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General Introduction

Due to their semiconducting properties and rich chemical structures [1], the
ternary chalcogenides MyTyQ, (M = alkali metal, T = triel, Q = chalcogen) are
interesting materials with admirable physicochemical properties [2].Many of them are
known to be semiconductors with gaps varying between 0.9 eV and 4 eV |3, 4]. They
crystallize in a large variety of diverse crystal structure types [5]. In this context, the
ternary chalcogenides MxTyQ; (M = alkali metal, T =triel, Q = chalcogen) have shown
a wide range of application in various opto-electronic devices including solar energy
converters and light-emitting diodes (LEDs). These materials are also used on a large
scale as materials for nonlinear optics (ONL) and detectors [4, 6].

The smallest structural building unit of these compounds are TQs tetrahedra.
Condensation of these building blocks yields more complex one, two- or three-
dimensional poly-anionic units, which are embedded in a cationic surrounding of the
alkali metal cations. The MTQ. phases are known for almost all possible element
combinations. The dominating structure type among these solids is the TIGaSe;
structure type [7], featuring anionic layers 2[T,Qg*], which seems to have a very high
tolerance for different combinations of the elements involved. Another possible anionic
substructure of these M,.T,,Q, phases are anionic chains [T Q5] as found in the Tl2Se>
[8] and KFeS; structure types [9].

The present investigation is aimed to report on the hitherto unexplored physical
properties of the chalcogenides AGaS: (A=K, Rb, Cs). Particular attention is paid to
investigate their structural, electronic and optical properties using first-principles
calculations in the framework of density functional theory (DFT). The manuscript is
organized as follows:

In the first chapter, the notion of the A’ B! ¢Ytype of compounds is introduced
in a general way. Then a short review on the crystallographic structure of the herein
considered materials is given.

In the second chapter, we describe the fundamental mathematical aspects of the
theoretical background used to solve the many-body quantum mechanics for a system
of interacting nuclei and electrons. Of particular interest, the density functional theory
(DFT) developed by Kohn-Sham will be outlined in this chapter. In addition, we will
introduce some commonly used approximations (GGA, LDA) to deal with the unknown

exchange correlation energy, making hands-on a DFT calculation. Some other practical
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aspect of DFT such as the plane waves (PW) and pseudo-potential (PP)
implementations will be discussed. At the end of the chapter we describe the DFT as
implemented in the Cambridge Sequential Total Energy Package (CASTEP), which is
used in the present study to calculate all the aforementioned properties of AGaS:2 (A=K,
Rb, Cs) compounds.

The last chapter is devoted to present and discuss the obtained results of AGasS>
(A=K, Rb, Cs) compounds.

Finally, a brief conclusion is given summarising the most relevant aspects of

obtained results.
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e Chapter I: Bibliographic review F——

1.1 Introduction

The complex compounds in the A'B! CV!systems are known to be promising
materials for advanced technology, where (A' - Li, Na, K, Rb, Cs, Cu, Ag; B" - Ga, In,
TI; CV'-S, Se, Te). The ternary compounds provide a number of benefits in comparison
with single elements and binary compounds. Especially, compounds of the A' B! ¢J!
type are known to be promising semiconductor, electro-optic, and nonlinear-optical
materials [1, 2]. Many of these compounds, particularly those containing alkali metals,
have not yet been investigated and those that have been synthesized, have been sparsely
studied due to technical difficulties in producing compounds of the A’B!' Y type in
the individual state. Besides, prepared samples of these compounds by exchange
reactions contain 2 wt. % of oxygen and synthesis from the constituent elements is

difficult due to the high chemical reactivity of the alkali metals [3].

The crystal structures of the A’B!! ¢} "type of compounds can be classified into
three crystal structural types, derivatives from ZnS, NaCl, and TISe crystal structural
types [4].The A’ BT ¢¥T systems (A' - Li, Na, K, Rb, Cs; B'"' - Al, Ga, In; CV' - S, Se,
Te) viewed through the Periodic Table [Figure I .1].

The Periodic Table

7 8 9 10 1 12 18 14 15 16 17
(1) Halogens

L .Tmonmmb
B: Alkaline earth metals | Post-transit
.Nohlonln
() Metalloids

-
w0

For elements with no stable pes, the mass b t gest half-life is in parentheses.

Figure I .1: The periodic table
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I.2 Formations of the ternary compounds

An overview of the already known ternary compounds of the group 13 metals

with chalcogens and alkali metals is given in Figure I .2.

The basic building block of the anionic structure, triel cation occurs in most cases,
coordinated tetrahedral by chalcogens. The most common exception to the rule is
In®*cation, which occurs similarly frequently in octahedral and tetrahedral
environments with a similar frequency. The condensation of these TQas tetrahedral

(T =triel, Q = chalcogen) at common corners and edges creates complex anions.

Due to the great variety of resulting crystal structures, it is necessary to sort the
known structures of the known ternary compounds MxTyQ; (M = Li, Na, K, Rb, Cs; T
= Al, Ga, In; Q =S, Se, Te) of the alkali metal - triel - chalcogen systems [see Figure
I .2] according to certain criteria. However, since the only known overview of these
compounds from Bernt Krebs from 1983 [5] is mainly about borates and the number of
connections has increased very sharply within the last 33 years, it is necessary to sort
the known structures of the compounds MxTyQ; according to certain criteria. For this
aim, the known connections here are mainly arranged according to the dimensionality

of the anion structure.

Chalcogen
(©@=5 S 7o

(1MTQ,  9IMgTQ; )
2MTQy 10 MyTQy
3MyoTeQq, 11 MT5Qg
AMTQs 12MT,Qg
BMsT,Qs  13MpT4pQyq
S M;T,Q 14 MTQ,
TMgT,Qs  15MT5Qq

\8MsTQq  16MT,Qp

Triel Alkali metal
(T=A, Ga, In) T ’ 77 (M= L, Na, K Rb)

Figure I .2: Ternary phase diagram of alkali metal - triel - chalcogen with the
compositions known at the beginning (black points) and the most important binary
phases (blue points). The M2Q-T2Q3 conode is also highlighted.
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1.3 The crystallographic classification of the A’B"!c}'type compounds

The crystallographic classification of the A’B'" ¢¥' type compounds is presented

in Figure 1 .3

Figure 1 .3: The crystallographic classification of the A’B"" ¢} type compounds.

I o iy
Structure of compounds Structure of compounds Structure of compounds
produced from Zn$ produced from NaCl produced from TiSe
Z=4 Z=3 .
CNA'=4 CNBM =4 CNA'=6 CNB" =6 A
N 051 <R, */Rc2<0.54 e s .
e e
- N . 1 2
CuGas: 051 < R,*/R- %< 054 ﬂ I Structure of compounds ?Imdum of canfpound:r
Cugd.scz 4 [Re © = . “NaGas: produced from T(Se isostructural with TlSe
CuGaTe: i “NaGaSe; CNA'= & Z=4
Culns; N Nalns; CNB" =4 CNA =8
CulnSe: LiGas$: NaluSe: RA+IRC—2 > 063 C.NBH = 4
CulnTe *LiGaSe: *NaTls, AN R,RE =046
CuTls: *LiGaTe: *NaTlSe: -
CuTlSe: Lilnss !
CullTe; LilnSe: I\ :
AgGas: LilnTe, e — NaGaTe:
AgGase: LTS 7 Y NalnTe;
ﬁgg&fﬁﬁz * LiTlSes /ﬁ\ A NaTile:
Aglns: *LiTl e I s \\"‘-.;—-h_ .-»-—”"/ === /
AglnSe | ' v N,
InTe:
e 1a 1b 1c 1d
AgTiSe; Structure of compound3 | Structure of compounds Structure of compounds | | Structure of compounds
AgTiie: isostructural trictinic and produced monoclinic and produced | | fsostructural K¥eS: and
/ with TI5e from TISe Sfrom TSe produced from TiSe
Z=4 Z=32 Z=16 Z=4
Ry* /R % =063 0.63 < Ry /R < 0.71 0.71< R /R, 2 < 0,92 R.V/R:TE > 0092
G xns, ks GG
KinTe: KGaTe:
K TF e KinSe: * :KﬁfmS'z *Wz ./
- i § RbGaSe: *RbinSe: “RET[Ser
/ K f;, “RbGaSe;  CsinS:  CsTIS;
ﬁﬁ" nez *CsGaSe: *CsinSe; *CslSe;
Wﬂ'j i ngdl.re:

/

*csmy

* - The asterisk indicates the compounds have not been investigated yet.

7 - The number of formula units.

