University of Crete
Department of Materials Science and Technology

Master Thesis

Theoretical Investigation of
Tungsten Disulfide — Graphene
Heterostructures

Author
Kanakis Stavroulakis

Supervisor
Assoc. Prof. George Kopidakis

Heraklion Crete
October 2017


https://www.materials.uoc.gr/en/main.html




MSc THESIS

A thesis submitted in fulfillment of the requirements for
the degree of Master of Science in Materials Science and
Technology

Defended by Kanakis Stavroulakis

Theoretical Investigation of
Tungsten Disulfide - Graphene
Heterostructures

COMMITTEE

Assoc. Prof. George Kopidakis
Assoc. Prof. George Kioseoglou
Asst. Prof. loannis Remediakis


https://www.allacronyms.com/ASST_PROF

“If you can’t explain it simply,
you don’t understand 1t well enough.”

Albert Einstein & Richard Feynman



«Theoretical investigation of tungsten disulfide - graphene
heterostructures»

Abstract

Research in two-dimensional (2D) materials and van der Waals heterostructures gains
enormous popularity across various scientific and engineering disciplines. Electrons
in these materials can move in two dimensions but are confined in the out of plane
direction, leading to some fascinating optoelectronic properties. In this direction of
research, we present Density Functional Theory (DFT) results for the atomic and
electronic structure of WS, monolayer, graphene and WS,/graphene heterobilayer.
We performed DFT calculations to investigate interlayer interactions and the effect of
lattice mismatch in WS,/graphene van der Waals heterostructures. We found that
strain affects their binding energy and electronic structure. Examining stability and
band alignment in these heterostructures with DFT is quite challenging. By using
different WS,/graphene supercells with different lattice mismatch and by unfolding
their electronic band structure, we find that strain induces significant electronic
properties modifications in the WS, layer, such as direct to indirect band gap
transitions. Furthermore, in an effort to interpret recent experiments, we studied
exciton effects in WS, monolayer using theoretical methods based on the Bethe-
Salpeter equation (BSE) for 2D materials. Our excitonic spectra are in good
agreement with experimental data and are affected by strain in a way which is
consistent with confinement effects. Theoretical understanding of the optoelectronic
properties of WS,/graphene heterostructures complements experimental works and
provides a powerful tool for exploring potential applications and devices.



«OePNTIKN RELETY ETEPOOOUDY 010€100 0V Porppapiov -
YPUPEVIOVY

Iepiinyn

H épevva ota diodidotata (2A) vAIKA kol oTig etepodopég van der Waals xet yivel
eCopeTikd ONUOPIAMNG o€ Oldpopa media NG emoTNUNG Kot TG unyovikng. Ta
NAEKTPOVIOL GTOL DAMKA OUTO HITOPOVV VO KIVOUVTOL 6€ 000 Ol0TAGES OAAG givat
TEPLOPIOUEVO. OTNV €KTOG €MMEIOVL O1EVBVVOT, pHE OMOTEAEGUO VA TOPOVGIALOVV
OPIOUEVEC EVTIUTTMOIOKES OTMTONAEKTPOVIKEG 1O10TNTEC. ZE 0T TNV EPELVNTIKN
katevBvvon, moapovoidlovpe omotehécpoto Oswpiog Zvvapnotokod IMTukvotntog
(Density Functional Theory - DFT) yia tnv atopikn Kot NAEKTPOVIKT SO TG LOVNIG
otpdonc WS,, tov ypapeviov kot tng €T€POSOUNG SMANG oTpdons W Sa/ypagpeviov.
[Tpayuaronomcape vroroyispovg DFT yio va diepeuviicovpe TG d10-CTPOUOTIKES
OAANAETIOPACELS Kol TNV EMOPOOT TNG AVOAVTIGTOLYI0G TAEYLOTOS GTIG ETEPOSOUES Van
der Waals WS;,/ypageviov. Alamiotdcope OTL 11 TOPAUOpO®on emnpedlel Ttnv
evépyelo 0éopevong kot TV nAektpovikny ooun tovc. H pedémn pe DFT g
otafepoTag Kol NG OTaéng TV MAEKTPOVIKOV (@VAV o TETOWOL €100VG
ETEPOOOUES TTOPOVOIALEL OPKETEG OVOKOAIEG. XPNOILOTOIDVTOG SLUPOPETIKEG VTIEP-
KoyeAidec  WSo/ypageviov pe  Sl0QopeTikny  avavtiotolyics  TAEYHOTOS KOl
EedmAvVoVTaG TNV OO TOV MAEKTpoVIKGOV (ovedv Tovg, Ppiokovpe 011 M
TOPOUOPPMOOT TPOKAAEL OELOCUEIDMTES TPOTOTOGELS TOV NAEKTPOVIKADOV 1010THTOV
010 otpoua WS;, 6mwg petafdoelg and AUEGO Ge EUUEGO EVEPYELNKO YA (DOVNC.
EmnAéov, oe po mpoomdBeia va epunvedcovpe mpoOGOPOTO TEPALATO, LEAETCOLUE
e&rrovikd pawvopeva oto otpopa WSy ypnopomoldviog Bewpnrtikég pebodovs mov
BaoiCovtar oty e&icwon Bethe-Salpeter (BSE) yio 2A viukd. Ta e€rtovikd gdopota
nov vroAoyilovpe gival og GLUE®VIO [LE TEPOUATIKO dEOUEVE Kot ETnpedlovTal amd
™V TOPAUOPEMOOT LE TPOTO TOL GLVADEL e Povoueva KPBaviikod mepropicpov. H
fepnTiK] KATOVONOYN TOV  OMOTNAEKTPOVIKAOV 1O0THT®V TOV  ETEPOSOUDV
WS,/ypapeviov GUUTANPOVEL TIC TEPAUATIKEG £PYOCiES Kol TOpEXEL Eva 1oYLPO
gpyareio yo TNV depeblivnon TOAVAOV EPAPLOYADV KOl GUGKEVMV.
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Chapter 1
Introduction

