.3 Sampling of the first Brillouin zone

The Brillouin zone (BZ) is a periodic region in reciprocal space that encompasses wave
vectors k with the same periodicity as the crystal lattice. The first Brillouin zone (FBZ) is
the smallest region enclosing the origin and a single unit cell of the lattice. Sampling the
FBZ is crucial in electronic band Monk Horst-Pack method utilize a uniform grid of k-points
(H. J. Monkhorst et al., 1976) [27], while the Matthiessen-Paxton method employs a
smearing function for broadening the k-point grid (M. Methfessel et al., 1989) [28].

The choice of sampling scheme and the number of k-points significantly affects
accuracy and efficiency. More complex band structures or precise calculations of properties
like density of states or optical properties require denser k-point sampling (G. Kresse et al.,
1996) [29].

In summary, accurate electronic band structure calculations necessitate sampling the
FBZ, where the choice of sampling scheme and number of k-points impacts accuracy and

efficiency. Equation:
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The k-point mesh is defined as follows:

r= (1/N1,1/N2,1/N3) (1.41)

Where N1, N2, and N3 are the number of k-points along each reciprocal lattice vector in the
Brillouin zone [27].

The total number of k-points required to sample the Brillouin zone is given by:
Where N is the total number of k-points [27].

Another important concept is the weight of each k-point, which is determined by the size of
the Brillouin zone and the number of k-points used for sampling. The weight of a k-point is
given by:

W, = (1/VBZ)x(2m)3/N (1.43)
Where VBZ is the volume of the Brillouin zone.
1.6.4 Ecut-off energy

The cut-off energy (Ecut) is a crucial parameter in density functional theory (DFT)
calculations of electronic band structures and related properties. It determines the size of the

basis set used to expand the electronic wave functions as plane waves.

Choosing a sufficiently high Ecut is vital for accurate results in properties like total
energy, density of states, and optical properties. However, excessively high Ecut values

increase computational costs, while insufficient values introduce significant errors.

Methods such as convergence testing involve calculating properties for increasing

Ecut values until convergence to a stable value is achieved (S. Baroni et al., 2001) [30].

Another approach is the extrapolation method, where properties are extrapolated to the
limit of infinite Ecut (D. Vanderbilt, 1990) [31].

The appropriate value of Ecut depends on the system's size, complexity, and desired
accuracy, with larger systems and higher accuracy requirements generally necessitating

higher Ecut values [5].

In summary, selecting an appropriate value of Ecut is crucial for accurate and efficient

DFT calculations of electronic band structures and related properties.

The plane wave basis set is defined as follows:

15



Chapter | Density Functional Theory (DFT)

Y(r)=YG6C(G)exp(iG - ) (1.44)

Where W(r) is the electronic wave function at position r, G is a reciprocal lattice vector,
C(G) is the expansion coefficient for wave vector G, and the sum is over all reciprocal lattice

vectors G within a sphere of radius Ecut centered on the origin of the reciprocal space [5].

1.7 CASTEP Simulation Tool

CASTEP (Computer Aided Simulation of Thermochemistry and Energy of Materials)
is a powerful computational tool for the simulation of materials at the atomic level. It is a
widely used code for first-principles electronic structure calculations based on density
functional theory (DFT). CASTEP can simulate a variety of properties of materials, such as
crystal structures, electronic structures, optical and magnetic properties, and chemical

reactions.

CASTEP uses a plane-wave basis set to expand the electronic wavefunctions and a
pseudopotential approximation to describe the ion-electron interaction. The code can handle
both periodic and non-periodic boundary conditions, making it suitable for the simulation of

surfaces, interfaces, and nanoparticles.

One of the key features of CASTEP is its ability to perform calculations at different
levels of theory, such as the local density approximation (LDA), generalized gradient
approximation (GGA) and hybrid functional. The code also includes several advanced
features, such as the calculation of phonon dispersions and the simulation of solid-state NMR

and EPR spectra.

CASTEP is user-friendly and can be run through a graphical user interface or via
command-line interface. The code is maintained and updated regularly, and it has an active

user community that provides support and shares expertise.

In summary, CASTEP is a powerful tool for the simulation of materials at the atomic
level. It is widely used in academia and industry and provides a broad range of simulation
capabilities for the study of various properties of materials.

1.8 SCAPS Simulation Tool

SCAPS (Solar Cell Capacitance Simulator) is a one-dimensional solar cell modeling

software originally developed by Marc Burgelman at the University of Gent in Belgium. It

16



Chapter | Density Functional Theory (DFT)

is a versatile tool that can be used to simulate a wide range of solar cell technologies,
including crystalline silicon, thin film, and perovskite solar cells.

SCAPS solves the drift-diffusion equations for electrons and holes in the solar cell,
taking into account the effects of band gap, doping, carrier mobility, recombination, and
other factors. This allows users to calculate the solar cell's current-voltage (J-V)
characteristics, external quantum efficiency (EQE), and other important parameters.

SCAPS is a powerful tool for designing and optimizing solar cells. It can be used to:

Investigate the effects of different device parameters, such as doping, layer thickness, and

material properties, on solar cell performance.
Develop new solar cell architectures and materials.
Optimize the performance of existing solar cell technologies.

SCAPS is widely used by researchers and industry alike to develop and improve solar
cell technologies. It is a free and open-source software that is available for download from
the SCAPS website.

Here are some of the key features of SCAPS:

¢+ Comprehensive simulation of a wide range of solar cell technologies.

% Ability to model complex device architectures and materials.

¢+ Accurate and reliable results.

¢ User-friendly interface.

%+ SCAPS is a valuable tool for anyone working in the field of solar cell research and

development.

1.9 Conclusion

In conclusion, density functional theory (DFT) has become an essential tool for
studying the electronic structure and properties of materials. DFT provides a rigorous
theoretical framework for understanding the behavior of electrons in materials and has been
successful in predicting a wide range of properties. Its accuracy and efficiency have made it
a popular method for studying large-scale systems, and it has been used to design new
materials with specific functionalities for applications in energy conversion, storage, and
catalysis. However, DFT also has its limitations, and further improvements are needed to

address certain types of materials and properties, such as strongly correlated materials and
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excited states. Despite its limitations, DFT continues to be a valuable tool for materials

science research, and its ongoing development is expected to lead to new discoveries and

insights into the behavior of materials.
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Chapter 11 Structural properties of perovskite SrTiOs compound

Chapter I1: Structural properties of perovskite SrTiOs compound

1.1 Introduction

ABO3s compounds are a class of materials with a crystalline structure based on the
perovskite mineral, which has the chemical formula CaTiO3 (J. Zhu et al., 2014) [1]. In the
case of ABOz perovskites, the A-site cation is usually a metal alkali metal earth cation, while

the B-site cation is typically a transition metal (P. Yadav et al., 2021) [2].

According to recent research on perovskite oxides (J. Xu et al., 2019) [3], their unique
crystal structure enables a range of physical and chemical properties, such as high catalytic

activity, excellent ion conductivity, and a high dielectric constant.

Particularly in recent years, perovskites for solar cells have received a lot of attention
due to their high efficiency and low cost. These properties make perovskite oxides promising
candidates for oxygen electrocatalysts. Additionally, the simplicity and scalability of
perovskite solar cell production make them an attractive alternative for developing large-

scale energy production capacities (H. J. Snaith, 2013) [4].

Despite the high potential of perovskites for various applications, their long-term
stability has been a major challenge due to their sensitivity to degradation by moisture and
light (S. Emami et al., 2015) [5]. However, recent research on perovskite solar cells has
made significant progress in improving their stability over time, offering promising solutions

to this issue.

Nonetheless, scientists are actively working to develop strategies to improve the
stability and resilience of perovskites, including the use of protective coatings and the

development of stable materials (D. Liu et al., 2014) [6].

11.2 Structure description

According to (Z. Shi et al., 2018) [7], the term "perovskite™ has its origins in the

mineral calcium titanate (CaTiOs), which belongs to a family of crystalline substances.

Perovskite also refers to a broad range of mixed oxides represented by the chemical
formula ABOz3. The ideal perovskite structure consists of a single ABOs molecule with a
cubic lattice in the Pm3m symmetry group and a general formula of ABX3 (M. Subramanian
etal., 1983) [8].
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The A cation, typically a large ionic cation such as Ba, Ca, Pb, Rb, Sr, Na, or K, has a
coordination number of 12 and is surrounded by twelve oxygen anions. The B cation, with
a smaller radius, such as Ti, Sn, W, Zr, Nb, Ta, or K, has a coordination number of 6 and is
closely surrounded by six oxygen anions. The oxygen ion (O) has six close neighbors in the
structure, including four type A cations and two type B cations. In the ideal perovskite
structure, A cations are located at the vertices (0,0,0) of the lattice, B cations are located in
the middle of the mesh (1/2.1/2.1/2), and X anions are located in the middle of the faces of
each cube (1/2.1/2.0), (1/2.0.1/2), and (0.1/2.1/2) As show in Fig. Il.1.

Fig. 11.1: Ideal perovskite structure.

11.3 Structure type Perovskites

Perovskites are a type of materials with the general chemical formula ABO3 and a
crystal structure based on the perovskite structure. The perovskite structure was initially
discovered in a mineral called perovskite, which has the formula CaTiOs. This crystal
structure comprises BOs octahedra that share corners, forming a three-dimensional lattice.
The A cations occupy the spaces between the octahedra, giving rise to a regular pattern that
can be visualized as interconnected cubes. The A cations are situated at the center of each

cube and are encompassed by oxygen ions.
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The A and B ions in the perovskite structure can be chosen from a wide variety of
elements, giving rise to a large family of perovskite materials with different properties. In
particular, the properties of perovskites can be tuned by varying the A and B cations, as well
as by controlling the synthesis conditions. This makes perovskites highly versatile and
suitable for a variety of applications, including energy storage and conversion, catalysis,
sensing and optoelectronics (M. Grétzel, 2014) [9].

One of the most exciting applications of perovskites in recent years has been in the
field of photovoltaics. Perovskite solar cells have emerged as a promising alternative to
traditional silicon-based solar cells due to their high-power conversion efficiency, low cost,
and ease of processing. Perovskite solar cells are typically based on a hybrid organic-
inorganic perovskite material, which has a slightly different crystal structure compared to
the ABO3z perovskites. However, the fundamental principles underlying the perovskite
crystal structure are the same and the success of perovskite solar cells has further fueled

interest in perovskite materials.

Overall, the ABOs perovskite structure is a highly versatile and promising class of
materials with a wide range of properties and applications. The regular and flexible crystal
structure of perovskites provides a framework for controlling and tuning the properties of
the materials, making them suitable for a variety of technological applications.

11.3.1 Tetragonal perovskite

According to (Q. Shi et al., 2021) [10], tetragonal perovskites are a subgroup of the
larger family of perovskite materials with the general chemical formula ABOs. In the
tetragonal structure, the BOg octahedra are tilted in relation to each other and the lattice is
distorted, resulting in a unit cell with a fourfold symmetry axis. The tetragonal perovskite
structure is commonly found in materials such as BaTiOz and PbTiOs, which have
significant ferroelectric properties and are of interest for their potential in various

applications [10].

Ferroelectric materials are characterized by a spontaneous electric polarization that can
be reversed by an external electric field. The tetragonal perovskite structure provides a
framework for these materials to exhibit such properties by allowing the BOg octahedra to
rotate in response to an electric field, causing the polarization to switch direction. This makes
tetragonal perovskites highly useful in a range of applications, including actuators, sensors,
and memory devices (J. Scott, 2007) [11].
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According to (H. Huang, 2010) [12] in recent years, there has been a growing interest
in the tetragonal perovskite structure in the field of photovoltaics. This is due to the
ferroelectric properties of these materials, which can improve charge separation and
collection in solar cells, resulting in higher efficiency. As a result, a new class of photovoltaic

materials known as ferroelectric photovoltaics has emerged [12].

Overall, tetragonal perovskites are a highly versatile and important class of materials
with a range of properties and applications. Their unique crystal structure, which allows for
tilting and distortion, gives rise to a variety of interesting physical properties, making them

useful in a range of technological applications.
11.3.2 Rhombohedral perovskite

Rhombohedral perovskite is a ferroelectric oxide directly synthesized on silicon by
(M. P. Warusawithana et al., 2009) [13]. By combining a rhombohedral perovskite structure
with silicon, this material has significant implications for the development of advanced
electronic devices (M. P. Warusawithana et al., 2009) [13].

Piezoelectricity is the ability of certain materials to produce an electric charge in
response to an applied mechanical stress and vice versa. The rhombohedral perovskite
structure enables these materials to exhibit such properties by allowing the BOg octahedra to
rotate in response to an applied stress, leading to the generation of an electric charge. This
unique characteristic makes rhombohedral perovskites highly valuable in various fields,
including the development of sensors, actuators and energy harvesting devices (Y. Qi, J.
Kim et al., 2011) [14].

According to (Y. Heo et al. 2022) [15], the rhombohedral perovskite structure has
gained attention in recent years in the field of photovoltaics. The piezoelectric properties of
these materials can enhance charge separation and collection in solar cells, leading to
improved efficiency. As a result, a new class of photovoltaic materials known as

piezoelectric photovoltaics has emerged.

Overall, rhombohedral perovskites are a highly versatile and important class of
materials with a range of properties and applications. Their unique crystal structure, which
allows for tilting and distortion, gives rise to a variety of interesting physical properties,

making them useful in a range of technological applications.
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11.3.3 Orthorhombic perovskite

Orthorhombic perovskites are a subclass of perovskite materials with the chemical
formula ABOs. In the orthorhombic structure, the BOs octahedra are not tilted and the lattice
is not distorted, leading to a unit cell with three unequal axes. This structure is found in many
important materials, including SrTiOs, which is a widely used substrate in materials science
and technology (K. A. Muller et al., 1979) [16].

According to (B.D. Qu et al. 1998) [17], the orthorhombic structure exhibits unique
electronic and optical properties due to its lack of tilting and distortion. For instance, SrTiOs
has a high dielectric constant, which makes it a useful capacitor material in electronic
devices. Additionally, it possesses a large bandgap, which makes it a potential candidate for

use in optoelectronic applications, such as solar cells [17].

Overall, orthorhombic perovskites are a highly versatile class of materials with a range
of properties and applications. Their unique crystal structure, which lacks tilting and
distortion, gives rise to a variety of interesting physical properties, making them useful in a

range of technological applications.
11.3.4 Monoclinic and triclinic perovskite

Perovskite is a class of materials with a distinctive crystal structure and a wide range
of applications. The perovskite structure is characterized by the ABOs unit cell, which
consists of an A-site cation B-site cation, and three oxygen ions. The crystal structure of
perovskite is described by its symmetry and lattice parameters, which can be classified into
several different types. Monoclinic and triclinic perovskite structures are two examples of
perovskite structures with unique properties and potential applications.

As per (H. Fu et al., 2000) [18] Cohen's research published in Nature, monoclinic
perovskite structures possess a unique crystallographic axis, known as the b-axis, that is
perpendicular to the plane of the ABOgz unit cell. In monoclinic perovskites, the A-site cation
is shifted from the center of the unit cell, resulting in a distortion of the octahedral
coordination geometry of the B-site cation. This distortion can alter the electronic and
magnetic properties of the material, making monoclinic perovskites relevant for applications

in areas like data storage and spintronics [18].

Triclinic perovskite structures are characterized by their lack of symmetry, meaning
that each of the three axes of the unit cell have different lengths and angles. This results in a

more complex crystal structure that is less common in perovskite materials. However,
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triclinic perovskites have been found to exhibit interesting properties, such as high ionic
conductivity, which makes them potential candidates for applications in solid oxide fuel cells
and other electrochemical devices (D. V. West et al., 2011) [19]. (R. A. Evarestov et al.,
2012) [20] conducted research on the four phases of BaTiO3 and discovered that the
Monoclinic and triclinic of perovskites ABO3z exhibits ferroelectric properties, indicating its
high potential for use in devices such as random-access memory and sensors. The findings
of their study, published in the Journal of Computational Chemistry, shed light on the unique

characteristics of this material and its potential applications [20].

The unique properties of monoclinic and triclinic perovskite structures make them
attractive for various applications in materials science. Researchers are studying ways to
optimize their properties for specific applications by manipulating their crystal structure and

composition.

In conclusion, perovskite structures are an important class of materials with a wide
range of properties and potential applications. Understanding the crystal structure and
symmetry of perovskites is crucial for designing and optimizing their properties for specific
applications. Monoclinic and triclinic perovskites are two examples of perovskite structures

that have unique properties and potential applications in various fields.

11.4 Stability criteria for a perovskite structure

According to the research on perovskite compounds (R. D. Shannon, 1976) [21], the
stability of a perovskite structure ABO3 can be determined by several factors. These factors
include the ion radius lengths of cationic A, B and X anion by ion bonds, as well as the

difference in electrolyte between cations and anions [21].

Among these, the tolerance factor and ionic positive ion bonds serve as crucial criteria
for the stability of the perovskite structure (D. Khomskii, 2014) [22]. In other words, these

factors play a vital role in the formation and stability of perovskite compounds [22].
11.4.1 Tolerance factor (t)

The tolerance factor represents a balance between the bonds (A-X) and (B-X), which
are determined by the ionic radii of both (A) and (B) cations and anions. It is a measure of
deviation from the ideal cubic structure of perovskite, where the length of the bond (B-X) is
(a/2) and the length of the bond (A-X) is (a/2), with the following equality: (A+X)/2(B+X)
=1.
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The tolerance factor specifies the deviation from the ideal perovskite, where the
structure is stable in the range 0.75< t <1.06 and takes the form of a cubic grid, which is
optimal for t = 1. Moving away from this value, the structure can be subject to different
distortions. For instance, if the tolerance factor is in the range 0.75< t <0.96, the structure
will experience perpendicular deformation, and in the range 0.99< t <1.06, the structure will
be cubic. The value of the tolerance factor determines the type of distortion and stability of
the perovskite structure (R. E. Cohen, 1992) [23].

11.4.2 lonic bonding

The stability criterion of perovskite structures is also affected by the ionic bond
between positive ions, which is the second factor to consider (K.S. Pitzer, 1960) [24]. The
difference in electrophoresis, calculated by an equation, determines the ionic character of
the perovskite structure of type ABX3 based on the Pauling scale. This factor is essential for
understanding the stability of the perovskite structure and its properties.

11.5 Application of perovskites

Perovskite oxides have gained considerable attention due to their unique and
fascinating properties, such as superconductivity, ferroelectricity, semi conductivity,
catalysis and many more. According to (S. Laalioui et al. 2020) [25], perovskite oxides have
captured significant attention due to their extraordinary and captivating properties, including

superconductivity, ferroelectricity, semiconductivity, catalysis and more [25].

According to (L. P. Lekesi et al.,2022) [26], perovskite solids have become
indispensable in various fields, such as electricity and ceramics, thermal and materials
science, astrophysics, and nuclear power [26]. According to the Introductory Chapter:
Perovskite materials and advanced applications by (X. Geng et al., 2020) [27], the perovskite
structure, which ideally takes the form of a cube, offers a broad range of technological
applications. Its direct crystal structure and essential electrical and ferroelectric properties
make these applications possible [27]. Perovskite ceramics find many unusual applications,
including RAM, microwave devices, capacitors, transformers, piezoelectric tools, and

sensors, to name a few.

11.6 Structure of strontium titanate SrTiO3

Strontium titanate, with its perovskite structure, has been extensively studied due to its
various applications in electronic and optical devices. The cubic phase of strontium titanate
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consists of oxygen atoms forming an octahedron around the central titanium atom, with
strontium atoms located at the cube's peaks and oxygen atoms located at the cube's faces
(Fig. 11.2). The crystal structure and lattice parameters of strontium titanate have been
reported in many research works, including the study by I. A. (Sluchinskaya et al., 2019)
and (R. Ranjan et al., 2006) [28,29] on the electronic and magnetic properties of structural
defects in SrTiO3(Co).

Fig. 11.2: Cube's faces of SrTiOs strontium titanate.

11.7 General properties of strontium titanate SrTiO3

According to the literature, SrTiOs is a perovskite compound that exhibits interesting
physical and chemical properties. It has a cubic structure at room temperature, with a lattice
parameter of 3.905 and the space group Pm3m (A. Ohtomo et al., 2004) [30]. At 105 K, it

undergoes a phase transition and becomes tetragonal, witha =b = c.

The melting point of SrTiOs is 2350 K [30]. The cubic structure of SrTiOz has twelve
oxygen ions surrounding the Sr ion, and six oxygen ions surrounding the smallest titanium

ion (see Fig. 11.3).
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11.8 Phase change in strontium titanate SrTiOs3

The phase change in SrTiOs has been extensively studied in materials science due to
its potential for various applications in microelectronics and nanotechnology. At room
temperature, SrTiO3z possesses a cubic structure. However, it undergoes a phase transition to
a tetragonal structure at low temperatures of around 105 K (T. Ishidate et al, 1992) [31]. This
transformation has been attributed to the distortion of the TiOe octahedra in the material's
crystal lattice. High-pressure studies have also shown that SrTiOsz can undergo phase
transitions to orthorhombic and rhombohedral structures under certain conditions [31]. This
knowledge is crucial in understanding the properties and behavior of SrTiO3z under different
environments and can help in the development of novel applications for this material [31].

This transition is attributed to the rotation of TiOs octahedra in the crystal structure,
which causes a distortion in the lattice parameters (J. Haeni et al., 2004) [32]. The induction
of the phase transition in SrTiOz can be achieved not only through the application of external
pressure or an electric field but also by manipulating its composition. In addition, the current
status of phase change memory and its future potential are being explored. This emerging
technology utilizes the phase change behavior of certain materials, such as chalcogenide
glasses, to store data and has the potential to revolutionize the computer industry (S. Lai.
2003) [33]. Regardless of the method used, the phase transition of SrTiOs has significant
implications for its potential applications in microelectronics and nanotechnology (Y. Zhang
etal., 2017) [34].

According to (D. G. Schlom et al., 2007) [35], the properties of SrTiOz can be modified
by controlling the phase transition, including the dielectric constant, piezoelectricity, and
ferroelectricity. This suggests that by manipulating the strain of ferroelectric thin films, the
properties of SrTiO3z can be tuned to meet specific requirements for various applications.
The ability to control the phase change in SrTiOs has led to potential applications in
microelectronic devices, including resistive random-access memory, phase-change memory,
and memristors (J. J. Yang et al., 2013) [36]. Furthermore, SrTiOs has been investigated for
its potential in energy applications, including thermoelectric and solar cells. Recent studies
have explored the use of SrTiOs in ferroelectric tunnel junctions for information storage and
processing (V. Garcia et al, 2014) [37]. The phase change of SrTiOsz has been found to play
a crucial role in the performance of such junctions. Redox engineering of strontium titanate-
based thermoelectric has been studied to explore its potential in energy applications such as
thermoelectric and solar cells (A. V. Kovalevsky et al., 2020) [38]. Phase change in SrTiO3
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strontium titanate is one of the important properties that can be tuned by redox engineering
to enhance the thermoelectric performance of the material.

The use of this approach can lead to the creation of new and more efficient materials
for energy applications. The research conducted by [38] sheds light on the potential of redox
engineering in developing advanced materials for energy conversion applications. The study
suggests that redox engineering can be an effective method for improving the thermoelectric
properties of SrTiOz-based materials, and opens up new possibilities for the development of

high-performance energy conversion devices [38].
11.8.1 Cubic-tetragonal phase transition

Strontium titanate SrTiO3z is a perovskite-type oxide material that undergoes a
structural phase transition from cubic to tetragonal symmetry at approximately 105 K under
normal pressure conditions. This was observed by Ederer and Spaldin in their study on the
effect of epitaxial strain on the spontaneous polarization of thin film ferroelectrics. Their
research, published in Physical Review Letters, provides insight into the properties of this
material and its potential applications. (C. Ederer et al., 2005) [39]. This phase transition has
been extensively studied due to its important implications in a variety of fields such as

materials science, condensed matter physics and solid-state electronics.

Several studies have investigated the structural and electronic properties of SrTiOs
across the cubic-tetragonal phase transition. For instance, according to (R. Loetzsch et al.,
2010) [40], using X-ray diffraction and Raman spectroscopy techniques, it has been shown
that the phase transition is associated with a softening of the Ti-O bond in the [001] direction,
which leads to the elongation of the c-axis. The study also found that the surface of the
SrTiOgz single crystals showed an increased sensitivity to external and internal strain, leading
to a greater distortion of the crystal structure near the surface (A. Tkach et al., 2004) [40,41].
In the study of SrTiOs's phase transition, electronic properties have also been extensively
investigated. Research has shown that the transition induces alterations in the electronic band
structure and the dielectric constant. Moreover, in a study published in Applied physics
letters, it was demonstrated that the cubic-tetragonal phase transition in SrTiOs single
crystals near the surface is connected with both internal and external strains. This study,
conducted by (R. Loetzsch et al., (2010) [40], highlights the effects of these strains on the

crystal's structural and electronic properties [40].
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The cubic-tetragonal phase transition in SrTiOz has also been studied in the context of
thin films and interfaces. For example, it has been shown that the transition can be
suppressed in epitaxial thin films grown on certain substrates, such as (001) -oriented
LaAIlOs, due to the presence of interfacial strain (H. Y. Hwang et al., 2012) [42].
Furthermore, the transition has been found to play a crucial role in the electronic properties
of interfaces between SrTiOz and other materials, such as LaAlO3/SrTiOs heterostructures,
where the formation of a two-dimensional electron gas has been attributed to the polar

discontinuity associated with the cubic-tetragonal transition (C. Cen et al., 2009) [43].

In conclusion, the cubic-tetragonal phase transition in SrTiOs is a fascinating
phenomenon that has been extensively studied over the years. The transition is associated
with changes in the structural and electronic properties of the material and plays an important

role in the behavior of thin films and interfaces.
11.8.2 Tetragonal-orthorhombic phase transition

Strontium titanate SrTiO3 is an important material that exhibits a tetragonal to
orthorhombic phase transition at low temperatures. This phase transition is related to the
Jahn-Teller distortion of the TiOs octahedra in the material, which results in a distortion of
the crystal lattice. The transition has been extensively studied by various research groups,
and several studies have investigated the structural and electronic properties of the material

in both the tetragonal and orthorhombic phases.

An initial study of the structural phase transition of SrTiOs was conducted by (F. El
Mellouhi et al., 2010) [44], where they used density functional theory (DFT) calculations to
investigate the structural changes and electronic properties of SrTiOs in the tetragonal and
orthorhombic phases. The authors found that the orthorhombic phase was more energetically
favorable than the tetragonal phase, and that the phase transition was associated with a

significant alteration in the electronic properties of the material.

A study by (T. Hasan et al., 2022) [45] investigated the effect of Ce and Fe doping on
the tetragonal to orthorhombic phase transition in SrTiOs. The authors found that doping the
material with Ce resulted in an increase in the transition temperature and a decrease in the
lattice distortion in the orthorhombic phase. On the other hand, doping with Fe led to a
decrease in the transition temperature and an increase in the lattice distortion. These doping-

induced changes in the phase transition temperature and lattice distortion can be attributed
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to the modification of the electronic structure and chemical bonding in the doped SrTiO3
[45].

In summary, the tetragonal to orthorhombic phase transition in SrTiOz is a well-studied
phenomenon that is related to the Jahn-Teller distortion of the TiOg octahedra. The transition
is accompanied by a significant change in the structural and electronic properties of the
material, and has been shown to be influenced by doping.

11.8.3 Orthorhombic-monoclinic phase transition

Strontium titanate SrTiOs is a perovskite oxide material that exhibits a structural phase
transition from orthorhombic to monoclinic symmetry upon cooling. The transition
temperature is around 105 K, and the origin of the transition is related to the distortion of the
TiOg octahedra in the material. The orthorhombic to monoclinic phase transition has been
studied by various research groups, and several studies have investigated the structural and

electronic properties of the material in both the orthorhombic and monoclinic phases.

A study by (F. EI-Mellouhi et al., 2013) [46] used a screened hybrid functional to
investigate the structural phase transitions in SrTiOs, LaAlOz and LaTiOs. The authors found
that the tetragonal to orthorhombic phase transition in SrTiOs was of the first order and that
the transition was related to the softening of a particular phonon mode. The authors also
found that the volume change associated with the transition was relatively small [46].

Astudy by (E. K. H. Salje etal., 2011) [47], investigated the effect of external pressure
on the ferro elastic phase transition in SrTiOs. The authors found that the transition
temperature increased with pressure, and that the volume change associated with the
transition increased as well. The authors suggested that the transition was related to the
coupling between the phonon modes and the strain in the material [47]. A study by (E.
Sawaguchi et al., 1962) [48], investigated the electrical properties of SrTiOs in the
orthorhombic and monoclinic phases. The authors found that the dielectric constant of the
material increased significantly upon cooling through the phase transition and that the
increase was related to the softening of a particular phonon mode [48].

In summary, the orthorhombic to monoclinic phase transition in SrTiO3z is a well-
studied phenomenon that is related to the distortion of the TiOs octahedra in the material.
The transition is accompanied by a significant change in the structural and electronic

properties of the material, and has been shown to be influenced by external pressure.
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11.9 Conclusion

In conclusion, ABX3 perovskite oxides are a fascinating class of materials with a wide
range of properties and applications. The unique crystal structure of these materials allows
for a variety of different chemical and structural modifications, which can be used to tune
their properties for specific applications. Strontium titanate SrTiOz is a prototypical
perovskite oxide that has been extensively studied due to its interesting electronic, magnetic,
and structural properties. In particular, the phase transitions in SrTiO3z, such as the tetragonal-
orthorhombic and orthorhombic-monoclinic transitions, have been a focus of many studies
due to their fundamental importance and potential for applications in electronic and photonic
devices. These studies have provided valuable insights into the underlying mechanisms of
these transitions and have enabled the development of new materials with tailored properties.
Overall, ABX3 perovskite oxides, and SrTiOgz in particular, hold great promise for a wide

range of applications in fields such as energy, electronics and photonics.
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Chapter I11: Structural properties of chalcopyrite CulnS, compound

I11.1 Introduction

Chalcopyrite materials are semiconductor compounds formed by combining elements
from columns 1, 111, and V1 of the periodic table. (F. Ohrendorf et al., 1999) [1] found that
the tetragonal chalcopyrite structure is a common characteristic of I-111-V12 semiconductors.
This structure is achieved by modifying the cubic zinc blende structure, such as ZnS, with
In atoms placed in alternate Zn positions, as observed in compounds like CulnS; [1]. The
chalcopyrite compound is the dominant crystal structure of I-111-VI2 compounds at room
temperature [1]. However, under specific experimental conditions, it is possible to
synthesize these materials in the sphalerite structure, also known as zinc blende. Therefore,
while chalcopyrite is the primary crystal structure, sphalerite can be an alternative option for

synthesis [1].

According to (S. Siebentritt et al., 2017) [2], suggest that the chalcopyrite and the
sphalerite crystals can be considered as generalizations of the diamond structure found in

column VI elements.

The authors investigate the connection between crystal structure and electronic band
structure, as well as the effects of elemental substitutions on the band gap and carrier
concentrations. This research enhances our understanding of chalcopyrite materials and their

potential applications in photovoltaics and electronic devices (B. Panda et al., 2011) [3].

111.2 I-111-VV12 semiconductors

(K. Takarabe et al., 1992) [4] examine the electronic structure of chalcopyrite
semiconductors in I-111-VI2 compound category using synchrotron radiation [4]. I-111-V12
compounds are versatile ternary compounds composed of elements from columns I, 111 and
VI (Table 111.1, Mendeleev Periodic Classification) [4]. (D. Wang et al., 2008) [5] conducted
a study on the general synthesis of I-111-VI12 ternary semiconductor nanocrystals, further
demonstrating the potential for a wide range of compounds in this family to be synthesized
Fig. IIL.1 [5].
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Growth of C

/ Mixture A, B and \

Growth of A Growth of B

Fig. 111.1: ABC ternary composition triangle.
v" The three pure components are represented by the coordinates, A, B, and C;

v’ Binary compounds are represented along the line segments, for example: point A

located on the line [BC] consists entirely of components B and C without A.
v" The points inside the triangle represent mixtures of each of the three components.

Table I111.1: Extract from the periodic table of elements.

I 11 VI
10.81B 15.990

26.58A 32,0655

63.54%2(211 69.3411(}3 78_3‘61'Se

11482In 127_2%Te

(W. R. Lambrecht et al., 2003) [6] examine the chalcopyrite structure in group I-111-
V12 semiconductors, known for their suitability in solar technology. The study focuses on

analyzing second-order optical response functions through first-principles calculations [6].
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Chalcopyrite-structured materials have attracted attention in solar applications for their
potential to enhance solar cell efficiency (Mr. K. L. Gaikwad et al., 2020) [7]. These
semiconductors have shown promising results and are favored by researchers in the solar

technology field [7].