C.N. - The coordination number.

=G’age7=



I.4 The crystalline structure of CsGasS,, KGaS; and RbGaS:

The chalcoginide AGaS: (A = K, RDb, Cs), crystallize in the structure monoclinic
(of space group C 2/ ¢, N °: 15), and the multiplicity of the cell is (Z = 16 for KGaSy,
RbGaS, and Z=4 for CsGaS). Its asymmetric unit contains two crystallography
independent alkaline metal atoms, two independent Gallium atoms and five
independent Sulphur atoms. Both polymorphs of CsGaS: form air and moisture stable
colourless crystals. The low-temperature polymorph CsGaS,-mC64 crystallizes in the
TIGaSe; structure type [5] like many related compounds MTQ> (M = Na, K, Rb, Cs, TI,
T=AlIl Ga, In; Q =S, Se, Te). The crystal structure of the layered compound features
poly-anionic layers 2[Ga,Sg*], composed of corner-sharing GasSio supertetrahedra.
Whose vertices are occupied by Sulphur atoms and the centred by Gallium atoms.

These tetrahedra are linked to each other by one of their vertices.

The structural parameters of these three compounds (KGaS2, RbGaS; and KGa$,)
are summarized in Table 1.1, and monoclinic Structure (C 2/c) of AGaS2 (A=K, Rb, Cs)

are presented in Figure I .4,

Figure I .4: Monoclinic Structure (C 2/c) of AGaS; (A=K, Rb, Cs).
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Table 1.1 Unite cell parameters and the atomic coordinates of KGaS, ,RbGaS: and CsGaS..

A=K Rb; Cs

a: [6]; b: [7]; c: [8].

Latice System
parameters
i) KGaSy* RbGaS,’ CsGaSy*
a 10.42500 10.48400 10.82910
b 10.44240 10.46800 10.82920
C 14.79100 15.39000 16.35910
a=y 90° 90° 90°
h 100.16° 99.69° 99.44°
Atomic X y z x y z x y z
positions
Al 0.46500 0.31200  0.10900 |0.46320 0.18740 0.10620 1 0.28710 0.06210 0.39970
A2 0.28500 0.06300  0.39000 | 0.28580 0.43850 0.39520 1 0.46290 0.31260 0.10260
Gal 0.10200 0.18900  0.16300 |0.10270 0.31060 0.16740 10.10390 0.18920 0.17190
Ga2 0.14500 0.43600  0.33800 | 0.14380 0.06420 0.33280 10.14270 0.43570 0.32830
Y 0.00000 0.06000  0.25000 |0.25420 0.18780 0.25020 1 0.04070 0.31230 0.41510
§2 0.00000 0.57000  0.25000 | 0.20800 0.43750 0.08000 10.20970 0.06280 0.08900
S§3 0.19900 0.06200  0.07600 | 0.00000 0.44260 0.25000 | 0.25270 0.31230 0.25030
S4 0.25500 0.31000  0.25000 | 0.50000 0.43240 0.25000 | 0.00000 0.05980 0.25000
S5 0.04500 0.31300  0.43200 |0.04360 0.18770 0.42390 10.00000 0.56490 0.25000

1.5 Applications

The A'B! ¢¥T systems (A': Li, Na, K, Rb, Cs, Cu, Ag; B"":Al, Ga, In, TI; CV' : S,
Se, Te) have taken a great importance as they can be used in several technologies such

as: non-linear optics, electro-optic, light emitting diodes, semiconductors and pyro-

electro materials |1, 2].

It is therefore important to study their unexplored physical properties to deduce

new potential applications.
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1.6 Conclusion

In this chapter, we give a brief description of the A’B"! ¢! systems and the

crystalline structure of CsGaSz, KGaSz and RbGaS, compounds.

The crystallographic classification of the A’B'" C¥'type of compounds suggests
arrangement them into three structural types, such as ZnS-, NaCl-, and TISe, which

enables the discovery of other A’B'™ CY! compounds, which have not yet been

investigated.
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In Schrodinger theory [1], the correlations between electrons are incorporated in
the structure of the stationary state wave function ¥ of the system. These correlations
arise due to the Pauli exclusion principle and Coulomb repulsion, the former being
accounted by the requirement that the wave function must be anti-symmetric in an
interchange of the coordinates (including spin) of any two electrons. However, due to
the two-particle electron-interaction operator in the Hamiltonian, the analytical
dependence of the wave function on the electronic coordinate’s representative of
Coulomb correlations is unknown. Properties of the system are determined as
expectation values of operators representing the observables of interest, taken with
respect to the wave function. Thus the energy is the expectation value of the
Hamiltonian. Now according to the first theorem of modern density-functional theory

, due to Hohenberg and Kohn [3], the ground-state wave function'¥' is a functional

of the exact ground-state electronic density o (r).

Density functional methods has emerged in the early days of quantum mechanics.
However, the foundations of the modern density functional theory (DFT) were
established in the mid 1960 with the classical papers by Hohenberg and Kohn (1964)
and Kohn and Sham (1965)

Schrodinger proved that a normal but somewhat mysterious quantization rule is
naturally provided by assuming the finiteness and definiteness of a spatial function
(Schrodinger 1926)

If we restrict our discussion to stationary electronic states, then we need to

consider the time-independent version of the Schrédinger equation.
[gfvﬁwMazﬂawa (I1.1)

Where me is the electron mass, and the quantum-mechanical momentum operator is

given by:

p = —ihV; V=1, (11.2)
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For a molecular system of N-electrons and N nuclei, the Schrédinger equation is [6]:
AY@, R) = E¥(7,R) (11.3)

e where the Hamiltonian operator H is:

ﬁ:Te+ TN+ Vee+VNN +VN€ (“4)

Atomic units (Ua) [5]: In the following we will try to simplify the writing of the

equations in order to get a feeling of what a solution would look like. Before doing so

it is convenient to do some housekeeping with the units of measurement.
h =1,05457163.1034J.s,
me =9,10938291.10%K(g,
mp=1,67262164.10-%" Kg,
e =1,60217649.107°C,
£o= 8,85418782.10-12F.m™™,

After using this units we can write Schrddinger equation in the form:

S B Z Z Z
2 £ 2 £ 47‘[80 |R _77]| 8ns0 |7 — 7|
n
- IL.5
871802 R (I 5)
1

E is the total energy.
the wave function W is: W = W(7,Ts, s een eee e 7R, Ryy eee e, Ry

ri the position vector of the electron i.

Rn the position vector of the nucleus (ion) N.
m. the mass of the electron i and e its charge.
M; the mass of the nucleus j.

Z . 1the atomic number of the nuclei k and |.

N N N R N NN

i jand Rk, electronic coordinates (i and j) and nuclei (k and I) respectively.

The mass of the nucleus at R; is M, the electrons have mass me and are at #; .

The first term is the kinetic energy operator for the nuclei, the second for the electrons.
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The last three terms describe the Coulomb interaction between electrons and nuclei,
between electrons and other electrons, and between nuclei and other nuclei. It is out of
question to solve this problem exactly. In order to find acceptable approximate
eigenstates, we will need to make approximations, we begin with the first

approximation introduced by Born-Oppenheimer

The Born-Oppenheimer approximation is to decouple the movement electrons
from that of the nuclei. Indeed, the ratio between the mass of the electron and the mass
of any atomic nucleus is very weak. So the electrons move so much faster than atomic
nuclei. In this approximation, the electrons are always in their fundamental state,
whatever the position of the atomic nuclei. The problem therefore goes from a system
of Net Nn interacting particles to a system of Ne interacting electrons in an external
potential generated by the nuclei. The positions of atomic nuclei are just parameters in
solving the problem. The interaction term between the nuclei only intervenes in the
calculation of the total energy of the system, but not in the calculation of the electronic

wave functions.
The Hamiltonian reduced to its only electronic components is therefore written as:
A, =T,+V,,+ Uy, (11.6)
We can than write a Schrédinger equation on electrons:
AY, =EWY, (11.7)
The wave function of system as a product of two wave functions:
¥ {RAF 1 = Pe [{RY, {7 Y 1xonl{R; }] (11.8)

This approximation reduces considerably the complexity of the many body-
quantum problem of interacting particles, but the obtained electronic Schrodinger
equation is still very hard to solve due to the mutual electronic interactions, so physicists

need more approximations to solve the problem.
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I1.4 Hartree and Hartree-Fock approximation

Suppose we would like to approximate the wave function of n electrons. Let us
assume for the moment that the electrons have no effect on each other. If this is true,
the Hamiltonian for the electrons may be written as where h; describes the kinetic and

potential energy of electron i.
A=3on (11.9)

If we write down the Schrodinger equation for just one electron based on this
Hamiltonian, the solutions would satisfy the eigen functions defined by this equation

which are called spin orbitals [7].
And

Ay = =5 V2 + Ve (7, R) + Vy(7) (11.11)

Where:

= Vex(#,R): the potential due to the electron-nuclei interactions.