The study of two-dimensional (2D) layered materials has motivated enormous re-
search activity, because electrons in these materials are absolutely confined in the out
of plane direction leading to some very interesting quantum physics arising from their
2D nature. In this work, two of the most interesting 2D materials for optoelectronic
applications are investigated, graphene and a semiconducting transition metal
dichalcogenide (TMD), namely tungsten disulfide (WS,). Separate layers of these 2D
materials can be stacked vertically due to weak van der Waals (vdW) interactions,
which allow the formation of heterostructures.

In this thesis, we provide theoretical calculations using Density Functional Theory
(DFT) for understanding the atomic and electronic structure of these 2D materials and
WS, /graphene heterostructures, as well as excitonic effects in WS, monolayer. Such
materials make highly suitable ingredients for components of next generation
nanoelectronics devices, and give rise to new physical phenomenal™.

1.1 Two-Dimensional Materials

Two-dimensional (2D) materials, often referred to as "single layer materials”, are
crystalline materials consisting of a single layer of atomic thickness. One of the most
famous of these 2D materials is graphene®, which is a single layer of graphite in
which the carbon atoms form a hexagonal honeycomb lattice. Since the isolation of
graphene in 2004 a large amount of research has been directed in the study of these
materialsi*® and in 2010 the Nobel Prize was awarded to Andre Geim and Konstantin
Novoselov®®. Graphene shows outstanding properties such as very high carrier
mobilities, excellent heat conductivity, and superior mechanical strength. Because of
its remarkable properties!?®1%% applications usin? (I;raphene are developed in a wide
range of areas, including high-speed electronics! ™ and optical devices®, energy
generation and storage™*Y hybrid materials™?, chemical sensors™, and even DNA
sequencing4ItsIe]

On the other hand, some of the most popular layered materials are the transition metal
dichalcogenides (TMDs) such as MoS; and WS, TMD monolayers are atomi-
cally thin semiconductors of the general type MX, where M is the transition metal
atom and X is the chalcogen atom. This structure consists of a layer of transition met-
al among two layers of chalcogen. TMDs have attracted a lot of interest in the post
graphene layered material era due to their significant optoelectronic propertiest®!*/18l,
TMD materials have the advantage over graphene of having extended bandgap
tunability through composition, thickness and possibly even strain control. Semicon-
ducting TMDs have a direct gap and can be used in electronics as transistors and in
optics as emitters and detectors”®?!. Two-dimensional nanomaterials composed of
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graphene and nanostructured TMDs have attracted a great deal of interest due to their
unique properties. Heterostructures of these materials are good candidates for poten-
tial applications in electronic devices such as solar cells, transistors and as a catalyst
for hydrogen evolution in water splitting[?2/6068le%]

1.2 Computational science

Computational science describes the crucial role of computer as an effective tool in
science and engineering. It includes many algorithms and models in order to solve
huge and difficult problems which is impossible to manage by a human.

Materials science problems often require the solution of hard, frequently non-solvable
via analytical methods equations. It is impossible to analytically solve most models
that consider more than two bodies, except for a few special cases. This is very incon-
venient because most interesting problems in condensed matter physics consider N
particles, where N can be anything from a few hundreds to 10?*. Therefore, we need
computational science which is the science that uses the numerical analysis in order
to solve a problem for which a quantitative theory already exists.

In this case, the modelling method which we use is DFT, as we will discuss in the
next chapter. The role of computational science in this thesis is the necessary tool
for developing and implementing modelling at the atomistic level for understanding
and predicting the atomic structure and the electronic properties of 2D materials.

1.3 Thesis Outline

In this thesis, we study the monolayer of WS, a material in the TMDs family, and
well-known graphene, which is composed of a single sheet of carbon atoms arranged
in a honeycomb lattice. We performed DFT calculations for the atomic structure and
electronic band structure, first separately for the monolayer of WS, and graphene, and
then for WS,/Graphene heterostructure in order to analyze the optoelectronic proper-
ties.

The aim of this thesis is to investigate the WS,/Graphene heterostructures and espe-
cially explore atomic structure and electronic band structure. To achieve this goal, we
built two different sizes of supercell (SC). The heterostructure of WS, (3 x
3)/Graphene (4 x 4) with 59 atoms and the heterostructure of WS, (4 x 4)/Graphene
(5 x 5) with 98 atoms in order to achieve a small lattice mismatch (approximately 1%)
which plays a crucial role in the stability of the heterostructure. The strain in
WS,/Graphene heterostructures affects dramatically the electronic band structure pic-
ture. It is challenging to explain the behavior of band alignment in the electronic band
structure diagrams. Furthermore, we performed calculations to examine the interlayer
distance and the optimal configurations.