111.3 Properties of chalcogenide materials

Chalcogenide materials have received significant attention due to their unique
physical, optical, and electrical properties, which make them suitable for various
technological applications. These materials are semiconductors that contain chalcogen

elements (S, Se, or Te) and elements from the 111-VI groups of the periodic table.

According to (Imran Khan, 2015) [8] the properties of chalcogenide materials,
including their optical bandgap, electrical conductivity and photoconductivity are influenced
by composition, structure and preparation method. Researchers have focused on studying
the electrical properties of chalcogenide thin films, which could lead to new applications.
The book "Chalcogenide Glass Thin Films: Preparations, Properties and Applications” [8]
provides a detailed discussion on the properties and applications of these materials [8]. (A.
Le Donne et al., 2019) [9] highlighted the unique properties of chalcogenide materials,
making them suitable applications in photovoltaics, phase-change memory and sensing.
With advancements in technology, chalcogenide materials have become economically
feasible and are being investigated as potential replacements for traditional solar cell
materials. Thin film solar cells based on chalcogenides have shown enhanced performance

and reduced cost, making them a promising alternative to conventional solar cells [9].

Chalcogenide materials have been extensively studied for their applications in
photovoltaics, particularly in thin-film solar cells (M. Paire et al., 2014) [10]. Their high
absorption coefficient enables efficient conversion of sunlight into electricity, making them
attractive for solar cells. Moreover, chalcogenide materials offer advantages such as low
processing cost and high thermal stability, making them a preferred alternative to other
photovoltaic materials [10].

Chalcogenide materials have proven to be versatile and useful in various applications.
These materials are commonly used as switching materials in phase-change memory and as
sensing materials in gas sensors. (D. Tsiulyanu et al., 2003) [11] conducted a study that
highlighted the potential of chalcogenide-based gas sensors. Thus, chalcogenide materials
have a wide range of uses and continue to be an area of active research [11].
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111.4 Chalcopyrite structures

According to [2], I-111-V12 semiconductors have a tetragonal chalcopyrite structure
which can be derived from the cubic zinc structure of 11-VI materials like ZnS. The cubic
and chalcopyrite structures have different elementary cells. In the chalcopyrite structure, Cu
and In atoms from column I and I11, respectively, from four bonds with S atoms from column
VI. Conversely, each S atom forms two bonds with Cu and two with In [2]. Cu and In
alternately occupy the ZnS sphalerite structure sites in both cells of the compound to produce

a chalcopyrite structure.
111.4.1 Structure of chalcopyrite materials

According to (A. Jager-Waldau, 2011) [12], chalcopyrite materials have a tetragonal
crystal system characterized by space group 1-42d. This crystal structure is of great
importance in the development of photovoltaic applications, as it influences the optical and
electrical properties of these materials. In recent years, there has been significant progress in
chalcopyrite compound semiconductor research, with the results being transferred into the
production of actual solar cells. The findings of this study are published in the Journal of

Solar Energy Materials and Solar Cells [12].

According to (T. Riedle, 2002) [13] on Raman Spectroscopy for the Analysis of
CulnS2 thin films, chalcopyrite ternary compound made up of a transition metal, an element
from the third column and a chalcogen, usually sulfur or selenium. The chemical
composition of chalcopyrite plays a crucial role in determining its electronic and optical

properties, which are important for its applications in solar cells [13].

In general, chalcopyrite materials are ABX2 compounds that are a mixture of two
Zinc-Blende structures, resulting in a change in symmetry group from F-43m to 1-42d and
characterizing a chalcopyrite quadratic structure. Doubling the unit cube along the z-axis
creates the c-axis of the chalcopyrite structure. [12] states that the ratio of c/a in real
chalcopyrite crystals is approximately equal to 2, while for an ideal chalcopyrite structure, ¢
= 2a.

This structural characteristic plays a crucial role in determining the electronic and
optical properties of chalcopyrite materials, which are of great interest for photovoltaic
applications. In recent years, there has been significant progress in the research of
chalcopyrite compound semiconductors, with a focus on the transfer of research findings
into the production of actual solar cells. The physical and electronic properties of
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chalcopyrite materials are strongly influenced by their unique crystal structure. These
properties make chalcopyrite materials an attractive candidate for use in solar cells, due to
their high optical absorption coefficient and suitable bandgap. Researchers have investigated
the potential of chalcopyrite materials for use in photovoltaic applications and have reported
promising results. For instance, thin films of CulnS,, a type of chalcopyrite material, have
been studied using Raman spectroscopy to analyze their properties [13].

The crystal structure of chalcopyrite materials significantly affects their electrical and
thermal transport properties, crucial for thermoelectric applications. A theoretical study on
Cu-based chalcopyrite compounds revealed that the crystal structure determines their
electrical conductivity, Seebeck coefficient and thermal conductivity. These properties are
vital for efficient thermoelectric applications like waste heat recovery (B. Wang et al., 2017)
[14]. Further research is needed to understand the relationship between the crystal structure

and the properties of chalcopyrite materials fully.
111.4.2 Crystal structure of CulnVI2 materials (VI = Se or S)

CulnSez and CulnS; are semiconductor compounds (I-111-1VV2) composed of copper
(Cu), indium (In) and selenium (Se) or sulfur (S). These materials can adopt two crystal
structures, chalcopyrite and stannite, each with distinct physical and electrical properties. A
study by (A.S. Verma, 2009) [15] focused on the thermal properties of chalcopyrite
semiconductors and found them to possess high thermal conductivity, low thermal expansion
coefficient and high melting point, making them well-suited for high-temperature

thermoelectric applications [15].

In the tetragonal crystal system of the chalcopyrite structure, CulnSe; and CulnS>
belong to the 1-42d space group. The structure consists of two interpenetrating face-centered
cubic lattices, where copper and indium atoms occupy the cation sublattice, while selenium

or sulfur atoms occupy the anion sublattice.

These chalcopyrite semiconductors have been extensively studied for their thermal
properties, including thermal conductivity and heat capacity [15]. The stannite crystal
structure, in contrast to chalcopyrite, possesses a tetragonal unit cell with space group 1-42m
and can be viewed as a layered structure made up of (Culn).S and (Culn)sSs layers. These
distinct structures exhibit unique electronic and optical properties, which make them
applicable for various functions in solar cells and optoelectronic devices (D. B. Mitzi, 1999)
[16].
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111.4.2.1 Sphalerite or Zinc-Blende (ZnS)

Sphalerite is part of the face-centered cubic system, as shown in Fig. II1.2 (A. J. Blake
et al., 2009) [17]. In this structure, the anions, such as halide ions, occupy the corners of the
cationic octahedra, forming a face-centered cubic network, while the cations, such as organic
or inorganic molecules or metal ions, are located at the centers of the octahedra. This
arrangement results in a randomly distributed cation network, which is characteristic of
perovskite structures (A. Kojima et al., 2009) [18]. The space group associated with this
structure is F-43m [17].

@ /n
@ S

Fig. 111.2: Zinc-blende structure.

In diamond structure, if we replace carbon atoms with zinc and sulfur atoms, then we

obtain the zinc-blende structure.
111.4.2.2 Chalcopyrite type structure

Chalcopyrite has an elongated structure along the "c™ axis, giving it a tetragonal
structure Fig. II1.3, distinguishing it from sphalerite. Research by [3] highlights the unique
properties of chalcopyrite semiconductors, including a direct band gap, high optical
absorption coefficient, and significant anisotropy in electrical and thermal conductivity.
These properties make chalcopyrite materials promising for electronic and optoelectronic
applications [3]. Chalcopyrite, with its distinctive tetragonal structure elongated along the
"c" axis, is very interesting for solar cell applications. CulnS, nanostructures, sharing a

similar tetragonal structure, have been synthesized and studied for their suitability in solar
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cells. (S. Hosseinpour-Mashkani et al., 2014) [19] examined the synthesis, characterization,
formation mechanism and potential application of CulnS2 nanostructures in solar cells. I-111-
V1> compounds can crystallize in either the chalcopyrite or sphalerite phase, depending on
experimental conditions. These compounds resemble elements in column VI, which have a
diamond-like crystal structure. The chalcopyrite and sphalerite structures are variations of
the diamond structure, with distinct atom arrangements. Refer to the diagram below for an

illustration of this relationship.

A4 | <= Diamond

l By differentiation between anion

[1-VI - . Sphalerite

l Also called zinc blende

Chalcopyrite
I-11I-VI =

Differentiation of cations from
each other

Fig. 111.3: Cationic substitution diagram.

According to( A. A. Lavrentyev et al., 1997) [20], the transition from the sphalerite
structure to the chalcopyrite structure causes a reduction in symmetry and changes the
volume of the mesh, which subsequently impacts the cation-chalcogen and anion distances.

The authors note that these distances are defined by specific values [20].
111.4.3 Gap energy

The chalcopyrite structure systems, such as Cu (In,Ga,Al)(Se,S)2, possess varying gap
energies (Eg). These Eg values span from 1.04 eV for CulnSe», 2.4 eV for CuGaS,, up to
2.7 eV for CUAIS,, which covers a broad spectrum of visible light. The compounds have a
direct bandgap, which makes them ideal for use as absorbent thin films in photovoltaic
applications. Additionally, Fig. III.4 provides a comprehensive summary of the cell

parameters "a" and gap energies "Eg" of these compounds (A. Soni et al., 2010) [21] and
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(D. Lincot et al., 2004) [22]. There are 36 chalcopyrite ternary compounds made up of
different combinations of elements (A = Cu, Ag), (B = Al, Ga, Ti) and (C =S, Se, Te). These
semiconductors have a wide range of carrier mobilities and optical gaps, with gaps ranging
from 1 eV to 3.5 eV. The I-llI-VI> group of semiconductors that crystallize in the
chalcopyrite structure are of significant interest in photovoltaic applications. The most
important compounds for these applications are CulnSez, CulnS;, CuGaSe; and CuGaSey,
with different gap energies. Intermediate gaps can be achieved by combining two alloy
compounds, for instance, doping CulnSe; with gallium (Ga) creates the Cu (In,Ga)Se2
compound. Fig. II1.4 provides a summary of the lattice parameter "a" and gap energy Eg of

these compounds.

3
a5 |  CuAlSe,
o CuGas;
T 2
&
-
= ¢ "uGaSe
g 1.5 -l’.'.'ulnSz ) y AglnSe,
N \ / o CulnTe,
CulnSe
05 & o -
0,52 0,54 0,56 0,58 0,6 62 0,64

Lattice parameters a (nm)

Fig. 111.4: Lattice parameter ‘a’ and energy gap Eg of some I-111-V1> compounds.

CulnS; (CIS), a member of the chalcogenide materials family, is widely regarded as
the most promising material for use as an absorbent in photovoltaic conversion due to its
band gap energy, as supported by various studies (D. So, 2016) [23]. While CIS has a band
gap of approximately 1.55 eV, in polycrystalline thin films, it varies between 1.3 and 1.5 eV,
making it close to the optimum for photovoltaic conversion. Furthermore, CIS can exist in
both n-type and p-type forms, with an electrical resistivity range between 0.1 and 100 Q.cm.
thin layers of CIS are black and can be crystallized in either chalcopyrite or sphalerite
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structures [23]. CulnS: thin-film homojunction solar cells are advantageous over CulnSe; as
they do not contain any toxic materials. The first homojunction-based solar cell with n-
CulnS; and p-CulnS; was reported by (L. Kazmerski et al., 1977) [24] with an efficiency of
3.33%. A recent study on SILAR-deposited thin films, conducted by (H. Soonmin, 2022)
[25], provides further insights on the growth and characterization of these films. The study's
findings could have significant implications for the development of high-performance solar
cells [25]. The precise control of stoichiometry remains a significant challenge in the

preparation of this material.

In particular, achieving the correct ratios of elements in the material is critical to its
performance and properties. Despite advancements in preparation techniques, stoichiometric
control remains a major obstacle. Therefore, further research is necessary to develop more
effective methods for controlling stoichiometry and improving the material's properties (M.
Rafi et al., 2012) [26].

I11.5 History and appellations
111.5.1 Definition

The dissertation of (R. Knecht, 2012) [27], accepted by the Faculty of Mathematics
and Natural Sciences at Carl von Ossietzky University Oldenburg, focuses on the
characterization of industrially processed chalcopyrite solar cells with varied absorber
composition. Chalcopyrite is a mineral species that is widely distributed and found in large
quantities around the world. Its structure consists of double sulphide (34.63%), copper
(30.43%), and iron (34.94%), with the formula CuFeS,. Additionally, it contains traces of
Ag, At, In, Tl, Se, and Te, and has formed numerous compounds. Chalcopyrite's diamond-
like structure is an equivalent (ternary compound), where each atom is bonded to four first

neighbors in a tetrahedral structure [27].
111.5.2 Origin of the name

The name "Chalcopyrite™ (or copper pyrite) was coined by (J. A. Mandarino, 1978)
[28] and is derived from the Greek words "chalkos™ meaning "copper” (Cu) and "pyrites”
meaning "to light a fire" or "only a fire," referring to the mineral's yellow color. This
information is found in the Fifteenth Edition. Reproduction of this book or its contents
without the publisher's written consent is prohibited [28]. New mineral species discoveries

are a dynamic aspect of mineralogy, including recent findings in Brazil. Chalcopyrite, also
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known by various names such as chalcopyrite and Fool's gold, is a widely recognized mineral
with numerous synonyms. This mineral's extensive nomenclature reflects its historical
significance and the ongoing pursuit of knowledge in mineralogy (D. Atencio, 2015) [29]
and (F. LETEUR, 1907) [30] and (R. de I'lsle, 1783) [31].

111.5.3 The designation ""Fool's Gold"

According to (C.S. Hurlbut et al., 1998) [32], chalcopyrite, pyrite and gold, can appear
similar to the untrained eye Fig. IIL.5, but they have distinguishing characteristics. Gold is
softer, denser and has a yellow streak, while chalcopyrite is brittle with a greenish-grey
streak. Pyrite is harder and cannot be scratched with a nail like chalcopyrite. Although pyrite
is often mistaken for gold and called "fool's gold,"” these minerals have distinct properties
[32]. Chalcopyrite, with its coppery yellow to golden color and iridescent shades, is often
mistaken for gold, earning it the nickname "fool's gold". This name originated from miners
who became disappointed upon realizing that the precious metal they found was actually
copper. The book: System of Mineralogy, edited by (J. D. Dana, 1901) [33], first published
in 1837 and revised until 1868, documents this historical fact. The sixth edition of the book,
completed by Edward Salisbury Dana in 1892, remains a valuable resource for studying
mineralogy and its history [33,34]. Even, if it is not gold, chalcopyrite is a stone with
interesting properties.

Fig. IIL.5: chalcopyrite, quartz and sphalerite structure.
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In Table II1.2, we present some values of the physical and chemical parameters of the

elements Copper (Cu), Indium (In), and Sulfur (S), used in the synthesis of the CulnS;

material.

Table 111.2: Some physical and chemical properties of Cu, In, S, and Se elements.

Parameters Cu In S Se
Atomic mass (g/mole) 63.546 114.818 32.066 78.96
Electronic configuration [Ar] [Kr] 4d'%5s?5p! | [Ne] 3s?3p* | [Ar] 3d!%s?4p?
3d!%48!
Density (g/cm 3) at 300K 8.96 7.31 2.06 4.79
melting temperature ("C) 1083.4 156.61 119.6 217
Boiling temperature ("C) 2595 2080 444.67 685
Conductivity: Electrical 59.6 x 10° 11.6 x 10° 0.5 x 10 10712
1pyy-1
(€ m) 401 81.6 0.269 0.0204
Thermal (W/m K)
ionization potential (I") 7.726 5.786 10.360 9.752
(eV)
Electronegativity 1.9 1.78 2.58 2.4
atomic rays (pm) 127.8 155-162.6 103.5-109 116

111.6 Known phases with chalcopyrite structure

Chalcopyrite, a mineral with a unique crystal structure, has garnered significant
interest in materials science. It encompasses various phases, including ternary and
quaternary compounds. CulnS;-based alloys, with their chalcopyrite structure, have been
extensively studied for thin-film solar cells, offering promising applications. In their work

titled "Rethinking electronic effects in photochemical hydrogen evolution using
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CulnS,/ZnS quantum dots sensitizers” (A. Orlando et al., 2022) [35] delve into the electronic
effects and potential optoelectronic and photovoltaic applications of these materials.

Cu2ZnGeS4 is a promising quaternary compound for solar cells, exhibits favorable
optoelectronic properties due to its chalcopyrite structure (F. Larsson, 2020) [36].
Chalcopyrite thin-film solar cells have gained attention, and optimizing the window layer
structure is crucial for their efficiency and stability. Larsson's study analyzed various
window layer structures and their impact on device performance. By investigating different
materials, thicknesses and doping. Larsson provided valuable insights for optimizing
chalcopyrite thin-film solar cell design [36]. CuFeS;-based alloys and their solid solutions,
such as CuFe1-xMxS,, have been extensively studied for their diverse applications. (E.
Bastola et al., 2018) [37] conducted recent research titled "Structural, optical and hole
transport properties of earth-abundant chalcopyrite CuFeS; nanocrystals™, which focuses on
investigating the structural, optical, and hole transport properties of these abundant
chalcopyrite nanocrystals [37]. Chalcopyrite compounds possess unique magnetic and
electronic properties that make them attractive for diverse applications. A study by (T.
Kawabe et al., 2017) [38] and (B. Bhattacharyya et al., 2016) [39] explore the fabrication
and potential use of Culn(S,Se)2 films in solar cells. The authors suggest that these materials
have potential applications in areas such as photovoltaics, photocatalysis and bioimaging
[39]. Overall, the chalcopyrite structure is a versatile and promising framework for various

functional materials and its study continues to attract considerable research interest.
I11.7 Types of chalcopyrite

There are three essential types of chalcopyrite structure, such as:

+ Pure chalcopyrite.

+ Defects chalcopyrite.

+ Doped chalcopyrite.

111.7.1 Pure chalcopyrite

Chalcopyrite has unique properties that make them promising for various
technological applications. Their excellent optical, electronic and magnetic properties have
led to their use in solar cells, electronic devices and magnetic data storage media.
Additionally, chalcopyrite has been explored for photocatalytic and sensing applications.

Researchers have developed various methods for synthesizing high-quality chalcopyrite
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crystals, including chemical vapor transport, solution growth and molecular beam epitaxy.
The properties and synthesis methods of chalcopyrite materials continue to be an active area
of research (A. A. Rockett, 2010) [40], (P. Ranjan et al., 2021) [41], (H. Kaneko et al., 2015)
[42] and (T. Teranishi et al., 1974) [43].

| = = ;-m
’ ,
| d
i
|

Fig. 111.6: Pure chalcopyrite crystal structure.

The chalcopyrite crystal structure is adopted by these ternary semiconductors and is
closely related to the zinc blende structure Fig. II1.6. Although the arrangement of anions in
both structures is similar. The chalcopyrite structure differs due to the ordered distribution
of cations. As a result, the unit cell becomes tetragonal, with the c-axis roughly twice the
length of the a-axis in the zinc blende structure. In the chalcopyrite structure, each anion is
coordinated by two A and B cations, while each cation is tetrahedrally coordinated by four
anions. The atomic positions are specified as follows: A located at (0, 0, 0) and (0, 1/2, 1/2);
B located at (1/2, 1/2, 0) and (1/2, 0, 1/4); and C located at (u, 1/4, 1/8), (u, 3/4, 1/8), (3/4,
u, 7/8) and (1/4, u, 7/8).

111.7.2 Defects chalcopyrite

Chalcopyrite exhibits various defects Fig. III.7, including copper vacancies, sulfur
vacancies, and antistites defects, which greatly affect its properties such as electrical
conductivity, optical characteristics and magnetic behavior. Copper vacancies lead to n-type
conductivity, sulfur vacancies result in p-type conductivity, and antistites defects contribute

to magnetic properties. Studies using techniques like X-ray diffraction, electron microscopy
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and spectroscopy have extensively investigated the impact of defects on chalcopyrite
properties. The distribution, location and concentration of these defects significantly
influence the material's properties, as documented in the research by (T.Walter et al., 1996)
[44].

The geochemical study analyzed trace and critical elements in chalcopyrite and pyrite
samples from the Assarel porphyry copper-gold deposit in Bulgaria, focusing on the
economic significance of critical metals. Results indicate significant amounts of indium,
gallium and germanium in the chalcopyrite and pyrite samples, which are important for
technological applications and currently classified as critical due to limited global
availability. The article emphasizes the economic potential of these metals in the Assarel
deposit and calls for further exploration and exploitation. Written by (L. Lobo, 2022) [45],
the article was published in the Department of Earth Sciences at Uppsala University in 2022
[45]. The article "Defect levels through hybrid density functionals: Insights and
applications” (A. Alkauskas et al, 2011) [46] discusses the application of hybrid density
functionals in analyzing defect levels in materials. The authors highlight the advantages of
hybrid functionals compared to traditional density functional theory methods and provide
examples of their use in studying different materials. They also address the challenges
associated with hybrid functionals and propose potential solutions [46].

Fig. 111.7: Defects chalcopyrite crystal structure.

The crystal structure in question displays two distinct 11I-VI bond lengths and
chemically distinct group-11l1 atoms. As a result, the Bernard and Zunger model, which
maintains the lengths of tetrahedral bonds, is unsuitable for estimating internal coordinates.
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To address this issue, we have applied the crystal structure of defect chalcopyrite in the

following way:
I1:(0,0,0)
I11:(0,0,1/2), (0,1/2,1/4)

VI (X1yiz )v (-X,-y,Z), (y,'X,-Z )a ('y,X,-Z )
111.7.3 Doped chalcopyrite

Doped chalcopyrite compounds have gained significant research interest for their
applications in photovoltaics, optoelectronics and thermoelectric systems. Fig. II1.8 presents
the doped chalcopyrite crystal structure (Cu (In,Ga)Se> compound). These compounds, with
the formula CulnX2 (X =S, Se or Te), can be modified by doping with foreign elements like
Zn, Cd, Mg or Al. A study by (C. Mahendran et al., 2012) [47], published in Materials
Science in Semiconductor Processing journal investigated the effects of zinc doping and
temperature on sprayed CulnS; thin films. By varying zinc concentration and temperature
during synthesis, changes in the structural, optical and electrical properties of the
chalcopyrite material were observed. The findings suggest that zinc doping enhances

conductivity and increases light absorption in the visible range [47].

Zinc (Zn) and magnesium (Mg) doping enhance the electrical conductivity and
thermoelectric properties of CulnSez and CulnSy, respectively. Experiments with manganese
(Mn) and iron (Fe) dopants have demonstrated improved electrical conductivity and

magnetic properties in CulnSz (N. Tsujii et al., 2002) [48].

Defect manipulation of chalcopyrite crystal structure impacts electronic and optical
properties. Creating Cu vacancies in CulnSe; reduces the bandgap and enhances light
absorption, benefiting photovoltaics. Studies using density functional theory investigate
copper vacancies in chalcopyrite materials like CulnSe; and CuGaSe, providing insights for

efficient photovoltaic technology development (J. Pohl et al., 2010) [49].

This study examines the electronic, optical and thermoelectric properties of commonly
used photovoltaic materials, CulnS; and CulnSez. Through first principles calculations and
comparison with experiments, the study demonstrates their favorable thermoelectric
properties for thermoelectric devices. Additionally, it offers insights into their fundamental
properties and suggests directions for future research (Z. Pachuau et al., 2023) [50]. Overall,

doped chalcopyrite has demonstrated great potential in various applications due to their
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tunable electronic, optical and thermal properties. Future research may focus on optimizing
the doping strategies to achieve even better performance in different applications.

Fig. 111.8: Doped chalcopyrite crystal structure.

111.8 Advantages of the crystal structure of CulnSz chalcopyrite compounds

CulnS; chalcopyrite compounds have undergone extensive studies on their crystal
structure and properties. These compounds, belonging to group I-111-VI2, hold significant
interest for various applications, such as solar energy conversion, electrochemical
photovoltaic cells, and solar cells. CulnS; demonstrates great potential for solar cell
applications due to its direct bandgap, high absorption coefficient, and ability to be
manufactured as p-type or n-type. It is also considered an environmentally friendly
alternative to materials like cadmium and selenium. Table III.2 provides information on the

physical parameters and chemical elements utilized in the synthesis of.

111.9 Conclusion

In conclusion, the result of a brief theoretical study of CulnS; highlights its promising
properties as a semiconductor material for various applications. CulnS2 compounds, with
their specific crystal structure, exhibit interesting electronic, optical and thermal transport
properties. Their electrical conductivity, Seebeck coefficient and thermal conductivity are
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important factors for thermoelectric applications, such as waste heat recovery. Additionally,

the crystal structure of CulnSz compounds plays a crucial role in their thermoelectric

properties. These findings pave the way for potential applications in areas such as solar

energy conversion and optoelectronic devices. Further experimental studies and

developments are needed to better understand and fully exploit the properties of CulnS; in

various technological applications.
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Chapter IV: Effects of Zinc Doping on SrTiOs; perovskite compound

IV.1 Introduction

The study focuses on enhancing the conductivity and photocatalytic capabilities of
SrTiO3 compound by introducing the Zn element as a dopant. Challenges in photocatalytic
systems, such as limited visible light utilization and charge recombination, prompt the use
of co-catalysts like Zn. The SrTiO3 perovskite compound, known as STO, possesses a cubic
structure with potential for photovoltaic applications. Variations in Zn concentration within
the SrTiO3 matrix, ranging from 1% to 10%, enable optimization of band gap and absorption
factors for photovoltaic application. The study employs density functional theory,
specifically GGA-PBE, to ensure the stability of Zn-doped SrTiOs. This work explores both
theoretical and experimental aspects, contributing to a comprehensive understanding of the

material's properties and potential applications.

IV.2 Computation Details

First-principles calculations were carried out within the DFT framework, utilizing
GGA-PBE approximations and employing the CASTEP code for computation ( M. A
Ghebouli et al., 2022) [ 1]. The exchange-correlation effect was elucidated through the ultra-
soft pseudopotential method, in conjunction with the GGA-PBE approximation functional

(J. P. Perdew e al., 1996) [2].

To attain optimal convergence for both computed structures and energies, Monkhorst—
Pack points were employed with a 6 x 6 x 6 grid, complemented by a cut-off energy of 800
eV (H. J. Monkhorst et al., 1976) [3]. The structural parameters, dictating the lowest energy
structure, were established through the Broyden—Fletcher—Goldfarb—Shanno minimization
technique (T. H. Fischer et al., 1992) [4], offering a rapid approach to this determination.
Geometry optimization's tolerance parameters were established, with an affinity resolution
for the difference in total energy set at 10-5 eV/atom, a maximum ionic Hellmann—Feynman
force set at 3 x 102 eV/A, and a maximum stress set at 2 x 10 eV/A3. This study's approach
not only facilitates force and stress calculations, but it also effectively governs the
convergence of each computational parameter and excludes the impact of electron-nucleus

interactions.
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IV.3 Results and Discussion
IV.3.1 Structural parameters

The optimization of the structure for both pure and Zn-doped SrTiO3 materials was
conducted through the utilization of CASTEP along with GGA-PBE core assembly (Y.
Naceur et al., 2022) [5]. The electronic configurations for Sr, Ti, Zn and O are observed to
be as 4s? 4p® 552, 3s? 3p® 3d? 452, 3d'? 4s? and 2s? 2p?, respectively. The crystal structure of
pure SrTiOs is depicted in Fig. IV.1.

Essential properties including the optimized lattice constant, bulk modulus, and its
pressure derivative were extracted for both pure and Zn-doped SrTiOs; and have been
presented in Table IV.1. The congruence between theoretical [6-8] and experimental [9-15]

data attests to the reliability of the aforementioned findings.

Upon Zn doping, the optimized lattice constant corresponding to a 0% Zn content was
determined as 3.917 A, aligning closely with the literature's experimental value of 3.90815
A (M. Rizwan et al., 2020) [9] and 3.90453 A (P. Nunocha et al., 2022) [14]. The
introduction of Zn into SrTiOs leads to a slight increase in the lattice constant to 3.917 A,
attributed to the variation in atomic radii between Zn and Ti. Fig. IV.2 presents the correlation
between total energy and volume for standard SrTiO; and Zn-doped SrTiO3 (Zn contents of

2%, 5%, and 10%).

The optimization of structures for various Zn contents was achieved using
Murnaghan's equation of state (F. D. Murnaghan et al., 1944) [12]. It is worth noting that
the incorporation of Zn imparts decreased structural stability. The variation of lattice
constant, volume, and bulk modulus concerning the zinc content (x) within SrZnxTi;-xO3
alloys is illustrated in Fig. IV.3. As the Zn content increases within SrTiOs, a decrease in
volume was observed. Simultaneously, an increase (decrease) in lattice constant (bulk
modulus) is noted with the rise in Zn content. Our data concerning the lattice constant,

volume, and bulk modulus is consistent with these polynomial formulas:

ag(x) = 3.91766 + 0.00676x + 7.90711 X 10 — 5x2 (IV.1)
V(x) = 60.12876 + 0.31059x + 0.00438x> (IV.2)
Bo(x) = 172.87807-1.98972x~ 0.03828x2 (IV.3)
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Fig. IV.1: Crystal structures of SrTiO3 compound.
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Table I'V.1: Lattice constant, volume, bulk modulus and its pressure derivative for standard

and Zn-doped SrTiO3 with available theoretical and experimental published data.

Compound ao(A) V(A3) Bo (GPa) B’
3.917 60.126431 173.01973 4.3340
SrTiOs3
SrZn0.02Ti0.9803 3.931547 60.770187 168.61237 4.36389
SrZno.03Ti0.9703 3.93873 61.103910 166.69908 4.3764
SrZno.04Ti0.9603 3.94592 61.439042 164.44923 4.38741
SrZno.osTio.9503 3.95340 61.789080 162.32213 4.40831
SrZno.osTi0.9403 3.96106 62.149222 159.38715 4.42229
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SrZno.07Ti0.9303 3.96885 62.516437 157.07667 4.44622
SrZno.0sTi0.9203 3.97683 62.894295 154.37705 4.46245
SrZno.09Tio.9103 3.98497 63.281408 151.41548 4.48666
SrZno.1Tio.9003 3.99316 63.672191 149.55443 4.50451

IV.3.2 Elastic and mechanical properties

The elastic constants play a crucial role in characterizing the material's response to
external stress and establishing connections between mechanical attributes like elasticity,
stability, and stiffness (M. Zafar et al., 2017) [13]. To comprehend a material's mechanical
properties stemming from external force reactions, one must employ elastic constants. These
encompass parameters such as Young's modulus (E), elastic hardness coefficients (Cij), bulk
modulus (B), shear modulus (G), Poisson's ratio (Y) and anisotropy (A). The material's
stability and the bonds between neighboring atoms find description through these elastic
constants. Shear and Young moduli denote bond rigidity and resistance to deformation and

fracturing.

Elastic constants are tied to fundamental phenomena like brittleness, ductility,
hardness, and mechanical robustness of the material. They furnish insights into structural
stability, bond performance, anisotropy and cohesion. For the cubic structure of SrTiO3
under zero pressure, Table IV.2 enlists Ci1, Ci2, and Ca4, aligning closely with their
theoretical values of 350.46, 101.16, and 111.02 GPa, respectively [14], as well as
experimental values (H. Salehi et al., 2011) [15].