= VH (ﬁ:the potential of Hartree associated with Coulomb interaction with

other electrons.

Where the total Hamiltonian is simply a sum of one-electron operators, hi, it follows

that the eigen functions of Hartree is the products of the one-electron spin orbitals:

PHZEIR; 1= Y1) W2(P) ene e Pe(Fye) (11.12)

The energy of this wave function is the sum of the spin orbital energies:

Ei= €1+ €2¢00nnes ENe.
o~
e ot e
°
\W o
o——@®
Figure II .1: Many-electron systems. All Figure IT .2: one-electron systems with
electron- electron repulsion is included remaining electrons represented by an
explicitly. average charge density.
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The Hartree product does not satisfy all the important criteria for wave functions.
Because electrons are fermions, the wave function must change sign if two electrons
change places with each other. This is known as the anti-symmetry principle.
Exchanging two electrons does not change the sign of the Hartree product, which is a

serious drawback.
Hartree-Fock suggested that the wave function is a slater-determinant:

1 Yi(#) - WN(H)
qjeijDS:W : - :

. : (11.13)
.lpl(?zv) LPN(FN)

+ \/%: Normalization factor.

We can obtain a better approximation to the wave function by using a Slater
determinant. In a Slater determinant, the N electron wave function is formed by
combining one-electron wave functions in a way that satisfies the anti-symmetry
principle. This means that the Slater determinant satisfies the conditions of the Pauli

Exclusion Principle.

—2
- @ = -

2;0;(7)

S 2
-7

+ X ot drpi(F) = & ¢;(7) (IL14)

v —%Vl-z: The kinetic energy of the electron i.

v Vext(F R ) : The energy of attraction between nuclei and electrons.

— 2

DY |(p; (_r:| dr: The integral of Coulomb noted (the potential of Hartree).
®ei(F) - _

Vo Xlsj=1 Lq)’(r)df:Theexchangelntegral.

|F—7‘

In a Hartree—Fock (HF) calculation, we fix the positions of the atomic nuclei

and aim to determine the wave function of N-interacting electrons.
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11.5 Density functional theory (DFT)

Density functional theory (DFT) is currently one of the most successful and
popular quantum mechanical approaches to describe matter. Its applicability ranges
from atoms to molecules and solids, including quantum and classical fluids. Indeed,
DFT is routinely used nowadays for calculating a great variety of properties in
chemistry (e.g. molecular structures, reaction paths, etc.) and in physics (e.g. band
structures of solids) [1].

The basic principle of the density functional theory emerged in the nineteen-
twenties with the work on the uniform electron gas of Thomas and Fermi [8, 9], who
came up with the idea that the energy of a system is given completely in terms of its
electron density. However, only in 1964, with the publication of the Hohenberg and
Kohn (H-K) theorems [10], and in 1965, with the derivation of the set of
monoelectronic equations with which one can obtain the ground state density (Kohn-
Sham equations) [11].

11.5.1 Thomas —Fermi approximation

The idea of replacing the wave function with the charge density was proposed in
1927 [8], resulting in the so-called Thomas—Fermi approach to electronic structure.

Dirac improved the theory by including a term describing the exchange energy [11].

The total energy of the system is written as:
ey = Gy [ pG)d7 + [ Vere o) d 4, [ o) +

1 [ p(P)p(F ,
— Md?di‘ (I1.15)
2) |r -7

With €, = (3/19)(372) /3 andC, = —(3/,)(3/r) /3. The first term describes the
kinetic energy, then follows the electron—nuclei interaction, the exchange and finally
the Hartree term. In the expression above, the kinetic energy and correlation terms of
the many-electron system are calculated assuming a homogeneous electron gas (HEG).

The HEG is of fundamental importance in DFT, and thus we repeat its definition here
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and also the definition of the often used parameters. The density p of the homogeneous

electron gas is:
n
p=c (11 16)

Where n is the total number of electrons in the volume Q.

The Thomas—Fermi theory failed to produce any quantitatively impressive
results, but the basic idea of using the electron charge density as the basic variable

instead of the wave function turned out to be most fruitful.
11.5.2 The Hohenberg-Kohn (HK) theorems

In 1964, the concept of the Thomas—Fermi method was revived by the so-called
Hohenberg—Kohn theorem [12].This theorem consists of the following two major

theorems for no degenerate ground electronic states:

4+ The electron density determines external potentials, which correspond to the
nuclear—electron interaction potentials in the absence of an electromagnetic field.
4+ The energy variational principle is always established for any electron density.

Since these theorems were also proven mathematically, establishing the validity
of the concept [13], they can be interpreted as the basic theorems of a quantum theory

based on electron density.

The Hamiltonian H of this system of electrons in atomic units (e = A = m = 1)
is the sum of its kinetic T, electron-interaction potential energy U, and external potential
energy Voperator:

H, =T+ 0+V (11.17)
Where
1 -

A—_l 2. A_l n _ 1 .9 _ n —
T==32i=Vis U= dis iy V=% v(®@)

The corresponding Schrédinger equation is:

Ay, (7, (R)) = E.%(7){R))) (11.18)
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The energies E,are the expectation:
E, = (Y| Ax|#. ), (11.19)
And the density p(r) the expectation:

Pn (1) = (Frlp(PD)|¥r) (1. 20)

The First Hohenberg-Kohn Theorem (Theorem 1):

The no degenerate ground state density p(7) determines the external field £(7) or

equivalently the external potential v(#) to within a trivial additive constant.

Consider the case of no degenerate ground states. With the kinetic Tand electron
interaction U potential energy operators known, different external fields with potential
energy operators V = ¥, v (7) lead via solution of the time-independent Schrédinger
equation to different ground state wave functions y. This defines the map C between
the potential energies and v(7) the wave functions y (see ). These different
ground state wave functions then lead via ( ) to different ground state
densities p(7). This establishes the map D between wave functions and densities.
The combination (CD) of the maps C and D then maps each potential energy v(7) to a

ground state density p (7).

To show the invertibility €~ of map C, what needs be proved is that two different
external potential energy operators Vand V' that differ by more than a constant such

that V7 # V’+constant, must lead to different ground state wave functions y and v .

To show the invertibility D~ of map D, one must employ the conclusions of Map

C, i.e. that there exists only one y for each V (r).

Figure I .3: Maps relating the correspondence between external potential

energies, ground state wave functions, and ground state densities.
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The Second Hohenberg-Kohn Theorem (Theorem 2):

The no degenerate ground state density can p(#) be determined from the ground
state energy functional E [p] via the variational principle by variation only of the
density.

The ground state energy E which is a functional of the density is:

E = E[p] = (U[p]|H|W[p]) (I1.21)

Consider atrial v—representable ground state density 5(7). From Theorem 1 this
density determines the corresponding external potential energy¥(#), and via the
resulting Hamiltonian the trial wave function [p]. Equivalently, #[5] is determined

from the inverse map D~ from the variational principle for the energy it follows that:

E = E[p)

[A]|H|P[p]) > E for 5(#) # p(7)

=E for p(#) = p(¥) (11.22)

The Hohenberg-Kohn theorem tells us that the total energy of many electrons in
their ground state is a functional of the electron density. However, this theorem does
not say anything about how to construct such functional. While the exact form of this
functional is still unknown, since the original work by Hohenberg and Kohn a number

of very useful approximations have been developed.