Finally, we studied the photoluminesce spectrum using the Bethe-Salpeter equation
(BSE) in 2D systems and calculated excitonic effects in monolayer WS,. The reason
we study these heterostructures is to gain further knowledge from a theoretical point
of view about the electronic properties and to complement or confirm experimental
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works in these systems. These heterostructures have not been extensively studied and
have prospects that may enable their widespread use in applications.

According to the above, this thesis is organized as follows: after this small introducto-
ry chapter 1, we give, in chapter 2, a brief overview of DFT and theoretical back-
ground behind the electronic band structure calculations. We also discuss, the basic
concepts of the theory of BSE and last, we give some computational details. Later on,
in chapter 3, we examine monolayer WS, and graphene and we present the results for
their atomic and electronic structure from DFT calculations.

In chapter 4 we present the extensive study for WS,/Graphene heterostructure and we
give the results from DFT calculations for the atomic and electronic structure for dif-
ferent sizes of supercell (SC). We will analyze and discuss each case and explain the
role of lattice mismatch on WS,/Graphene heterostructures. In chapter 5, we will in-
vestigate the optical excitations in monolayer of WS, according to the spectrum from
the BSE. In chapter 6, we give the conclusions of this thesis and we discuss the recent
experimental works and future prospects in these vdW heterostructures.
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Chapter 2
Theoretical and computational methods

In this thesis we use the Density Functional Theory (DFT). In this chapter, we will
briefly discuss DFT and some of its important concepts. We describe the method
which we follow for the electronic band structure calculations in the primitive cell
(PC) and give an overview of the theory for electronic band structure unfolding for
supercell (SC) calculations. We discuss the basic theory of the Random Phase Ap-
proximation (RPA) and Bethe-Salpeter Equation (BSE), which are the main methods
we use for excitonic effects. Finally, in the last subsection, we give some computa-
tional details.

2.1 Density Functional Theory (DFT)

The introduction of quantum mechanics led to a revolution in science and is regarded
as the most profound scientific breakthrough of all time. Quantum mechanics explains
the behavior of matter and interactions on atomic scales. Every quantum mechanical
phenomenon is described by the Schrédinger equation. DFT is a method in quantum
mechanical modeling for studying the behavior of the material by solving the Schro-
dinger equation and finding the ground state of the system which is defined as the
state in which the system has the lowest possible energy. On the other hand, excited
state of a quantum mechanical system is any state that has energy greater than the
ground state.

DFT is now one of the most dominant computational methods for electronic structure
calculations as well as a tool for many-body problems in solid state physics and mate-
rials science. DFT was introduced by Hohenberg and Kohn in 1964!%! and the ap-
proximation of the many electron problem arose with results from the work of
Hohenberg, Kohn and Sham[®*. The Hohenberg-Kohn theorem asserts that the elec-
tronic density of a system determines all ground state properties of the system. In this
case, the total ground state energy of a many-electron system is a functional of the
density. So, if we know the electron density functional, we know the total energy of
our system. Based on these, the basic idea of DFT is to describe an interacting system
of fermions via its density and not via its many-body wave function.

In DFT, the electronic orbitals are solutions to a Schrédinger equation which depends
on the electron density rather than on individual electron orbitals. An assumption it
uses in order to reduce as far as possible the number of degrees of freedom of the sys-
tem is called the Born-Oppenheimer approximation. The Born-Oppenheimer approx-
imation, in a few words, says that nuclei are fixed and the kinetic energy is a function
of the electrons kinetic energy. This assumption is made because the nucleus is much
heavier than the electron so it is clear that nuclei move much slower than electrons.
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DFT applies to many-body systems and considers the interaction between electrons
and nuclei. Nowadays, most atomic and electronic band structure calculations are
based on DFT. At this point, some very basic concepts of quantum mechanics that the
DFT uses are summarized.

Schrodinger equation, is a partial differential equation that describes the behavior of
the quantum state of a physical system. This equation may be independent or depend-
ent on time, and it has the general form:

HY =E¥ (1)
where H is the hamiltonian operator and ¥ is the wavefunction.
We can write the hamiltonian operator:

—~

H=Te+V,_e + Ve (2)

I

where T, is the operator for the kinetic energy of electron, V,_. is the operator for the
potential energy through the Coulomb interactions of the nucleus and electron, V._, is
the operator for the potential energy through Coulomb interaction of the electrons.

If we replace the expressions for the terms of equation we have:

_;EZi Viz - 21] Ir I 21] | | (3)

The fundamental axiom of DFT is that any property of a system of many interacting
particles can be viewed as a functional of the electron density n(¥), which for
a normalized ¥ is given by

n(?) = Nf d3r2 f dng"IJ*(F, Fz, ey FN)‘P(F, Fz, "'IFN) (4)

where N is the total number of electrons and the total energy of the system can be de-
termined by the expectation value of the hamiltonian:

E[n] = (Lp[n]lTe + Vn—e + Ve—elqj[n]) (5)

Minimizing the energy functional E[n] with respect to n(¥) yields the ground state
density.