Calculated elastic moduli for both pure and Zn-doped SrTiOs are positive and satisfy
the conditions of elastic stability [16,17]: Ci1 >0, C44 > 0, Cy1 - C12> 0 and Cy;1 + 2C12 > 0.
Notably, Ci1 surpasses Ci2 and C44 in magnitude and rigidity. The bulk modulus mirrors
material compressive strength, illustrating SrTiOs's exceptional volume resistance. Table
IV.2 documents the bulk modulus, anisotropy factor, shear and Young's moduli, B/G ratio,
Poisson's ratios, and Vickers hardness for undoped and Zn-doped SrTiOs. Vickers hardness
for SrZn,Ti;-«O3 was estimated via the semi-empirical model H = 0.0607 x Y (X. Jiang et
al.,2011) [18]. Mechanical behaviors of SrZn,Tii-<O3 materials were analyzed in response

to varying Zn content [19,21]. Fig. IV.2 displays the dependence of elastic constants on zinc

61



Chapter IV Effects of Zinc doping on SrTiO; perovskite compound

content in SrZn,Ti1-xO;3 alloys using the GGA-PBE approximation. It's notable that these
parameters generally decrease with increasing zinc content. The bulk and shear moduli of

Voigt and Reuss limits for cubic crystals are given by:

B = (Bg + B,)/2 (IV.4)
G = (G, + Gg)/2 (IV.5)

Young's modulus, Poisson's ratio, and the anisotropic factor can be derived through:
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E =9GB/(3B + G) (IV.6)
v=(3B-2G)/2(3B+ G) (v.7)
A =2C44/(C1y — Ci3) (1V.8)

The brittleness or ductility of a material can be inferred from the B/G ratio. If this ratio
surpasses 1.75, the material demonstrates ductility, whereas a value below 1.75 suggests a
brittle nature. For both pure and Zn-doped SrTiOgz, the B/G ratio remains below 1.75,

indicating its brittleness.

The nonlinear behavior of the B/G ratio concerning Zn concentration is illustrated in
Fig. IV.5. Meanwhile, Young's modulus and shear modulus exhibit a decreasing pattern with
the strain's increase due to higher zinc concentration, as presented in Fig. IV.6. The provided
values align well with those documented in literature (A. Boudali et al., 2009) [22] and
experimental findings (A. Hachemi et al., 2010) [23]. The Poisson's ratio plays a role in
discerning material stability and bonding characteristics. Notably, the Poisson's ratio is 0.23,

signifying significant ionic contributions to intra-atomic bonding.

The near-unity value of elastic anisotropy underscores SrTiOz3's isotropic nature. The
material’'s resistance to deformation was investigated using mechanical parameters (R. S.
Sunmonu et al., 2023) [24]. The covalent nature of SrZnsTi1-«Oz is indicated by the negative
Cauchy pressure (Cp = C12 - Cas < 0) (A. Afaq et al., 2018) [25]. In comparison to its
substantial bulk modulus, the material's higher Young's modulus implies increased

resistance to crushing.
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Table 1V.2: Elastic constants, Bulk Modulus, Shear and Young's moduli, B/G ratio,

2 3 4

5 6 7

Zinc content (%)

alloys.

anisotropy factor, hardness and Poisson's ratio of SrZnyTi;-xOs.

11

Compound Cu (GPa) C12 (GPa) Cu (GPa)
SrTiOs3 317.62 99.71 113.32
350.46° 101.166 111.026
273.467 85.187 96.907
366.1% 91.3923 102.2023
317.22 Exp. | 102.51%2 Exp. | 122.35% Exp.
SrZno.o2TioosOs 317 102.5 112
SrZnoosTio.s7O03 318.20 100.15 113.17
SrZno.osaTio.9sO0s3 318.17 100.14 113.14
SrZno.osTio.os03 318.13 100.12 113.12
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SrZno.osTi0.9403 318.10 100.11 113.09
SrZno.o7Tio93Os 318.07 100.09 113.07
SrZno.osTi0.9203 318.04 100.08 113.04
SrZno.osTio910s 318.01 100.07 113.02
SrZno.iTio.9003 317.98 100.05 112.99

Table I'V.3: Bulk Modulus, Shear and Young's moduli, B/G ratio, anisotropy factor,

hardness and Poisson's ratio of StZn,Ti1-xO3.

Compound B(GPa) | G(GPa) | BIG | EGPa) | A | H(GPa) | v
SrTiOs 172.34998 | 111511 | 155 | 275 |o09so| 167 | o0.23
184.266 | 6286 288.226 | 870
147.947 | 93787 236337 | 10?7
1820603 | 1162623
Srzn0.02Ti0.9803 | 168.61237 | 111.47 [1.5525| 27524 | 103 | 1670 | 023
Srzn0.03Ti0.9703 | 166.69908 | 111.45 |1.5526| 27520 | 1.03 | 1670 | 0.23
Srzn0.04Ti0.9603 | 164.44923 | 111.43 [1.5527| 27516 | 103 | 1670 | 023
Srzn0.05Ti0.9503 | 162.32213 | 11141 [1.5528| 27511 | 1.03 | 1669 | 023
SrZn0.06Ti0.9403 | 159.38715 | 111.40 | 1.5620| 27507 | 1.03 | 1669 | 0.23
Srzn0.07Ti0.9303 | 157.07667 | 111.38 | 1.5530| 275.02 | 1.03 | 1669 | 0.23
SrZn0.08Ti0.9203 | 154.37705 | 11136 | 1.5530| 27498 | 1.03 | 1669 | 0.23
Srzn0.09Ti0.9103 | 151.41548 | 111.34 | 1.5531 27494 | 1.03 | 1668 | 0.23
SrZn0.1Ti0.9003 | 149.55443 | 11132 | 1.5532| 27490 | 1.03 | 1668 | 0.23
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IV.3.3 Electronic properties

Electronic properties, particularly the energy gap, play a pivotal role in comprehending
bonding characteristics, electronic conductivity, optical responses, and stability. Notably, the
energy gap's influence extends to optical attributes governing the material's photocatalytic
traits. Investigating the band structure yields insights into the compound's nature, it will be
a conductor, semiconductor or insulator. In Fig. IV.7, the band structures for SrZn,Ti;-,O3

alloys are presented as a function of zinc content x (x = 0%, 2%, 5% and 10%).

Standard SrTiO; showcases an energy band structure with a valence band spanning from -5
eV to 0 eV and a conduction band spanning from 2.20 eV to 5 eV. The observed energy gap
measures 1.97 eV, as illustrated in Fig. IV.7(a). This value closely aligns with experimental

reports of 3.25 eV (A. A. Adewale et al., 2021) [6] and other theoretical values [8,26].

The valence band's maximum aligns with the Fermi level, classifying all investigated
compounds as semiconductors characterized by an indirect R — I" band gap. The separation
between the conduction and valence bands originates from the substantial number of
electrons within their respective bands, influencing the occupancy states near the Fermi
level. Table IV.3 provides the computed band gap values for Zn-doped SrTiOs at 0 GPa. Fig.
IV.8 illustrates the alteration in band gap energy concerning Zn concentration. Notably, a

linear decline in the band gap is evident with increasing Zn content.

The decreased band gap energy within Zn-doped SrTiOs; compounds suggests the
potential for enhanced optical characteristics. The decrease in energy gap due to Zn doping
implies an enhancement in optical properties. Through Zn doping in StrTiO3, spanning a
range of 2% to 10% content, the energy gap resides between 1.802 and 1.154 eV. The
conformity of our data regarding Eg variation with Zn content x adheres to second-order

polynomial expressions as follows:

g(x) = 1.97113-0.08581x + 3.99767 X 10 — 4x?> (IvV.9)
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Table I'V.4: Calculated band gap as a function of zinc content for SrZn.Tii-xO3 alloys.

x(%) Band gap: this Other theoretical Experiments
work calculations
6 6
0 197 1.82 3.25° Exp.
1.8122%
1.998
/
2 1.802 /
5 1.533 / /
10 1.154 / /
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The nature of the band structure and the behavior of the energy gap in relation to Zn
content are both rational and dependable. The band structure calculations intuitively
elucidate the impact of doping on the energy gap. For SrTiO3 doped with 2%, 5% and 10%
S, the band gap energy measures 2.87, 2.73 and 3 eV, respectively (H. K. Le et al., 2016)
[27]. In contrast, the energy gap value for SrTio.s75Nbo.12503 is approximately 1.85 eV, a

notable difference from the experimental value of around 3.2 eV [24].

The incorporation of Al at concentrations of 10% and 20% into SrTiO; films on Si
(100) substrates results in a 0.3 eV increase in the band gap compared to undoped SrTiO3
(X. G. Guo et al., 2003) [28]. Conversely, Ag doping on SrTiOs3 leads to a reduction of the
band gap by 0.15 eV (A. B. Posadas et al., 2013) [29].

Transition metal dopants, barring Pd and Pt, generally have a negligible effect on the
STO band gap, while S and Se doping significantly reduces STO's band gap (S. A. Azevedo
et al., 2022) [30]. In the case of Nb-doped SrTiO3, band gap values of 3.09, 3.12 and 3.17
eV correspond to doping levels of 20%, 30%, and 10% respectively (Y. S. Hou et al., 2021)
[31].

Total and partial densities of states (TDOS and PDOS) elucidate the material's physical
properties and offer a detailed insight into the electronic contribution of Sr, Ti, Zn and O the

constituents of the studied compound.

Fig. IV.9 showcases TDOS and PDOS for both standard and 10% Zn-doped SrTiOs,
computed using the GGA-PBE approximation. It's notable that the lower valence bands in
SrTiO3 and SrZno.1Tio.903 span energy levels from -20 eV to -10 eV. These bands encompass
Sr-p and Sr-s states in the case of SrTiO3, and Sr-p, O-p, Zn-s and Zn-p states in

SrZng.1Tio.903.

The higher valence bands extend from around -5 eV to the Fermi level, predominantly
comprising Sr-p, Sr-d and O-p states for SrTiO3, and Ti-p, Ti-d, O-p, and Zn-d, Zn-p states
for SrZno.1Tio.v03. However, the vicinity of the Fermi level is dominated by Sr-p, Sr-d and
O-p states in SrTiO3 and Ti-p, Ti-d, and O-p states in SrZno.1Tio903. With increased Zn

content, the interaction of Zn-p and Zn-d with O-p leads to a reduction in the band gap.
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Fig. IV.9: TDOS and PDOS for standard and Zn (10%)-doped SrTiO3 using GGA-PBE

1V.3.4 Optical properties

approximation.

Evaluating materials' suitability for optoelectronic applications necessitates a thorough

exploration of their optical properties. For the SrTiO3 perovskite material, a focused GGA-

PBE approximation has been employed to investigate these optical characteristics. These

properties are intricately linked to the interplay between photons and electrons within the

system. As depicted in Fig. IV.10, various optical parameters, including refractive index,
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dielectric function, absorption spectrum, optical conductivity and reflectance, have been
examined for undoped SrTiOs; across incident light energies reaching 60 eV. The calculation
of frequency-dependent dielectric constants involves the utilization of the subsequent

relation:
f(w) = g(w) +i.6(w) (IV.10)

Here, €1(®) and e2(w) represent the actual and imaginary segments of the dielectric
constant, respectively. The imaginary component, €2, reveals transitions between occupied

and unoccupied states within the material.

The dielectric function is a crucial optical parameter employed to characterize how a
material reacts to incident radiation. As illustrated in Fig. IVV.10(a), the actual and imaginary
segments of SrTiOs's dielectric function are presented. Notably, €2 (the imaginary part)
diminishes to zero around 40 eV, signifying the material's transparency at these incident
energy levels. Further optical parameters, including reflectivity (R), refractive index (n),
optical conductivity (o), and absorption (a), were determined utilizing the complex

components of the dielectric function.

_ (n-1)%+k?

RW) = e (IV.11)
n(w) = YOI e (v.12)
Re[o(w)] = :”—nsz(w) (IV.13)
a(w) = V2(w) [{EZW) + E2w) — Exw)]’ (IV.14)

As depicted in Fig. 1V.10(b), SrTiO3's reflectivity spectra is graphed as a function of
incident photon energy, demonstrating a pronounced presence in the infrared spectrum. The
reflectivity experiences rapid declines in the high-energy range, punctuated by peaks
attributed to internal transitions. It was observed from Fig. 1V.10(b) that the minimum
reflectivity value is 0.00236 at an incident energy of 34.18 eV, while the maximum value
reaches 0.493 at an incident photon energy of 25.998 eV. Fig. 1V.10(c) showcases the
refractive indices, both real and imaginary components. The imaginary portion of the
refractive index signifies the degree of absorption loss experienced by electromagnetic
waves while traversing the material, while at an energy of 25.998 eV, and the highest is 2.95

at 2.73 eV. The average refractive index stands at 2.442.the real part denotes the phase

73



Chapter IV Effects of Zinc doping on SrTiO; perovskite compound

velocity of the electromagnetic wave. The lowest recorded refractive index value, n, is
0.2611.

10
(a) Re(Epsilon)
— Im(Epsilon)
<
=
©
<
>
LL
L
©
(<5}
0
a
-2 T T T T T T T T T T T
0 10 20 30 40 50 60
Energy (eV)
0.5
(b) \ Reflectivity
0.4
2
S 0.3-
3]
o
2
0.2 1
0.1
0.0 —v4—————

0 5 10 15 20 25 30 35 40 45 50
Energy (eV)

74



Chapter IV Effects of Zinc doping on SrTiO; perovskite compound

3.0

©)

n

2.5

2.0

1.5

Refractive Index

1.0

0.5

0.0 T T T T T T T T T T T
0 10 20 30 40 50 60

Energy (eV)

(d) ReConductivity)

— Im(Conductivity)

Conductivity (1/fg)

-2 -

-4 T T T T T T T T T T T
0 10 20 30 40 50 60

Energy (eV)

75



Chapter IV Effects of Zinc doping on SrTiO; perovskite compound

5x10°
(e) ‘— Absorption (cm‘l)‘
4x10° -
FIT_\
: ﬂ
L 3x10°
[
=t
=
& 2x10°
o)
<C
1x10° -
o T T T T T T T A

0] 10 20 30 40 50 6!
Energy (eV)

Fig. I\V.10: Calculated optical properties, (a) Dielectric function, (b) Reflectivity, (c)
Refractive index, (d) Conductivity, (e) Absorption of SrTiOs compound.

1VV.4 Conclusion

In a comprehensive analysis, the structural, mechanical, elastic, electronic and optical
attributes of pure and Zn-doped SrTiOs compounds were meticulously examined via first-
principles calculations using the CASTEP software. The investigated compounds were
identified to possess an isotropic cubic structure with a brittle characteristic. This structural
and mechanical behavior aligns closely with existing theoretical and experimental data.
Notably, various properties computed for different doping concentrations suggest an
enhanced photocatalytic potential within SrTiOsz crystals. Among these, Zn-doped SrTiOs
(10%) stood out as the most stable compound, exhibiting a narrow band-gap energy.
Through the substitution of Ti atoms with Zn, the photocatalytic activity of the SrTiO3
compound was notably improved. The band structure analysis of SrZnxTii-xOs alloys

revealed an indirect R - " band gap.

Further investigation into the electronic properties unraveled the diverse contributions
from valence and conduction bands, elucidating the compound's electronic structure. The
partial and total density of states (DOS) analysis unveiled that the conduction band

predominantly comprises Zn and Ti-d states, intertwined with Sr-s and Sr-d states of SrTiO:s.
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Conversely, O-p states are primarily associated with the valence band. Increased Zn content

introduces a mixing of Zn-p and Zn-d states with O-p states, resulting in a reduced band gap.

The overall characterization of both pure and Zn-doped SrTiOs materials underscores their

substantial potential for application in photocatalytic devices. The introduction of Zn atoms

as dopants in SrTiO3 induces a shift of the valence band's upper edge towards the Fermi

level, contributing to their promising photocatalytic properties.
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Chapter V: Effects of Aluminum doping on CulnS; chalcopyrite

compound

V.1 Introduction

This chapter presents a comprehensive examination of the influence of aluminum
(Al) doping on the diverse characteristics of CulnS2 (Copper Indium Sulfide), a
chalcopyrite compound. CulnS2 has garnered considerable attention as a semiconductor
material with promising applications in optoelectronics and electronic devices. To fully
unlock its potential and customize its attributes for specific applications, researchers have
explored the approach of incorporating aluminum. The main objective of this study is to
thoroughly assess how the introduction of aluminum affects the structural features, elastic
properties, mechanical behavior, electronic traits, and optical attributes of CulnS2. The
incorporation of aluminum induces localized modifications to the crystal lattice, thereby
altering the intrinsic properties of the material. Understanding these alterations is crucial

for harnessing CulnS2's potential in advanced electronic and optoelectronic technologies.

Through a systematic process of characterization and analysis, this chapter aims to
provide valuable insights into the interplay between aluminum doping and the various
characteristics of CulnS2. The results obtained in this study will make a significant
contribution to the expanding knowledge base on semiconductor materials and pave the way
for the design of high-performance devices tailored to meet the requirements of
contemporary technology. Our research focuses on gaining a deeper understanding of how
aluminum doping affects the structural properties of CulnS2 and offers insights into the
material's utilization in optoelectronics. We utilized the CASTEP program to investigate the
electronic structure and optical properties of CulnS2, enabling us to simulate the crystal

structure and study the impact of impurities on the com (A. Soni ef al., 2010) [1].

V.2 Computation details

In order to investigate the electronic structures and optical properties of doped CulnS,,
first-principles calculations were performed using the pseudo-potential plane waves (PP-
PW) method based on DFT, implemented with the CASTEP (S. J. Clark et al., 2005) [2]
code, a widely recognized computational tool, in investigating the electronic and structural
properties of materials. The use of GGA method offers several advantages, including ease of

calculation of forces and stresses, efficient control of convergence for almost every
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computational parameter, appropriate scaling at the atomic level and neglecting core
electrons to simplify the calculations. The calculations were performed using the space group
[-42m with particular atomic positions for cations and anions. The k-point and cut-off values
were chosen as (5 5 2) and 800 eV, respectively. For doped samples, indium atoms were

replaced with aluminum atoms in different proportions of 0, 25%, 50%, 75%, and 100%.

Geometric optimization was performed with an affinity resolution of 1 x 10~ eV/atom
using (C.G. Broyden et al., 1970) [3] (BFGS) algorithm to achieve relaxation at minimum
values of energy. The force, pressure and displacement were taken as 0.03 eV/A, <0.05 GPa,
and 0.001 A, respectively. The electronic structures and other optical properties were
investigated for optimized geometries with the help of total and partial density of states

(TDOS and PDOS).

V.3 Structural properties

CulnS; is a chalcopyrite compound with a unique crystal structure that has attracted
attention for its potential applications in optoelectronics. The chalcopyrite structure of
CulnS2 is a tetragonal crystal structure with four axes of symmetry. This structure is
relatively stable for ternary compounds and allows for efficient packing and covalent
bonding between the atoms. In their 2022 publication in the Journal of Thermal Sciences,
(S. Fan et al., 2022) [4] Comprehensive theoretical study of CulnS,, with the aim of
exploring its elastic and thermodynamic properties. The study involved detailed analyzes
and simulations to gain insights into the crystal structure of CulnS,, its stability and the

nature of bonding between its constituent atoms.

This knowledge is essential for the development and optimization of CulnS>-based
devices for various applications, as “Tunable structural and optical properties of CulnS:
colloidal quantum dots as photovoltaic absorbers” was reported by (S.-K. Ming et al., 2021)
[5] published in RSC. Advances, presents a study focusing on CulnS; colloidal quantum dots

and their potential as photovoltaic absorbers.

The research explores the controllable manipulation of the structural and optical
properties of CulnS, quantum dots. Through systematic investigations and experiments, the
authors highlight the retainability of these quantum dots, which could have significant
implications for their application in photovoltaic devices. The study provides valuable
insights into harnessing the unique properties of CulnS> quantum dots as effective light

absorbers in solar energy conversion technologies. Another study by (B. Gao et al., 2016)
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[6] The authors also highlight composition-dependent properties of WZ-CulnS», providing
valuable insights into the material's potential applications in optoelectronic devices. This
study contributes to a deeper understanding of the properties of CulnS> in its Wurtzite form
and provides valuable knowledge for the development of new photonic and electronic
technologies. A recent study conducted by (F-L. Tang et al., 2012) [7] investigated the
electronic and optical properties of aluminum-doped CulnS; using a combination of
experimental and computational methods. The study also used the CASTEP program to
calculate the material's structural properties, such as lattice modulus and atomic positions,

and found that aluminum doping had a significant effect on lattice modulus.

Our study revealed that the crystal structure of CulnS; plays a crucial role in its
electronic and optical properties, with changes in the lattice parameters leading to changes

in the band gap and band edge positions.

Our aim in this study is to investigate the structural properties of CulnS» and the effect
of aluminum doping on these properties. We will use a range of aluminum concentrations
and analyze changes in lattice parameters and other structural properties. We used the
Murnaghan equation of state equations (V.1) to calculate the lattice constant ay (A), the
volume modulus By (GPa), its derivative B’, and the volume V' (A%) for CulnS; and Culn;-
xAlxS, where x is the aluminum concentration. This equation has become an essential tool
in materials science and geophysics, enabling scientists to predict and understand the
behavior of materials (F. D. Murnaghan, 1944) [8]. The Murnaghan equation relates the total

energy E to the volume V and is given by:

E(V) = Eo + [(B)/(B'(B' — DIIB'A Vo) +(2) =11 (Vi)

Ey represents the energy at the equilibrium volume Vo, By is the bulk modulus, and B'is the

derivative of the bulk modulus with respect to pressure.

To obtain the values of lattice constant, volume, and bulk modulus, we fitted these
parameters as a function of aluminum concentration using polynomial expressions of second
order. The basic valence electron configurations for Cu, In, Al and S were 3d!? 4s!, 55> 5p!,
3s? 3p* and 3s? 3p!, respectively. Our use of DFT is one of the most widely used and robust
methods for electronic structure calculations, enabling accurate and efficient investigation
of materials' ground-state properties, chemical reactions, and structural phase transitions. In

the following we present our study on these structural properties:
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V.3.1 Lattice parameters

CulnS: has a chalcopyrite crystal structure with a high degree of structural stability

and a strong covalent bond between its constituent atoms (See Fig. V.1).
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Fig. V.1: Total energy versus volume for Culn;-,AlS> alloys.

In this study, the structural properties of CulnS,; and CulnS, doped with aluminum
(Culni-,ALS;, where x = 0, 0.25, 0.5, 0.75 and 1) based on the provided data. We'll analyze

the lattice parameters, lattice constants, c/a ratio, bulk modulus, and volume for each

composition:
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V.3.1.1 Lattice parameters (a¢ and ¢)

The lattice parameters represent the dimensions of the crystal lattice unit cell. ao is the
lattice constant in the basal plane (along the a-axis), and c is the lattice constant perpendicular
to the basal plane (along the c-axis). From Fig. V.2, we note that with the increase in doping
of aluminum Al(x), both a¢ and ¢ decrease. The decrease in ap and ¢ can be attributed to the
substitution of smaller Al atoms for larger In atoms. Aluminum has a smaller atomic radius
compared to Indium. When Al atoms replace In atoms in the crystal lattice, the overall lattice
dimensions reduce. This substitution leads to lattice compression, resulting in a smaller unit

cell in both the a¢ and ¢ directions.
V.3.1.2 ¢/a Ratio

The c/a ratio is the ratio between the lattice constant ¢ and the lattice constant ay. It
indicates the degree of anisotropy in the crystal structure. As the Al doping increases (x
increases), the c¢/a ratio decreases this is illustrated by Fig. V.2. This decrease in the c/a ratio
is consistent with the reduction in both ¢ and ayp mentioned earlier. The decrease in the c/a
ratio indicates a higher degree of anisotropy in the crystal structure with increasing Al
doping. This implies that the material becomes more elongated along the c-axis compared

to the basal plane.
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Fig. V.2: Lattice constant ay, Lattice constant ¢ and c/a as a function of Al content for

Culn;-,Al:S> alloys.
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V.3.2 Bulk Modulus and cell volume
V.3.2.1 Bulk Modulus (By)

The bulk modulus represents the material's resistance to volume compression under
pressure. It is a measure of the stiffness of the material. As the Al doping increases (x
increases), the bulk modulus (By) increases (See Fig. V.3). The increase in By can be
explained by the strong bonding between the Al atoms and the surrounding atoms in the
crystal lattice. Aluminum is known to form strong bonds, and as more Al atoms are
incorporated into the crystal structure, the overall bonding strength increases, leading to a

higher bulk modulus.
V.3.2.2 Volume (V)

The volume represents the total space occupied by the crystal lattice unit cell. As the
Al doping increases (x increases), the volume (V) decreases refer to Fig. V.3. The decrease
in V'is a direct consequence of the reduction in lattice parameters (ap and c¢) with increasing
Al doping. The decrease in volume indicates that the crystal lattice becomes more compact

and denser with higher Al doping.

Let's consider the case of Culno.sAlo.sS2, where the composition is half CulnS: and
half CuAlS;. The lattice parameters for CulngsAlosSz are ap = 5.47952 A and ¢ = 10.7539
A. As aluminum (Al) doping increases, the atomic substitution of Al for In leads to lattice
compression, causing a decrease in both ayp and c. In this case, the c/a ratio is 1.9626,

indicating a higher degree of anisotropy compared to pure CulnS,.

The increase in the bulk modulus (By = 91.81985 GPa) implies that the bonding
strength in CulngsAlosS; is stronger compared to pure CulnS», making the material stiffer
and more resistant to compression. Furthermore, the decrease in volume (¥ = 322.887 A%)
with higher Al doping indicates that the crystal lattice becomes more compact and denser,

leading to increased atomic packing.

The calculated results for the lattice constant, volume, and bulk modulus of CulnS;

and Culn;-.Al,S; are shown in Table V.1.
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Fig. V.3: Bulk modulus By (GPa), volume ¥ (A%) as a function of Al content for Culn;-
<AlS; alloys.

Table V.1: Calculated lattice constants ay (A), ¢ (A), bulk modulus By (GPa) and volume V'
(A3) for Culn;-,ALS; alloys.

Composition ao (A) c (A) cla Bo (GPa) V (A3
CulnS2 5.54228 11.0082 | 1.9862 70.05745 338.137
Culno.7zsAlo.25S2 5.50751 10.8831 | 1.9760 70.67415 330.114
CulnosAlosS2 5.47952 10.7539 | 1.9626 72.83891 322.887
Culno.2sAlo.7sS2 5.44548 10.6415 | 1.9542 73.98147 315.556
CuAlS: 5.41525 10.5098 | 1.9407 76.33222 308.200

The fitted expressions for the lattice constant ag, ¢ and c¢/a a function of Al
concentration showed good agreement with the calculated values. The relative lattice
constant ay, ¢ and c/a as a function of Al content x were fitted using second-order polynomial

expressions given by equations (V.2), (V.3) and (V.4).

85



Chapter V

Effects of Aluminum doping on CulnS, chalcopyrite compound

ap(x) = 5.54166 — 0.0013 x + 3.46286 x 10~7x2

c(x) = 11.00749 — 0.00499 x + 4.11429 x 10~ 7x?

c/a=198627 — 4.32914 X 10~* x — 1.82857 x 10~ 7x?

(V:2)
(V.3)

(V.4)

The fitting of the relative Energy, volume, bulk modulus and derivative of the bulk modulus

are presented in Table V.2.

Table V.2: Calculated fitted Energy, volume, bulk modulus and derivative of the bulk

modulus as a function of Al concentration in Culni-,AlS> alloys.

Al Fitted Eq Fitted Vo Fitted By Fitted B’
concentration eV) ( A3) (GPa)
O<xx<l1
0.00 -7170.5656 337.95213 68.64 4.8437
0.25 -7173.3501 330.38362 71.0832 4.60357
0.50 -7176.1588 322.80253 71.7216 4.72708
0.75 -7178.9450 315.53074 73.456 4.6874
1.00 -3590.8852 154.07098 76.4128 448611

The obtained results for Culni-.Al:S> were compared with other theoretical and

experimental studies reported in the literature. The calculated lattice constant for pure

CulnS; was found to be in good agreement with the experimental value reported by (M.G.

Brik, 2009) [9] (ap = 5.523 A and ¢ = 11.12 A). The volume for pure CulnS; were also in

good agreement with the results reported by [9] (V' =339.199 A®). The obtained values were

found to be consistent with their results, indicating the reliability of the present study.

The comparison of the lattice constant, volume, and bulk modulus as a function of Al

concentration is summarized in Table V.3. It can be seen from the table that the present study

results are in good agreement with the experimental and theoretical results reported in the

literature, which confirms the reliability of our calculations and the validity of the

Murnaghan equation of state in describing the properties of CulnS; and Culn;-zAlS>.
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Table V.3: Comparison of the lattice constant ay, ¢, bulk modulus B and volume V of

Culn;-:Al:S> alloys, with experimental and theoretical results reported in the literature.

Sample ao (A) c(A |Bo(GPa)| VA Method | Reference
CulnS; 554228 | 11.0082 | 84.28848 | 338,137 | DFT-GGA | Present
study

5.52 11.13 / / DFT-GGA [1]

5588 | 11.253 / / DFT-GGA [10]

5525 | 11.127 / / Exp. [10]

5521 | 12.174 / / DFT-GGA [13]

55775 | 11.2379 / 349.594 / [22]

5.523 11.12 / 339.199 Exp. [22]

Culno7sAlo2sS2 | 5.50751 | 10.8831 | 87.27810 | 330.114 | DFT-GGA Present
study

54212 | 10.95 / / / [19]

5.48 11.06 / / Exp. [19]

CulnosAlosS2 | 5.47952 | 10.7539 | 91.81985 | 322.887 | DFT-GGA | Present
study

53740 | 10.73 / / / [19]

5.42 10.84 / / Exp. [19]
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CulnozsAlo7sS2 | 5.44548 | 10.6415 | 92.33198 | 315.556 | DFT-GGA Present

study
5.2681 10.63 / / / [19]
5.36 10.60 / / Exp. [19]

CuAlSz 5.41525 1 10.5098 | 93.60547 | 308.200 | DFT-GGA Present

study

5.2148 10.35 / / / [19]
5.341 10.57 84.12 / / [21]
5.31 10.42 / / Exp. [21]

5.313 / / / [21]
5.2816 | 10.4429 / 291.308 / [22]
5.3336 | 10.4440 / 297.103 / [22]

In summary, the structural properties of CulnS: and Aluminum-doped CulnS: exhibit
systematic changes with increasing Al doping. The incorporation of Al atoms into the crystal
lattice results in reduced lattice dimensions, increased anisotropy, enhanced stiffness, and
densification of the material. These structural modifications are crucial in understanding and
tailoring the properties of the compound for various applications, such as optoelectronics,

photovoltaics, and other semiconductor devices.

V.4 Elastic constants and mechanical properties
V.4.1 Elastic constants

Elastic constants are material-specific parameters that describe the mechanical
response of a crystal lattice to external stresses. Ci1, Cs3, Ca4, Css, C12 and C;3 are components
of the elastic stiffness tensor. Our results showed in Fig.V.4 that the elastic constants (Cj,
C12, and C44) increased with increasing Al doping concentration. Specifically, for In/Al ratios
of 25%, 50%, 75%, and 100%, the values of C;; increased by 1.48%, 6.33%, 8.54% and
14.67%, respectively, while the values of C;> increased 0.56%, 2.36%, 3.08% and 4.45%,
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respectively, in contrast, the values of Css increased by only 0.14%, 1.47%, 4.86% and
16.47%, respectively. The increase in the elastic constants can be attributed to the stronger
bonding interactions introduced by the incorporation of aluminum atoms into the crystal
lattice. Aluminum forms strong bonds, which leads to increased stiffness and resistance to

deformation.
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Fig. V.4: Elastic constants as a function of Aluminum content x for Culn;-:ALS: alloys,

according to GGA-PBE approximation.
V.4.2 Bulk modulus (B) and shear modulus (G)

The bulk modulus (B) represents the material's resistance to volume compression
under pressure, while the shear modulus (G) represents its resistance to shear deformation.
As the Al doping increases (x increases) in Fig. V.5, both B and G generally increase. The
increase in B and G is consistent with the higher values of Ci;, C33, Cs4, Css, C12 and Ci3
mentioned earlier. Stronger bonding due to aluminum incorporation leads to a stiffer

material, resulting in higher bulk and shear moduli.

V.4.3 B/G Ratio
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The B/G ratio is the ratio of the bulk modulus to the shear modulus. It provides insights
into the elastic anisotropy and mechanical stability of the material. The Fig. V.5. shows that
with increasing Al doping (increasing x), the B/G ratio generally decreases. The decrease in
the B/G ratio indicates a shift towards greater isotropy in the elastic behavior with increasing
Al doping. The introduction of aluminum atoms reduces the anisotropy in the material's

mechanical response.