The Kohn-Sham method is a variational approach using the electron—electron
interaction potential of the density functional to give the lowest energy and the
corresponding molecular orbitals and orbital energies. From a practical viewpoint, the
most significant characteristic of this method is the use of the independent-electron
approximation of kinetic energy, similarly to the Hartree—Fock method, instead of the

kinetic energy functional in the Thomas—Fermi method

The Hohenberg Kohn variational principle can be recast in the form of exact

single particle self-consistent equations, similar to the Hartree equations:

(‘ %Vz + veff(F)) V(7)) = ¥ (), (IL.23)
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NG AIZG] (IL. 24)

And Vg = V() + f{;}%d? + Ve ()

Where v, (7) is the local exchange-correlation potential, defined as:

SEyxclp ()]

VUxe (?) = 5p(P)

(I1.25)

p@p(7)

N
r—r

Exe[p()] = Flp()] -5

dr — Ts[p(P)],

Where T[p(7)] is the kinetic energy of non-interacting electrons with ground state
density p (7).
In the LDA, v,.(7¥) becomes simply

VEA®) = - (PExc (D)l p=pi) (I1. 26)
Solution of the equations (I1. 23) yields p(r) and allows calculation of the ground state
energy:

p@p(7)

S

dF — [ v (Dp(F)dF + Exc[p()]. (IL.27)

Nin (F)

Calculation of the effective
Veff[n (f)] = VH [Il (?)] + Vex [Il(l_:)] + Vex (F)

7

o o o0 N I - I
Mixing densities fl{eso[utzorlz of Kohn-Sham equations

- . i Calculation of total
N () = (1 — )n; (7) + an” (7)
L ) energy zmc[. other
A properties
Calculation of the new electronic density A
@ = lol?

Figure II .4: Flowchart of DFT self-consistent cycle calculation.
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As illustrated in Figure 11.4, the self-consistent resolution of the KH equations
starts with the construction of a guest density. Than the effective potential is calculated
and the resulting mono-electronic KH equations are solved. With the obtained engine
states, also called KH pseudo-orbitals, a new density is constructed and the self-
consistency of the new density and the corresponding energy is are tested. If the self-
consistency is achieved than the ground state properties can be calculated, otherwise, a

new density is constructed by mixing the last two densities, and the SCF cycle is looped.
11.5.4 The exchange and correlation functional

11.5.4.1 Local density approximation (LDA)

Since the introduction of the Kohn-Sham theory a great deal of effort has been
devoted to constructing accurate exchange and correlation functionals, E,.[p] in order
to solve the Kohn-Sham equations. As a result several approximate functionals are
available today. Here we describe the simplest functional, which goes under the name

of the local density approximation (LDA) to density functional theory [14, 15].

To understand the concept of an LDA recall first how the no interacting kinetic energy

Tg[p] is treated in the Thomas-Fermi approximation:
tgo™(p) = % (312) /ap() /3 (11.28)

Where p = const. In an inhomogeneous system, with p = p(7), one approximates

locally:
ts() = t™(p(P) = % (3n2) /%) (11.29)
And obtains the full kinetic energy by integration over all space:

T¢PA[p] = [ 2o (p(7))d7 = %(snz)z/a [ p(®*/3dr (1L 30)

For the kinetic energy the approximation LDA Ts[p] = T&P4[p] is much inferior

to the exact treatment of T in terms of orbitals, offered by the Kohn-Sham equations,
but the LDA concept turned out to be highly useful for another component of the total

energy, the exchange-correlation energyE,.[p].
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For the exchange energy E,.[p] the procedure is very simple, since the per

volume exchange energy of the homogeneous electron liquid is known exactly
hom 3¢ (3\/3 o 4/
erm(p) = =7 (2) "' (1.31)

2 1
So that EfPAlp] = -2 (2) /s [ p(®*3ar (I1.32)

4

In a molecular system, the electron density is typically rather far from spatially
uniform, so there is good reason to believe that the LDA approach will have limitations.
One obvious way to improve the correlation functional is to make it depend not only
on the local value of the density, but on the extent to which the density is locally
changing, i.e., the gradient of the density. Such an approach was initially referred to as
‘non-local’> DFT because the Taylor-expansion-like formalism implies reliance on
values of the density at more than a single position. However, mathematically speaking,
the first derivative of a function at a single position is a local property, so the more
common term in modern nomenclature for functional that depend on both the density
and the gradient of the density is ‘gradient corrected’. Including a gradient correction

defines the ‘generalized gradient approximation’ (GGA).

Most gradient corrected functional are constructed with the correction being a
term added to the LDA functional, i.e.

EZSA[p(P), Vp ()] = [ p(Peff* [p(), Vp(P)]d7 (I1.33)

Alternative GGA exchange functional have been developed based on rational
function expansions of the reduced gradient. These functional, which contain no

empirically optimized parameters, include B86, PW, WC, PBE.

Hybrid functional mix the Hartree—Fock exchange integral with GGA exchange
functional at a constant ratio, based on the concept of the adiabatic connection, which
makes the Kohn—Sham energies of the independent electron model link to those of the
fully interacting electron one. That is, hybrid functional are constructed by connecting

exchange functional, which are assumed as the exchange energies of the independent
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electron systems, to the Hartree—Fock exchange integral, which are taken as the

exchange energies for the fully interacting systems,
Exc +9 [ dAE}; = E§6A + A(EEF — ESS4 (11 34)
Where A is termed the coupling strength parameter.

Many new hybrid functionals have been recently developed. In these models, the
exchange-correlation energy functional makes both Hartree-Fock and other formalism
of the DFT (LDA or GGA), hence their name of hybrid functionals. Currently, the most
common hybrid functionals are PBEO, HSE03, HSE06 and B3LYP .The use of such
functionals makes it possible to accurate results which compare well with their

experimental counterpart, such as equilibrium geometries, or band gap energies.

In general, hybrid functionals are particularly effective for the description of
molecules, insulating materials, semiconductors and transition metal oxides. Their
major disadvantage is that such calculations are generally greedy in computing
resources than for conventional functional, because of the incorporation of the

Hartree-Fock terms.

The fundamental idea of pseudo potentials is to replace the real potential, arising
from the nuclear charge and the core electrons, with an effective potential, within a core
region of radius R, , as illustrated schematically in , Some requirements are
then placed on this effective potential. It must be such that the valence orbital
eigenvalues are the same as those in an all-electron calculation on the atom. It must also
preserve the continuity of the wave functions and their first derivatives across the core
boundary. Finally, charge density in the core region should be same as an all-electron
density, that is, the pseudo potential must be norm-conserving. A pseudo potential that
satisfies these requirements will have the same scattering properties, at energies

corresponding to valence eigenvalues, as the ionic core it replaces.
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Figure I1 .5: Schematic illustration of all-electron (solid lines) and pseudo electron
(dashed lines) potentials and their corresponding wave functions. The radius at which

all-electron and pseudo electron values match is designated R, [19].

11.6.2 Plans waves

The plane-wave pseudo potential (PW-PP) method begins by representing the
system by a 3-dimensional periodic super cell. This allows Bloch’s theorem to simplify
the task of solving the Kohn-Sham equation. This is because Bloch’s theorem which is
based upon the periodicity of the system, reduces the infinite number of one-electron
wave functions in the real system to only the number of electrons in the chosen super

cell.

W, 1 (B) = o (Pexp(ik. 7) (11.34)

The function u(#) has the periodicity of the super-cell. It can be of any suitable
mathematical form, and usually one chooses a series expansion in terms of a set of basis
functions. In PW-PP approach, plane waves are used for this expansion, so that each

single-electron wave functionW,, ,is written as:
¥, (F) = Z Cor(G) exp(i(% + G).7) (IL 35)
G
They C,, () are the expansion coefficients. The wave vectors G are such that the plane

waves are commensurate with the super-cell. Both the number of G-vectors in the sum

and the number of k’s considered in principle to be infinite.
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11.7 Practical aspects of DFT Calculations

11.7.1 Periodic Systems and Bloch theorem

The Bloch theorem is a consequence of the translational invariance of the

Hamiltonian for an infinite periodic crystalline solid. The Hamiltonian commutes with

the translation operator Py associated with a lattice vector R,
[H,Pr] =0 (IL.37)

Consequently, any eigenstates of H is also an eigenstates of P. One first shows

that the eigenvalue equation for P, can be written in the form

Pei () = eKRp (7, (1L 38)

So that the wave vector labels the eigenvectors and eigenvalues of H, i.e.

Hoy(r) = Expi(r) (IL 39)

Finally, one shows that Eq (II.35) requires that ¢, (#) must have the form
P (®) = e KT, (7) , where u, () has the full crystal periodicity i.e. Prug (7) = wy (7).
One normally introduces Born-Von-Karman (BVK) boundary conditions, large
periodic cells of volume L3 in which the Bloch functions ¢ (#) are normalized to unity.
It is this identical normalization in every BVK cell that imposes the usual requirement

that k is real.

The Schrodinger equation and the generalized Bloch theorem can be combined
into a single “transfer-matrix equation” which allows evanescent solutions. This result
has been derived in previous works for various forms of the Hamiltonian, namely, for

pseudo potentials [20].