The Kohn-Sham equations (non-interacting system):
_theZi V2 — Z, |r + J d3r'n(r )| 7 + Ve [n] @ (W, () = Ejw, () (6)

yields orbitals y, that produce the density of the original system.

The fourth term of the hamiltonian, the exchange correlation potential, contains the
many body effects. This term is the most important in DFT because it corrects for the
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electron self-interaction which leads to the overestimated electron-electron interac-
tion. There are no simple accurate expressions for exchange correlation potential. In
order to calculate it some approximations are made and for that reason many
functionals have been developed, such as the Generalized Gradient Approximation
(GGA), Local Density Approximation (LDA).

For the purpose of this thesis we will use the LDA functional. LDA was formulated
based on the properties of the uniform electron gas, and, therefore, it is exact for the
special case of a uniform electronic system. LDA is a class of approximations for the
exchange correlation energy functional that depends solely on the electron density at
each point of space. The LDA can be easily applied using plane waves with periodic
boundary conditions. In this case the exchange correlation energy is calculated as fol-
lows:

Ex??[n] = [ n®ec(m)d’r (7)

2.2 Methods for band structure calculation

In this section, we will discuss the theoretical background behind the electronic band
structure calculations we applied to monolayers WS, graphene and WS,/Graphene
heterostructures. At first, the calculation of ground state based on DFT uses some
simplifications and approximations in order to handle the problem of the infinite
number of interacting electrons moving in the static field of an infinite number of
ions. The solution of the Schrédinger equation at zero potential is a plane wave. The
electrons far from the nuclei behave as free particles and can be represented by plane
waves. The electrons close to the nucleus behave as in a free atom and hence, atomic
like functions can be used to represent them. The system with electron-electron inter-
actions can be mapped to a non-interacting electron system, and an infinite solid bulk
may be considered periodic. The ions in a perfect crystal are arranged in a regular pe-
riodic way. Therefore, the external potential felt by the electrons will also be periodic,
the period is the same as the length of the unit cell (L).

In one dimension, the external potential on an electron at position r can be expressed
as V(r) = V(r + L), which is the condition for the use of Bloch's theorem. With the use
of this theorem it is possible to express the wave functions of the infinite crystal in
terms of wave functions at reciprocal space vectors of a Bravais lattice. Bloch's theo-
rem uses the periodicity of a crystal to reduce the infinite number of electron wave
functions to be calculated, to simply the number of electrons in the unit cell of the
crystal. The wave function is written as the product of a cell periodic part and a wave-
like part as:

w(®) = eK(®) (8)

where f;(¥) a periodic function with the periodicity of the unit cell and k is the k-point
that refers to all the values in the first Brillouin zone.

£(®) = g iGel® (9)

The first Brillouin zone is the primitive cell (PC) in the reciprocal space, and it is giv-
en by the volume surrounded by the surfaces with the same distance from one element
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point of the lattice and its neighbors. The reciprocal space in solid-state physics stands
for the array of reciprocal lattices. The G are the reciprocal lattice vectors which are

2mtm

defined by G = -

Therefore, each electronic wavefunction is written as a sum of plane waves.
W,(®) = T Ciace FOT (10)

The electronic wavefunctions at each k-point are now expressed in terms of a discrete
plane wave basis set. In principle, this Fourier serie is infinite. However, the coeffi-

— =2
. L n?(|k+G
cients for the plane waves c;;..z €ach have a kinetic energy M. The plane
, 2m

waves with a smaller kinetic energy typically have a more important role than those
with a very high kinetic energy.

So, this introduction of plane wave energy cut off reduces the basis set to a finite size.
According to these in this thesis we use plane wave method for electronic band struc-
ture calculations. This means that the wave functions are expanded in plane waves
and that:

|G+k|?
2

< Ecut (11)

where E.; is the energy plane wave cutoff. In this work E.,; = 600eV.

As we said before, with the Bloch's theorem we can write the electron wave function
as a part of a plane wave like and a periodic function as we can see in the equation
(8). So, one of the important parameters in this study is the number of k-points. That
way all the physical properties in the system are periodic functions of the eigenstates
of the k vector. We only need to consider k vectors inside the primitive unit cell of the
reciprocal lattice of the system, which is called Brillouin zone. For example, if we
want to solve the Schrodinger’s equation for a many body problem in one dimension,
we just have to take the k points that are in the range between —g <k< g where a is

the lattice constant. In the next figure 2.1, we can see the graphical representation of
the k points for the first Brillouin zone for the 2D hexagonal Bravais lattice which is
used in our thesis:

Figure 2.1
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Figure 2.1: First Brillouin zone for 2D hexagonal Bravais lattice.