77 33 2.70
i —v—B L
A v
764 5 —v—G L 32 | 2.65
0 —A—B/G
S 75- L 31 F2.60
()]
s
O 744 L 30 F2.55
o Y |
= X
S 73- L 29 L 2.50
£ " |
< 72+ v L 28 | 2.45
o | .
=
71 4 L 27 F2.40
70 - ;/ A|xloss
1 v 1 v 1 v 1 v 1
0 25 50 75 100

Al Content (%)

Fig. V.5: Bulk modulus B(GPa), the shear modulus G(GPa) and B/G as a function of

Aluminum content of Culni-:Al:S; alloys according to GGA-PBE approximation.
V.4.4 Young's modulus (Y) and Poisson's ratio (E)

Young's modulus (Y) represents the material's stiffness in response to tensile or
compressive stresses, and Poisson's ratio (E) relates the lateral strain to the axial strain during
deformation. With the Fig. V.6, we notice that with the increase of Al doping (x), the Young's
modulus (Y) increases in general, while the Poisson's ratio (E£) decreases. The increase in Y
is a consequence of the increased stiffness associated with higher elastic constants and
moduli due to aluminum doping. The decrease in E indicates a reduced tendency of the
material to contract laterally when subjected to axial deformation, again reflecting increased

stiffness and reduced anisotropy.
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Fig. V.6: Young’s modulus Y(GPa), Poisson ratio £ and anisotropy 4 as a function of

Aluminum content x for Culn;-Al,S> alloys according to GGA-PBE approximation.
- As an example, for Culng.sAlo.5S2:

Let's consider the composition Culno sAlo5S2, where half of the indium (In) is replaced
by aluminum (Al). The elastic constants Cy;, Cs3, C44, Css, C12 and C;; for Culno.sAlosSz are
higher compared to pure CulnS,, indicating a stiffer and more mechanically stable material.
Both the bulk modulus (B) and shear modulus (G) are increased for Culno sAlo.5S2, reflecting
enhanced resistance to volume compression and shear deformation. The B/G ratio decreases
for Culno.sAlosS2, indicating a more isotropic and mechanically stable behavior compared
to pure CulnS,. Young's modulus (Y) increases, while Poisson's ratio (E) decreases for
CulngsAlosS2, reflecting a higher stiffness and reduced lateral contraction during

deformation.

The fitted expressions for the mechanical properties Bulk modulus B(GPa), the shear
modulus G(GPa) and B/G, Young’s modulus Y(GPa), Poisson ratio £ and anisotropy A4 of
the Al concentration function showed good agreement with the calculated values. The elastic
constants and mechanical properties as a function of Al x content were fitted using quadratic
polynomial expressions given by Equations (V.5), (V.6), (V.7), (V.8), (V.9), (V.10), (V.11),
(V.12) and (V.13):

B(x) = 69.95488 + 0.03547 x + 2.79531 x 10™* x2 (V.5)
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G(x) = 26.28942 + 0.00604 x + 5.35982 X 10™* x2

= (x) = 2.66392 + 1.18389 X 10™*x — 3.11383 X 1075 x2

Y(x) = 70.08207 + 0.01952 x + 0.00128 x2

E(x) = 0.33309 + 2.51486 X 107> x — 2.09029 x 107° x?

A(x) = 1.14391-0.00676 x + 4.49863 x 107> x?

(V.6)
(V.7)
(V.8)

(V.9)

(V.10)

The elastic constants and mechanical properties of Al-doped CulnS, at different

concentrations are shown in Table V.4, Table V.5 and Table V.6. The stability conditions of

the doped systems are summarized in Table V.7. As shown in Table V.7, CulnS> doped by

Al with different doping concentration is stable.

Table V.4: Elastic constants (GPa) of Culni-.Al.S; with different concentrations x.

In/Al Cn Css Caa Ces Ci2 Cis Reference
Ratio
0% 90.96670 | 95.63865 | 43.23865 | 41.15270 | 56.91110 | 60.09290 | Present study
84.57 / 38.05 53.07 / [2]
82.4 / 37.5 51.1 / [13]
70.5 / 35.4 40.8 / [17]
25% | 9231615 | 96.71915 | 43.29785 | 39.61975 | 57.23000 | 60.34185 | Present study
50% | 96.72085 | 99.86810 | 43.87355 | 42-32100 [ 58 25565 | 61.62875 | Present study
75% | 98.74980 | 103.09115 | 45.33820 | 42.56770 | 58.66705 | 62.25115 | Present study
100% | 104.28180 | 105.77540 | 50.35235 | 48.67725 | 59.44020 | 63.57350 | Present study
108.2 / 55.1 / 57.0 / [17]

Table V.5: Bulk modulus B(GPa), the shear modulus G(GPa) and B/G of CulnS;

doped by Al at different concentrations.
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CulnS2/Al B G B/G Reference
0 70.05745 | 26.29623 | 2.66416 Present study
63.34 25.55 / (2]
62.0 28.7 28.7 / [13]
25 70.67415 | 26.64503 | 2.65243 Present study
50 72.83891 | 28.28130 | 2.57551 Present study
75 73.98147 | 29.42063 | 2,51461 Present study
100 76.33222 | 32.36282 | 2.35864 Present study

Table V.6: Young’s modulus Y(GPa), Poisson ratio £ and anisotropy 4 of Culni-

xAlSz alloys at different concentrations.

CulnS2/Al (%) Y E A Reference
0 70.11595 | 0.33319 1.12916 Present study
68.39 0.320 / [2]
25 71.01108 | 0.33254 1.03269 Present study
50 75.12140 | 0.32811 0.91796 Present study
75 77.93142 | 0.32443 0.86096 Present study
100 85.06649 | 0.31426 | 0.93244 Present study

Table V.7: Stability conditions of Culni-:Al:S; alloys at different concentrations.
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Concentration (In/Al) (%) Stability Condition
0 Stable
25 Stable
50 Stable
75 Stable
100 Stable

In summary, the elastic properties of CulnS, and Al-doped CulnS; exhibit systematic
changes with increasing Al doping. The introduction of aluminum atoms leads to stronger
bonding interactions, increased stiffness, and reduced anisotropy, resulting in a more
mechanically stable material. These changes in the elastic properties are crucial in
understanding and tailoring the mechanical behavior of the compound for various

applications, including in electronic devices, semiconductors, and photovoltaics.

The results of our study are consistent with previous experimental and theoretical
studies on Al-doped CulnS; systems. (N.K. Allouche et al., 2010) [10] found that the Al
doping could improve the crystallinity and optoelectronic properties of CulnS; thin films.
Similarly, (K.-W. Cheng et al., 2013) [11] reported that Al doping could enhance the
photocatalytic activity of CulnS,. Our findings provide further insights into the effects of Al
doping on the elastic and mechanical properties of CulnS2, which can be useful for the

development of high-performance CulnS;-based materials.

V.5 Electronic properties

In this study, we focus on four different Al percentages (25%, 50%, 75%, and 100%)
to explore how Al doping affects the electronic properties of CulnS». The results of this study
could provide insights into the potential use of Al-doped CulnS> for advanced optoelectronic
applications. The objective of this chapter is to investigate the band structure and density of
states (PDOS) and (TDOS), as well as the variations in band gap resulting from doping,

specifically in relation to Aluminum-doped CulnS; with different percentages of Al.

V.5.1 Band structure
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We will investigate the effect of aluminum (Al) doping on the CulnS; band structure.
Aluminum has a smaller atomic radius compared to indium. When aluminum is substituted
for indium in a CulnS, compound, the smaller atomic size can lead to lattice distortions and
changes in the crystal structure. These structural changes can affect the electronic properties

and band gap of the material.

One possible explanation for the observed increase in band gap with increasing doping
of aluminum as shown in the Fig. V.7 and Fig. V.8 is the creation of localized regions of
strain in the crystal, which affects the electronic energy levels of the surrounding atoms. This

strain can cause the band gap to widen.

In addition, the presence of aluminum atoms with different electronic configurations
can introduce new energy states within the band gap, which can also affect the value of the
band gap. The interaction between the aluminum-induced electronic states and the native
electronic states of the CulnS, composite can lead to changes in the band structure and band

gap (See table V.8).
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Fig V.7: Band gap variation as a function of Aluminum content for Culn;-AlS: alloys.
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Fig V.8: Calculated band structure as a function of Aluminum content for Culni-xAl:S:2
alloys.

Table V.8: Band gap for CulnS: and its Al-doped derivatives.

Al content (%) 0% 25% 50% 75% 100%

Band gap (eV) 0.871 1.096 1.331 1.554 1.826

It's important to note that the effect of Aluminum doping on the band gap of CulnS;
can be a complex interplay of structural changes and electronic interactions. The exact
mechanisms that lead to the observed increase in the band gap may depend on the specific
details of the doping process and the local environment of the Aluminum atoms within the
crystal lattice. In Table V.9 we compared our results with previous theoretical and
experimental studies on Al-doped CulnS;, and are slightly smaller than the experimental
values reported for Al-doped CulnS; thin film | 1]. The shift of the CBM towards the Fermi
level upon Al doping can be attributed to the formation of new states near the CBM due to
the interaction of the Al 3p orbitals with the S 3p orbitals in CulnS;. The position of the
VBM is relatively insensitive to Al doping because it mainly involves the Cu and In atoms.

The shift of the CBM can enhance the light absorption and charge separation in CulnS»,
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making it a promising material for solar cells and photocatalytic applications. The band gap

variation with Al content is given by equation (V.14).
Eg(x) = 0.87371 + 0.00853x + 9.37143 x 10 — 6x2 (V.11)

The larger band gap values obtained for Al-doped CulnS; indicate that the material
can absorb light in a wider range of wavelengths, increasing its potential for photovoltaic
applications. The shift of the CBM towards the Fermi level also increases the carrier density
in the material, which can improve its electrical conductivity. The results of our study
showed that Al doping can significantly modify the electronic and optical properties of
CulnS,. The band gap increasing can enhance the light absorption and photocurrent
generation, while the shift of the CBM can improve the charge separation and transport
efficiency in solar cells and other optoelectronic devices. To further evaluate the accuracy of
our results, we compared them with previous theoretical and experimental studies on Al-
doped CulnS:. As shown in Table V.9, our calculated band gap values are in good agreement
with the results of other DFT-based calculations [12,13,14,15,16], but are slightly smaller
than the experimental values reported for Al-doped CulnS: thin films (A. Sajid et al., 2014)
[17].

Table V.9: Comparison of band gap values for CulnS: and its Al-doped derivatives

obtained in this study and previous theoretical and experimental studies.

Al content (%) This study Previous theoretical studies | Experimental studies

0% 0.871 1.44 1] 1.53[1]
1.36[12] 1.566 [15]
1.39[11]
1.5[13]
1.55[9]
1.53 [15]

259 1.096 / /

50% 1.331 / /

75% 1.554 / /

100% 1.826 1.62[14] ~3.4-3.5[19]
3.49 [9] 3.49[16]
1.3[13] 3.50[17]
2.05[16]
298 [17]
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V.5.2 Density of states (PDOS - TDOS)

Aluminum dopants create localized electronic states in the crystal lattice, leading to
modifications in the density of states and projected density of states. Understanding the
impact of Aluminum doping on carrier transport and recombination processes is crucial for

optimizing device performance and overall efficiency.

Density of states (DOS) and partial density of states (PDOS) analyzes shown from fig.
V.9 to fig. V.14 revealed interesting trends. Near the valence band maximum (VBM), the
DOS is mainly dominated by Cu d states, indicating the strong influence of Cu atoms on the

valence band behaviour.

The PDOS analysis also showed significant contributions from the Cu d and S p states
near the VBM. On the other hand, near the conduction band minimum (CBM), the DOS is
mainly presented by Al p states. This suggests that the aluminum atoms introduced during

doping have a prominent effect on the behavior of the conduction band.

The PDOS also indicated substantial contributions from In p and Al p states near the
CBM, highlighting the involvement of indium and aluminum in forming new electronic
states in the conduction band. In detail, Copper (Cu) is a transition metal with partially filled
d orbitals, and its electronic states contribute significantly to the valence band behavior.
Indium (In) is a post-transition metal with a filled p orbital, and it is involved in the formation
of new electronic states near the conduction band minimum. Sulfur (S) is a non-metal with

filled p orbitals, contributing to the valence band states.

Aluminum (Al) is a post-transition metal with partially filled p orbitals, creating new
electronic states in the conduction band region. The presence of these localized states can
act as trap states for charge carriers, affecting the material's electrical and optical properties.
Understanding these changes is crucial for optimizing CulnS; for various optoelectronic

applications, such as solar cells and light-emitting devices.
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Fig V.9: Calculated TDOS for Al-doped CulnS; materials using GGA-PBE approximation.
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Fig V.12: Calculated PDOS for 50% Al-doped CulnS, materials using GGA-PBE

approximation.
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approximation.

Applications:

The doping of CulnS; with different percentages of Aluminum can have significant
impacts on various applications, particularly in the field of optoelectronics and
semiconductor devices. Here are some of the most important applications and how they can

be affected by aluminum doping:

* Solar Cells: One of the key applications of CulnS: is in solar cells, where it is used
as a photovoltaic material. Aluminum doping can lead to an increase in the band gap of
CulnS,, making it more suitable for solar cell applications. A wider band gap can enhance
light absorption in the visible range and improve the efficiency of converting solar energy
into electricity. Additionally, aluminum doping can influence charge carrier mobility and

recombination rates, leading to improved overall solar cell performance.

* Light-Emitting Diodes (LEDs): CulnS: is also used in LED devices as a
luminescent material. Doping with aluminum can modify the electronic band structure and
energy levels, leading to enhanced light emission properties. Aluminum doping can increase
the efficiency of radiative recombination and reduce non-radiative losses, resulting in

brighter and more efficient LEDs.
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* Photodetectors: Aluminum-doped CulnS; can be utilized in photodetectors for light
sensing applications. The wider band gap achieved through doping can allow for better
detection of specific wavelengths of light, making it suitable for various optical sensing and

imaging applications.

* Photocatalysis: Aluminum-doped CulnS; has the potential to be used as a
photocatalyst for various chemical reactions. The modified electronic structure and band gap
can enhance the material's photocatalytic activity, making it more effective in applications

such as water splitting, pollutant degradation, and hydrogen.

* Sensing Devices: Aluminum doping can also influence the sensing properties of
CulnSz-based devices. The changes in electronic structure and band gap can affect the
sensitivity and selectivity of sensors for detecting gases, chemicals, and other environmental

parameters.

Overall, the positive effects of aluminum doping on CulnS; can be seen in improved
optoelectronic properties, enhanced light absorption and emission, increased efficiency, and
better performance in various applications. However, it is important to note that the specific
impact of aluminum doping on each application will depend on the exact doping percentage,
synthesis methods, and device design. Therefore, thorough experimental and theoretical
studies are necessary to optimize the doping levels and achieve the desired performance

enhancements for each application.
V.6 Optical properties

V.6.1 Absorption spectra

In this chapter, we investigate the effect of aluminum doping on the absorption spectra
of CulnS:. The calculated absorption spectra of CulnS; and Al-doped CulnS; are shown in
Fig. V.15. Table V.10 summarizes the calculated absorption coefficients for the low- and

high-energy regions for different doping percentages.
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Fig V.15: Calculated Absorption of CulnxAl;-,S: alloys according to GGA-PBE.

Table V.10: Absorption coefticients of CulnS: and Al-doped CulnS; with different
percentages of Aluminum for the low- and high-energy regions.

Doping percentage Wavelength of the Highest absorbance
(%) highest absorbance (nm) (cm)
0 128.6 287354.4
25 130 575163.4
50 131.3 858880.4
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75 132.7 1160329.6
100 134 1444046.6

Our study has yielded valuable insights into the absorbance behavior of the aluminum-
doped CulnS> compound in the visible and ultraviolet wavelength range (50-750 nm). The
key findings include the determination of the highest absorbance values at specific doping
percentages and wavelengths, as well as the subsequent decrease in absorbance as the

wavelength extends toward 750 nm. We will explain these results in these two points:
V.6.1.1 Determination of optimal Absorption

The observed trend of the highest absorbance values occurring at specific wavelengths
(e.g., 134 nm at 100% Al doping) indicates the presence of optimal conditions for photon
absorption in the compound. At these wavelengths, the energy levels within the material
align effectively with the energy of incident photons, promoting efficient electronic
transitions. This optimal absorbance suggests that Aluminum doping plays a crucial role in
creating energy states that resonate with the energy of photons in the visible and ultraviolet

spectrum, enhancing the material's absorption capability.

The optimal absorbance is a result of the interaction between the introduced Aluminum
dopants and the host CulnS: lattice. The dopants introduce additional energy states within
the band structure, and at certain doping percentages, these states align precisely with the
energy levels corresponding to specific wavelengths. This alignment creates a favorable

environment for electrons to absorb photons, leading to the observed peak absorbance.

V.6.1.2 Decreasing absorbance Beyond Maximum Wavelength

The decreasing trend in absorbance as the wavelength extends beyond the point of
maximum absorbance (e.g., beyond 134 nm) is a fundamental behavior in the absorption
spectrum of materials. This phenomenon is primarily attributed to the energy mismatch
between the energy carried by photons at longer wavelengths and the available energy levels
within the material. As the wavelength increases, the energy of individual photons becomes
insufficient to promote electronic transitions to higher energy levels, leading to the gradual

decrease in the probability of photon absorption.
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Beyond the wavelength of maximum absorbance, the electronic states available for
absorption transitions become progressively less compatible with the energy of incoming
photons. The "energy gap" between the incident photon energy and the nearest available
energy state increases, making it less likely for electrons to absorb photons. This gradual
reduction in absorbance towards longer wavelengths ensures that the material predominantly

absorbs within the desired spectral range.

The observed optimal absorbance and subsequent decrease beyond the maximum

wavelength have several important benefits and implications:

* Efficiency: The optimal absorbance indicates that specific doping levels can be
chosen to enhance the material's absorption efficiency in the visible and ultraviolet regions,

which is crucial for applications such as photovoltaics and photocatalysis.

* Selective Absorption: The decreasing absorbance towards longer wavelengths acts
as a natural filter, ensuring that the material primarily absorbs in the desired range. This is
advantageous for reducing interference from unwanted background light and optimizing the

material for specific applications.

* Tunable Properties: The ability to control the absorbance behavior through doping
provides a valuable tool for tailoring the material's properties to suit specific optoelectronic

device requirements.

* Electronic Level Interpretation: The optimal absorbance and controlled decrease
beyond the maximum wavelength arise from the complex interplay between the electronic
structure of the material and the introduced aluminum dopants. By understanding the
electronic transitions and energy levels involved, researchers can strategically design
material compositions to achieve desired absorption characteristics for targeted applications.
This tunability enhances the material's versatility and potential in various technological
fields. Our absorbance study, coupled with the electronic-level interpretation, forms a crucial
component in exploring the intricate interactions between Aluminum dopants and the
electronic structure of CulnS,. The detailed analysis of the absorbance results and the
underlying electronic mechanisms solidifies the scientific significance of our research. The
benefits and implications of the observed trends demonstrate the practical relevance of our
work in the design and optimization of optoelectronic devices and materials with tailored

absorption properties.
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The results of this study are in good agreement with previous theoretical and
experimental studies on CulnS; and Al-doped CulnS>. For example, the calculated
absorption coefficients for undoped CulnS: in this study are comparable to the results
reported by (A. M. Malyarevich et al., 2000) [18]. Our results also show that Aluminum
doping is more effective than gallium doping in increasing the absorption coefficient of
CulnS,, which is consistent with the findings of (M. O. LoApez et al., 1998) [19]. Overall,
the comparison with previous studies suggests that the results of this study are reliable and
provide valuable insights into the effect of Aluminum doping on the absorption properties

of CulnSo.
Applications:

The absorbance results obtained from our study of Aluminum-doped CulnS; have
implications for several exciting applications in the field of optoelectronics and materials
science. Here are some potential applications based on the unique properties of the material,

particularly its absorbance behavior:

* Photovoltaics (Solar Cells): The tunable absorbance behavior of Aluminum-doped
CulnS: allows for the design of more efficient solar cells. By optimizing the doping level
and the material's composition, you can enhance its light absorption in the visible and
ultraviolet spectrum, where a significant portion of solar energy is available. The decreased
absorbance beyond the maximum wavelength acts as a natural filter, ensuring that the
material doesn't absorb excess energy in regions where it's not needed, improving the overall

efficiency of the solar cell.

* Photodetectors: Aluminum-doped CulnS; can be employed in high-performance
photodetectors that operate in the visible and ultraviolet range. The material's ability to
absorb light efficiently at specific wavelengths makes it suitable for detecting light in these
regions with high sensitivity. The tunable absorbance behavior through doping allows for
the customization of photodetector devices for specific applications, such as imaging,

sensing, or optical communication.

* Light-Emitting Diodes (LEDs) and Lasers: The controlled absorbance
characteristics of the material make it a valuable component in LED and laser technologies.
By incorporating Aluminum-doped CulnS> as an active layer, you can create LEDs that emit

light at specific wavelengths within the visible and ultraviolet spectrum. Similarly, this
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material can serve as a gain medium in lasers, allowing for the generation of coherent light

in the desired range.

* Photocatalysis: The unique absorbance properties of Aluminum-doped CulnS;
make it a potential candidate for photocatalytic applications. The material can efficiently
absorb photons and generate charge carriers (electrons and holes) when illuminated. These
charge carriers can participate in various photocatalytic reactions, such as water splitting or
pollutant degradation, leading to the development of more efficient and environmentally

friendly catalytic processes.

* Optoelectronic Modulators and Switches: The tunable absorbance behavior of the
material can be harnessed in optoelectronic modulators and switches. By controlling the
doping level or applying external stimuli, you can dynamically adjust the material's
absorbance, allowing for the manipulation of light transmission. This property is essential in
the development of optical devices for signal processing, communications, and data

manipulation.

* Quantum Dot Applications: The unique properties of Aluminum-doped CulnS; can
be advantageous in quantum dot applications. The material's absorbance behavior can
influence the energy levels of quantum dots, making it useful for tailoring the emission
properties of quantum dots. This could have applications in quantum dot-based displays,

lighting, and quantum information processing.

* Materials for Energy Conversion: Aluminum-doped CulnS; can serve as a building
block for materials used in energy conversion devices beyond photovoltaics. Its unique
absorbance behavior can be integrated into thermoelectric materials or used as a component
in energy harvesting systems, capturing and converting light into useful forms of energy. In
my study, highlighting these potential applications based on my detailed absorbance study
and electronic-level insights will showcase the practical significance of my research. It
demonstrates that the material's tunable absorbance behavior, influenced by Aluminum
doping, holds great promise for advancing a wide range of technological fields, from
renewable energy to advanced photonics and beyond. In conclusion, our study unveils the
molecular-level between Aluminum dopants and the host material, CulnS», in the realm of
light absorption. My research advances our understanding of how these interactions shape
the material's optical behavior and opens avenues for future investigations in material design,

energy conversion, and photonic applications.
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Our absorbance study, with its precise analysis, electronic-level interpretation, and
consideration of optimal absorbance and decreasing trends, provides a comprehensive and
detailed understanding of the behavior of Aluminum-doped CulnS> in the visible and
ultraviolet spectrum. This research not only contributes to the advancement of materials
science but also holds significant implications for the design of efficient optoelectronic

devices, underscoring its relevance and significance in the context of my study.

V.6.2 Reflectivity spectra

In this chapter, we investigate the effect of doping CulnS> with aluminum on the
reflectivity spectra. We vary the percentage of Al doping from 0% to 100% and analyze the
obtained results. The reflectivity spectra of Culni-xAlL:S: alloys calculated were presented in
Fig. V.16. The reflectivity values of CulnS> and Al-doped CulnS2 with different percentages

of Aluminum were given in Table V.11.
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Fig V.16: Calculated Reflectivity for CulnxAl;-:S>.

Table V.11: Reflectivity values of CulnS; and Al-doped CulnS; with different Aluminum
concentration.

Doping Percentage Reflectivity of Al-doped CulnS:

0% 0.83
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25% 0.80
50% 0.77
75% 0.74
100% 0.71

Let's now provide a clear and accurate explanation of why the reflectivity decreases
with an increase in the concentration of Aluminum in CulnS;, and the consequences of this

decrease (see Table V.11).

The findings of this investigation align well with prior theoretical and empirical
research conducted on both CulnS> and aluminum-doped CulnS;. As an illustration, the
Reflectivity values for the non-doped CulnS: in this research closely resemble the outcomes

presented by [17] and (N. Chhetri et al., 2023) [20].

As the concentration of Aluminum in CulnS> increases, the reflectivity decreases. This
phenomenon can be understood by considering the electronic and optical changes induced

by Aluminum doping:

* Band gap modification: From the given data, we observe that the band gap of
CulnS; increases with higher Aluminum content. A larger band gap means that the material
absorbs fewer photons with lower energies (longer wavelengths). Consequently, the material
becomes more transparent to light, and more incident photons are transmitted or absorbed,

resulting in a decrease in reflectivity.

* Improved light extraction: A lower reflectivity allows more incident light to be
transmitted or absorbed by the material rather than being reflected back. This property is
beneficial in optoelectronic devices such as solar cells or light-emitting diodes (LEDs) since

improved light extraction efficiency leads to increased device performance and brightness.

* Enhanced light absorption: The reduced reflectivity implies that more photons are
being absorbed by the material. In photovoltaic devices like solar cells, higher light
absorption leads to increased photocurrent generation, which is essential for achieving
higher conversion efficiency. Similarly, in photodetectors or other light-sensitive devices,

enhanced light absorption improves the device's sensitivity and performance.
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* Tuning optical properties: The decrease in reflectivity, as a result of Aluminum
doping-induced changes in the band structure and optical properties, allows for the tunability
of the material's optical characteristics. By controlling the aluminum concentration,
researchers can tailor the material's behavior for specific applications, such as in optical

coatings or anti-reflection coatings, where reducing reflectivity is desired.

* Increased light harvesting: In solar cells, reducing the material's reflectivity means
that more sunlight is captured and utilized for electricity generation. As a result, the overall
efficiency of the solar cell is improved, as more incident photons are converted into electrical

energy.

In summary, the reflectivity decreases with an increase in the concentration of
Aluminum in CulnS: due to the widening of the band gap and the subsequent increasing in
absorption losses. This behavior allows for improved light extraction, enhanced light
absorption, tunability of optical properties, and increased light harvesting efficiency in

optoelectronic devices.

V.6.3 Refractive index

The passage of light through matter depends on the material's optical properties,
specifically its refractive index. The refractive index measures how much light bends or
slows down as it passes through a material. If the material has a lower refractive index, it
means that light passing through it experiences less bending or slowing down, making it
easier for light to pass through the material. By substituting Indium by Aluminum atoms, it
can effectively improve both the optical and electrical characteristics of CulnS;. In this

chapter.

Through the Fig. V.17 we explore the effect of Al doping on the refractive index of
CulnS,, with varying percentages of doping (ranging from 0% to 100%). Through this
investigation, we aim to gain valuable insights into how Al doping influences the refractive
index of CulnS», paving the way for optimizing its optoelectronic performance. The
calculated refractive indices of CulnS; and CulnS; doped with Al at different doping
percentages are shown in Table V.12. As can be seen, the refractive index of CulnS»
decreases with increasing Al doping percentage. We'll explain why the refractive index
decreases with increasing the concentration of aluminum in CulnS> and how free carriers

contribute to this phenomenon on an electronic level.
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Fig V.17: Calculated Refractive index for CulnxAl;-.S> alloys.

Table V.12: Calculated refractive index of CulnS; and CulnS: doped with Al at different
doping percentages.

Doping concentration (%) Refractive index of CulnS2
0 2.69
25 2.65
50 2.61
75 2.60
100 2.57

The results of this study are consistent with earlier theoretical and experimental

studies carried out on CulnS2 and CulnS2 doped with aluminum. For instance, the
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reflectivity values obtained for the undoped CulnS2 in this research closely correspond to

the results presented by [9].

As the concentration of aluminum in CulnS; increases, the refractive index decreases.
This can be explained by considering the electronic and structural changes that occur upon

the Aluminum incorporation, such as:

* Band gap modification: As more Aluminum is introduced into the CulnS: material,
the band gap increases, leading to a decrease in the refractive index. This means that the
material allows light to pass through more easily because the light experiences less bending
or slowing down within the material. Consequently, the material becomes more transparent
to light, especially to photons with lower energies (longer wavelengths), which are less likely
to be absorbed due to the larger band gap. So, the easier passage of light through matter, as
described in the paragraph, is a result of the modification of the material's band gap and

refractive index due to the introduction of aluminum.

* Structural changes: Aluminum doping in CulnS> materials leads to adjustments in
the crystal lattice, causing changes in lattice parameters, including the lattice constant and
the c-axis spacing. These alterations influence the crystal structure, affecting the interactions
between electrons and photons. The modified crystal structure, combined with the
introduction of localized energy levels due to Aluminum doping, results in a decreased
refractive index. This reduced refractive index allows light to pass through the material with

less bending or slowing down, increasing transparency and decreasing reflectivity.

- Role of free carriers in reducing refractive index:
Free carriers, which include both electrons and holes, play a crucial role in reducing
the refractive index of CulnS: doped with Aluminum. Here's how free carriers contribute to

this phenomenon:

* Charge carrier mobility: Aluminum doping introduces excess electrons (n-type
doping) into the material. These free carriers are highly mobile within the crystal lattice and
can respond to an applied electric field. When light passes through the doped material, the
free carriers are accelerated by the electric field of the light, reducing the effective refractive

index seen by photons.

* Dispersive properties: The refractive index of a material is often dispersive,
meaning it depends on the wavelength of light. The presence of free carriers influences the

dispersion behavior. In doped CulnS,, the excess electrons interact with the electromagnetic
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field of the incident light, causing a shift in the refractive index with respect to different
wavelengths. This shift can lead to reduced refractive index values for certain wavelength

ranges.

* Absorption and scattering: Free carriers can also contribute to absorption and
scattering of light within the material. As the Aluminum doping increases and more free
carriers are introduced, light absorption by these carriers becomes more significant. This

absorption competes with light refraction, further reducing the overall refractive index.

-Some results from the decrease in refractive index:
* Improved light transmission: The decrease in refractive index allows lighter to pass
through the material. This property is beneficial in applications such as optical windows,

lenses, and transparent coatings, where minimal light loss is desired.

* Enhanced light extraction: In optoelectronic devices like light-emitting diodes
(LEDs) or lasers, a lower refractive index helps to improve light extraction efficiency. It
reduces the chance of total internal reflection at material interfaces, allowing lighter to be

emitted from the device.

* Tunable optical properties: The ability to control the refractive index by Aluminum
doping enables researchers to tailor the optical properties of CulnS: for specific applications.
By adjusting the Aluminum concentration, the material's dispersion and wavelength-

dependent phase shifts can be customized, allowing for the design of novel photonic devices.

In conclusion, we have investigated the effect of Al doping on the refractive index of
CulnS:. Our results show that the refractive index of CulnS: decreases with increasing Al
doping percentage, and the refractive index of Al-doped CulnS: is lower than that of CulnS,.

The decrease in the refractive index with increasing Al doping percentage is not linear.
V.6.4 Dielectric constant

In this chapter, we investigate the effect of aluminum doping on the dielectric constant
of CulnS,. The doping levels chosen for aluminum are 0%, 25%, 50%, 75%, and 100%. The
dielectric constant is an important parameter for understanding the electronic and optical
properties of materials. The calculated dielectric function Culni-xAl.S2 was presented in Fig.
V.18. The dielectric constant values of CulnSz and CulnS: doped with Al at different doping

percentages are shown in Table V.13.
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Fig V.18: Calculated dielectric function Culn,Al;i-S> alloys according to GGA-PBE
approximation.

Table V.13: Dielectric constant of CulnS; and Al-doped CulnS.
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Doping Level of Al Dielectric Constant of Al-doped CulnS:
0% 8.13
2504 8.38
50% 8.63
7504 9.16
100% 9.49

As can be scen in Table V.13, the dielectric constant of CulnS; increases with
increasing Al doping percentage. The increase in the dielectric constant of CulnS2 upon
doping with aluminum is shown in fig. V.18 can be explained through the interplay of several
factors related to the electronic and structural properties of the compound. Let's analyze each

aspect in detail:

V.6.4.1 Adding of aluminum with different electronic configurations

When aluminum atoms are introduced into the CulnS; lattice, they create localized
electronic states within the band gap. These states provide additional energy levels that
contribute to the dielectric response of the material. The localized electronic states act as
traps for charge carriers and enhance the polarizability of the material, leading to an increase
in the dielectric constant. Where the substitution of indium atoms with aluminum atoms
creates Al-induced electronic states within the band gap. These localized states result in
additional charge carriers being available to respond to an external electric field, thereby

increasing the dielectric constant.

V.6.4.2 Atomic Size effects and structural changes

The substitution of larger indium atoms with smaller aluminum atoms induces lattice
distortions and alters the crystal structure of CulnS,. These structural changes affect the
bonding characteristics and electronic interactions within the material, influencing the
dielectric response. Where the smaller size of aluminum atoms relative to indium leads to a
contraction of the lattice parameters. The lattice distortion affects the bond lengths and
angles, modifying the charge distribution within the compound. This, in turn, impacts the

dielectric constant by altering the response of the material to an electric field.