11.7.2 Sampling of the Brillion Zone (BZ)

In the previous section we introduced K= k1131 + sz)z + k3133 as a convenient
index to label the wave functions. Here we will show that this index actually has

physical meaning. Consider that the crystal is composed of N; unit cells in the direction
of vectord; (j = 1,2,3), where we think of the values of as macroscopically

large. N = N;N,N; Is equal to the total number of unit cells in the crystal (of order
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Avogadro’s number, 6.023 X 1023).We need to specify the proper boundary conditions
for the single-particle states within this crystal. Consistent with the idea that we are
dealing with an infinite solid, we can choose periodic boundary conditions, also known
as the Born—-von Karman boundary conditions,
Y () = ¥ (7 + N;d)) (1. 40)
The volume in reciprocal space is known as the first Brillouin Zone (BZ in the
following). By convention, we choose the first BZ to correspond to the following N;

consecutive values of the index n;:

50— G=123) (IL.41)

n, = —
J 2 2

Where we assume N;to be an even integer (since we are interested in the limit N; - oo

this assumption does not impose any significant restrictions).

Figurell .6: lllustration of the construction of Brillouin Zones in a two-dimensional

crystal.

In this work, the plane wave pseudo potential (PP-WP) calculations for the
solution of the Kohn Sham equation of Density Functional Theory (DFT) were
performed using CASTEP (Cambridge Serial Total Energy Package) with the
generalized gradient approximation for the exchange correlation energy functional.
CASTEP is a pseudo potential total-energy code which employs special point
integration over the Brillouin zone and a plane wave basis for the expansion of the wave
functions. We used the PBE form of the GGA, which was designed to be more robust
and accurate than the original GGA formulation. CASTEP, performs a variational
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solution to the Kohn-Sham equations by using a density mixing scheme to minimize
the total energy and also conjugate gradients as well as the BFGS algorithm to relax the
ions under the influence of the Hellmann-Feynman forces. Electronic band structure
calculations and optical properties can be predicted with sufficient accuracy to get new
insights on the yet not explored fundamental ground state properties of virtually any

material.

11.9 Conclusion

In this chapter; we are now studying the Schrddinger equation starting with
approximation B-O described as adiabatic because it consists of separating the
electronic problem from that of the vibrations of the network whereas with Hartree the
treatment consists of reducing the problem of n body to single particle which results in
Slater's approximation of the exchange term assuming that it has a local character unlike
the AHF.

The energy of an electron system interacting in a potential depends on the
distribution of density of these electrons. This idea forms the basis of the Thomas-Fermi
method.

Kohn-Sham (KS) formulated the exact energy of the fundamental state of an interacting
system into Vex potential dependent solely on electronic densityp(r). With the LDA
approximation the calculated kinetic energies are significantly worse compared to those
derived from the Kohn-Sham equations. For the GGA, higher order corrections are

difficult to calculate. Moreover, an over view of the CASTEP code is given.
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Chapter ITT




In this chapter, the obtained results from a theoretical investigation conducted to
explore the structural, electronic and optical properties of the monoclinic Structure (C
2/c) of the ternary chalcogenides AGaS; (A=K, Rb, Cs) will be presented and discussed.

DFT Calculations were carried out using the plane wave pseudo-potential method
as implemented in the Cambridge Serial Total Energy Package (CASTEP) [1]. The
exchange-correlation energy was treated within the generalized gradient approximation
with the Perdew-Burke-Ernzerhof (PBE) functional [2]. The core states are treated
within the Vanderbilt-type Ultra-soft Pseudo-potential (US-PP) [1]. The K (3s23p®4s?),
Rb (4s24p%5st), Cs (5s% 5p° 6st), Ga (3d*°4s? 4ph), and S (3s? 3p*), electronic states were
treated as valence electrons. For definite plane wave basis set, Ultra-soft Pseudo-
potential (USP) facilitates the calculations with lowest possible cut-off energy with
minimum contribution from the core region. It is therefore important to express this
energy with the greatest possible precision. In order to ensure convergence of the
computed structures and energy, the parameters that affect the calculation accuracy
were selected after performing careful convergence tests. First, the Cut-off energy (Ecut)
convergence study has been performed, than convergence with respect to Brillouin zone
sampling has been accomplished, the results are reported in the next section. The self-

consistent loop was iterated until the total energy difference of the system between the

consecutive iterating steps becomes less than 10 eV/atom (% < 10‘6).

n

The first step in this work is to determine two essential parameters:
+ The Cut-off energy (Ecut) to ensure the convergence of the total energy (Etwt) and
to fix the size of the finite plane wave basis set used in the calculation.
+ The number of k-points (nkpt), taken into account in integration across

the Brillouin zone, using the Monkhorst & Pack method
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111.3.1 Choice of the size of the plane wave basis set

The calculation codes of DFT use, for the numerical resolution, a decomposition
of the Kohn-Sham orbitals on a set of basis functions. The unknowns of the problem
becoming the coefficients of the linear combinations of these basis set. In the CASTEP
code, they are plane waves, whose mathematical form is well suited to the cases of
periodic systems and to the materials containing delocalized electrons such as metals.
However, the decomposition of the Kohn-Sham orbitals on a set of basis functions is
only accurate when this basis set contains an infinity number of basis functions (which
is commonly said to be a complete basis set). In practice, the basis are necessarily
truncated, causing errors on total energy and the corresponding ground state density. It
is therefore necessary to know the order of magnitude of the calculation error obtained
for a given base size. Knowing that the smaller the base, the lower the precision but the
faster the calculations are.

In the case of a plane wave basis set, the size of the problem is mainly defined by
the energy of the plane wave with the highest frequency (called cut-off energy). The
basis size is considered sufficient when the cut-off dependent total energy curve reaches
a plateau for a sufficiently low energy. The obtained result are summarised in Table
I11.1 and for the sake of clarity, only calculations details for KGaS; are reported.

Table 111.1: Convergence of total energy as a function of Ecy for AGaS; (A=K, Rb,
Cs) with the relative variation of energy (the reference final energy was set to Eiot at
Ecut=600 eV).

KGas;

Ecut (eV) Total Energy (eV) AE / E,,,
200 -27095.96042 0.00156
250 -27132.27562 2.2566E-4
300 -27137.70851 2.5464E-5
350 -27138.30173 3.6049E-6
400 -27138.34209 2.1175E-6
450 -27138.36806 1.1607E-6
500 -27138.38621 4.9207E-7
550 -27138.39284 2477T7TE-7
600 -27138.39956 0




For the AGaS, compounds (A=K, Rb, Cs), the converged total energy is obtained
at Ect= 450 eV. Variation of total energy as a function of Ec, for these compounds are

shown in Figure 111.1
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Figure 111.1: Convergence of the total energy as a function of Ec.t for compounds
AGaS: (A=K, Rb, Cs).

111.3.2 Brillouin Zone (ZB) Sampling

In a periodic solid, the number of populated ¥,;, mono-electronic orbitals is
infinite, with the k-index taking all the values in the BZ. In practice, calculations are
necessarily done with a finite number of k-points, which is chosen as low as possible
while keeping a representative sampling of the BZ. The most common sampling method
is that of Monkhorst & Pack (1976) 3], which makes the sampling as uniform as
possible. It is said that the calculation is converged with respect to the number of k-

points when the k-point dependant total energy curve reaches becomes stationary.




After setting the value of Ecyt, we proceed to sampling the Brillouin zone. We
follow the same convergence procedure as the previous one to determine the number
of k-points in the first Brillouin zone. In this study, the k-point number is varied from
(2x2x1) (2 points) to 5x5x3 (24 points). For each value, the total energy is calculated.

For the compounds AGaS: (A=K, Rb, Cs), the converged total energy is obtained
for a 5x5x2 sampling grid of the irreducible Brillouin zone (24 points), this gives a
relative variation of the total energy of the order of 107°. Figure 111.2 shows the results
of this study, and Table I111.2 provides an overview of the evolution of Ett versus nKpt
for KGass,.
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Figure 111.2: Convergence of the total energy as a function of nkpt for compounds
AGa$S; (A=K, Rb, Cs).
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Table 111.2: Convergence total energy as a function of k-points, for compound AGas;
(A=K, Rb, Cs) Ecyt=450 eV.

KGas; .
k-points Total Energy (eV) AE /E
tot
2x2x1 -27138.39956 -1.05658E-5
3x3x1 -27138.09134 7.91568E-7
4x4%2 -27138.11261 7.75109E-9
5x5x%2 -27138.11262 7.50015E-9
5x5x%3 -27138.11282 0

I11.4 Structural properties

Determining the ground state equilibrium geometry including unit cell parameters
and atomic coordinates is the first important step in obtaining the physical properties of
a given material on a microscopic scale. Nowadays, it is possible to calculate the total
energy of solids fairly accurately using certain approximations such as GGA.