So, the Brillouin zone sampling® is defined with the expression kpts = (N1, N2, N3)
where N1, N2 and N3 are positive integers. This will sample the Brillouin zone with a
regular grid of N1*N2*N3 k-points. In this work after investigation we determine for
all electronic band structure calculations to set kpts = (4, 4, 1). So far, we have de-
scribed the theory behind the electronic band structure calculation in PC. However,
for investigating the electronic band structure for WS,/graphene heterostructures we
need to build first the supercell (SC) for WS, and graphene. For this reason, we make
appropriate SC in which Bloch’s theory may be applied to periodic structures such as
monolayers. A SC consists of the vectors that define the cell that can be repeated in
three dimensions and produces the required crystal structure and also the atom posi-
tions in the cell. At this point, it is important to explore and understand the whole pic-
ture about the electronic band structure for SC. Due to the many electrons in the unit
cell, the electronic band structure of a SC is complicated. For that reason, we follow
the method for unfolding the band structure of the SC to the one of the PC. According
to these, we will give below an overview of the theory of electronic band structure
unfolding for SC calculations. The basis vectors of the SC and PC satisfy:

-
A=M=x3,
or
iy —
Aq mp; Mgy My3 ap
A, |=|M21 Mzz Mgz |*(3d, ), my€eZ (12)
Kg m3z; Mz M3z B

where A and 3 are matrices with the cell basis vectors as rows and M the transfor-
mation matrix. Following the convention adopted above we give a relation similar to

Eq. (12) which the two reciprocal basis vectors B; =( )* (AxAy) and b; =

2_1'[
, Vsc
s SN
(a) * (ajxak):
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[y

z, (13)

3

:M—l*

Wl Wl Wl
N
ol ol ol

3

where upc and Vg the volumes of the PC and SC unit cells respectively which are re-
lated by Vs = upc * det(M). Now, given a wave vector k in primitive Brillouin zone
(PBZ) it is said to fold into a wave vector X in supercell Brillouin zone (SBZ) if there
exists a reciprocal lattice vector G (in the SBZ) such that:

K=k-G (14)
Conversely, a wave vector K unfolds into k; € PBZ
k=K+G (15)

These equations (14) and (15) summarize the very principle of folding and unfolding
of states. The vectors K and G in equation (14) are unique for a given k, which means
that a given wave vector k € PBZ is mapped precisely into a single wave vector K €
SBZ (folding). In contrast, equation (15) shows that a given wave vector K can be ob-
tained from a number N = detM of different (k;, G;) pairs (unfolding). According to
these the electronic structure calculation methods can be applied to a periodic solid
using either a PC or a SC representation. By solving the Schrédinger equation of the

electronic system, we can obtain both the eigenvectors |kn) in PC and |[Km) in SC

(where n and m stand for band indices) and the dispersion relations E(k) and E(K),
which are well-defined quantities in both representations. In this direction, the basic
idea of an unfolding procedure is to recover, from the SC calculation alone, either the

PC eigenvectors |kn) and their contributions to the SC eigenstates [Km), or the E(K)

picture from the often complicated E(K). The basic relation which has a crucial role in
the unfolding method is the spectral function of the PC calculation starting from ei-
genvalues and eigenfunctions of the SC one. Spectral function can be presented as
follows:

A(KE) = S Pgyy (K)8(Egy —E) (16)

where Py (k) are the spectral weights defined by:
—. — - 2
P (K) = ) | (Rm[Kn)

This quantity represents the probability of finding a set of PC states |En) contributing
to the SC state [Km) which give information about how much of the amount of Bloch
character [kn) is preserved in |Km)27128129]

2.3 Theoretical approximation methods for excitons
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After the analysis of the theory for electronic structure calculations in this work we
will also study optical excitations in monolayer of WS, through DFT calculations. In
our thesis, we followed two approximation methods in order to calculate the dynam-
ical dielectric function for excitation effects, which are the Random Phase Approxi-
mation (RPA) and Bethe-Salpeter Equation (BSE). For this purpose, it is important in
this section to present an overview of RPA and BSE methods respectively.

The RPAPIEIEY jg 3 non-perturbative method which accounts for the weak screened
Coulomb interaction and used for describing the dynamic linear electronic response of
many-electron systems. RPA uses local field and electrons are assumed to respond
only to the total electric potential Vi (r) which is the sum of the external perturbing
potential Ve (r) and a screening potential V(r).

Viot(r) = Vext(r) + V(1) (17)

In the RPA, the key quantity is the non-interacting density response function x° which
describes the change of the density 6n,_; if the external potential undergoes a small
change 8V, according to the relation (18).

dny_j = XOSVtot (18),

where x° is the polarizability of the system in reciprocal space derived by Ad-
ler B2 and Wiser ®° and is written as:

0 _ 1yBzZ frk—fa/keq —i(q+G)sr
XGG’(q: w) = sz Zn,nl T — <¢nk|e

llJn’k+q>‘chl] (wnklei(q+G’)*r, llJn'k+q>‘chll (19)

where g, and i, are the eigenvalue and eigen wavefunction, which is normalized to
1 in the crystal volume Q = Qcell*N and g stands for the Bloch vector of the incident
wave and G(G’) are reciprocal lattice vectors. The sum of occupation f,,;. should be the
total number of electrons in the crystal, satisfying

Ynkfak = NgkN  (20)

where N is the number of electrons in a single unit cell and Ny is the number of unit
cells k-points.