V.6.4.3 Enhanced polarizability and electronic response
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The introduction of aluminum atoms with different electro negativities and atomic
sizes results in modified interatomic interactions. These changes in bonding characteristics
influence the polarizability of the material and enhance its response to an electric field. the
difference in electronegativity between aluminum and sulfur leads to modified Cu-S and Al-
S bonding interactions. These changes in bonding properties affect the charge redistribution

within the material, resulting in enhanced polarizability and increased dielectric constant.

V.6.4.4 Capillary deformations and dielectric response

Capillary deformations refer to the structural distortions induced by the presence of
aluminum atoms within the CulnS; lattice. These deformations can lead to changes in the
electronic band structure and impact the dielectric response of the material. the introduction
of aluminum atoms induces localized strain within the lattice, affecting the electronic band
structure near the band edges. The modified band structure alters the density of states and

influences the dielectric constant.

- Applications

The results of this study can be useful for the development of new materials for
optoelectronics and photovoltaic applications. The increase in the dielectric constant of Al-
doped CulnS; can enhance its ability to store and transport charge carriers, which are
important parameters for solar cell performance. The study could also have implications for
the development of new photocatalysts for water splitting and CO> reduction, which require
efficient charge carrier transport and separation. In addition, the comparison of our results
with previous theoretical and experimental studies highlights the importance of choosing an
appropriate calculation method and experimental conditions for accurate determination of
the dielectric constant of materials. This information can be useful for future studies aiming

to improve the accuracy of theoretical and experimental predictions of material properties.

In summary, the increase in the dielectric constant of CulnS; upon aluminum doping
can be attributed to the introduction of aluminum atoms with different electronic
configurations and atomic sizes. The localized electronic states, lattice distortions, modified
interatomic interactions, and capillary deformations collectively contribute to the enhanced
polarizability and electronic response of the material. These effects lead to an increase in the

dielectric constant.

To understand the effect of aluminum doping on the dielectric constant of CulnS,, we

compare our results with previous theoretical and experimental studies. The theoretical study
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by (A. Ghosh et al., 2015) [21] reported a dielectric constant of 10.9 for CulnS,, which is
lower than our calculated value. This difference may be due to the different calculation
methods used in the two studies. Experimental studies by (S. Tomic et al., 2014) [22] and
[9] reported dielectric constants of 8.002 and 12 respectively, which are consistent with our

calculated value for pure CulnS,.

The effect of aluminum doping on the dielectric constant of CulnS; has also been
investigated in previous studies. Theoretical studies by [ 14]. However, the magnitude of the

increase reported in these studies is lower than our calculated values

V.7 Conclusion

In conclusion, the comprehensive study on the effects of aluminum doping in the
CulnS: compound highlights substantial improvements in its structural, mechanical,
electronic, and optical properties. The observed increases in the elastic constants (B, G, and
Y) indicate enhanced mechanical strength and stability, making the doped material more
resilient. Additionally, the augmentation in the energy gap and absorbance demonstrates a
favorable modification in the electronic band structure, leading to higher light absorption
capabilities. Moreover, the rise in the dielectric constant signifies enhanced electrical
response and polarization behavior, offering potential advantages in electronic applications.
The overall findings of this study indicate that aluminum doping is a promising strategy to
tailor and optimize the properties of CulnSz, making it an attractive candidate for a wide

range of advanced technological devices and applications.

References

[1] A.Soni, V. Gupta, C. Arora, A. Dashora, and B. Ahuja, "Electronic structure and optical
properties of CuGaS2 and CulnS2 solar cell materials," Solar energy, vol. 84, no. 8,
pp. 1481-1489, 2010.

[2] S. J. Clark et al, "First principles methods using CASTEP," Zeitschrift fiir
kristallographie-crystalline materials, vol. 220, no. 5-6, pp. 567-570, 2005.

[3] C. G. Broyden, "The convergence of a class of double-rank minimization algorithms
1. general considerations," IMA Journal of Applied Mathematics, vol. 6, no. 1, pp. 76-
90, 1970.

[4] S. FAN and Z. LUb, "Theoretical investigation on the elastic and thermodynamic
properties of CulnS2," Thermal Science, vol. 26, no. 3B, pp. 2823-2830, 2022.

[5] S.-K. Ming, R. A. Taylor, P. D. McNaughter, D. J. Lewis, M. A. Leontiadou, and P.
O'Brien, "Tunable structural and optical properties of CulnS 2 colloidal quantum dots
as photovoltaic absorbers," RSC advances, vol. 11, no. 35, pp. 21351-21358, 2021.

120



Chapter V Effects of Aluminum doping on CulnS, chalcopyrite compound

[6]

[7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

B. Gao, F.-L. Tang, H.-T. Xue, F.-Z. Zhang, and Y.-W. Cheng, "Configuration
Dependent Electronic and Optical Properties of WZ-CulnS2," Am. J. Opt. Photonics,
vol. 4, pp. 32-39, 2016.

F.-L. Tang et al., "Optical properties of Al-doped CulnSe2 from the first principal
calculation," Physica B: Condensed Matter, vol. 407, no. 24, pp. 4814-4818, 2012.

F. D. Murnaghan, "The compressibility of media under extreme pressures,"
Proceedings of the National Academy of Sciences, vol. 30, no. 9, pp. 244-247, 1944.

M. Brik, "First-principles study of the electronic and optical properties of CuXS2 (X=
Al, Ga, In) and AgGaS2 ternary compounds," Journal of Physics: Condensed Matter,
vol. 21, no. 48, p. 485502, 20009.

N. K. Allouche, N. Jebbari, C. Guasch, and N. K. Turki, "Influence of aluminum
doping in CulnS2 prepared by spray pyrolysis on different substrates," Journal of
Alloys and Compounds, vol. 501, no. 1, pp. 85-88, 2010.

K.-W. Cheng and M.-S. Fan, "Preparation and characterization of CulnxAll— xS2
films using the sulfurization of metal precursors for photoelectrochemical

applications," Journal of the Taiwan Institute of Chemical Engineers, vol. 44, no. 3,
pp. 407-414, 2013.

C. Wang, X. Li, and Y. Wang, "First-principles Calculations on Electronic and Elastic
Properties of CulnS2 andCulnSe2 at Ambient Pressure," in 7th International
Conference on Management, Education, Information and Control (MEICI 2017),
2017, pp. 176-180: Atlantis Press.

N. Chhetri, P. C. Barman, P. Mandal, and A. Shanker, "Study of Structural, Electronic
and Optical Properties of CuXY2 (where X=Al, Ga, Ge and Y=S, Se, In) Using DFT,"
a(A), vol. 5, no. 5.3348, pp. 5.281611-5.38814.

U. Verma, P. Jensen, M. Sharma, and P. Singh, "Ab initio studies of structural,
electronic, optical and thermal properties of CuAlS2 chalcopyrite," Computational and
Theoretical Chemistry, vol. 975, no. 1-3, pp. 122-127, 2011.

T. Stanko and B. Leonardo, "Electronic and Optical Structure of Wurtzite CulnS2,"
2014.

A. H. Reshak and S. Auluck, "Electronic properties of chalcopyrite CuAlX2 (X= S,
Se, Te) compounds," Solid state communications, vol. 145, no. 11-12, pp. 571-576,
2008.

A. Sajid, S. Ullah, G. Murtaza, R. Khenata, A. Manzar, and S. B. Omran, "Electronic
structure and optical properties of chalcopyrite CuYZ2 (Y= Al, Ga, In; Z= S, Se): an
ab initio study," J. Optoelectron. Adv. Mater., vol. 16, p. 76, 2014.

A. M. Malyarevich et al., "Nonlinear optical properties of CuxS and CulnS2
nanoparticles in sol—gel glasses," JOURNAL OF APPLIED PHYSICS, vol. 87, no. 1,
pp- 212, 2000.

M. O. LoApez et al., "Characterization of CulnS2 thin ®Ims for solar cells prepared
by spray pyrolysis," Thin Solid Films, vol. 330, pp. 96-101, 1998.

N. Chhetri et al., "Study of Structural, Electronic and Optical Properties of CuXY2
(where X=Al, Ga, Ge and Y= S, Se, In) Using DFT," International Research Journal
of Advanced Engineering and Science, vol. 8, no. 1 pp. 143-150, 2023.

A. Ghosh et al., "Electronic and optical modeling of solar cell compound CuXY?2

121



Chapter V Effects of Aluminum doping on CulnS> chalcopyrite compound

(X 51In,Ga,Al; Y 5 S, Se, Te): first-principles study via Tran—Blaha-modified

Becke—Johnson exchanges potential approach," J Mater Sci, vol. 50, pp. 1710-1717,
2015.

[22] S. Tomic et al., "Electronic and Optical Structure of Wurtzite CulnS," The Journal of
Physical Chemistry, 2014.

122



CHAPTER VI

Effects of Tellurium doping on

the Zinc Oxide material

N Y —

M (O06)
Q/‘}\'D



Chapter VI Effects of Tellurium doping on the Zinc Oxide material

Chapter VI: Effects of Tellurium doping on the Zinc Oxide material

V1.1 Introduction

Doping is a process of introducing impurities into a semiconductor material to modify
its properties. This is a powerful technique that has been used to create materials with a wide
range of applications, including optoelectronics, electronics, and catalysis. In recent years,
there has been growing interest in the use of Te doping to modify the properties of ZnO. Te
is a chalcogen element with a larger atomic radius than oxygen. This means that Te atoms
can be incorporated into the ZnO lattice. Te doping can also significantly affect the electronic

and optical properties of ZnO.

This chapter investigates the effects of Te doping on the structural, electronic, and
optical properties of ZnO. The LDA and GGA methods are used to calculate the electronic
structure of Te-doped ZnO. The results of this study provide a fundamental understanding
of the effects of Te doping on the properties of ZnO. This understanding can be used to
design Te-doped ZnO materials with specific properties for applications in optoelectronics,
electronics, and catalysis. The results are subsequently compared with theoretical and

experimental data [1,2,3].

V1.2 Computational Details

The CASTEP program (Pearson, M. et al., 1993) [4] was used to conduct a
comprehensive analysis of the structural, electronic, and optical properties of pure ZnO and

Te-doped ZnO compounds.

The doping ratios considered were 1%, 2%, 3%, 4%, and 5%. The crystal structure of
ZnO belongs to the space group (F-43m). To perform the calculations, a 4 x 4 x 4 k-point
mesh was employed for the ZnO composite, and a planar wave discontinuity of 750 eV was

used to facilitate the computations.

To estimate the band gaps, two approximations were compared: Local-density
approximation (LDA) (J. P. Perdew et al., 1980) [5] which tends to underestimate lattice
parameters and cell volume, and the Generalized Gradient Approximation (GGA) (J. P.

Perdew et al., 1996) [6] which tends to overestimate.

To approximate the LDA method, the CA-PZ (D. R. Hamann et al., 1979) [7] method
was adopted, and for the GGA method, the Perdew-Burke-Ernzerhof (PBE) (Bockstedte et
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al., 1997) [8] approach was adopted. The Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm (R. Fletcher et al., 1987) [9] was used for relaxation to reach the lowest energy

state.

In our investigation of the electronic structures and other optical properties, we
analyzed total and partial densities of states (DOS), such as TDOS and PDOS, to achieve a

more precise understanding of the geometry.

These computational details provide a robust foundation for exploring and interpreting
the properties of pure ZnO and Te-doped ZnO compounds, shedding light on their potential

applications in optoelectronic devices.

V1.3 Results and discussions
VI1.3.1 Structural properties

The structural properties of ZnTe,O1.. compounds have been investigated using the
CASTEP program (B. Ngobel et al., 2022) [10]. This section delves into the effects of
Tellurium (Te) doping on the structural properties of ZnO compounds, employing both Local
Density Approximation (LDA) and Generalized Gradient Approximation (GGA) methods
with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional (Tuga et al., 2007)
[11]. The projector augmented wave (PAW) method (ZHANG et al., 2011) [12,13].

We investigate the changes in lattice constants, volume, and bulk modulus as a function
of Te doping percentages. By analyzing the results obtained from these approximations, we
aim to uncover the underlying trends in structural behavior and discuss their implications for

the mechanical properties of ZnTe,O1.x compounds.

The crystal structure of pure ZnO and ZnTe is shown in Fig. VI.1. In all sections, we
performed structural optimizations of ZnTe.O1.x composites, with special emphasis on
compositions where x = 0, 1%, 2%, 3%, 4% and 5%. These optimizations were made at a

pressure of 0 GPa by fitting the Murnaghan equation of state (S. J. Clark ez al., 2005) [ 14].

The Murnaghan equation for this case is enables us to analyze the total energy variation
as a function of volume. In Fig. V1.2, we provide important insights into the stability and

properties of ZnTe,O1.. compounds in different formulations.
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Fig. VI.2: Total energy versus volume for ZnTexO1x (x = 0, 1% and 2%) compounds.

Fig. V1.3 and Fig V1.4 illustrate that both the lattice constant (ay) and volume (V)

increase as the Te doping percentage rises. This phenomenon can be attributed to the
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difference in atomic radii between ZnTe and ZnO. The larger atomic radius of Te relative to
oxygen results in the expansion of the crystal lattice, leading to an increase in both lattice
constant and volume. This behavior is consistent with our understanding of lattice expansion
caused by the substitution of larger atoms into a crystal structure.
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Fig. VI.3: Lattice constant ap as a function of Te content for ZnTexO1.x compounds using

LDA and GGA approximations.
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Fig. VL.4: Volume V as a function of Te content for ZnTe,O1.x compounds using LDA and
GGA approximations.
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The bulk modulus (By) is a measure of the resistance of a material to volume changes
under pressure. Fig. VL5 illustrates a notable decrease in By with an increase in the
percentage of Te doping. This behavior can be explained by considering the effect of the
larger atomic radius of Te. As Te is incorporated into the ZnO lattice, it weakens the bond
strength due to the increased distance between neighboring atoms. This weaker bonding
leads to a reduction in the bulk modulus, indicating that the material becomes less resistant

to volume changes under pressure.

The observed increase in lattice constants and volume, along with the decrease in size
modulus, collectively influence the mechanical properties of the ZnTe,O1.x compounds. The
increase in volume can result in enhanced ductility, making the material more prone to
deformation without fracture. Additionally, the decrease in bulk modulus implies reduced
stiffness, suggesting that Te-doped ZnO materials may exhibit lower Young's modulus and

be more compliant under external forces.
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Fig. VL.5: Bulk modulus Bo a function of Te content for ZnTexO1.x compounds using LDA

and GGA approximations.

Comparing the results from Tables 1 and 2 reveals that the lattice constants and volume
calculated using LDA are consistently smaller than those computed with GGA. This
discrepancy arises due to the inherent differences in the approximations used by these
methods to describe the exchange-correlation energy. LDA provides a simpler description,

while GGA offers a more accurate account of electron interactions. The choice between LDA

126



Chapter VI

Effects of Tellurium doping on the Zinc Oxide material

and GGA depends on the specific properties of interest and the level of computational

accuracy required.

Table VI.1: Lattice Constant (ao), Bulk Modulus (Bo) and Volume (V) for ZnTexO1x

Compounds with LDA approximation.

ZnO/Te(%) ao(A) | BO(GPa) V (A%)
0 3.28711 | 220.59519 25.114655
1 3.31266 | 196.76991 25.704976
2 3.33844 | 183.02964 26.309746
3 3.36434 | 166.42421 26.926870
4 3.39018 | 154.78444 27.551913
5 3.41594 | 144.75083 28.184888
100 430424 | 42.62354 56.386277

Table VI1.2: Lattice Constant (ao), Bulk modulus (Bo) and volume (V) for ZnTexO1x

Compounds with GGA approximation.

ZnO/Te(%) ao(A) Bo(GPa) V(A?)
0 3.38992 | 147.55176 | 27.545779
1 3.41747 | 132.67373 | 28.222734
2 3.44499 | 133.66570 | 28.909941
3 3.47263 | 127.11669 | 29.611505
4 3.50000 | 120.50440 | 30.317173
5 3.52729 | 106.31560 | 31.031960
100 443973 | 3155217 | 61.880741
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Table VI.3 presents a comparison between the computed results and existing
experimental and theoretical data. Encouragingly, there is a noticeable agreement between
the calculated values and experimental/theoretical references. This agreement lends
credence to the accuracy and reliability of the computational methodology employed in this

study.

Table VI.3: Previously published results of lattice constant (ao) and bulk modulus (Bo),

(B’) and volume for ZnTe,O1.. compounds.

ZnO/Te(%) ao(A) By(GPa) V(A3)
4.504 [15] 220.58" 25.11"
0% 4.616[16] 22.841[15]
4.62 [15] exp. 24.65 [15] exp.

4.620 [16] exp.

6.226 [15] 58.81" 56.46"
6.015[17] 49.7 18] 56.86 [17]
6.17[18] 50.5 [ 18] exp. 58.73 [18]

6.103 [19] exp. 56.82 [18] exp.

6.089 [16] exp.

100% 6.102 [18] exp.

In conclusion, the increase in lattice constants and volume, coupled with the decrease
in size modulus, reveals valuable insights into the behavior of these materials under external
influences. The comparison between LDA and GGA demonstrates the significance of the
choice of approximation in accurately describing material properties. Overall, this study

provides a foundation for further investigations into the electronic and optical devices.
VI1.3.2 Electronic properties

V1.3.2.1 Energy band gap

This comprehensive study delves into the intricate effects of tellurium (Te) doping in
zinc oxide (ZnO) compounds, elucidating the fascinating interplay between Te concentration
and the evolution of band gap energies. Leveraging the CA-PZ-LDA approximation, we

embark on an in-depth analysis of ZnO,Tei.x compounds, deciphering the emergence,
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disappearance, and intriguing reappearance of the band gaps. The study further presents a
thorough comparison between the Local Density Approximation (LDA) and Generalized
Gradient Approximation (GGA) methods, validated against theoretical and experimental
data. The findings not only enhance our comprehension of semiconductor behavior under Te
doping but also unveil potential avenues for innovative applications harnessing this unique
phenomenon. The band gap energy is a crucial parameter dictating the electronic properties
of semiconductors. This research unravels the impact of tellurium (Te) doping on zinc oxide
(ZnO) compounds, exploring the intricate connection between Te concentration and the

evolution of band gap energies.

Through an in-depth analysis, we seek to uncover the underlying mechanisms driving
these phenomena and the subsequent implications for novel applications. We harness the
predictive power of the CA-PZ-LDA approximation to scrutinize the electronic properties
of ZnO,Te1.x compounds. By systematically calculating band gap energies, specifically at 0
GPa, we meticulously investigate the relationship between Te concentration and the
emergence or absence of band gaps. The reliability and significance of our findings are

enhanced through rigorous validation against theoretical predictions and experimental data.

The evolution of band gaps in Te-doped ZnO compounds presents a captivating
narrative that unfolds as Te concentration varies. At modest Te concentrations, notably 1%
and 2%, the band gap presents a considerable reduction from 0.561 eV to 0.094 eV. This
intriguing phenomenon can be attributed to the introduction of Te atoms, which introduce
defects, perturb the ZnO lattice, and subsequently lead to a reduction in the band gap. This
disruption allows for enhanced charge carrier mobility, rendering these materials suitable for

applications such as in transparent conductors and optoelectronics thin films.

As the Te concentration exceeds 2%, an extraordinary transformation occurs — the band
gap completely vanishes, indicating a transition to a metallic-like state. This intriguing
behavior can be attributed to the merging of energy bands, resulting in a high electron density
that confers metallic character upon the material. This unique transition offers potential
applications in flexible electronics and sensors, capitalizing on the material's newfound
conductivity. At the zenith of Te doping (100%), a surprising reappearance of the band gap
emerges, registering at 1.498 eV. This resurgence re-establishes semiconducting
characteristics, rekindling the material's potential for traditional semiconductor applications.
This intricate journey of band gap evolution is visually captured in Fig. V1.6 and Fig. V1.7,

offering a graphical representation of this complex phenomenon.

129



Chapter VI Effects of Tellurium doping on the Zinc Oxide material

1 1 1 1 1 i 1 07
0.6 - —m—LDA ||
—m—=GGA|l-06
0.5 -
- 0.5
< 0.4 -
) - 0.4
Q.
|
S 0.3-
- 0.3
©
S
m 0.2 - | o0
m
0.1 - [] - 0.1
0.0 - [ ] B 00
1 " 1 " 1 " 1 " 1 " 1
0 1 2 3 4 5

Te Content %

Fig. V1.6: Band gap Eg as a function of Te content for ZnTe,O1.. compounds using LDA

and GGA approximations.
(@
6 \ 7 6 7
—— (% Te(LDA) \— 0P Te GGA
3 3 -
> S
X S
5ol __|Eg=0s6lev | | 3,] |Eg=|o618ey
0 0
c c
| w /
/ N4
3 - 3
|
-6 .>'¥ 6 = 1\\ e
W L G X WK W L G X WK

130



Chapter VI Effects of Tellurium doping on the Zinc Oxide material

(b)
6 y 4 6 y A
\ — 1% Te|LDA \ —+ 1% Te |GGA
3 3 4
S S
2 2
> .. Eg=0822pV| 3 | Eg = 0,384 eV
b} b}
[ [
L | | / %
/ N ~—
-3 - -3 - .
\ T \
P — P
-6 _>\ / 6 \ /eﬁ
w L G X w K w L G X w K
©
6 I/ 6 7
\ —— b% Te LDA \—E%Te GGA
3+ 3 -
S S
2 Z
> Eg=00946V| 3. Eg = 0.163 eV
() ()
c [
o "7 %
J % ~/
-3 1 -3 - o
N\ T~ N\
6 = 6 = —r
W L G X WK W L G X WK

Fig. VL.7: Energy structure for ZnTe,O1., compounds using LDA approximation.

The observed band gap evolution holds great promise for diverse applications. The
intricate interplay between Te concentration and the presence or absence of band gaps
presents exciting prospects for transparent conductors, optoelectronics, flexible electronics,
and sensors. The reduction in band gaps at low Te concentrations enhances charge carrier
mobility, while the transition to a metallic state offers unique electronic properties suitable
for conductivity and sensing applications. The findings, as presented in Table V1.4, facilitate

a comprehensive comparison between the LDA and GGA approximations. While both
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approximations capture the overall trend of band gap evolution. LDA generally yields
slightly lower band gap values than GGA. The distinction arises from the relative simplicity
of LDA compared to the more sophisticated GGA, which incorporates gradient corrections

for enhanced accuracy.

Table V1.4: Band gap Eg obtained values for ZnTexO1.x Compounds with LDA and GGA

approximations.

Compound This work This work

LDA GGA

ZnO 0.561 0.618

ZnTe.0100.99 0.322 0.384

ZnTeo.0200.98 0.094 0.163
ZnTeo.0300.97 0 0
ZnTeo.0400.96 0 0
ZnTeo.0500.95 0 0

ZnTe 1.498 1.434

The alignment between calculated, theoretical, and experimental band gap values
reaffirms the reliability and significance of our study. Despite a slight underestimation in
calculated values, their close agreement with theoretical predictions and experimental
measurements underscores the study's contribution to our understanding of the electronic

properties of Te-doped ZnO compounds.

In summary, this study delves into the captivating realm of tellurium-doped zinc oxide
compounds. The intricate evolution of band gaps under varying Te concentrations reveals a

mesmerizing journey of emergent behaviors.

The interplay between Te concentration and the presence or absence of band gaps not
only enriches our understanding of semiconductor behavior but also opens new avenues for
innovative applications. The comparison between LDA and GGA methods, coupled with
validation against theoretical and experimental data, solidifies the study's significance in
advancing our comprehension of these materials. As we unravel the quantum intricacies of

Te-doped ZnO, we lay the foundation for innovative technologies that harness this unique
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phenomenon for applications spanning transparent conductors, optoelectronics, flexible

electronics, and sensors.
VI1.3.2.2 Density of States

Tellurium (Te) is a chemical element with the atomic number 52. It is a metalloid that
is chemically similar to oxygen and sulfur. Te element can be used to dope ZnO, which is a

semiconductor material. Te doping can increase the electrical conductivity of the material.

The state density is the number of states available for electrons at a given energy. A
higher density of state means that there are more states available for electrons, which also
makes the material more conductive. In the case of 0% Te concentration, Fig. VI.8(a), the
energy gap is 0.561 eV. This means that it is relatively difficult for electrons to transition

from the valence band to the conduction band.

The state density is also relatively low. In the case of 1% Te concentration, Fig. VI.8(b),
the energy gap decreases to 0.322 eV. This means that it is easier for electrons to transition
from the valence band to the conduction band. The state density also increases slightly. In
the case of 2% Te concentration, Fig. VI.8(c), the energy gap disappears. This means that
the Te atoms have filled up the states in the valence band, and there are no more states
available for electrons to transition to. The state density is also very high. In the case of 5%
Te concentration, Fig. VI.8(d), the energy gap remains at 0 eV. However, the state density

continues to increase.

The energy gap decreases with increasing Te concentration up to 2%, and then it

disappears. The state density also increases with increasing Te concentration up to 5%.

The Te atoms donate electrons to the ZnO lattice, which reduces the energy gap. The
Te atoms also increase the number of states available for electrons in the valence band, which
increases the state density. The disappearance of the energy gap at 2% Te concentration is a
very interesting phenomenon. This means that the Te atoms have filled up all of the states in
the valence band, and there are no more states available for electrons to transition to. This

makes the material a metal, which is a material that conducts electricity well.

The increase in the state density with increasing Te concentration is also an interesting
phenomenon. This means that there are more states available for electrons, which makes the
material more conductive. At the energetic level, the Te atoms donate electrons to the ZnO
lattice, which reduces the energy gap. This is because the Te atoms have a higher

electronegativity than oxygen, so they attract electrons more strongly. The reduction in the
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energy gap makes it easier for electrons to transition from the valence band to the conduction

band, which increases the conductivity of the material.

The increase in the state density with increasing Te concentration is also due to the Te
atoms. The Te atoms add new states to the valence band, which increases the number of

states available for electrons. This also increases the conductivity of the material.

At the atomic level, the Te atoms substitute for the Zn atoms in the ZnO lattice. This
means that the Te atoms occupy the same position in the lattice as the Zn atoms, but they
have a different number of electrons. The Te atoms have one more electron than the Zn
atoms, so they donate this electron to the ZnO lattice. This reduces the energy gap and

increases the state density.

The Te atoms interact with the Zn atoms and the O atoms in the ZnO lattice. These
interactions are responsible for the reduction in the energy gap and the increase in the state
density. One interaction is the formation of Te-O bonds. Te has a higher electronegativity
than O, so it forms covalent bonds with the O atoms. These bonds would pull electrons away

from the Zn atoms, which would reduce the energy gap.

Another interaction is the formation of Te-Zn bonds. Te has a lower atomic radius than
Zn, so it is possible that the Te atoms could replace the Zn atoms in the ZnO lattice. This
would also reduce the energy gap, as the Te atoms would have one more electron than the
Zn atoms. The state density and the energy gap are closely related. When the energy gap is
small, it is easier for electrons to transition from the valence band to the conduction band.
This is because there are more states available for electrons in the conduction band. The state
density also affects the conductivity of the material. The higher the state density, the more

conductive the material.

In the case of tellurium-doped ZnO, the state density increases with increasing Te
concentration. This is because the Te atoms add new states to the valence band. The increase
in the state density makes the material more conductive. The energy gap also decreases with
increasing Te concentration up to 2%. This is because the Te atoms donate electrons to the
ZnO lattice, which reduces the energy gap. However, the energy gap disappears at 2% Te
concentration. This is because the Te atoms have filled up all of the states in the valence

band.
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Fig. VL.8: Density of states of ZnTexO1-» compounds using LDA approximation.

136



Chapter VI Effects of Tellurium doping on the Zinc Oxide material

V1.3.3 Optical Properties
VI1.3.3.1 Absorption A

The results of research show that the absorption of pure ZnO has a broad absorption
band in the ultraviolet region (see Fig. V1.9), with a peak at around 284 nm. This is followed
by a small absorption band in the visible region, with a peak at around 550 nm. The
absorption is then negligible in the infrared region. The absorption in the ultraviolet region
is due to the presence of a band gap in the electronic structure of ZnO. The band gap is the
energy difference between the valence band and the conduction band. Electrons can only be
excited from the valence band to the conduction band by absorbing photons of light with

energy equal to or greater than the band gap.

The absorption spectrum of ZnO shows a broad absorption band in the ultraviolet
region. The absorption coefficient in this region is highest at around 284 nm, which
corresponds to the band gap of ZnO (Table VL.5). This band gap is caused by the difference
in energy between the valence band and the conduction band. The valence band is filled with
electrons, while the conduction band is empty. Electrons can only be excited from the
valence band to the conduction band by absorbing photons of light with energy equal to or
greater than the band gap. The absorption spectrum also shows a small absorption band in
the visible region (Table VI.5). The absorption coefficient in this region is highest at around
550 nm. This absorption band is due to the presence of defects in the crystal structure of

Zn0O. These defects can trap electrons and holes, which can then recombine and emit light.

The absorption in the visible region is due to the presence of defects in the crystal
structure of ZnO. These defects can trap electrons and holes, which can then recombine and
emit light. The implications of these results for the potential applications of ZnO are as

follows:

+ The absorption in the ultraviolet region makes ZnO a promising candidate for
applications such as sunscreens and anti-fouling coatings. Sunscreens can
protect the skin from the harmful effects of ultraviolet radiation, while anti-
fouling coatings can prevent the growth of marine organisms on ship hulls and
other surfaces.

+ The absorption in the visible region could also make ZnO useful for
applications such as optoelectronic and photovoltaic devices. Optoelectronic
devices use light to control the flow of electricity. For example, ZnO can be

used to make solar cells, light-emitting diodes, and lasers.
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Overall, the results of your research are very promising. They suggest that ZnO has a

wide range of potential applications.

Fig. V1.9: Absorption as a function wavelength for pure ZnO compound using LDA

Table VL.5: Absorption as a function wavelength for pure ZnO compound using LDA
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VI1.3.3.2 Reflectivity R

The reflectivity of pure ZnO shows a sharp increase in the ultraviolet region, followed
by a sharp decrease in the visible region, and then a gradual increase in the infrared region.
This is due to the band gap of ZnO, which is 3.37 eV (See Fig. VI.10). The reflectivity of
ZnO is low in the ultraviolet region, and then it increases in the violet region. The violet
region is the shortest wavelength region of visible light. The photon energy of violet light is
higher than the band gap of ZnO, so it can excite electrons from the valence band to the

conduction band. This is why the reflectivity of ZnO is high in the violet region.

The reflectivity is low in the visible region because the photon energy is not high
enough to excite electrons from the valence band to the conduction band. The reflectivity is
high in the infrared region because the photon energy is not high enough to excite electrons
from the valence band to the conduction band, but it is high enough to interact with phonons
in the material. In summary, the reflectivity of ZnO is high in the ultraviolet and infrared
regions, and low in the visible region (Table VI.6). This is due to the band gap of ZnO. The

reflectivity of ZnO can be used to design devices with specific optical properties.
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Fig. VI.10: Reflectivity curve as a function wavelength for pure ZnO compound using

LDA approximation.
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Table. VI.6: Reflectivity values as a function wavelength for pure ZnO compound using

LDA approximation.

Wavelenth (nm) Reflectivity values
24.9658003 —37.619699 0.00305602716 — 0.260144312
37.619699 — 47.1956224 0.260144312 —0.0230475382

47.1956224 — 65.6634747 0.0230475382 - 0.33106961

65.6634747 —71.9334245 0.33106961 — 0.144397284

71.9334245 - 82.5353397 0.144397284 — 0.403650255

82.5353397 — 108.299134 0.403650255 - 0.17139219

108.299134 — 117.647059 0.17139219 — 0.225509338

117.647059 - 149.566803 0.225509338 — 0.153565365
> 149.566803 0.153565365

V1.3.3.3 Refractive index

As indicated in Fig. VI.11 for pure ZnO compound, the refractive index of ZnO is
highest in the ultraviolet region (24.9658003 — 35.5677155 nm) and decreases as the
wavelength increases. This is because the photon energy of ultraviolet light is higher than
the band gap of ZnO (3.37 eV), and it can excite electrons from the valence band to the
conduction band. When this happens, the refractive index increases because the electrons
are now free to move around in the conduction band, which changes the way light interacts

with the material.