After testing the convergence parameters (Ecut and k-point), we proceed to
optimize the equilibrium geometry by relaxing the unit cell parameters and the atomic
positions (i.e. minimizing the components of the forces exerted on each atom). Indeed,
the Hellmann—Feynman forces acting on each ion vanish when the total energy reaches
its minimum. CASTEP uses the Fletcher-Goldfarb-Shanno "BFGS" algorithm, which
is a fast, yet accurate self-consistent minimization scheme [4]. Both unit cell parameters

and atomic coordinates are allowed to relax using the following convergence criteria:

> Maximal forces is: 0.01 eV/A.
> Tolerance in energy is: 5.0 x 10~° eV/atom.
> Maximum displacement is: 5.0 x 10~*A.

» Maximum stress is: 0.02 GPa.

The obtained results for the three materials are reported in Tables 111.3, 4, 5 and
6 along with their experimental counterpart. What is interesting in the data obtained in
this study by the GGA-PBE approximation is the fairly good agreement with the
experimental values. This demonstrates the reliability of the employed calculation




methodology and gives confidence on the subsequent calculated electronic and optical
properties.

Table 111.3: Calculated (Cal) and Experimental (Exp) structural parameters: cell

parameters (a, b, ¢ and g), volume (V), and density (p) for KGaSz, RbGaS; and

CsGaS:
System KGa$; RbGaS; CsGaS: .
Chemical name Potassium Gallium Sulfide Rubidium Gallium Sulfide Cesinm Gallium Sulfide
Space group, Z C2, 15 C2/, 15 C2, 15
Symmetry Monoclinic Monoclinic Monoclinic
"""""""""""""""" KGaS: RGeS 0sGeS;
Cal Exp’ Cal Eva Cal Ex’
7 a (A) 1056680 10.42500 10.68070 10.48400 10.82910 10.57170
b (d) 1057140 10.44240 10.67760 10.46800 10.82920 10.57070
Unit cell ¢ (A) 1490520 14.79100 15.59800 15.39000 16.35910 16.08700
Paranmate.v‘s-< ae  0.70893 0.70482 0.68474 0.68122 0.66196 0.65715
ble  0.70924 0.70599 0.68454 0.68018 0.66196 0.66196
\_ B9 1002300 100.1600 99.8556 99.6900 99.5277 99.4449
Cell volume ~ V (4°) 1638.52938 1584.92897  1752.61010 166490176  1891.976052  1773.356311
Density p (g/em’) 2.80442 2.89926 332482 3.49998 3.74606 3.99660

a: [5]; b: [6]; c: [7].

Table I11.4: Calculated (Cal) and Experimental (Exp) atomic coordinates (X, v, z) for
KGaS>and site (Wyckotl position ” P.W7),

X Y Z .
Atom Cal Exp Cal Exp Cal Exp_ SITE

K K1 046433 0.46500 0.31251 0.31200 0.11026  0.10900 8f
K K2 028474 0.28500 0.06180 0.06300  0.38835  0.39000 8f
Ga Gal 0.10172 0.10200 0.18926 0.18900  0.16289  0.16300 8f
Ga Ga2 0.14510 0.14500 0.43596 0.43600 0.33746  0.33800 8f
S1 0.00000 0.00000 0.05739 0.06000  0.25000  0.25000 8f
S2  0.00000 0.00000 0.56762 0.57000  0.25000  0.25000 8f
S3  0.20530 0.19900 0.06295 0.06200  0.07063  0.07600 8f
S4  0.25529 0.25500 0.31238 0.31000  0.25049  0.25000 4e
S5 0.04508 0.04500 0.31287 0.31300 0.43290  0.43200 4e

nwuumwmwumwm




Table I11.5: Calculated (Cal) and Experimental (Exp) atomic coordinates (X, y, z) for

RbGaS> and site (Wyckotl position ” P. W7).

Atom Cal Exp Cal Exp Cal Exp SITE
RbRbl1 0.46373 0.46320  0.18737 0.18740 0.10640  0.10620 8f
RbRb2 0.28575 0.28580  0.43799 0.43850 0.39370  0.39520 8f
GaGal 0.10267 0.10270  0.31050 0.31060 0.16776  0.16740 8f
GaGa2 0.14358 0.14380  0.06429 0.06420 0.33255  0.33280 8f
S S1 0.25359 0.25420 0.18744 0.18780 0.25031  0.25020 8f
S S2 0.20763 0.20800  0.43713 0.43750 0.08014  0.08000 8f
S S3  0.00000 0.00000  0.44099 0.44260 0.25000  0.25000 8f
S S4 050000 0.50000 0.43392 0.43240 0.25000  0.25000 4e
S S5 0.04297 0.04360  0.18733 0.18770 0.42394  0.42390 4e

Table I11.6: Calculated (Cal) and Experimental (Exp) atomic coordinates (X, v, z) for

CsGaS-and site (Wyekotl position ” P.W7).

Z :
Atom Cal Exp Cal Exp Cal Exp SITE
Cs Csl 0.28686 0.28710 0.06178  0.06210 0.39860  0.39970 8f
Cs Cs2 0.46320 0.46290 0.31240  0.31260 0.10347  0.10260 8f
GaGal 0.10337 0.10390 0.29310  0.18920 0.17240  0.17190 8f
Ga Ga2 0.14201 0.14270 0.57840  0.43570 0.32797  0.32830 8f
S S1  0.04088 0.04070 0.35300  0.31230 0.41517  0.41510 8f
S S2 0.20999 0.20970 0.27250  0.06280 0.08991  0.08900 8f
S S3  0.25115 0.25270 0.31219  0.31230 0.25036  0.25030 8f
S S4  0.00000 0.00000 0.06115  0.05980 0.25000  0.25000 4e
S S5 0.00000 0.00000 0.56326  0.56490 0.25000  0.25000 4e

I11.5 Electronic properties

The study of electronic properties is of particular importance because they allow

us to analyse and understand the nature of the bonds that form between the different

elements of any material. These properties include electronic band structure, total and

orbital projected density state. In this work, the study of the electronic properties was

carried out using the GGA-PBE approximation with a denser non shifted k points

sampling grid of (10 x10x5), which corresponds to 140 points for a sampling step of

0.0123 A1,




111.5.1 Structure of the energy bands

The solid state electron band structure reveals the eigenvalues associated with
conduction and valence bands along specific directions in the Brillouin zone of a
particular crystal structure. One of the most important reasons for calculating the
electronic band structure is to determine the band gap (the energy gap). That is to say,
in the Khon-Sham approach the difference between the highest allowed valence band
energy and the lowest allowed conduction band energy, as this can give an idea on the
potential uses for optical device applications. Moreover, the calculated electronic band
structure allows us to determine the type of the compound (metal, insulator, or

semiconductor).

Figure 111.3, shows the first Brillouin zone and the corresponding high symmetry
points of the herein considered monoclinic lattice (C 2/c); L(-1/2,0,1/2), M(-1/2,-
1/2,1/2), A (-1/2,0,0), G (0,0,0), Z(0,-1/2,1/2) and V(0,0,1/2). Figure I11.4. Shows the
corresponding electronic band structure as calculated using GGA-PBE approximation

along the high symmetry directions.

Figure 111.3: First Brillouin zone for the monoclinic lattice (C 2/c) and the points of

high symmetry. (41, g2 and 43 the vectors of the reciprocal lattice).




Figure 111.4: Energy band structures of calculated by GGA-PBE. The Fermi level is

set at 0 eV and marked by the dashed violet horizontal line.

From Figure 111.4, one can note that the three materials (KGaS2, RbGasS,,
CsGaS») have direct band gaps by evidence of both the top of the valence band (VB)
and the bottom of the conduction band (CB) which are located at the G -point. The
calculated band gaps using the GGA-PBE are 2.606 eV, 2.512 eV and 2.504 eV for
KGaSz, RbGasS, and CsGas; respectively, revealing their semiconducting nature. The
flat valance band character and the highly dispersive conduction bands are a clear
indication of the high mobility of electrons compared to that of holes. This suggests
better transport performance for n type doping of the herein considered materials.
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Once the DFT calculations have been performed, the electronic density of states
(DOS) can be determined by integrating the resulting electron density in k-space.