The external perturbing potential is assumed to oscillate at a single frequency ®, so
that the model vyields via a self-consistent field (SCF) method®"a dynam-
ic dielectric function denoted by 8¢ (q, ) given as:

4
Sggé(q, (1)) = SGGI - |q+_1;|2X2G’(q’ (1)) (21)
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and from that the macroscopic dielectric function is defined by

(22)

1
em(gq W) = m

As a result, the optical absorption spectrum (ABS) is obtained through
ABS = Imgy(q =~ 0,w) (23)

After we presented the RPA, we will discuss the BSE which is the second theoretical
approximation method (for excitons) which we followed. BSE is an object which cal-
culates optical and dielectric properties of material systems including the electron-
hole interaction. The BSE has been successfully applied to describe two-particle exci-
tations and represents also a powerful tool to deal with excitation energies like ab-
sorption spectra. In this framework, as we understand the BSE calculation is the se-
cond stage after DFT. The first stage starts with perform DFT calculation which gives
a ground state structure of the system, by solving the Kohn-Sham (KS) equations in
LDA. In order to get improved response functions and describe correctly the im-
portant excitonic effects we solve the BSE for the polarizability. This leads in general
to excellent absorption spectral™. In practice, the BSE can be solved by diagonalizing
a two-particle excitonic Hamiltonian which moreover provides information about the
excitonic eigenstates and eigenvalues. In transition space and using the only-resonant
approximation it is given as:

HeffAd = E*AM  (24)
where A*, E* are the eigenvectors and eigenvalues of the two-particle Hamiltonian. In

practice we evaluate everything in frequency domain, reciprocal space and transitions
basis. The excitonic Hamiltonian reads:

HE e = (Eek = €ui)BuuBcer S + (uck]Tu'c’K’) — (uck|W[u'c'k’) (25)

uu’cc’k

where uu’, cc’, Kk’ indexes of valence band, conduction band and k-vector, respective-
ly and e, £, are quasi-particle energies.

The term u is the Coulomb potential without the long-range part and describes the
electron-hole exchange:

uk)(u’k'|e_iG*r

c'k’) (26)

—1.r o _ AT 1 iG
(uckju|u'c’k) = 32G¢0@(Ck|el T

and W is the screened Coulomb electron-hole interaction part given as:

-1
1y AT £gg! (@ i(q+G)*r
(uck|W|u'c’k’y = 0 Yo PYeE (ck|e

Crk1)<ulk1|e—i(q+G)*r

uk) Sq,k—kl (27)
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Generally, the goal of BSE is to find a value for the macroscopic dielectric
tion ey (w) which is directly related with some measurable quantity. The absorption
spectrum, is given by the imaginary part of ey (w). If we only consider the resonant
part of the excitonic Hamiltonian, we permit only positive frequency transitions to
mix, the macroscopic dielectric function is given by

[SofuleiaTc)ale)|”
Ex—w—in

EM(w) = 1- lirnq—»O uo(q) X (28)

Good agreement between theory and experiment can only be achieved by taking into
account the electron-hole interaction and the Bethe-Salpeter gives a very successful
calculation of ABS.

However, in this case where we study 2D materials, the W which is the screening
Coulomb interaction plays a fundamental role in the BSE. For this reason, the W re-
quires a special treatment in order to decouple and eliminate the screening from layers
in periodic images to better describing the excitonic effects in 2D materials. The solu-
tion comes with use of a truncated Coulomb interaction!” which implanted in BSE
(BSE-truncated) with screened interaction W gives:

Woo(q=0) = Qirf dquc(q)[l +q* Vqs&} (Q)|q=o] (29)
4R

lal
lomb interaction which effect to eliminated the interlayer interactions.

where Qr is a small volume containing q = 0 and u.(q) = is the truncated Cou-

2.4 Computational details

In the last section of this chapter we will give some additional computational details
we applied on thesis, including calculation parameters.

Monolayers of WS,, Graphene and heterostructures of WS,/Graphene are investigat-
ed using DFT, where the LDA exchange-correlation functional was used and the sys-
tems were modelled using the Atomic Simulation Environment (ASE) module.B¥ The
calculations were performed using the Grid-based Projector-Augmented Wave
(GPAW) moduleP® which is a DFT python code based on the Projector-Augmented
Wave (PAW) method. The wave functions are described with Plane-Waves (PW)
mode. We applied the parameter “mode = PW(600)” which means the plane-wave
energy cut off is 600eV and for all calculations. In the monolayer WS, and all of
heterostructures which include already tungsten (W), we defined the parameter “set-
ups = {'W" '6'}” which means for each W we have six valence electrons. The optimal
number of k-points in Brillouin-zone chosen for all of the systems is (ky, ky, k) = (4,
4, 1) which gives a well-converged energy. Additionally, the selection for the number
of electronic bands (which was done with the parameter “nbands”) depended on the
number of atoms and was at least equal to 50% more than the number of atomic orbit-
als. In this work for each calculation we added more unoccupied bands for improved
convergence. In order to control the smearing of the occupation numbers of electronic
states, we set the parameter “occupations = FermiDirac(0.01)” which means the width

21


http://www.python.org/
https://wiki.fysik.dtu.dk/gpaw/documentation/literature.html#literature

of the electronic levels is 0.01eV according to the Fermi-Dirac distribution. To con-
clude, for all structures we also added 8A vacuum of unit cell in the z-axis direction to
avoid any convergence problems in simulation box.