The refractive index of ZnO is lowest in the infrared region (> 131.668947 nm) and
increases as the wavelength decreases. This is because the photon energy of infrared light is
much lower than the band gap of ZnO, and it cannot excite electrons from the valence band

to the conduction band.

However, it can interact with phonons in the material, which can cause the refractive
index to increase. The extinction coefficient of ZnO is also highest in the ultraviolet region

(24.9658003 — 35.5677155 nm) and decreases as the wavelength increases (see Table VI.7).

This is because the absorption of light by ZnO is due to the excitation of electrons from

the valence band to the conduction band. The photon energy of ultraviolet light is higher
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than the band gap of ZnO, so it can more easily excite electrons from the valence band to

the conduction band, which causes the extinction coefficient to increase.

The extinction coefficient of ZnO is lowest in the infrared region (> 131.668947 nm)
and increases as the wavelength decreases. This is because the photon energy of infrared
light is much lower than the band gap of ZnO, and it cannot excite electrons from the valence

band to the conduction band.

However, it can interact with phonons in the material, which can cause the extinction
coefficient to increase. In summary, the refractive index and extinction coefficient of ZnO
both have a maximum in the ultraviolet region and a minimum in the infrared region. This

is due to the band gap of ZnO and the interaction of light with phonons in the material.

2.2 1 — -
0% Te(LDA) n _

Refractive index

T T T T T T T
90 120 150 180 210
Wavelength (nm)

Fig. VI.11: Refractive index curve as a function wavelength for pure ZnO compound using

LDA approximation.
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Table VL.7: Refractive index values as a function wavelength for ZnTe,O1., compounds

using LDA approximation, (a) n and (b) k.

(@)

Wavelenth (nm)

N

24.9658003 - 35.5677155

0.881932654 - 0.397283531

35.5677155 - 44.3456452

0.397283531 - 0.960101868

44.3456452 - 63.7254902

0.960101868 - 0.412917374

63.7254902 - 69.5394437

0.412917374 — 0.850664969

69.5394437 — 77.2913817

0.850664969 — 0.553621958v

77.2913817 - 101.573187

0.553621958 — 1.70316921

101.573187 -112.175103

1.70316921 — 1.5155631

112.175103 — 131.668947

1.5155631 —2.01584607

131.668947 2.01584607
>131.668947 2.01584607
(b)
Wavelenth (nm) K

31.6917465 — 37.5057

0.0137945671 — 0.514077533

37.5057 - 50.1595987

0.514077533 — 0.27221279

50.1595987 — 66.6894665

0.27221279 — 0.92147708

66.6894665 — 75.3533972

0.92147708 —0.701683645

75.3533972 — 86.9813041

0.701683645 — 1.50728636

86.9813041 — 108.299134

1.50728636 — 0.98401245

108.299134 - 119.015048

0.98401245 —1.21024335

119.015048 —243.160055

1.21024335 - 0.459818902

243.160055

0.459818902

>243.160055

0.459818902
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V1.3.3.4 Dielectric function

The dielectric function is a complex number that describes the response of a material
to an electric field. It is composed of a real part (Re) and an imaginary part (Im). The real
part of the dielectric function (Re) describes the ability of a material to store electric energy.
The imaginary part of the dielectric function (Im) describes the ability of a material to

dissipate electric energy in the form of heat.

The Fig. VI.12 shows the real and imaginary parts of the dielectric function of pure
ZnO in different wavelength regions. The wavelength region is measured in nanometers
(nm). The real part of the dielectric function of ZnO is negative in the ultraviolet region
(24.623803 — 82.7633379 nm). This means that ZnO is a good reflector of ultraviolet light
in this region. The real part of the dielectric function of ZnO then becomes positive and
increases as the wavelength increases. This means that ZnO becomes a better conductor of
electricity in this region. The imaginary part of the dielectric function of ZnO is low in the
ultraviolet region. This means that ZnO does not absorb much ultraviolet light in this region.
The imaginary part of the dielectric function of ZnO then increases as the wavelength

increases. This means that ZnO absorbs more light in this region.

In summary, the real part of the dielectric function of ZnO is negative in the ultraviolet
region and becomes positive and increases as the wavelength increases. The imaginary part
of the dielectric function of ZnO is low in the ultraviolet region and increases as the
wavelength increases. This behavior is due to the band gap of ZnO. The band gap of ZnO is
3.37 eV, which means that ultraviolet light with photon energy higher than 3.37 eV can excite
electrons from the valence band to the conduction band. This causes the real part of the
dielectric function to become negative. As the wavelength increases, the photon energy of
light decreases. This means that less light can excite electrons from the valence band to the

conduction band. This causes the real part of the dielectric function to become positive.

The imaginary part of the dielectric function is related to the absorption of light. The
absorption of light by ZnO is due to the excitation of electrons from the valence band to the
conduction band. This causes the imaginary part of the dielectric function to increase as the

wavelength decreases.
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Fig. V1.12: Dielectric function curves as a function wavelength for pure ZnO compound

using LDA approximation.

Table VI.8: Dielectric function values as a function wavelength for ZnTe,O1.x compounds

using LDA approximation: (a) Re and (b) Im.

(2)
Wavelenth (nm) Re
24.623803 - 82,7633379 0.748160724 — (-1.36842105)
82.7633379 - 106,24715 -1.36842105 — 1.84606678
106.24715 - 117,875057 1.84606678 — 1.09451047
117.875057 - 141,130871 1.09451047 — 3.42388229
141.130871 - 224,350205 3.42388229 — 4.07809847
224.350205 - 358,413133 4.07809847 — 3.77023203
358.413133 - 484,496124 3.77023203 — 4.19354839
>484.496124 4.19354839
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(b)
Wavelenth (nm) Im
30.5517556 —40.127679 0.0169779287 — 0.825127334
40.127679 — 55.6315549 0.825127334 — 0.460667799
55.6315549 — 67.2594619 0.460667799 — 1.34578381
67.2594619 — 78.8873689 1.34578381 — 0.960950764
78.8873689 — 96.4432285 0.960950764 —4.2139219
96.4432285 — 111.947104 4.2139219 —3.09564233
111.947104 — 117.875057 3.09564233 — 4.44482173
117.875057 — 325.353397 4.44482173 — 1.53820034
325.353397 — 410.624715 1.53820034 — 1.90265988
410.624715 1.90265988
>410.624715 1.90265988

V1.4 Conclusion

In this section, we have investigated the effect of doping zinc oxide with tellurium in
very small proportions on the structural, electronic, and optical properties of the material.
We have shown that doping with tellurium in very small proportions can have a significant
effect on these properties, leading to changes in the lattice constant, volume, bulk modulus,
band gap, and state density. These changes have implications for the potential applications
of zinc oxide, such as in optoelectronic devices, solar cells, and photocatalysis. The results
of this study suggest that tellurium is a promising dopant for zinc oxide, even in very small

proportions.

These results are consistent with the band structure of zinc oxide, which has a band
gap of about 3.37 eV. The absorption coefficient of zinc oxide increases in the ultraviolet
region because the photons in this region have enough energy to excite electrons from the
valence band to the conduction band. The reflectivity of zinc oxide is high in the visible and
infrared regions because the photons in these regions do not have enough energy to excite
electrons from the valence band to the conduction band. The refractive index of zinc oxide

increases in the ultraviolet region because the photons in this region interact more strongly
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with the electrons in the material. The dielectric function of zinc oxide is negative in the

ultraviolet region because the material is more polarizable in this region.

The results of this study provide a comprehensive understanding of the optical
properties of pure zinc oxide. This knowledge can be used to design and optimize devices

that use zinc oxide, such as solar cells, light-emitting diodes, and sensors.
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Chapter VII: Investigation of the properties of ZnX (X =Te, S and O)

material: Application to photovoltaic solar cells

VII.1 Introduction

Zinc monochalcogenides, specifically ZnX (with X encompassing Te, S, Se, and O),
serve as exemplary representatives of 11-VI semiconductors and have the ability to adopt
either zinc-blende (ZnX-z) or wurtzite (ZnX-w) crystal structures. Notably, ZnX-z phases
exhibit optical isotropy, while ZnX-w phases display anisotropy, with the c-axis serving as
the polar axis (B.G. Svensson, 2018) [1].

Zinc oxide (Zn0), featuring a wide direct band gap of approximately 3.37 eV at room
temperature, emerges as a quintessential semiconductor employed extensively in
optoelectronic applications. Furthermore, ZnO exhibits transparency within the visible light
spectrum and possesses the added advantage of environmental friendliness, attributed to the

abundant presence of zinc in the Earth's crust (M. Lee et al., 2014) [2].

Among the family of 1IB-VIA compounds, namely ZnS, ZnSe, and ZnTe, these
materials crystallize in the cubic zinc-blende structure under ambient pressure, boasting
direct energy band gaps (R. Khenata, 2006) [3].

Notably, these wide band-gap semiconductors are of paramount interest due to their
capability to emit light even at room temperature (Y. Yu et al., 2009) [4]. Zinc Telluride
(ZnTe) garners particular attention owing to its cost-effectiveness, high optical absorption
coefficient, and suitability for photovoltaic (PV) applications (S. Jeetendra et al., 2014) [5].
Moreover, ZnTe has significantly contributed to the realms of microelectronics and
optoelectronics (S.M. Ali et al., 2018) [6].

Researchers have undertaken diverse studies to delve into the electronic, structural,
and dynamic properties of zinc-based semiconductors. For instance, (Zheng et al., 2012)
utilized ab-initio methods for the comprehensive calculation of these properties. (D. Bahri
et al., 2015) [8] explored the structural, electronic, and optical attributes of the cubic zinc-
blende phase of ZnTe, characterized by the F-43m space group [8]. In a similar vein, (J.
Serrano et al., 2004) [9] harnessed ab-initio techniques to investigate the network dynamics
of ZnO. Additionally, (V.O.l. Ume et al., 1970) conducted electronic energy band
structure calculations for ZnTe and ZnSe, incorporating spin-orbit coupling via the

experimental pseudo-voltage method [10]. The current research focal point centers on an in-
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depth exploration of the structural, electronic, and optical features exhibited by ZnX
materials (where X encompasses Te, S, and O), with a specific focus on their potential utility
in photovoltaic (PV) applications. This investigative endeavor leverages the Density
Functional Theory and the GGA/PBE gradient approximation to unravel the intricate

properties of these materials.

VII.2 Computational details

In this study, we employed the CASTEP software for our investigations (M. Caid et
al., 2022) [11], delving into the structural, electronic, and optical attributes of ZnX
compounds, where X represents Te, S, and O. The respective crystal structures for these
compounds are characterized by space groups (216 F-43m, 186 P-63mc, 186 P-63mc). Our
evaluations led us to determine that employing (8 x 8 x 8) Brillouin Zone (BZ) k-point
densities and planar wave cutoff energies of 750 eV for ZnTe, 850 eV for ZnS, and 800 eV
for ZnO sufficed for our analyses.

Generally, the Generalized Gradient Approximation (GGA) method is favored over
the Local Density Approximation (LDA) due to LDA's tendency to underestimate lattice
parameters and cell volumes, whereas GGA tends to overestimate them. In our
approximation of the GGA method, we adopted the Perdew-Burke-Ernzerhof approach (F.
Parandin et al., 2019) [12] to estimate the band gap. Our geometric optimization was
conducted with precision down to 1 x 10° eV/atom, utilizing the Broyden—Fletcher—
Goldfarb—Shanno (BFGS) algorithm for relaxation to the lowest energy states. We set force,
pressure, and displacement thresholds at 0.001 eV/A, 0.05 GPa, and 5.0 x 10* A,
respectively. Furthermore, we explored the electronic structures and various optical
properties, including total and partial densities of states (TDOS and PDOS), to attain a more

refined understanding of the material's geometry.
VI11.3 Results and discussions

VII1.3.1 Structural Properties

In the initial phase of our investigation, we conducted computations to ascertain the
equilibrium structural parameters of ZnX (X =Te, S, and O), encompassing essential factors
like the lattice constant denoted as ao, the size modulus represented as Bo, and its first
derivative, B'. The crystal structure of ZnX (X = Te, S, and O) is visually depicted in Fig.
VIIL.1. Our primary focus was directed towards the exploration of the structural
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characteristics of ZnX, with a particular emphasis on optimizing the lattice constants. The
outcomes of these analyses are meticulously documented in Table VII 1. To affirm the
accuracy and reliability of our study, we meticulously compared our results with the existing
theoretical and experimental data, which are conveniently summarized in Table VII 1 for
reference. Our computations have unveiled that the lattice constant ao assumes values of 6.28
A for ZnTe, 5.62 A for ZnS, and 3.25 A for ZnO. It is noteworthy that these computed values
exhibit a slight deviation from the experimentally recorded ones, which stand at 6.1 A [13],
5.41 A [13], and a = 3.249 A, ¢ = 5.204 A [9], respectively. However, this variance can be
attributed to distinctions in the atomic radii of ZnTe, ZnS, and ZnO, along with variations in
the total energies, lattice relaxation constants, volume coefficients, and ground state energies

inherent to each material.

@) (b) (©)

Fig. VIL1: Crystal structures of: (a) ZnO, (b) ZnS and (c) ZnTe compounds.

We conducted structural optimizations of ZnTe, ZnS, and ZnO under various
pressure conditions by employing the Murnaghan equation of state (F.D. Murnaghan,
1944) [14]. This equation effectively describes the relationship between the total energy

and volume, and it is expressed as follows:

E(V) = E, + [B, g’,"_l)] . lB’ (1 - %) + (%)B - 1] (VIL1)

Here, Vo, Bo, and B’ represent the equilibrium volume, the bulk modulus, and its derivative.

The compressibility modulus and its pressure derivative, B', can be expressed as follows:

_ a8

B == (VIL2)

The table VII 1 provided in our work presents the fits for our data related to the relative
lattice constant ao (A), bulk modulus Bo (GPa), and volume V(A3).
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Table VIL1: Calculated lattice constant ao (A), bulk modulus B* (GPa) for ZnX (X = Te, S

and O) compound compared with already published data.

Compound ao(A) V(A Bo(GPa) B’
6.28" 61.986" 41.30" 4.266"
6.187¢ 52.66" 49.70P 4.45°
4.43 52.96° 51.40° 4.50°
6.103' 56.73 55.21" 4.60"
ZnTe
6.16° 58.73P 45.20! 4.63
6.00" 56.82° Exp. 45.25P 4.26°
6.17° 50.9" Exp. 5.04" Exp.
6.1° Exp
5.62" 44.60" 62.043" 4.094"
5.451¢ 75.6° 4.44"
ZnS 5.44¢ 89.67" 4.00" Exp.
5.342" 75" Exp.
5.41° Exp
3.250" 55.126" 115.923" 4.486"
a=3.244¢ 45.82¢ 159.59 4,59
¢ =5.027¢ 47.719 128.72 4.38'
a=3.249" 49.461% 1839 Exp. 49 Exp.
ZnO c=5.216 48.335K Exp.
a=3.198¢
c=5.1679
a = 3.24969 Exp.
¢ =5.20429 Exp.
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34,43 [15],PRef [16], °Ref [17], YRef [1], ¢ Ref [13], TRef [18], 9Ref [9], "Ref [3], 'Ref [19],
JRef [17], KRef [20], " Present calculations.
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Fig. VIL.2: Total energy versus volume for ZnX (X = Te, S and O) compounds.
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VI1.3.2 Electronic properties

The electronic properties of ZnX (X = Te, S, and O) were explored using band
structure analysis and calculations of the total density of states (TDOS) and partial density
of states (PDOS) based on optimized values. The band-gap energy, which provides insights
into the bonding nature, was a focal point of our investigation, and we employed the PBE-
GGA approximation for these calculations. Our computed band-gap results indicated that all
three compounds exhibited semiconducting behavior, as depicted in Fig. VII.3. Specifically,
the direct band-gap values for ZnX (X = Te, S, and O) were found to be 2.436, 2.698, and
1.721 eV, respectively. The conduction and valence bands were situated above and below
the Fermi level, with both meeting at the same point k (G - G), confirming the direct band-
gap nature of ZnX (X =Te, S, and O). Table VII.2 presents all the calculated band-gap values
for ZnX (X =Te, S, and O) at 0 GPa. It's important to note that these values are consistent
with theoretical and experimental data reported in previous references that utilized the PBE-
GGA approximation. However, it's worth mentioning that the calculated band-gap values
were slightly lower than experimental values, which can be attributed to the known error
associated with Kohn-Sham DFT calculations. The relatively higher band-gap energies

observed for ZnTe, ZnS, and ZnO compounds suggest their potential for enhanced optical

properties.
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Fig. VIIL.3: Calculated band structure of ZnX (X = Te, S and O) compounds using PBE-
GGA approximation.

Table VII.2. Calculated band-gap value of ZnX (X =Te, S and O) at 0 GPa.

This work Other theoretical Experiments
Compound

calculations

2.436" 1.711¢ 2.39f
ZnTe

1.804f

2.698" 2.07¢ 3.68"
2.119
ZnS
1.317"

2.17

1.721" 0.8?

3.38°
Zn0O

0.73%

3.37'

aRef [21], ¢ Ref [18], Y Ref [22], ¢ Ref [23], ) Ref [24], K Ref [25], 9 Ref [26], "Ref [27],
'Ref [28], "Present calculations.

To gain a deeper understanding of the band and optical characteristics of ZnX (where
X can be Te, S, or O), it is crucial to explore the electronic density of states (DOS) (T. Kato
et al.,, 2019) [29] and its correlation with the band structure. In this investigation, we
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determined the DOS and examined its connection with the band structure. We used the
partial DOS (PDOS) to illustrate the chemical bonding of ZnX, considering individual
atoms, and the total DOS (TDOS) for all atoms. The electronic DOS plays a pivotal role in
providing insights into the band structure. Fig. VII.4 displays the TDOS and PDOS obtained
through the GGA-PBE approximation, with the Fermi level serving as the reference energy
point. The electron configurations for Zn, Te, S, and O were 3d24s2, 3s23p°®, 4s24p°5s? and
2s22p*, respectively. Around the Fermi level, there are two distinct regions denoted as BV
and BC. In all three compounds, the BV region, which spans from -5 eV to 0 eV, is
predominantly characterized by Te-p, S-p, and O-p states. On the other hand, the BC region,
situated between 0 eV and 5 eV, is mainly influenced by Zn-s-p, Te-s-p, and S-s-p states.

These findings are in alignment with previously reported results.
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Fig. VIL.4. TDOS and PDOS spectra calculated using GGA-PBE approximation of ZnX
(X =Te, S and O) compounds.

VI1.3.3 Optical Properties

Examining the photonic characteristics of these compounds is of paramount
importance, given their potential utility in photovoltaic technologies and the semiconductor
sector. To elucidate the optical attributes of these substances, we employ the transverse
dielectric function &(w) (A. Bouzidi et al., 2017) [30], which enables us to compute the

frequency-dependent dielectric constants using the following formula:
g(o) = e1(m) + i.e2(w) (VIL.3)

The dielectric function comprises two parts: the real part denoted as €1(w) and the
imaginary part referred to as e2(w) (S.K. Gupta et al., 2009) [31]. e1(w) represents the
dispersion of incident photons by the material, while €2(®w) indicates the energy absorbed by
the material. The complex dielectric function, &(®), is composed of two components:
intraband and interband transitions [31]. Intraband transitions are significant primarily for
metals, whereas interband transitions can be further categorized into direct and indirect
transitions. In our study, we disregarded the indirect interband transitions, which involve
phonon scattering and have a minimal impact on g(®). We used the components of the
complex dielectric function to derive various optical parameters, including reflectivity (R),
refractive index (n), optical conductivity (o), and absorption (a) (R. Tala-Ighil Zair et al.,
2021) [32]. Fig. VIL5 to VI1.9 illustrate a range of optical characteristics for ZnX (where X
can be Te, S, or O), encompassing reflection spectra, absorption spectra, the real and

imaginary components of the dielectric function, and photoconductivity.
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VII1.3.3.1 Reflectivity R

The utilization of computational tools like the CASTEP program enables the precise
prediction of the reflectivity (R) for ZnX compounds, where X represents Te, S, or O. For
instance, CASTEP simulations have demonstrated that ZnTe exhibits remarkable
reflectivity, reaching around 96% in the infrared region, rendering it a promising candidate
for applications in infrared detectors and solar cells. Similarly, ZnS and ZnO have displayed
elevated reflectivity values in the visible and ultraviolet regions, respectively, with
percentages climbing to 87% and 96%. Researchers can tailor the reflectivity of ZnX
compounds to match specific requirements by adjusting their composition and morphology.
For example, by growing ZnO thin films with a particular orientation, researchers can
achieve high reflectivity in the visible light spectrum while preserving transparency. Our
analysis, as depicted in Fig. VIL.5, demonstrates that the reflectivity peaks of ZnTe, ZnS, and
ZnO compounds increase at lower energies (up to 7 eV) and decrease notably at higher
energies (below 20 eV), concurrent with the reduction in the forbidden bandwidth.
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Fig. VIL5: Reflectivity R as a function of energy of ZnTe, ZnS and ZnO compounds
calculated using GGA-PBE approximation.

VIIL.3.3.2 Absorption A

Absorption, represented as A, stands as a significant optical attribute of materials,
characterizing the quantity of light absorbed by the substance. The absorption properties of
ZnX compounds, where X can represent Te, S, or O, can be precisely anticipated through
computational tools like the CASTEP program. The outcomes have revealed that ZnTe
exhibits a substantial absorption coefficient, approximately 25 x 10* cm, within the mid-
infrared spectrum, positioning it as a promising material for mid-infrared detectors and
emitters. Similarly, ZnS and ZnO have demonstrated notable absorption characteristics in
the ultraviolet and visible spectra, respectively, with values reaching up to 3 x 10° cm™. By
comprehending the absorption attributes of ZnX compounds, researchers can craft materials
with specific absorption properties tailored for various optoelectronic applications. Our
research suggests that when it becomes easier to excite additional electrons from the valence
band to the conduction band, less energy is necessary, leading to a redshift at the absorption
edge. In such circumstances, the likelihood of valence band electrons transitioning to the
excited state increases, resulting in a noticeable augmentation in the number of absorption
peaks. Our findings, as presented in Fig. VIL.6, indicate that the highest transmittance for
ZnX (where X = Te, S, and O) is situated within the energy range of 0 eV to 5 eV,

predominantly falling within the infrared spectrum.
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Fig. VIL.6: Absorption A as a function of energy of ZnTe, ZnS and ZnO compounds
calculated using GGA-PBE approximation.

VI1.3.3.3 Refractive index

The refractive index, symbolized as n, is a crucial optical characteristic that defines
the manner in which light travels through a substance. Computational tools like the CASTEP
program enable the precise prediction of the refractive index for ZnX compounds, where X
can denote Te, S, or O. We have demonstrated that ZnTe boasts an approximate refractive
index of 2.5 within the mid-infrared range, positioning it as a promising material for
applications such as infrared lenses and waveguides. Similarly, ZnS and ZnO have displayed

substantial refractive indices in the ultraviolet and visible regions, respectively, with values
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reaching up to 2 and 1.9. By gaining insights into the refractive index of ZnX compounds,
researchers can engineer materials with tailored optical properties to suit diverse
optoelectronic applications (See Fig. VIL7).
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Fig. VIL.7: Refractive index as a function of energy of ZnTe, ZnS and ZnO compounds

calculated using GGA-PBE approximation.
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VI1.3.3.4 Dielectric function

The dielectric function, symbolized as ¢, serves as a significant optical characteristic
that defines how a material responds to an external electric field. Through simulations
employing CASTEP, it has been observed that ZnTe possesses an approximate dielectric
function of 12 within the mid-infrared spectrum, positioning it as a promising material for
applications like infrared detectors and emitters. In a similar vein, ZnS and ZnO have
demonstrated elevated dielectric functions in the ultraviolet and visible ranges, respectively,
with values reaching up to 9 and 5. By comprehending the dielectric function of ZnX
compounds, researchers can devise materials with tailored optical properties to cater to a

variety of optoelectronic applications (Fig. VIL.8).
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Fig. VIL.8: Dielectric function as a function of energy of ZnTe, ZnS and ZnO compounds

calculated using GGA-PBE approximation.

VIIL.4 Application to the substrate Cu(In,Ga)Sez solar cells

The conventional method of fabricating Cu(In,Ga)Se> (CIGS) thin-film solar cells
involves the use of a substrate configuration that incorporates a CdS buffer layer and a doped
ZnO or ITO window layer. This configuration has demonstrated conversion efficiencies
exceeding 22% (T. Kato et al., 2019) [29]. The exceptional optoelectronic properties of ZnX
(X =Te, Se, S ...etc) buffer layers have led to increased attention as a potential alternative
to CdS buffer layers in recent years (H.l. Abdalmageed et al., 2021) [33]. It is widely
believed that the buffer layers play a critical role in preventing shunting through the
TCOICIGS interface, and they should possess suitable properties that help to minimize
carrier recombination at the buffer/CIGS interface (C. Platzer-Bjérkman et al., 2003) [34].
For example, the efficiency of CIGS solar cells decreases significantly due to severe
shunting when a conventional ZnO/TCO is directly deposited onto the CIGS layer (Y.-K.
Liao et al., 2013) [35]. According to some studies, the buffer layer demonstrated a higher
level of electrical resistance compared to the top contact layer, which is highly conductive
(A. Bouzidi et al., 2017) [30]. In this study, the use of ZnTe and ZnS as buffer layers in the
substrate CIGS solar cell, along with the incorporation of the ZnO layer as a window layer,

were investigated.
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VIIL.4.1 Device settings and simulation process

Fig. VIIL.9 shows schematic of the substrate n++-ZnO/n-ZnS/p-Cu(In,Ga)Se> and n++-
ZnO/n-ZnTe/p-Cu(In,Ga)Se: solar cell hetero-structures. To study the transport physics of these
structures, the SCAPS-1D software solution solves the dipolar issues of the device using the
Poisson equation and continuity equations for both electrons and holes. The SCAPS-1D
simulator provides a software environment that can accurately replicate the behavior of a real
solar cell [32,36]. Typically, the simulation process for a solar cell would require following the
steps outlined in Fig. VII.10 through a series of screen-shots. The initial screenshot, labeled (a),
displays the standard information input panel of the SCAPS-1D graphical user interface. This
panel provides access to input buttons that enable the user to specify the simulation model and
view the device's operating conditions, structure, and material parameters. particular layer's
structure and material parameters, along with optical properties and defects, are displayed in
screenshot (b). The results of light J-V characteristics in the form of a curve and axes are shown
in screenshot (c). The simulation uses AM1.5 illumination spectrum with an incident power of
100 mW/cm?, Table VII.3 summarizes the input parameters of each layer, including thickness,
permittivity constant, band gap, electron affinity, electron/hole mobility, effective density of
states in conduction/valence band, donor/acceptor concentration, defect concentration, and
absorption coefficient within a range of 320 - 1100 nm wavelength. The thermal velocity
recombination for holes/electrons at front and back contacts is 1.0 x 107 cm/s. All data that have

been previously calculated using CASTEP are being considered in the simulation.

Wt W

ZnO (n++) ZnO (n++)
ZnTe (n
o=
Soda-Lime-Glass Soda-Lime-Glass

Fig. VIL.9: Schematic of the n++-Zn0O/n-ZnS/Cu(In,Ga)Se; and n++-ZnO/n-
ZnS/Cu(In,Ga)Se: solar cell structures.

164



Chapter Vil

Investigation of the properties of ZnX material: Application to photovoltaic solar cells

(a)

(b)

2] Sotarcel defiition - g X
Layers Interfaces illuminated from - =l
left contact Reflection at front
+[0.00
CIGS
nsS
nQ
add layer
E light
right contact back coniact front contact
Remarks -
Problem file: c:\Program Files (x86)\SCAPS2703\def Example CIGS def
example .def file for a CIGS cell problem 4
this file was distributed with SCAPS 2.0, september 98
and with SCAPS 2.1, june 99
it converges well (to above Voc), both in light and in dark, new ] load ] save ]
with the standard convergence settings, and
with a moderate voltage step (50 mV or less).

3] acten Pind iox
—Waorking poil —Saries resistance
4 M vyes
[emperature (K) 2|300 00 =
Vollage (V) £o.0000 Humber of points =2 Sewriess ressistance (ohm an??)
Frequency (Hz) £1.00L+6 21,00 |
Iumination Generation of a-h paira
dark . . right (n-side)
light lupnzieiionE ik:ﬂ (p-side) show generation profile
Spectrum file: Inciclent (bias) light power (W/im2) . i
i oy absorphion of light
Selet| C\Program Files sup or lamp | 0.00 determined ifrgm e g
= Short wavel (nm): 0.0
Spectrum cut off -l ﬁg" : e | atter cut off  0.00
Long wavel. (mmj: 2000.0 |

Meutral Dens. = 0.0000 | Transmission (%)3 100.000 | afler MU 0.00 i Jefuien

— Action: riarnbesn
™ Pause of points.
= Currentvoltage V1 (V) 200000 V2(Y) 208000 | 217 | 2nos00
increment (V)

(= Capacitance voltage v1(v) 2-0800 | V2(M)  fosoo | 333 fo.050

= Capacilance fiequency (1) 10062 | @iy S100E+6 | 321 | X500 puinis per decade
[®! Spectral response WLT (Am) 5300 \ WL2 (nm) , 900 | 351 | 210 | increment (nm)

loaded definilion fleCxample CIGS del

stop ]

confinue ] graphs

l

Batch sat-up ) ¢ Do Balch Caleulation
- -

clear pravious ] cave all ]

165

info




Chapter Vil

Investigation of the properties of ZnX material: Application to photovoltaic solar cells

(3 Energy band pane!
Band Diagram EC EV EFp EFn
Carrier Densi holes elect ftotal ch:
deep defects neutral donor acceptor t e eetons ol eharge
1.05- 1E+18-
— ] |
f — !
0.0 =l
Wi /
% 100+ 4
® £
-2.00-
33, o | ' L BT Lol
00 01 02 03 04 05 06 OF 08 08 10 1112 00 01 02 03 04 05 06 07 08 09 10 1112
tance distance (ym)
Current Density holes electrons al Scale distance (all graphs)
777777777 Occupation Probability of deep defects
275'1 TITTeTTT \len—wlmnlu _IO 10-
SR ——— N 0
ko N/
lin -10841
L \/ :
2-1 5E+1 A =
£ 208+ / \ 04
-25e41 / 0
-30EA
= C |
o - DR O L
00 01 02 03 04 05 06 07 08 08 10 1112 00 0t 02 03 04 05 06 07 08 09 10
distance (um) distance (ym)
OK quantum efficiency done; V = 0.0 Volt Comments
Problem file: c:\Program Files (x86)\SCAPS2703\def Example CIGS.def
last saved: 23-6-1999 at 16:7:20
simulation done on: 7-2-2023 at 23:47-36

a

Curve info

OFF

show

plot

QL

Gen-Rec

ac-bands

2

g

m

X

‘ 8C Edaicies ~ 0 & ) A

s o OEMd@ O A

(©)

Fig. VII.10: Typical data input panels of the SCAPS-1D graphical user interface, allowing

to configure the solar cell device and its corresponding settings.

Table VII.3: Settings for ZnO, ZnTe, ZnS and Cu(In,Ga)Se; layers used in the simulation.

Parameters cu(in.Ga)sez | znTe N3 ZnO window
Absorber buffer buffer

Thickness (nm) 3000 100 100 200

Band gap Eg (eV) 1.12 2.43 2.69 3.3

Electron affinity ye (€V) 4.1 4.07 4.09 4.09

Relative permittivity &r (-) 13.6 10 10 9

Electron mobility pn (cm?V's) | 100 100 100 100

Electron mobility pp (cm?V's) |25 25 25 25
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Conduction band effective 4.0x10'%°
2.0x10%8° 2.0x10%° | 2.0x10%"°
density of states Nc (cm3)

Conduction band effective 9.0x10%
_ 2.0x10%% 1.5x10% [ 1.5x10%
density of states Nv (cm?)

shallow donor density (1/cm3) 0 1.0x10*9 | 1.0x10'79 | 1.0x10%°

shallow acceptor density (1/cm3) | 5.5x10%" 0 0 0

°Ref [37], PRef [31], 9Ref [38], "Ref [39].
VI1.4.2 Effect of CIGS absorber thickness on solar cell performance

In an attempt to determine the most favorable thickness for a high-performance
substrate CIGS solar cell that employs ZnTe and ZnS buffer layers, the thickness of the
CIGS absorber was modified.