The DOS shows both the occupied and unoccupied available states, a high DOS
at a specific energy level means that there are many states available for occupation. A
DOS of zero means that no state can be occupied at this energy level. DOS is often used
for a quick visual analysis of the electronic structure. Characteristics such as the width
of the valence band, the energy gap and the number and intensity of the main features
are helpful in qualitatively interpreting experimental spectroscopic data. The
importance of the density of states can be found also in the calculation of the speed of
any process in a solid, from the diffusion of an electron to the absorption and emission
of light.

DOS is provided with two analysis tools, namely, the total density of states
(TDOS) and the partial density of state (PDOS). TDOS presents, in the form of a
histogram, the number of mono-electronic states according to energy. PDOS are based
on the analysis of Mulliken populations and carried out by projection of mono-
electronic orbitals on a basis of atomic orbitals located around the different nuclei of
the mesh.

TDOS and PDOS corresponding to the energy bands of the KGaS,, RbGasS> and
CsGaS, compounds are calculated. This allows one to obtain information regarding the
orbital character of the electronic states and the chemical bonding. The obtained results
are depicted in

One can clearly observe the existence of six important regions, five regions of the
valence band (V1, V2, V3, V4, V5) mainly located between -15 eV up to Fermi level
(Er), and the last one, namely (C) at the conduction band. The first region is represented
by the valence band group V1, which lays approximately from -3 eV up to Fermi level
(EF), is completely dominated by the S-3p states with a small contribution from the Ga-
4p states. The second group V2, located in the energy range from -5.85 to -3.91 eV is
an admixture of the S-3p and Ga-4s states. The third group (V3) is predominately
occupied by the alkali metal p states. This group charges its position drastically
according to the nature of the alkali atom, it shifts more and more towards the Fermi
level when going down the periodic table from K to Cs . The fourth valence band group

V4, which spreads approximately from -13 to -11.74 eV, is mainly due to the S-3p
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orbitals. The lowest energy group V5, which is stretched from approximately —10.6 to

—9.9 eV, is formed of the Ga-3d states with a very small contribution from the S-3s.

100 100
75 i 75
s0lv ¥yl o]
25 ’ - 25

0 0
72 i 72
48 i 48]
244 | 241

0 4 0
72 H 72
48 i 45
24 ! 24

0 ' 0
72 : 721
48] i 48]
24 i 24

0 T T T T T - T 0 T T T T T
16 -14 -12 -10 8 6 -4 - 16 -14 -12 10 -8 -

75
50
25

0
724
481
241

0
72
48
241

0
72
48
24

D<o R .

R A% P P P

Figure 111.5: Total and partial density of states for the AGaS> (A=K, Rb, Cs)
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111.5.3 Mulliken population analysis

The Mulliken populations can serve as a means of describing the electronic
distribution in an atomic or molecular system. In the CASTEP code, Mulliken
population analysis is performed using a projection of plane wave states on a localized
basis using a technique described by Sanchez-Portail (1995) [8].

The ionic character of a material may be related to the charge transfer between its
respective cations and the anions constituents. In order to explore the chemical bonding
character of the AGaS2 (A=K, Rb, Cs) compounds we calculated the transferred charge

between cations and anions based on the Mulliken population analysis. A high value of




the bond population indicates a covalent bond, while a low value indicates an ionic

bond. The obtained atomic charges are shown in Table I11.7.

Table II1.7: Mulliken atomic charges of AGaS> (A=K, Rb. Cs) compounds.

Charges (e) :

. Atom KGaS, RbGaS, CsGaS,
A 0.79 0.83 0.99
G: 0.55 0.49 0.44
M -(.69 -0.69 -0.69

From the table we can conclude the following:

» For KGasS>each atom K'loses approximately 0.79 e and each atom of Ga loses
also 0.55 e and S receives —0.69 e (—0.35e x 2) of the total charge transferred
by the atoms of K and Ga.

» For RbGas,, Rb transfers a charge of 0.83 e and Ga transfers 0.49 where S
receives —0.69 e (—0.35e X 2) .

» Inthe case of Cis(GasS>, Cs and Ga transfer 0.99 e, 0.44 e respectively where S
receives —0.69 e(—0.35e X 2).

It is noted here that the sulfur atoms S lack two electrons so that their outer shell
(the valence shell) are complete, on the other hand the atoms A (K. Rb, Cs) and Ga have
respectively one and three electrons in their outermost electronic shell. Thus, the herein
considered materials must have the formal valence state A*Ga*3(S~2), if we consider
the extreme case of total charge transfer between the different constituents. Our results
give the effective valence states K+°79 Ga*%>>(§703%),, Rp*T0#3Ga+049(§-035),
and Cs*%99Ga*0** (§7035), Therefore, from these results, we deduce that the bonds
of KGaS,, RbGaS, and CsGaS; are not purely ionic but have certain degree of
covalence.

Table I11.8 gives an idea of the interactions between the electronic populations
of atomic bonds in the herein considered materials. It can be seen that there is a strong
charge transfer between the caesium A atoms and the sulfur S atoms giving evidence
for the strong ionic character of the A-S bond .However, according to Figure 111.6, the
population of the Ga-S bond indicates the low covalent character of this bond in KGa.S,
RbGaS-and CsGaS> The negative populations of the A-Ga bond (A = K or Rb) is a

clear indication of the anti-binding interaction between these two populations, but the




populations of the Cs-Ga bond is a clear indication of the binding interaction between

these two populations.

Table 111.8: Interatomic distances (A) for the AGaS> (A=K, Rb, Cs) compounds.

System | Bond Distance (A) M. P
K-Ga 3.81247 -0.57
KGas: | Ga-S 2.29761 0.62
K-S 3.20539 0.08
Rb-Ga 3.93198 -0.58
RbGaS: | Ga-S 2.26223 0.66
Rb-S 3.31947 0.07
Cs-Ga 3.65959 0.08
CvGas, | Ga-S 2.29599 0.64
Cs-S 3.56992 0.10

0.25 0.75

Strong tonic Low ionic [,ow covalbnt .S'trong covalent

Figure 111.6: Classification of the nature of the bonds according to Mulliken
population analysis.

111.6 Optical properties

It is of great interest to know the different ways in which light interacts with
matter in solid state physics, for example absorption, transmission, reflection, scattering
and emission. Studying the optical properties of solids has proven to be a powerful tool

in our understanding of the electronic properties of materials.

In particular, structures in the energy dependence of the properties mentioned
above is very great. Crucial information on eigenvalues and Eigen functions is

necessary to calculate the frequency/energy dependent optical response functions.

Calculations of the optical properties require more k-points than ordinary self-
consistent field calculations; a 10x10x5 k-points grid is used in the present work. It is

well known, that many low symmetry crystals display varying degree of optical




anisotropy. For this reason, the optical functions of the considered crystals are
calculated for polarized incident radiation with electric field vector E parallel to the

principal crystallographic axesf// [100],5// [010] and E// [001] for the [0-15 eV]

energy range.

< Inthe linear response range, the optical properties of a matter can be characterized
by an understanding of response functions such as the complex dielectric
coefficient e(w) = & (w) + ig,(w) with &,(w) being the imaginary
component of the complex dielectric coefficient; it is related to absorption and
describes the energy losses that occur in a medium due to electronic transitions.
&(w) can be calculated with the momentum matrix elements between the

occupied and unoccupied wave functions within the selection rules:

£2(@) = 2%, [ NPEILFIPY28(Ef — EY —ho)dk  (11LD)

mwe

Where o is the light frequency, e is the electronic charge, 1 is the vector defining the
polarization of the incident electric field, W5 and W} are the conduction and valence
band wave functions at k, respectively.

&, (w) is the real part of the dielectric function and it can be calculated from &, (w) by

Kramer-Kroning relations.

e(w)=1+2p [722 g (111.2)

Where P represents the main integral.

All the other energy dependant optical constants can be derived from &; (w) and &, (w)
this includes the refractive index, the extinction coefficient, the absorption coefficient,
and the reflectivity.

The absorptive &,(w) and dispersive &;(w) parts of the dielectric function as
functions of the photon energy for three polarizations of the electric field E of the
incident light with respect to the crystallographic axes E//[100],E// [010]and
E// [001] for the AGaS: (A=K, Rb, Cs) compounds are shown in

All three materials show similar energy dependant optical response functions.
This is mainly due to their similar electronic band structures. Moreover, their optical
reposes indicate high optical anisotropy in the visible and in the lower energy part of
the UV spectrum by evidence the spectrum peculiarities, which highly depend on the

polarisation of the electromagnetic radiation.
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The absorptive part €, (w) [see Figure 111.7 (a)] of the dielectric function &(w)
of these materials exhibits tow structures labelled A, B. Those peaks are mostly due to

direct electronic transitions from the occupied valence bands to the allowed unoccupied
states in the conduction band. A is centred at 4.79 eV for E// [100]and 4.44 eV for
E// [001] of KGaSz, and of RbGaS; (CsGaSy) is 4.69 eV (4.50 eV) for E // [100]and
4.44 eV (4.43 eV) for E// [001]. B is centred at approximately 6.56 eV for
E//[100]and 6.50 eV for E// [001] of KGaS;, and of RbGaS; (CsGaS;) is 6.90eV
(6.74 eV) for E// [100] and 6.24 eV (6.14 eV) for 177// [001] [see Figure I11.5].