Chapter 3
WS, monolayer and Graphene

In order to achieve the purpose of this thesis which is the study of WS,/graphene
heterostructures, it is necessary to define and examine the WS, monolayer and
graphene separately. In this chapter, we will present the foundations of our thesis
which is a WS, monolayer and graphene, two materials which belong to the family of
2D materials. We examined a WS, monolayer which was constructed from a primi-
tive cell (PC) consisting of three atoms (W, 2 S) and a 3x3 WS, supercell (SC) which
consists of twenty-seven atoms (9 W, 18 S). Furthermore, we investigated graphene
which was constructed of a PC consisting of two atoms (2 C) and a 4x4 graphene
supercell (SC) which consists of thirty-two atoms (32 C). We will discuss shortly the
characteristics for each one and next we will analyze the results we obtained from
DFT calculations for the atomic structure and the electronic band structure in these
2D materials. The purpose of these DFT calculations for WS, monolayer and
graphene is to find the optimal structural parameters which minimize the total ground
state energy. We present reliable structural and electronical properties which are agree
with experimental results.

3.1 WS, monolayer

WS, monolayer is a material in the TMDs family. As a semiconductor, it has a direct
band gap 2.1eVEIE8 that offers significant optoelectronic properties™ which are
promising for use in electronics. WS, monolayer is a layered material with sheets
consisting of a layer of tungsten atoms sandwiched between two layers of sulfur at-
oms in a trigonal prismatic coordination as seen in Figure 3.1. In this section, we ex-
amine and discuss the theoretical results from DFT calculations for the atomic and
electronic structure of monolayer WS, and compare with the current experimental
works.

Figure 3.1
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Figure 3.1: The atomic structure of WS ;howing the trigonal prismatic coordination
as well as the sandwiched layered structure of the material.
3.1.1 Structure of WS, monolayer

In this subsection, we show the structure of WS, monolayer which is a PC consisting
of 3 atoms (W, S, S) as we see in Figure 3.2. We performed DFT calculations in order
to find the optimal structural parameters as well as the minimum total energy ground
state of the system. As we said, WS, monolayer has hexagonal structure in trigonal
prismatic coordination with space group P63/mmc. The geometry is defined by the
lattice vectors ay, a,, az and the atom position vectors Ry, Rs, Rs within the unit cell.

They can be defined in various different but equivalent ways. In this work, we use the
following configuration for the lattice vectors:

a; =a(-1/2,+/3/2,0),a,=a(1,0,0),a3 =c (0, 0, 1)
where a is the lattice constant, c is the parameter of hexagonal lattice
Now, the position vectors for tungsten (W) and sulfurs (S):

Rw=1/3a;+2/3a, + 1/4 a3
Rs=2/3a; +1/3a, + (1-u) as
Rs=2/3a; +1/3a; + (u-1/2) as

where u is the parameter which determines the distance between sulfurs. The distance
dss between sulfurs for WS;:

des/2=(3/4-u)*c (30)

Figure 3.2
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;S e
Figure 3.2: The unit cell of WS, monolayer consists of three atoms W, S, S.

According to the above lattice vectors a;, a,, az and the atom position vectors R
within the unit cell, we performed some iterations with DFT and calculated the total
energy of system around of lattice constant a=3.153AB 3% and parameter u=0.618

(dss = 3.148A). We kept the parameter c=12A constant.

The iterations started with lattice constant a of 3.11A to 3.19A with step 0.01A and

for each value of the calculation the total energy is shown Table.1.

Table.1
Energy (eV) | Lattice constant (A)
-24.277 3.11
-24.286 3.12
-24.292 3.13
-24.295 3.14
-24.296 3.15
-24.294 3.16
-24.290 3.17
-24.283 3.18
-24.274 3.19

The energy curve E (eV) (axis -y) as a function of lattice constant a (A) (axis -x) was

fitted to a second degree polynomial of the form:

y=ax*+bx+c (31)

Figure 3.3
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Figure 3.3: The energy curve E (eV) as a function of lattice constant a (A) of WS,

monolayer.

Determining the minimum,

dy/dx = 2ax + b=0 => x= - b/(2a) =>x=3.148 we find a=3.148A, E nin=-24.296eV

Furthermore, we followed the same procedure and performed some iterations around
of parameter u=0.618 (dss=3.148A) while keeping lattice constant a=3.148A and
c=12A stable. The iterations began with u parameter of 0.615 to 0.621 with step 0.001
and done for each value the calculation of total energy as we seen in Table.2.

Table.2
Energy (eV) Parameter u
-24.255 0.615
-24.274 0.616
-24.287 0.617
-24.295 0.618
-24.296 0.619
-24.292 0.620
-24.281 0.621

The energy curve E (eV) (axis -y) as a function of parameter u (axis -x) is fitted with a
second degree polynomial of the form (31).

Figure 3.4
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Figure 3.4: The energy curve E (eV) as a function of parameter u of WS, monolayer.
Determining the minimum,

dy/dx = 2ax + b=0 => x= - b/(2a) =>x=0.619
we find u=0.619 (ds.s=3.144A), E nin=-24.296eV

According to these results, were determined as the optimized unit cell lattice
parameters a=3.148A, u=0.619 (dss=3.144A), c=12A for the WS, monolayer.
Percentage error is only 0.158% with the experimental value of lattice constant
a=3.153A%" for the WS, bulk crystal and that means we have reliable results for the
description of the structure of this material.