VI1.4.2.1 Case of ZnO/n-ZnS/p-CIGS/Mo solar cell structure

It is desirable to reduce the thickness of the absorber layer, d(CIGS), in order to lower
costs while still maintaining high performance. ZnTe and ZnS buffer layers can help achieve
this goal due to the abundance of these materials. In the calculations, the thickness of the
buffer layers is fixed at 100 nm. As shown in Fig. VII.12, the short-circuit current density
(Jsc), open circuit voltage (Voc), Fill Factor (FF), and power conversion efficiency () are
all affected by the thickness of the CIGS absorber layer. For absorber thicknesses up to 4
um, Jsc remains around 32.1 mA/cm? and Voc is above 0.61 Volt. However, for the thinnest
CIGS absorber layer, there is a slight reduction in Voc which may be due to an increased
influence of recombination at the Mo back contact layer, resulting in a smaller effective
minority carrier lifetime. The fill factor slightly increases but remains above 79% for all
absorber thicknesses greater than 4 um. The short-circuit current density and open circuit
voltage show a strong dependence on the absorber thickness, Jsc increases from 29.12
mA/cm? to 32.08 mA/cm? as the CIGS absorber thickness varies from 1 to 4 um. For devices
thinner than 1 um, current loss may be due to optical and/or electrical losses. The losses in
Jsc and Voc mainly contribute to the conversion efficiency losses. The optimum thickness
for the CIGS absorber layer is greater than 4 um, which results in a maximum conversion
efficiency of 15.6% with FF = 78.5%, Voc = 0.61 Volt and Jsc = 32.1 mA/cm?,
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Fig. VIL.11: Solar cell performance using ZnS buffer layer as a function of the p-CIGS

thickness.

VI1.4.2.2 Case of ZnO/n-ZnTe/p-CIGS/Mo solar cell structure

Fig. VII.13 presents the performance of ZnO/ZnTe/CIGS/Mo solar cell as a function
of CIGS absorber thickness. It shows that the recorded efficiency is 14.66% and 16.58% at
the CIGS thickness of 1 um and 4 um, respectively.
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Fig. VIL.12: Solar cell performance using ZnTe buffer layer as a function of p-CIGS

thickness.

A comparison of these results with the 16.12% efficiency at 2 um reveals that
decreasing the absorber thickness by 1 um leads to an 11.58% drop in efficiency, whereas
increasing it by 1 pum results in only a 3.8% increase in efficiency. This trend continues to
hold for absorber thicknesses more than 2 um. These findings support the theoretical

assumption that a thickness of around 2 um is sufficient to absorb most of the incident light.
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However, reducing the absorber layer thickness below this value would bring the back
contact too close to the depletion region, which would facilitate electron capture by the back
contact during the recombination process. The open circuit voltage (Voc) and short circuit
current density (Jsc) increase with the thickness of the absorber layer, primarily due to the
longer wavelengths' absorption, which contributes to electron-hole pair generation. When
d(CIGS) is greater than 4 um, the maximum Fill Factor of 79.5% is obtained. The highest
efficiency of approximately 16.58%, with FF = 79.5%, Voc = 0.61 Volt, and Jsc = 34.05

mA/cm? can be achieved when d(CIGS) is approximately 4 um.

VIL5 Conclusions

Utilizing computational tools such as CASTEP offers a robust means for designing
and enhancing these materials, facilitating the development of advanced optoelectronic
devices. In this study, we delved into the electronic structure and optical characteristics of
ZnX systems, employing first principles through the pseudopotential approach of density
functional theory and the generalized gradient approximation method implemented with
CASTEP. Our investigation yielded the following findings: The lattice parameters exhibited
varying values, making it feasible to deposit these materials on different substrates. The
binary alloy holds particular interest due to its wide bandgap (2.436 eV, 2.698 eV, 1.721 eV)
for ZnTe, ZnS, and ZnO, respectively. The results obtained for the structural, physical, and
optical properties closely align with existing theoretical and experimental data, affirming the
accuracy of our calculation methodology. The properties of pure ZnX materials, where X
can be Te, S, or O, suggest significant potential for use in solar cells. Our calculations further
indicate that while efficiency increased with absorber thickness, denoted as d(CIGS), the
rate of this increase diminished significantly beyond 2 um. Consequently, it is likely that the

ideal thickness for the CIGS absorber layer exceeds 4 um.
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General conclusion

General Conclusions and future works

This comprehensive study conducted by CASTEP program has made significant
strides in elucidating the impact of doping on semiconducting compounds. By employing
computational simulations utilizing the GGA-PBE-DFT methodology, the investigation
delved into the effects of various proportions of zinc, aluminum and tellurium doping on the
structural, mechanical, electronic, electrical, and optical attributes of SrTiO3, CulnS, and
Zn0. The findings underscored the profound influence of doping on compound properties,

spotlighting changes in bandgap, electronic structure, and optical absorption.

This study has yielded invaluable insights into the intricate interplay between doping
and the properties of semiconductor composites, a pivotal aspect in advancing the design
and fabrication of high-performance photovoltaic materials. The outcomes hold promise for
guiding experimental synthesis processes towards the creation of novel, improved materials
tailored for photovoltaic applications. Specifically, the following key findings emerge from
this research:

» Zinc doping in SrTiO3 material:

= Zinc doping increases lattice constant, volume, and volume modulus.
= Zinc doping decreases elastic constants, B/G ratio, and energy gap.
=  SrZn,T11.,O3 is a semiconductor with improved optical properties.

= Zinc doping influence’s dielectric function and refractive indices.
» Aluminum doping in CulnS; material:

¢ Aluminum doping decreases lattice parameters, mass modulus, volume, and band
gap.

e Aluminum doping increases anisotropy, elastic constants, hardness, stiffness, and
dielectric constant.

¢ Aluminum doping enhances absorption and transparency at specific wavelengths.

¢ Aluminum doping reduces reflectivity and refractive index.

» Tellurium doping in ZnO:

The effects of zinc oxide doping with tellurium in very small proportions:

o Lattice constant decreases.
o Volume decreases.

o Bulk modulus increases.
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General conclusion

o

Band gap decreases.

State density increases.

Absorption coefficient increases in the ultraviolet region.
Reflectivity decreases in the ultraviolet region.
Refractive index increases in the ultraviolet region.

Dielectric function becomes negative in the ultraviolet region.

Implications for potential applications:

o

o

o

Improved performance of optoelectronic devices
Increased efficiency of solar cells

Enhanced photocatalytic activity

> Application to photovoltaic solar cells:

v

ZnX systems exhibit varying lattice parameters, making them suitable for different
solar cells structures.

Binary ZnX alloys have wide bandgaps (2.436 eV, 2.698 eV, 1.721 eV for ZnTe, ZnS,
and ZnO, respectively).

The calculated structural, physical, and optical properties are consistent with existing
theoretical and experimental data.

Pure ZnX materials have potential for solar cell applications.

The efficiency of solar cells increases with absorber thickness, but the rate of increase
diminishes significantly beyond 2 pm.

The ideal thickness for the CIGS absorber layer is likely to exceed 4 pm.

In conclusion, the findings of this comprehensive study underscore the remarkable

potential of doping with Zn, Al, and Te in enhancing the structural, mechanical, electronic,

and optical attributes of SrTiO3, CulnS;, and ZnO compounds, respectively. These

remarkable improvements position these compounds as highly promising candidates for

diverse applications in the realms of photo-electricity and optical sensors.

As we look toward the future, it becomes evident that a wealth of opportunities awaits

further exploration. To harness the full potential of these doped compounds, we suggest

several future works, including:

+ Development of Novel Applications: The improved properties exhibited
by these compounds strongly advocate for the development of novel

photoelectric applications and optical sensors. These innovations could
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General conclusion

include the creation of highly efficient solar cells and ultra-sensitive
optical sensors, contributing to sustainable energy solutions and
advanced sensing technologies.

Delving deeper into the intricacies of property enhancement induced by
doping holds immense promise. Investigating the underlying
mechanisms responsible for these changes at a fundamental level could
pave the way for more effective doping strategies. This deeper
understanding is crucial for tailoring the properties of these compounds
to meet specific application requirements.

While doping has evident macroscopic effects, its influence on the
nanoscale properties of these compounds remains a fascinating frontier.
Exploring these nanoscale effects is essential to comprehend their

implications on the overall performance of the materials.

175



SECTION T

List of scientific productions

—_—r ,-\W/"\-f\,‘——"

Vr,@;i f}\v
o3



List of scientific productions

List of scientific productions

a) International scientific publications:

1- F. Benlakhdar, M. A. Ghebouli, Z. Zerrougui, K. Bouferrache, Y. Slimani, B.
Ghebouli, I. Bouchama, T. Chihi, M. Fatmi, Saif A. Mouhammad, Norah
Algethami and Sultan Alomairy, “Structural, elastic, mechanical and
optoelectronic properties of zinc-doped SrTiO3 perovskite compounds,”,
Modern Physics Letters B 2350200 (2023) 1-14.

DOI: 10.1142/S0217984923502007

2- Faiza Benlakhdar, Idris Bouchama, Tayeb Chihi, Ibrahim Ghebouli,
Mohamed Amine Ghebouli, Zohra Zerrougui, Khettab Khatir, Mohamed
Alam Saeed, “AB-INITIO STUDY OF STRUCTURAL, ELECTRONIC
AND OPTICAL PROPERTIES OF ZnX (X =Te, S and O): APPLICATION
TO PHOTOVOLTAIC SOLAR CELLS”, East European Journal of Physics,
3 (2023) 413-423.

DOI:10.26565/2312-4334-2023-3-45
b) International communications:

1- Faiza Benlakhdarl, Tayeb Chihi, Ibrahim Ghebouli, Idris Bouchama, M. A.
Ghebouli, M. Fatmi, Z. Zerrougui, “Advancing the Properties of CulnX-
1GaXS2 Compounds using the CASTEP Program: A Computational
Exploration of Structural, Electronic, and Optical Characteristics,” 5th
International Conference on Applied Engineering and Natural Sciences, July
10-12, 2023, Konya, Turkey.

2- Faiza Benlakhdarl, Tayeb Chihi, Ibrahim Ghebouli, Idris Bouchama, Z.
Zerrougui, M. Fatmi, M. A. Ghebouli, “The Effects of Fluorine Doping on
the Structure and Electronic Properties of Hexachloro-tungsten (WCI6) for
Photocatalysis,” 3" International Conference on Innovative Academic
Studies, September 26-28, 2023: Konya, Turkey.

3- Faiza Benlakhdarl, Tayeb Chihi, Ibrahim Ghebouli, Idris Bouchama, M.
Fatmi, M. A. Ghebouli, Z. Zerrougui, “Comprehensive Investigation of
Structural and Electronic Properties of Sulfur-Doped Zinc Oxide using
CASTEP Program,”, 3rd International Conference on Innovative Academic

Studies, September 26-28, 2023: Konya, Turkey.



Mod. Phys. Lett. B Downloaded from www.worldscientific.com
by UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA on 11/04/23. Re-use and distribution is strictly not permitted, except for Open Access articles.

Modern Physics Letters B )

(2023) 2350200 (14 pages) \\ & World Scientific
© World Scientific Publishing Company www.worldscientific.com
DOI: 10.1142/S0217984923502007

Structural, elastic, mechanical and optoelectronic properties
of zinc-doped SrTiO3; perovskite compounds

F. Benlakhdar*, M. A. Ghebouli*, Z. Zerrougui’, K. Bouferrachef,
Y. Slimani$, B. Ghebouli', I. Bouchama* I T. Chihi*, M. Fatmi* H,
Saif A. Mouhammad**, Norah Algethami** and Sultan Alomairy™*

*Research Unit on Emerging Materials (RUEM), University Ferhat Abbas of Setif 1,
Setif 19000, Algeria

TLaboratory of Studies Surfaces and Interfaces of Solids Materials,
Faculty of Technology, University Ferhat Abbas of Setif 1,
Setif 19000, Algeria

iDepartment of Physics, Faculty of Sciences,
University of Mohamed Boudiaf, M’sila 28000, Algeria

§Laboratory of Intelligent System (LSI), Faculty of Technology,
University Ferhat Abbas of Setif 1, Setif 19000, Algeria

ILaboratory for the Study of Surfaces and Interfaces of Solid Materials (LESIMS),
University Ferhat Abbas of Setif 1, Setif 19000, Algeria

IDepartment of Electronic, Faculty of Technology, University of Mohamed Boudiaf,
M’sila 28000, Algeria

**Department of Physics, College of Science, Taif University,
P. O. Box 11099, Taif 21944, Saudi Arabia
fatmimessaoud@yahoo.fr

Received 1 April 2023
Revised 19 May 2023
Accepted 11 June 2023
Published 14 August 2023

Structural, elastic, mechanical and electronic properties of pure and zinc-doped SrTiO; at the
concentration in the range (1-10%) are studied by first-principles calculations. The structural
parameters of synthesized compounds agree well with the standard data depicting the growth of
stable compounds. A slight obvious increase in the lattice constant of 3.9245 A is observed in Zn-
doped SrTiO3 due to the deviation of the atomic radii of Zn and Ti. Elastic constants and
mechanical parameters of Sr'TiO3 are closer to their available theoretical and experimental data.
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concentration reduces the indirect band gap value. The doping concentration 2%, gives a band
gap value closer to the experimental one. The band gap of pure SrTiO; is 1.827eV and after
doping with Zn for concentration from 1% to 10%, the optimized values are 1.970, 1.886, 1.802,
1.718, 1.635, 1.552, 1.470, 1.389, 1.310, 1.231 and 1.154 V.
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1. Introduction

The improvement of the conductivity and the photocatalytic capacity is obtained by
introducing certain metallic elements such as Zn into the pure SrTiOs. The disad-
vantage of the photocatalytic system lies in their low use of visible light, the rapid
recombination of charges and the low migration capacity of photo-generated elec-
trons and holes. Therefore, noble and transition metals, nonmetals and metalloids
are doped into the photocatalyst as co-catalyst to improve photodegradation per-
formance.! Strontium perovskite titanate (SrTiO; or STO) shows high chemical
stability, and abundance of constituent elements.” Eglitis and Kotomin give the
results of Nb impurities substituting for Ti ions in SrTiOz using super cells con-
taining up to 135 atoms.? SrTiO3 with a simple crystal structure is one of the most
popular semiconductor used in photovoltaic applications and its mechanical pro-
perties are more sensitive to Sr-site cation.” The determining factors in the ferro-
electricity of SrTiO; are the decent ring, the geometric size and the electronic
configuration of the Sr atoms. From the literature, we distinguish the transition from
the parent cubic structure to the tetragonal one or from the rhombohedra phase to
the orthorhombic or monoclinic structure.” The calculated optical band gap of the
cubic phase of SrTiOj is 3.57eV and in very good agreement with experimental
data.® SrTiO5 perovskite material exists in three phases depending on temperature;
the orthorhombic phase exists below 100 K, the tetragonal structure in the range
100-300 K and the cubic one above 300 K, which is the most stable. Concerning the
work carried out by other researchers, Ghebouli et al. studied some properties of
SrMO3 (M = Ti and Sn) in their standard forms.” The elastic constants of SrTiO;
obtained from a polynomial fit to the energy—strain relation were calculated by both
LDA and GGA approaches.® SrTiO5 has simple cubic perovskite structure at high
temperature and goes through an anti-ferrodistortive AFD transition at 105K to a
tetragonal phase.” The elastic characteristics of materials give the valuable data
about the bonding property between adjacent atomic planes, bonding anisotropic,
stiffness and structural stability of the material.'” The crystal anisotropy is related to
the modulus of elasticity, has significance in the fields of engineering and material
sciences and occurs when the relationship between stress and strain depends on its
orientation.'! Benrekia Ahmed Redha et al. presented a study on structural, elec-
tronic, vibrational and optical properties of para-electric SrTiOs5.'2 Gulden Selik and
Suleyman Cabuk reported electronic and optical properties of Sr(Ti, Zr)Oj3 crystals
in the cubic (Pm-3m) and tetragonal (I4/mcm) phase using the local density
approximation.'> The current work emphasizes investigating the structural, me-
chanical and electronic properties of Zn-doped SrTiOs. The Zn concentration is
varied to optimize the appropriate content in SrTiO3 matrix for potential applica-
tions. The doping of SrTiO; by zinc atoms allows this new material to have a suitable
band gap and absorption factor in order to use it as an absorber in photovoltaic cells.
Zinc impurities favor replacing Ti ion instead of Sr and O-ion in SrTiOs3. In the doped
sample, Zn atoms in proportions that vary in the range 1-10% replace the Ti atoms.
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Density functional theory with generalized gradient approximation (GGA-PBE) was
employed to achieve the stability of Zn-doped SrTiO3 through elastic constant and
tolerance factor. We attempted to synthesize SrZn,Ti;_,)O3 nanopowder experi-
mentally. The doping of Sr'TiO3 by Zn induces variations in the studied properties and
opens up new prospects for potential applications of this material in the optoelectronic
field. The structural, elastic, mechanical, electronic and optical properties were inves-
tigated.

2. Computation Details

First-principles calculations were performed in the DFT framework with GGA-PBE
approximations using the CASTEP code.'* The ultra-soft-pseudopotential method
and the GGA-PBE approximation functional'® describe the exchange-correlation
effect. The best convergence of the computed structures and energies requires the use
of Monkhorst-Pack points of 6 x 6 x 6 grid and cut-off energy of 800eV.!S The
calculation of the optical quantities requires the use of dense mesh of uniformly
distributed 20 x 20 x 20 k-points. The minimization technique of Broyden—Fletch-
er—Goldfarb—Shanno'” determines the structural parameters, which provides a fast
way to find the lowest energy structure. The tolerance for geometry optimization was
performed with affinity resolution of the set as the difference of total energy 107 eV/
atom, maximum ionic Hellmann-Feynman force 3 x 10~2 eV /A and maximum stress
2 x 10~2eV/A3. The approach adopted in this study facilitates the calculation of the
forces and stresses involved, controls the convergence of every computational pa-
rameter and neglects the effect of nucleus electrons.

3. Results and Discussions
3.1. Structural parameters

The structure of pure and Zn-doped SrTiO3; material was optimized using CASTEP
and GGA-PBE core assembly. The electronic configuration of Sr, Ti, Zn and O is
452498552, 3523p03d24s2, 3d1045? and 2s%2p*. Figure 1 shows the crystal structure of
standard SrTiOs. The optimized lattice constant, bulk modulus and its pressure
derivative of pure and Zn-doped SrTiOj5 are reported in Table 1. The reliability of the
mentioned results is evident from the correlation between theoretical'® 2" and ex-
perimental®’ data. It is observed that the optimized lattice constant, which corre-
sponds to a Zn content of 1%, is 3.924A. This result is consistent with the
experimental value of 3.905 A cited in the literature.?! However, our calculations
report a lattice constant of 3.9849 A for Zn content of 9%.

It is noted that SrTiO4 doped by Nb with a percentage of 1%, 2%, 3%, 5% and 8%
shows a lattice constant of 3.9078, 3.9088, 3.9066, 3.905 and 3.9063 A.?>?3 The value
of the lattice constant of Sr'TiO5; doped by Nb with a percentage of 25% and 50% is
about 3.969 and 4A,>* which is closer to the experimental value of 3.980 and
4.002 A.%> A slight obvious increase in the lattice constant of 3.9245 A is observed in
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Fig. 1. (Color online) Crystal structures of SrTiO3 compound.

Table 1. Lattice constant, volume, bulk modulus and its pressure derivative for
standard and Zn-doped SrTiO; with available theoretical and experimental
published data.

Compound ay (A) V (A%) B, (GPa) B
SrTiO, 3.917 60.13 173.02 4.33

3.919"° 4.712"%

3.904" 190.67"

3.940%

3.905°" exp.
SrZng g9 Tip 0303 3.9315 60.7701 168.61 4.36
SrZng 03 Tip 6703 3.9387 61.1039 166.69 4.37
SrZng 04 Tip 0603 3.9459 61.4390 164.45 4.38
SrZng 5 Tip o5 O3 3.9534 61.7890 162.32 4.40
SrZng o6 Tip 0403 3.9610 62.1492 159.38 4.42
SrZng o7 Tip 0303 3.9688 62.5164 157.07 4.44
SrZng os Tip 0203 3.9768 62.8942 154.37 4.46
SrZng 09 Tip o1 O3 3.9849 63.28 151.41 4.48
SrZng 1 Tig 0005 3.9931 63.67 149.55 4.50

Zm-doped SrTiO;3 due to the deviation of the atomic radii of Zn and Ti. The total
energy versus volume was plotted for SrTiOj3 in the standard state and by doping it
with Zn (Zn = 2%, 5% and 10%), as shown in Fig. 2. Optimization of SrTiO3 and
SrTi(_;)Zn, O3 structures for various Zn contents was achieved by fitting Murna-
ghan’s equation of state.?S It is noted that the introduction of a percentage of Zn
makes the structure less stable.

The lattice constant, volume and bulk modulus as a function of zinc content x for
SrZn,Ti;_,0O3 alloys are shown in Fig. 3. The volume was observed to decrease as Zn
content increases in SrTiOs;. The lattice constant (bulk modulus) increases
(decreases) with increasing Zn content. The fit of our data regarding the lattice
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Fig. 2. (Coloronline) Total energy versus volume for standard and Zn-doped SrTiO3 (Zn = 2%, 5% and 10%).

constant, the volume and bulk modulus obeys these polynomial expressions:

ag(r) = 3.9176 + 0.0067z + 7.9 x 10~°z? (1)
V(x) = 60.1287 + 0.3105z + 0.0043x2, (2)
By(z) = 172.87 — 1.992 — 0.0322. (3)

The dynamic stability of SrTiOs is studied by visualizing the phonon dispersion
curves and their total densities of state, as shown in Fig. 4. SrTiO;3 is dynamically
stable due to the non-presence of imaginary phonon frequencies. We will not be able
to visualize the spectrum of phonons for a concentration of Nb, because it requires a
sophisticated calculation tool that we lack.

3.2. Elastic constants and mechanical characteristics

The elastic constants describe the response to applied macroscopic stress and relate the
mechanical parameters to the elasticity, stability and stiffness.?” Understanding
the mechanical properties of a material due to the response of external forces requires
the use of elastic constants. Mechanical properties include Young’s modulus (E),
elastic hardness coefficients (C;;), bulk modulus (B), shears modulus (G), Poisson’s
ratio and anisotropy (A). The stability of the structure and the heterogeneous bond
between neighboring atoms are described by the elastic constants of the material.
Shear and Young moduli describe the stiffness of the bond and the resistance to de-
formation and fracture. Elastic constants are related to basic phenomena such as
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Fig. 3. (Color online) Volume and lattice constant versus zinc content = in SrZn,Ti;_,Os.

brittleness, ductility, hardness and mechanical stability of the material. Elastic con-
stants provide information about the structure stability, bond behavior, anisotropy
and cohesion of a material. C;;, C;5 and Cyy of Sr'TiO3 cubic structure at zero pressure
are enlisted in Table 2, which are consistent with their theoretical 350.46, 101.16 and
111.02 GPa!® and experimental®?® values. Computed elastic moduli for pure and Zn-
doped SrTiO; are positive and satisfy the following generalized conditions to ensure

their elastic stability”’*":

Ci1 +2C15)0, Cy)0, Cypy — Cp2)0,  Cio(B(Cyy. (4)

Note that C;; is larger and stiffer than C,5 and Cyy.

The bulk modulus represents the compressive strength of the material; therefore,
SrTiO3 shows perfect volume compressive strength. The bulk modulus, anisotropy
factor, shear and Young’s moduli, B/G and Poisson’s ratios and Vickers hardness of
undoped and Zn-doped SrTiOj3 are reported in Table 2. The Vickers hardness of
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Fig. 4. (Color online) Phonon dispersion curves and density of states of SrTiOs.

Table 2. Elastic constants, Shear and Young’s moduli, B/G ratio, anisotropy factor, hardness and
Poisson’s ratio of SrZn, Ti;_,)Os.

Cn (GPa) Cy, (GPa) Cy (GPa) G (GPa) Y (GPa) B/G A H(GPa) o

SITiO, 317.62 99.71 11332 1115 275 155 098 167 023
Exp. [24.4.25] 317 1025 112 957 2363 154  1.02

S1Zng g TigesO;  318.20 100.15 113.17 11147 27524 15525 1.03 1670 0.23
S1Zn 3 Tigg;03  318.17 100.14 11314 11145 27520 15526 1.03 16.70 0.23
SrZngTigg03  318.13 100.12 11312 11143 27516 15527 1.03 16.70 0.23
StZng s Tiges03  318.10 100.11 113.09 11141 27511 15528 1.03 16.69 0.23
S1Zng o Tiggs0;  318.07 100.09 113.07 11140 27507 15629 1.03 16.69 0.23
S1Zng;Tige303  318.04 100.08 113.04  111.38  275.02 1.5530 1.03 16.69 0.23
SrZng s Tigg0;  318.01 100.07 113.02  111.36 27498 15530 1.03 16.69 0.23
SrZng e Tipg1 03  317.98 100.05 112.99  111.34 27494 15531 1.03 16.68 0.23
S1Zng, TiggoOs;  317.95 100.04 112,97  111.32 27490 15532 1.03 16.68 0.23

SrZm,Ti;;_,)O3 was estimated using the semi-empirical model H = 0.0607 x Y.*!
The mechanical characteristics of the SrZn,Ti;;_,)O3 materials behavior were de-
scribed under Zn content effect.®”** Figure 5 shows the dependence of elastic con-
stants on zinc content for SrZn,Ti;_,O3 alloys according to GGA-PBE
approximation. It is noted that all these parameters decrease almost monotonously
with the addition of zinc content. The bulk and shear moduli of Voigt and Reus limit
for a cubic crystal are given as

B=(Br+B,)/2, (5)
G=(G,+Gpr)/2. (6)
Young’s modulus, Poisson’s ratio and anisotropic factor can be obtained by
E=9GB/(3B+G), (7)
o= (3B-2G)/2(3B+G), (8)
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Fig. 5. (Color online) Elastic constants and bulk modulus versus zinc content x for SrZn, Ti,_, O3 alloys.

A=2Cy/(Cyy = Cyy). 9)

B/G ratio describes the ductility and brittleness of material, if this ratio is greater
than 1.75, the material is ductile, otherwise it exhibits fragile nature. The B/G ratio
for pure and Zn-doped SrTiOsj is less than 1.75 indicating its brittleness.

Figure 6 depicts the nonlinear behavior of B/G ratio as a function of Zn
concentration. Young’s modulus and Shear modulus exhibit a decreasing trend for
the strain with increasing concentration of zinc as shown in Fig. 7.

The quoted values are in good agreement with those reported in the literature'® and
experiments.** The Poisson ratio determines the stability of the material and the nature
of bonding forces. The poisson ratio is 0.23, indicating the significant ionic contribution

1.66

1.64 4
1.62 4

o

o 1.60
1.58 -

1.56 -

1-54]IIIIIIIIIII
01 2 3 4 5 6 7 8 9 10 11

Zinc concentration x(%)

Fig. 6. (Color online) B/G as a function of zinc content x for SrZn,Ti, , O3 alloys.
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Fig. 7. (Color online) Shear and Young’s Modulus as a function of zinc content x for SrZn,Ti,_,O3
alloys.

towards intra-atomic bonding. Sr'TiOj is isotropic because the elastic anisotropy value
is close to unity. The resistivity of this material to the deformation was studied using
mechanical parameters.””> Cauchy pressure (Cp = C;, —Cy <0) shows that
SrZn, Ti(_,)Ozis covalent in nature.*® The values of Young’s modulus compared to the
large bulk modulus indicate that this material is more difficult to crush.

3.3. Electronic properties

Electronic properties, in particular the energy gap, help in understanding the nature
of bonds, electronic conductivity, optical behavior and stability. It is noted that the
energy gap influences the optical characteristics responsible for the photocatalytic
properties of the material. The determination of the band structure provides in-
formation on the nature of the compound, whether it is conductor, semi-conductor
or insulator. The band structures as a function of zinc content = for SrZn,Ti;_,O3
(z = 0%, 2%, 5% and 10%) alloys are shown in Fig. 8. The energy band structure for
standard SrTiO3 demonstrated a valence band in the range from —5eV to 0eV and
a conduction band in the range from 2.20eV to 5eV. It is noticed that the observed
energy gap is 1.97eV, as shown in Fig. 8(a). This value is comparable to those
reported by experiment, which are 1.92eV?" and 1.90eV*® and other theoretical
values.5*"

The maximum valence band is located at the Fermi level, so all the studied
compounds are semiconducting in nature, with indirect R — I" band gap. The sep-
aration between conduction and valence bands is due to the large number of
electrons in their corresponding bands and thus in the occupancy states close to the
Fermi level.*® All calculated band gap values of Zn-doped SrTiOs at 0 GPa are shown
in Table 3.
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Table 3. Calculated band gap value of Zn-doped
SrTiO5 at 0 GPa.

x (%) E,; (eV) E, (eV) E, (eV)
Zn content  This work Other Experiment
0 1.97 1.84% 1.9277
55 1.99° 1.90%
2 1.802 — —
5 1.533 — —
10 1.54 — —

Figure 9 shows the variation in band gap energy as a function of Zn concentration.
Note that there is a linear decrease in the band gap when Zn content is enhanced.
The reduced band gap energy of the Zn-doped SrTiO3; compounds leads to an
argument that studied compounds can offer upgraded optical properties.
The reduction of the energy gap with the increase of the doping by Zn content allows
the studied compound to improve the optical properties. By doping SrTiO3 with Zn
content varying in the range 1-10%, the energy gap is located in the interval 1.802—
1.154 eV. The fit of our data regarding the variation of E, as a function of Zn content

2350200-10
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Fig. 9. (Color online) Band gap as a function of zinc content for SrZn,Ti;_, O3 alloys.

x obeys the second-order polynomial expressions:

E,(z) = 1.97113 — 0.085812 + 3.99767 x 10422, (10)

The character of the band structure and the trend of the energy gap versus Zn
content are reasonable and reliable. The calculation of the band structure intuitively
describes the effect of doping on the energy gap. For the 5%, 10% and 20% S-doped
SrTiO; the band gap energy is 2.87, 2.73 and 3eV.% The value of the energy gap of
SrTiy g75Nbg 19503 is about 1.85 eV, which is small with respect to the experimental
value of about 3.2eV.?* The growth of Al concentrations of 10% and 20%-doped
SrTiO; films on Si(100) substrate indicates that the band gap is increased by 0.3 eV
over undoped SrTiOs."! The Ag-doping on SrTiO; reduces the band gap by
0.15eV.*2 The transition metal dopant has no effect on STO band gap, except for Pd
and Pt that are able to reduce the STO band gap, while doping S and Se significantly
reduces STO’s band gap.** The resulting band gap values 3.09, 3.12 and 3.17eV are
related to the Nb-doped SrTiO; with 20%, 30% and 10%.** The total and partial
densities of states analyze the physical properties of the material and give the de-
tailed electronic contribution of the states of the elements Sr, Ti, Zn and O, which
counstitute the studied element. The TDOS and PDOS for standard and Zn (10%)-
doped SrTiO3; computed using GGA-PBE approximation are illustrated in Fig. 10.
Note that the lower valence bands for SrTiO3 and SrZn 1) Ti(g) are located in the
range —20eV to —10eV energy levels. These bands consist of Sr-p and Sr-s states for
SrTiO3 and Sr-p, O-p, Zn-s and Zn-p for SrZn 1) Ti(g9). The high valence bands lie
from about —5 eV to the Fermi level and consist mainly of Sr-p, Sr-d and O-p states
for SrTiO3, and Ti-p, Ti-d, O-p and Zn-d and Zn-p for SrZn g 1) Ti(g9). However, near
the Fermi level, the contributions of Sr-p, Sr-d and O-p states for SrTiO3 and Ti-p,
Ti-d and O-p states for SrZn g ;)Ti(g.9) predominate. The increase in Zn content leads
to the mixing of Zn-p and Zn-d with O-p, and therefore the band gap is reduced.
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4. Conclusion

Structural, elastic, mechanical and electronic properties of pure and Zn-doped
SrTiO5; compounds have been investigated using first-principles calculation via the
CASTEP code. The investigated compounds exhibit an isotropic cubic structure
with brittle nature. The Zn-doped SrTiOz (10%) is observed to be the most stable
compound with narrow band gap energy. The substitution of Ti atoms by those of Zn
improves the photocatalytic activity of SrTiO3; compound. The band structure of
SrZn,Ti;_,03 alloys exhibits an indirect R — I'" band gap. The partial and total
DOS analysis shows that the conduction band is mainly composed of Zn and Ti-d
with a mixture of Sr-s and Sr-d states of SrTiOz, while O-p is mainly dominated by
the valence band states. The increase in Zn content leads to the mixing of Zn-p and
Zn-d with O-p, and therefore the band gap is reduced. The characterizations of pure
and Zn-doped SrTiO3; materials suggest that these materials have a significant po-
tential to be used in photocatalytic devices. The doping of SrTiO3 compound by Zn
atoms shifts the top of the valence band towards the Fermi level.
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The purpose of this research is to investigate the structural, electronic, and optical properties of ZnX compounds, particularly those with
X =Te, S, and O, which have direct bandgaps that make them optically active. To gain a better understanding of these compounds and
their related properties, we conducted detailed calculations using density functional theory (DFT) and the CASTEP program, which uses
the generalized gradient approximation (GGA) to estimate the cross-correlation function. Our results for lattice modulus, energy bandgap,
and optical parameters are consistent with both experimental data and theoretical predictions. The energy bandgap for all compounds is
relatively large due to an increase in s-states in the valence band. Our findings suggest that the optical transition between (O - S - Te) - p
states in the highest valence band and (Zn - S - O) - s states in the lowest conduction band is shifted to the lower energy band. Therefore,
ZnX compounds (X = Te, S and O) are a promising option for optoelectronic device applications, such as solar cell materials.
Keywords: ZnTe; ZnS; ZnO; CASTEP,; DFT, Density of state; Optical properties

PACS: 36.40.Cg, 87.15.Pc, 87.19.rf, 91.60.Pn, 14.60.Cd, 84.60.Jt, 82.47.Jk

I. INTRODUCTION

Zinc monochalcogenides (ZnX: X = O, S, Se and Te) are considered the prototype of II-VI semiconductors and can
crystallize in either the zinc-blende (z) or wurtzite (w) type structures. The ZnX-z phases are optically isotropic, while
the ZnX-w phases are anisotropic, with ¢ serving as the polar axis [1]. Due to their optical properties, ZnX phases are
considered prime candidates for use in optical devices, such as visual displays, high-density optical memories, transparent
conductors, solid-state laser devices, photodetectors, and solar cells [1]. Thus, understanding the optical properties of
these materials is crucial in designing and analyzing ZnX-based optoelectronic devices [1]. ZnO, with a wide direct
band-gap of approximately 3.37 eV at room temperature, is a typical semiconductor used for optoelectronic applications.
It also possesses transparent properties in visible light and is non-toxic since zinc is abundant in the earth [2].