The static dielectric constant &;(0) = &;(w — 0) defined as the zero frequency
limit of the real part of the dielectric function, is the most important quantity in the
&1 (w) spectrum [see Figure I11.7 (b)].The calculated value of &,(0) for KGaS;
(RbGaS;and CsGaSy) is equal to 4.92 (4.73 and 4.76), for E // [100]and 4.68 (4.61 and
4.64) forf// [001], ince &,(0) increases with decreasing band gap.

N
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Figure 111.7: Calculated (a) imaginary part &,(w) and (b) real part &, (w) of the
dielectric function for the AGaS- (A=K, Rb, Cs) compounds.

“» The complex refractive index is related to the complex dielectric function via:

N(w) =+ &(w) (ne3)
Given that N (w)is written as:
N(w) = n(w) + ik(w) (11.4)



Where n(w) is the refractive index, and k(w) the extinction coefficient.
The real and imaginary components of both the refractive index and the dielectric

function are therefore related by:

1

n(@) = 22w + @) + (@) (1.5)
1

(@) = 2 [(F) + 2@) 2 ~ e (@)] (11.6)

One of the most important optical constants is the refractive index, which in
general depends on the wavelength of the electromagnetic wave, by a ratio called the
dispersion. The case where an electromagnetic wave can lose its energy during its
propagation, the refractive index becomes complex. The real part is usually the index
of refraction n, and the imaginary part is called the extinction coefficient k.

The calculated refractive index spectra of the AGaS, (A=K, Rb, Cs) compounds
are shown in . The static refractive index n(0) (the refractive index at
zero energy) of the KGasS; is equal to 2.24, and RbGa$S; (CsGa$S,) is 2.19 (2.16) for

E//[100] and 2.17, 2.13(2.13) for E // [001] respectively. The extinction coefficient

in the visible region [see increases to get a maximum value at the UV

spectrum when for E// [100] (E// [001]).

E#[100] —— EA[010]—— EA[001]

D
1)

A

g

Figure 111.8: (a) The refractive index n(w) and (b) the extinction k(w) spectrums for
the AGaS> (A=K. Rb, Cs) compounds.

<+ The optical absorption a(w) can be calculated from &; (w) and &, (w)as follows:
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a(w) =V2w [(812 (W) + e2(w)) 72 — gl(w)]l/z (11.7)

The absorption coefficient a(w) is a basic way to measure how far light with a
specific energy can penetrate a material before being absorbed. The absorption
coefficient depends on the incident photon energy and expresses the ratio between
the number of photons actually absorbed by the crystal per unit volume per second and
the number of incident photons per unit area per second. From the point of view of the
structure of electron bands, we are interested in the probability that, under the influence
of the radiation field, an electron makes a transition between two energy levels.

shows the optical absorption spectra of the AGaS; (A=K, Rb, Cs)
compounds, in which the fundamental absorption edge starts approximately at 2.64 eV,
2.76 eV and 2.70 eV for E// [001] and 3.10 eV, 2.91 eV and 2.78 eV for E// [100] in
KGa$S,, RbGaS; and CsGasS: respectively. The absorption coefficient increases with
increasing photon energy, reaching a maximum and then decreasing to reach its
minimum. The absorption spectrum shows some peaks that can be explained by the
inter-band transitions using the band structure results. The KGaS, RbGasS; and CsGaS;
compounds can be used as an absorptive layer in the energy range from 2.64 to> 15 eV.
The investigated materials exhibits noticeable absorption in the visible ultraviolet

range.
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Figure 111.9: Linear absorption a(w) spectrum of AGaS: (A=K, Rb, Cs) compounds.
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s Chapter I11: Results and discussion w——

111.7 Coclusion

In this chapter, we have calculated the structural, electronic and optical properties
of AGaS: (A=K, Rb, Cs) compounds by the GGA approximation using the plane wave
pseudo-potential method with as implemented in the CASTEP package.

A summary of our results is as follows:

+ The structural properties (structural parameters and atomic positions) are in
good agreement with the available experimental data.

+ The calculated electronic band structure and density of states show that the
AGa$S; (A=K, Rb, Cs) are indirect moderate band gap semiconductors.

4+ Many energy dependant optical response functions, namely the complex
dielectric function and refractive index, the optical absorption, where calculated
and discussed. The obtained results show that the AGaS; (A=K, Rb, Cs)

compounds possess a high absorption band in the UV region.
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In the present study, the structural, electronic and optical properties of the AGaS>
(A=K, RDb, Cs) compounds have been studied. The plane wave ultra-soft pseudo-
potential methods and the generalized gradient approximation (GGA) have been used
to describe the exchange-correlation energy within the density-functional theory as
implemented in the CASTEP code.

In order to describe the fundamental state of the considered system, we first
studied the structural properties. The obtained results (structural parameters and atomic

positions) are in good agreement with the available experimental data.

Also, the electronic properties such as band structures and density of states have
been presented. The AGaS, (A=K, Rb, Cs) compounds are direct moderate band gaps
semiconductors by evidence of the valence band (VB) maximum and the conduction
band (CB) minimum at gamma point. The calculated band gaps are about 2.606 eV,
2.512 eV and 2.504 eV for KGaS,, RbGasS; and CsGaS: respectively. Mulliken charges
analysis and band populations for this systems give evidence for the strong ionic
character of the A-S bond, and the covalent character of the Ga-S bond.

In order to study the optical response of the KGaS;, RbGaS, and CsGaS>
semiconductors versus incident light, the optical properties such as dielectric function
and absorption coefficient, refractive and the extinction coefficient have been also
calculated. The static dielectric constants £(0) and refractive index n(0) have been
estimated, for the [100], [010] and [001] polarizations. Our study show that the AGasS;
(A=K, Rb, Cs) compounds show a somewhat high extent of optical anisotropy in in the
photon energy range 0-15 eV. The obtained results show that both compounds are
active in the extreme UV region.

Finally, from our short experiences using the CASTEP code it turns out that this
program is a very powerful code, which allows direct and easy calculation of the
electronic structures and the optical properties of crystals.
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Abstract

We present here the results of a first principle principle study on the structural, electronic
and optical properties of AGaS> (A=K, Rb, Cs) compounds using the plane wave pseudo-
potential method . The exchange correlation potential was treated within the generalized
gradient approximation (GGA) as implemented in the CASTEP code and expressed by
the PBE functional. The equilibrium lattice parameters are in good agreement with the
available experimental results. The calculated band structure show that the studied
compounds are direct moderate gap semiconductors. A set of frequency dependent optical
parameters were calculated including the complex dielectric function, the reflective index
and the absorption coefficient. The obtained results show that the herein considered
compounds are active in the UV region.

Key words : Density functional theory, GGA, CASTEP, semiconductors, structural
properties, electronic properties, optical reponse. KGaS;. RbGaS;. CsGaS..

Résumé

Nous présentons ici les résultats d’une étude de premieres principes sur les propriétés
structurales, électroniques et optiques des composés 4GaS, (A=K, Rb, Cs) en utilisant la
méthode du pseudo-potentiel et des ondes planes. Le potentiel d’échange corrélation a été
traité dans le cadre de I'approximation du gradient généralisé (GGA) telle qu'elle est mise
en ceuvre dans le code CASTEP et exprimée par la fonction PBE. Les paramétres de
maille de I’état fondamentale sont en bon accord avec les résultats expérimentaux. Les
diagrammes des bandes d’énergie montrent que les composés étudiés sont des semi-
conducteurs a gap directs et modéré. Un ensemble de paramétres optiques a été calculé,
y compris la fonction diélectrique complexe, l'indice de réflexion et le coefficient
d’absorption dans une large bonde spectrale. Les résultats obtenus montrent que les
composés étudés sont actifs dans le domain spectral qui correcpond aux UVs.

Mots clés : Théorie fonctinnelle de la densité, GGA, CASTEP, semi-conducteurs,
propriétés structurales, propriétés électroniques, réponse optiques. KGaS;. RbGaS;.
CsGaS,.