ZnS, ZnSe, and ZnTe are part of a family of IIB-VIA compounds that crystallize in the cubic zinc-blende structure
at ambient pressure and have direct energy band-gaps [3]. These wide band-gap semiconductors are of significant interest
since they are capable of emitting light even at room temperature [4]. Zinc Telluride (ZnTe) is of particular interest due
to its low cost, high optical absorption coefficient, and suitability for use in PV applications [5]. It has also made extensive
contributions to the field of microelectronics and optoelectronics applications [6]. Researchers have conducted various
studies to investigate the electronic, structural, and dynamic properties of zinc-based semiconductors, such as
Agrawal et al., who used ab-initio to calculate these properties [7]. D. Bahri et al. investigated the structural, electronic,
and optical properties of ZnTe cubic zinc-blende phase with the space group F-43m [8]. J. Serrano et al. used ab-initio to
study the network dynamics of ZnO [9]. P. Walter et a/. calculated the electronic energy band structures of ZnTe and
ZnSe using the experimental pseudo-voltage method, which included spin-orbit coupling [10].

The focus of current research is on investigating the structural, electronic, and optical properties of ZnX (X = Te, S,
and O) for potential photovoltaic applications, using the Density Functional Theory and GGA/PBE gradient
approximation.

II. COMPUTATIONAL DETAILS
In this research, we utilized the CASTEP software [11] to analyze the structural, electronic, and optical
characteristics of ZnX compounds, where X denotes Te, S, and O. The compounds have a space group of (216 F-43m,
186 P-63mc, 186 P-63mc), respectively. Through our assessments, we determined that (§x8%8) BZ k-point cell densities
and planar wave discontinuities of 750 eV for ZnTe, 850 eV for ZnS, and 800 eV for ZnO were adequate. In general, the

7 Cite as: F. Benlakhdar, 1. Bouchama, T. Chihi, I. Ghebouli, M.A. Ghebouli, Z. Zerrougui, K. Khatir, M.A. Saeed, East Eur. J. Phys. 3, 413 (2023),
https://doi.org/10.26565/2312-4334-2023-3-45
© F. Benlakhdar, I. Bouchama, T. Chihi, I. Ghebouli, M.A. Ghebouli, Z. Zerrougui, K. Khatir, M.A. Saeed, 2023
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GGA approach is preferred over LDA because LDA tends to underestimate the lattice parameters and cell volume,
whereas GGA overestimates them. To approximate the GGA method, we used the Perdew-Burke-Ernzerhof [12]
approach to estimate the band gap. We conducted geometric optimization with a precision of 1 x 10~ eV/atom and we
used the Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm to relax at the lowest energy levels, with force, pressure,
and displacement values set at 0.001 eV/A, 0.05 GPa, and 5.0x 10* A, respectively. We examined the electronic structures
and other optical properties using total and partial densities of states, such as TDOS and PDOS, to achieve a more refined

geometry.

II1. RESULTS AND DISCUSSIONS
a.  Structural Properties

In the first stage of our study, we performed calculations to determine the equilibrium structural parameters of ZnX
(X =Te, S, and O), including the lattice constant a0, size modulus B0, and its first derivative B0'. The crystal structure of
ZnX (X =Te, S, and O) is shown in Fig. 1. We focused on investigating the structural properties of ZnX and optimizing
the lattice constants, and the results are presented in Table 1. The accuracy and validity of our research are confirmed by
comparing our findings with existing theoretical and experimental data (as shown in Table 1). Our calculations show that
the lattice constant a0 is 6.28 A for ZnTe, 5.62 A for ZnS, and 3.25 A for ZnO. These values are slightly larger than the
experimentally recorded values of 6.1 A [13], 5.41 A [13], and a =3.249 A, ¢ = 5.204 A [9], respectively. However, this
discrepancy can be attributed to the difference in the atomic radii of ZnTe, ZnS, and ZnO, as well as the larger total
energies, lattice relaxation constants, volume coefficients, and ground state energy of each material.

Figure 1. Crystal structures of: (a) ZnTe, (b) ZnS and (¢) ZnO compounds.

We have optimized the structures of ZnTe, ZnS and ZnO at different pressure by fitting the Murnaghan equation of
state [14], which gives the variation of the total energy as a function of the volume and given by:

E(V) =E, + [B,g;’,"_l)] . [B’ (1-%)+ (%)B’ - 1] )

where Vy, B and B’ are the volume at equilibrium, the bulk modulus and its derivative. The modulus of compressibility
and its pressure derivative By’ written as follows:

Bo' =28 )

s
The fits of our data regarding the relative lattice constant ao (A), bulk modulus By (GPa) and the volume are given
in Table 1.

Table 1. Calculated lattice constant ao (A), bulk modulus B (GPa) for ZnX (X = Te, S and O) compound compared with
already published data.

Compound ao(A) V(43) Bo(GPa) B’
6.28" 61.986" 41.30" 4.266"
6.187¢ 52.66" 49.70° 4.455
6.103 52.96¢ 51.40¢ 4.50¢
ZnTe 6.16° 56.73 55.21" 4.60"
6.00" 58.73b 45.20 4.63
6.17° 56.82" Exp. 45.25° 4.26°
6.1° Exp 50.9" Exp. 5.04" Exp.
5.62" 44.60" 62.043" 4.094"
54514 75.6° 4.44"
ZnS 5.44¢ 89.67" 4.00" Exp.
5.342" 75" Exp.

5.41¢ Exp
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Compound ag(A) V(43 Bo(GPa) B’
3.250" 55.126" 115.923" 4.486"
a=3.2444 45.824 159.58 4.58
c=15027¢ 47.719 128.72 4.38
a=3249 49.461* 1838 Exp. 48 Exp.
Zn0 c=35216 48.335% Exp.
a=3.198
c=5.167¢
a = 3.2496¢ Exp.

c =5.20428 Exp.

aRef [15], PRef [16], “Ref [17], “Ref [1], ¢ Ref [13], ‘Ref [18], eRef [9], 'Ref [3], ‘Ref [19], Ref [17], K Ref [20], ' Ref [2]
" Present calculations.
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Figure 2. Total energy versus volume for ZnX (X = Te, S and O) compounds.

b. Electronic properties

The band structure and the total density of states (TDOS) and partial density of states (PDOS) calculated with
optimized values were utilized to examine the electronic properties of ZnX (X = Te, S and O). The band-gap energy,
particularly, provided insights into the bonding nature. The PBE-GGA approximation was used in the calculations. The
computed band-gap of the three compounds revealed that all were semiconducting in nature, as illustrated in Fig. 3. In
addition, the direct band-gap values for ZnX (X = Te, S and O) were 2.436, 2.698, and 1.721 eV, respectively. The
conduction and valence bands were situated above and below the Fermi level. Both the bottom of the conduction band
and the top of the valence band were located at the same point k (G - G), confirming that ZnX (X = Te, S and O) is a
direct band-gap. All the calculated band-gap values for ZnX (X = Te, S and O) at 0 GPa are presented in Table 2. All
values shown in Table 2 are consistent with theoretical and experimental data reported in other references that employ
the PBE-GGA approximation. It is worth noting that the calculated band-gaps were lower than experimental values, which
is attributed to the known Kohn-Sham DFT calculation error. The relatively higher band-gap energy of ZnTe, ZnS and
ZnO compounds suggests that these compounds could potentially exhibit enhanced optical properties.

10 10 5
l% @ ¥ d ng

Energy (eV)

Energy (eV)
Energy (eV)

\
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L w L G X W K G A H K G M L H

Figure 3. Calculated band structure of ZnX (X = Te, S and O) compounds using PBE-GGA approximation.
Table 2. Calculated band-gap value of ZnX at 0 GPa.

Compound This work Other theoretical calculations Experiments
2.436" 1.7114 2.39
ZnTe 1.804

2.698" 2.07° 3.68"
2118
1.317"
217
1.721" 0.8
3.38
0.73*
3.37

aRef [21], °Ref[18], 4Ref [22], °Ref [23], i Ref [24], K Ref [25], ¢Ref [26], P Ref [27], ' Ref [28], " Present calculations.

znS

Zn0
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c. Density of States

To better understand the band and optical properties of ZnX (X = Te, S and O), it is important to investigate the
electronic density of states (DOS) [29] and its relationship with the band structure. In this study, the DOS was determined
and its connection with the band structure was examined. The chemical bonding of ZnX was illustrated by counting single
atoms using partial DOS (PDOS) and all atoms using total DOS (TDOS). The electronic DOS is a crucial electronic
property as it provides a deeper understanding of the band structure. Fig. 4 shows the TDOS and PDOS obtained using
the GGA-PBE approximation, with the Fermi level taken as the energy origin. The electron configuration of Zn, Te, S,
and O were 3d24s2, 3s23p6, 4s24p65s2, and 2s522p4, respectively. There are two regions, BV and BC, on both sides of
the Fermi level: the BV region, dominated by Te-p, S-p, and O-p states, is centered between -5 eV and 0 eV for all three
compounds. The second region, BC, centered between 0 eV and 5 eV, is dominated by Zn-s-p, Te-s-p, and S-s-p states.

These results are consistent with previous reports.
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Figure 4. TDOS and PDOS spectra calculated using GGA-PBE approximation of ZnX (X = Te, S and O) compounds.

d. Optical Properties
The investigation of photonic properties is crucial for the studied compounds, as they have potential applications in
photovoltaic devices and the semiconductor industry. To describe the optical properties of these materials, the transverse
dielectric function g(w) [30] is used. The frequency-dependent dielectric constants have been calculated using the
following formula:

g(m) = g1(o) + 1.e2(w)

3

The dielectric function is characterized by the real and imaginary parts, e1(®) and €2(w), respectively [31]. The real
part of €l(®) corresponds to the dispersion of incident photons by the material, while the imaginary part of €2(w)
represents the energy absorbed by the material. The complex dielectric function &(®) is made up of two contributions:
intraband and interband transitions [31]. The contribution from intraband transitions is significant only for metals. The
interband transitions can be further divided into direct and indirect transitions. In this study, the indirect interband
transitions, which involve phonon scattering and contribute minimally to e(®), were neglected.

The complex dielectric function components were utilized to determine other optical parameters, including
reflectivity R, refractive index n, optical conductivity o, and absorption « [32]. The equations used to calculate these
parameters are as follows:

Rw) = &E0 “)

n(w) = SO 10 )
Re[oc(w)] = ﬁez(w) (6)

aw) = VZ(w) [VEZW) + E2W) — Ex(w)]* @)

Fig. 5 through 9 depict various optical properties of ZnX (X =Te, S and O), including reflection spectra, absorption
spectra, imaginary and real parts of the dielectric function, and photoconductivity.
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1. Reflectivity R

The reflectivity R of a compound ZnX (where X = Te, S, or O) can be accurately predicted using computational
tools such as the CASTEP program. For example, CASTEP simulations have shown that ZnTe exhibits a high reflectivity
of approximately 96% in the infrared region, which makes it a promising material for infrared detectors and solar cells.
Similarly, ZnS and ZnO have been found to exhibit high reflectivity in the visible and ultraviolet regions, respectively,
with values reaching up to 87% and 96%. By tuning the composition and morphology of ZnX compounds, researchers
can manipulate their reflectivity to suit specific applications. For instance, by growing ZnO thin films with a specific
orientation, researchers can achieve high reflectivity of visible light while maintaining transparency.

Our analysis, as presented in Fig. 5, reveals that the reflectivity peaks of ZnTe, ZnS, and ZnO compounds increase
at low energy (up to 7 eV), and decrease significantly at high energy (below 20 eV), as the forbidden bandwidth reduces.
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%35 5 125821 24273 "% 5 10 15 20 25 30 000 ————5 95 20 25 30
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Figure 5. Reflectivity R as a function of energy of ZnTe, ZnS and ZnO compounds calculated using GGA-PBE approximation.

2. Absorption A

The absorption, denoted by A, is an important optical property of materials that describes the amount of light
absorbed by the material. The absorption of ZnX compounds, where X can be Te, S, or O, can be accurately predicted
using computational tools such as the CASTEP program. The results have shown that ZnTe has a high absorption
coefficient of approximately 25 x 10* cm™! in the mid-infrared region, making it a promising material for mid-infrared
detectors and emitters. Similarly, ZnS and ZnO have been found to exhibit high absorption in the ultraviolet and visible
regions, respectively, with values reaching up to 3 x 10° em™!. By understanding the absorption properties of ZnX
compounds, researchers can design materials with specific absorption properties for various optoelectronic applications.

According to our study, when more electrons can be easily excited from the valence band to the conduction band,
less energy is required, resulting in a redshift at the absorption edge. In this scenario, the probability of valence band
electron guide transitioning to the excited state increases, leading to an obvious increase in the number of absorption
peaks. Our findings, presented in Fig. 6, indicate that the maximum transmittance for ZnX (X = Te, S, and O) occurs in
the energy regions between 0 eV and 5 eV, which are located in the infrared region.

3000 350000 300¢
300000 nd
250000 A 250000
T T 250000 T
§ 200000 § § 200000
s 150000 § 200000 g 150000
g £ 150000 s
] 4 ]
£ 100000 2 100000 £ 100000
50000 50000 50000
0 0 0
3 6 9 12 15 18 21 24 27 30 5 10 15 20 25 30 0 5 10 15 20 25 30
Energy (eV) Energy (eV) Energy (eV)

Figure 6. Absorption A as a function of energy of ZnTe, ZnS and ZnO compounds calculated using GGA-PBE approximation

3. Refractive index

The refractive index, denoted by n, is an important optical property that characterizes how light propagates through
a material. The refractive index of ZnX compounds, where X can be Te, S, or O, can be accurately predicted using
computational tools such as the CASTEP program. We have shown that the refractive index of ZnTe is approximately
2.5 in the mid-infrared region, making it a promising material for applications such as infrared lenses and waveguides.
Similarly, ZnS and ZnO have been found to exhibit high refractive indices in the ultraviolet and visible regions,
respectively, with values reaching up to 2 and 1.9. By understanding the refractive index of ZnX compounds, researchers
can design materials with specific optical properties for various optoelectronic applications.
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Figure 7. Refractive index as a function of energy of ZnTe, ZnS and ZnO compounds calculated using GGA-PBE approximation.

4. Dielectric function
The dielectric function, denoted by &, is an important optical property that characterizes the response of a material
to an external electric field. The simulation results using CASTEP have shown that the dielectric function of ZnTe is
approximately 12 in the mid-infrared region, making it a promising material for applications such as infrared detectors
and emitters. Similarly, ZnS and ZnO have been found to exhibit high dielectric functions in the ultraviolet and visible
regions, respectively, with values reaching up to 9 and 5. By understanding the dielectric function of ZnX compounds,

researchers can design materials with specific optical properties for various optoelectronic applications.
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Figure 8. Diclectric function as a function of energy of ZnTe, ZnS and ZnO compounds calculated using GGA-PBE approximation.

5. Conductivity

The conductivity, denoted by o, is an important electronic property that characterizes the ability of a material to
conduct electric current. The conductivity of ZnX can be accurately predicted using computational tools such as the
CASTEP program. The simulation results have shown that ZnTe has a high electrical conductivity of approximately
7 S/m at room temperature, making it a promising material for applications such as solar cells and thermoelectric devices.
ZnS and ZnO materials exhibit moderate to high electrical conductivity, respectively, with values reaching up to 9 and
5 S/m.

Finally, based on the current findings, it can be inferred that the ZnX (X = Te, S and O) materials show promising
potential as suitable options for optical and photovoltaic devices.
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Figure 9. Conductivity as a function of energy of ZnTe, ZnS and ZnO compounds calculated using GGA-PBE approximation.

IV. Application to the substrate Cu(In,Ga)Se: solar cells
The conventional method of fabricating Cu(In,Ga)Se, (CIGS) thin-film solar cells involves the use of a substrate
configuration that incorporates a CdS buffer layer and a doped ZnO or ITO window layer. This configuration has
demonstrated conversion efficiencies exceeding 22% [29]. The exceptional optoelectronic properties of ZnX (X =Te, Se,
S ...etc) buffer layers have led to increased attention as a potential alternative to CdS buffer layers in recent years [33]. It
is widely believed that the buffer layers play a critical role in preventing shunting through the TCO/CIGS interface, and
they should possess suitable properties that help to minimize carrier recombination at the buffer/CIGS interface [34]. For
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example, the efficiency of CIGS solar cells decreases significantly due to severe shunting when a conventional ZnO/TCO
is directly deposited onto the CIGS layer [35]. According to some studies, the buffer layer demonstrated a higher level of
electrical resistance compared to the top contact layer, which is highly conductive [30]. In this study, the use of ZnTe and
ZnS as buffer layers in the substrate CIGS solar cell, along with the incorporation of the ZnO layer as a window layer,
were investigated.

IV.1. Device settings and simulation process

Fig. 10 shows schematic of the substrate n++-ZnO/n-ZnS/p-Cu(In,Ga)Se, and n++-ZnO/n-ZnTe/p-Cu(In,Ga)Se; solar
cell hetero-structures. To study the transport physics of these structures, the SCAPS-1D software solution solves the dipolar
issues of the device using the Poisson equation and continuity equations for both electrons and holes. The SCAPS-1D simulator
provides a software environment that can accurately replicate the behavior of a real solar cell [32,36]. Typically, the simulation
process for a solar cell would require following the steps outlined in Fig. 11 through a series of screen-shots. The initial
screenshot, labeled (a), displays the standard information input panel of the SCAPS-1D graphical user interface. This panel
provides access to input buttons that enable the user to specify the simulation model and view the device's operating conditions,
structure, and material parameters. The device simulation utilizes DOS mode. One particular layer's structure and material
parameters, along with optical properties and defects, are displayed in screenshot (b). The results of light J-V characteristics in
the form of a curve and axes are shown in screenshot (c). The simulation uses AM1.5 illumination spectrum with an incident
power of 100 mW/cm?. Table 3 summarizes the input parameters of each layer, including thickness, permittivity constant, band
gap, electron affinity, electron/hole mobility, effective density of states in conduction/valence band, donor/acceptor
concentration, defect concentration, and absorption coefficient within a range of 320 - 1100 nm wavelength. The thermal
velocity recombination for holes/electrons at front and back contacts is 1.0 x 107 cm/s.

All data that have been previously calculated using CASTEP are being considered in the simulation.
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Figure 10. Schematic of the n++-ZnO/n-ZnS/Cu(In,Ga)Sez and n++-ZnO/n-ZnS/Cu(In,Ga)Se:> solar cell structures
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Figure 11. Typical data input panels of the SCAPS-1D graphical user interface, allowing to configure the solar cell device and its
corresponding settings (continued on the next page)
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Figure 11. Typical data input panels of the SCAPS-1D graphical user interface, allowing to configure the solar cell device and its
corresponding settings (continued)

Table 3. Settings for ZnO, ZnTe, ZnS and Cu(In,Ga)Se: layers used in the simulation.

Parameters Cu(In,Ga)Sez Absorber ZnTe buffer ZnS buffer Zn0 window
Thickness (nm) 3000 100 100 200
Band gap E¢ (eV) 1.12 2.43 2.69 3.3
Electron affinity ye (eV) 4.1 4.07 4.09 4.09
Relative permittivity ¢ (-) 13.6 10 10 9
Electron mobility yun (cm®/Vs) 100 100 100 100
Electron mobility up (cm?/V's) 25 25 25 25
Conduc_;zon band effective density of states 20%10° 20%10° 2 0%10° 4.0x10°
Nc (cm™)
Conduc_’jtlon band effective density of states 20%10° 15%100 15x10° 9.0x10°
Ny (cm™)
shallow donor density (1/cm3) 0 1.0x101 1.0x107 1.0x10¢
shallow acceptor density (1/cn’) S.5x10" 0 0 0

oRef [37], PRef [31], 9Ref [38], "Ref [39].

IV.2. Effect of CIGS absorber thickness on solar cell performance
In an attempt to determine the most favorable thickness for a high-performance substrate CIGS solar cell that
employs ZnTe and ZnS buffer layers, the thickness of the CIGS absorber was modified.

1. Case of ZnO/n-ZnS/p-CIGS/Mo solar cell structure
It is desirable to reduce the thickness of the absorber layer, d(CIGS), in order to lower costs while still maintaining
high performance. ZnTe and ZnS buffer layers can help achieve this goal due to the abundance of these materials. In the
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calculations, the thickness of the buffer layers is fixed at 100 nm. As shown in Fig. 12, the short-circuit current density
(Jsc), open circuit voltage (Voc), Fill Factor (FF), and power conversion efficiency (1) are all affected by the thickness
of the CIGS absorber layer. For absorber thicknesses up to 4 um, Jsc remains around 32.1 mA/cm? and Voc is above 0.61
Volt. However, for the thinnest CIGS absorber layer, there is a slight reduction in Voc which may be due to an increased
influence of recombination at the Mo back contact layer, resulting in a smaller effective minority carrier lifetime. The fill
factor slightly increases but remains above 79% for all absorber thicknesses greater than 4 pm. The short-circuit current
density and open circuit voltage show a strong dependence on the absorber thickness, Jsc increases from 29.12 mA/cm?
to 32.08 mA/cm? as the CIGS absorber thickness varies from 1 to 4 pm. For devices thinner than 1 um, current loss may
be due to optical and/or electrical losses. The losses in Jsc and Voc mainly contribute to the conversion efficiency losses.
The optimum thickness for the CIGS absorber layer is greater than 4 um, which results in a maximum conversion
efficiency of 15.6% with FF = 78.5%, Voc = 0.61 Volt and Jsc = 32.1 mA/cm>.
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Figure 12. Solar cell performance using ZnS buffer layer as a function of the p-CIGS thickness.

2. Case of ZnO/n-ZnTe/p-CIGS/Mo solar cell structure
Fig. 13 presents the performance of ZnO/ZnTe/CIGS/Mo solar cell as a function of CIGS absorber thickness. It
shows that the recorded efficiency is 14.66% and 16.58% at the CIGS thickness of 1 um and 4 um, respectively.
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Figure 13. Solar cell performance using ZnTe buffer layer as a function of p-CIGS thickness.

A comparison of these results with the 16.12% efficiency at 2 um reveals that decreasing the absorber thickness by
1 pm leads to an 11.58% drop in efficiency, whereas increasing it by 1 um results in only a 3.8% increase in efficiency.
This trend continues to hold for absorber thicknesses more than 2 pm. These findings support the theoretical assumption
that a thickness of around 2 um is sufficient to absorb most of the incident light. However, reducing the absorber layer
thickness below this value would bring the back contact too close to the depletion region, which would facilitate electron
capture by the back contact during the recombination process. The open circuit voltage (¥oc) and short circuit current
density (Jsc) increase with the thickness of the absorber layer, primarily due to the longer wavelengths' absorption, which
contributes to electron-hole pair generation. When d(CIGS) is greater than 4 pm, the maximum Fill Factor of 79.5% is
obtained. The highest efficiency of approximately 16.58%, with FF =79.5%, Voc = 0.61 Volt, and Jsc = 34.05 mA/cm?
can be achieved when d(CIGS) is approximately 4 pm.
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III. CONCLUSIONS

The use of computational tools like CASTEP provides a powerful tool for the design and optimization of such
materials, enabling the development of advanced optoelectronic devices. In this paper, the electronic structure and optical
properties of ZnX systems were studied using the first principles of the ultra-smooth pseudovoltage method of density
functional theory and the generalized gradient approximation method using the CASTEP tool. The search showed the
following results: The network parameters took different values; Therefore, it is possible to deposit them on different
substrates. The binary alloy is interesting, because it has a wide bandgap (2.436 eV, 2.698 eV, 1.721 eV) for ZnTe, ZnS
and Zn0, respectively. From the results obtained, the structural, physical and optical properties are in close agreement
with the available theoretical and experimental data which indicate the accuracy of the proposed calculation scheme. The
properties of pure ZnX (X = Te, S, O) materials indicate that these materials have great potential for use in solar cells.
The outcomes of the calculation reveal that although the efficiency grew alongside the absorber thickness, d(CIGS), the
pace of this increase was much less beyond 2 um. The result concludes that the CIGS absorber layer's ideal thickness is
likely to exceed 4 pm.
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AB-INITIO JIOCJIJKEHHSA CTPYKTYPHHUX, EJJEKTPOHHUX TA OITAYHHAX BJIACTUBOCTEM ZnX (X =Te, S i 0):
3ACTOCYBAHHS 10 COHSTYHUX BATAPEN
®aiiza Bennaxaap®, Inpic Bymama®™®, Taiie6 Uixi®Y, I6parim TeGy.1i®Y,
Moxamen Amin I'edyai€, 3oxpa 3eppyryi®, Kerrad XaTipf, Moxamen Anam Caiien®
“Kaghedpa enexmponixu, mexunonoziynuil paxyivmem, Yuisepcumem Cemicha 1, 19000, Anocup
bKageopa enexmponixu, mexnonoziunuii paxynomem, Yunieepcumem Mcina, Mcina, 28000, Anoicup
“Hocrionuyvkuil 6i00in Hosux mamepianie (RUEM), Yuisepcumem Depxam A66ac i3 Cemigha 1, Cemigh, 19000, Ansxcup
4JIabopamopis pospobru nosux mamepianis i xapaxmepucmux (LENMC), Yuieepcumem Depxama Ab6aca, Cemigh 19000, Anoicup
¢Jlabopamopis 0ocriodcenb noeepxoms i po3oiny meepoux mamepianie (LESIMS), Jenapmamenm mexnonozii,
Depxam ABFAC Cemigcoruii ynieepcumem, Cemich, Anowcup
TKagpedpa enexmpomexnixu, mexnonoziunuii paxyromem, Yuisepcumem Mcina, Mcina, 28000, Anoicup
&Jlenapmamenm ¢hizuxu, Biooin nayku ma mexuonoeit, Iledazoziunuil ynisepcumem, Jlaxop, Iaxucman

Mertoto poOOTH € IOCIIHKEHHS CTPYKTYPHHX, €JICKTPOHHUX 1 ONTHYHUX BIACTUBOCTEH cronyk ZnX, 30kpeMa THX, y akux X = Te, S i
O, siki MaloTh HpsiIMy 3a00pPOHEHY 30HY, L0 POOUTH 1X onTH4YHO akTUBHUMH. 11]06 Kkpaie 3po3yMiTH 1 CIOMYKH Ta IXHI HOB’s3aHi
BJIACTHUBOCTI, MU MPOBEJHU AETalbHI PO3PaxyHKH 3a JOMOMOTror Teopii gpyHkmioHamy migsHOCTI (DFT) i mporpamu CASTEP, sika
BHKOPHUCTOBYE y3araibHeHe TpanienTHe HaOmmwkeHHS (GGA) mis ominku QyHKIIT Kpoc-kopersmii. Hamri pe3ynpTaTi momo Momyis
IPaTKH, IIUPUHU 3a00pPOHEHOI 30HM Ta ONTHYHMX IApaMeTpiB Y3rOKYIOTBCS SIK 3 EKCIIEpUMEHTAIBHUMH JaHUMH, TaK i 3
TEOPeTUYHUMH NporHo3aMu. EnepreTndna 3a0opoHeHa 30HA IJISI BCIX CIIOIYK € BIZHOCHO BEIHKOIO Yepe3 30LIBIICHHS S-CTaHIB y
BaJIeHTHIH 30Hi. Hai pe3ysibraté nmokasyrorts, mo ontunaHuid nepexig Mixk (O - S - Te) - p-cranamu y HaiiBHILiH BaJeHTHIH 30HI Ta
(Zn - S - O) - s-cranaMu B HWKYiH 30HI ITPOBIHOCTI 3MIIIY€THCS 1O HIKYOI eHepreTudHol 30Hu. TakuM ynHOM, crioayku ZnX (X =
Te, S 1 O) € nepcneKTUBHUM BapiaHTOM UL ONTOEGJICKTPOHHUX NPUCTPOIB, TAKUX K MaTepiajn JJIsi COHUYHUX €IEeMEHTIB.

Kurouosi cnoBa: ZnTe; ZnS; ZnO; CASTEP; DFT; winvuicmo cmany, onmuuHi 61acmuocmi
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Abstract

This study investigates the impact of doping three distinct semiconductor materials—
SrTiOs with zinc (Zn), CulnS; with aluminum (Al), and ZnO with tellurium (Te)—on their
structural, mechanical, electronic, and optical properties. The objective is to assess the
potential suitability of these doped materials for integration into photovoltaic applications,
with a particular focus on their relevance to Cu(In,Ga)Se> (CIGS) solar cells. Comprehensive
computational analyses utilizing the CASTEP program reveal intriguing insights into the
effects of doping on these materials. The findings indicate subtle structural distortions,
mechanical property alterations, shifts in electronic properties, and changes in optical
absorption spectra resulting from each doping process. While these results offer valuable
insights, the successful utilization of these doped materials in CIGS solar cells.

Keywords: Doping, SrTiOs, CulnSz, Material properties, Elasticity, Electronic properties,
Optical properties, Band Structure, Dielectric Properties.

Résumé

Cette étude examine l'impact du dopage de trois matériaux semi-conducteurs distincts :
SrTiOs avec du zinc (Zn), CulnS; avec de I'aluminium (Al) et ZnO avec du tellure (Te) —sur
leurs propriétés structurelles, mécaniques, électroniques et optiques. L'objectif est d'évaluer
I'adéquation potentielle de ces matériaux dopés pour une intégration dans des applications
photovoltaiques, avec un accent particulier sur leur pertinence pour les cellules solaires
Cu(In,Ga)Se> (CIGS). Des analyses informatiques complétes utilisant le programme
CASTEP révelent des informations fascinantes sur les effets du dopage sur ces matériaux.
Les résultats indiquent des distorsions structurelles subtiles, des altérations des propriétés
mécaniques, des changements dans les propriétés électroniques et des changements dans les
spectres d'absorption optique résultant de chaque processus de dopage. Bien que ces résultats
offrent des informations précieuses, l'utilisation réussie de ces matériaux dopés dans les
cellules solaires CIGS.

Mots-clés : Dopage, SrTiOs, CulnS,, Propriétés des matériaux, Elasticité, Propriétés
électroniques, Propriétés optiques, Structure de bande, Propriétés
diélectriques.
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