3.1.2 Electronic band structure of WS, monolayer

After a review of the structure of the WS, monolayer and after finding the optimized
structural parameters, we discuss its electronic structure. The band structure of WS,
monolayer and its isoelectronic compounds of the group six TMD family, is distinctly
different from that of graphene. The indirect to direct crossover in single layer WS,
results from local shift of valence band hills and conduction band valleys in the
Brillouin zone™*"). The conduction band minimum (CBM) and valence band max-
imum (VBM) coincide at the K point, making them direct gap semiconductor. In this
subsection, this behavior is predicted by DFT calculations and is in agreement with
photoemission experiments on WS, single layert*®!. Based on the results for the struc-
ture of WS, monolayer, with optimized unit cell lattice parameters are a=3.148A,
u=0.619 (ds.s = 3.144A), c=12A, we perform DFT calculations for the electronic band
structure. The basis vectors of the corresponding reciprocal lattice are
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by = (2n/a)*(0, — \/g ,0), b, = (2n/a)*(1, \/g 0)

and the Brillouin zone for the 2D crystal is a hexagon as seen in Figure 3.5.

Figure 3.5
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Figure 3.5: The 2D Brillouin zone of WS,

In this electronic band structure calculation of WS, monolayer we selected the M-K-
G path in the Brillouin zone to represented the result as shown below.
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Figure 3.6: Bandstructure of WS, monolayer.
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The electronic band structure for WS, monolayer on the above diagram was calculat-
ed within the LDA approximation with 1.945eV direct band gap in K-point and Fermi
level was set to zero (E-Efrmi = 0eV) with Fermi energy Egemi = -1.080eV. We ob-
served that the PW mode in LDA gives very good description of the electronic struc-
ture, close to the experimental 2.1V 18I hand gap.

3.1.3 Structure of WS, supercell

In order to achieve the purpose of this thesis which is the study of WS,/graphene
heterostructures, it is necessary to define supercells (SCs) of WS, monolayer. This
plays a crucial role in the structure and stability of WS,/graphene heterostructure. The
SCs consist of PC with the same lattice vectors ai, a», as as in the subsection 3.1.1
that are repeated in two dimensions (x and y) and produce the required monolayer
structure and the atom positions in the (SC). We produced and studied the 3x3
supercell (SC) of WS, monolayer which consists of 27 atoms (9 W, 18 S) as we see in
Figure 3.7. We performed DFT calculations as in section 3.1.1 to find the optimal
structural parameters as well as to minimum total ground state energy of system.

e RN
Figure 3.7: 3x3 supercell of WS, monolayer consisting of 27 atoms (9 W, 18 S).

We performed some iterations with DFT for calculating the total energy of system
around of lattice constant a=9.444A (3x3.148A) and parameter u=0.618 (dss =
3.148A) which as we said determines the distance between sulfurs. We kept the
parameter c=12A stable. The iterations started with SC lattice constant a of 9.40A to
9.48A with step 0.01A for the calculation of the total energy as we see in Table.3.

Table.3
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Energy (eV) Lattice constant (A)
-218.820 9.40
-218.830 9.41
-218.838 9.42
-218.842 9.43
-218.844 9.44
-218.843 9.45
-218.839 9.46
-218.833 9.47
-218.824 9.48

The energy curve E (eV) (axis -y) as a function of lattice constant a (A) (axis -x) is
fitted with second degree polynomial of the form (31).
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Figure 3.8: The energy curve E (eV) as a function of lattice constant a (A) of WS,
supercell.

Determining the minimum,
dy/dx = 2ax + b=0 => x= - b/(2a) =>x=9.442 we find a=9.442A, E 1in=-218.844eV
Furthermore, we followed the same procedure and performed some iterations around

of parameter u=0.618 (dss=3.148A) while keeping lattice constant a=9.442A and
c=12A stable.

The iterations began with u parameter of 0.615 to 0.621 with step 0.001 and done for
each value the calculation of total energy as we seen in Table.4.

Table.4
Energy (eV) Parameter u
-218.461 0.615
-218.632 0.616
-218.754 0.617
-218.825 0.618
-218.844 0.619
-218.808 0.620
-218.715 0.621

The energy curve E (eV) (axis -y) as a function of parameter u (axis -x) is fitted with a
second degree polynomial of the form (31).

Figure 3.9
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Figure 3.9: The energy curve E (eV) as a function of parameter u of WS, supercell.

Determining the minimum,
dy/dx = 2ax + b=0 => x= - b/(2a) =>x=0.619
we find u=0.619 (ds.s = 3.144A), E nin=-218.844eV

According to these results, are determined the optimized lattice parameters a=9.442A,
u=0.619 (ds.s = 3.144A), c=12A for the 3x3 SC of WS, monolayer. We have the same
lattice parameters with the PC of 3 atoms of WS, monolayer where we discussed in
subsection 3.1.1 except for lattice constant a=9.442A which has a value closely to
3x3.148A as we expected because of the periodicity of PC by 3 in x and y direction.
These results mean we have made successfully built of SC for description of structure
in this material.

3.1.4 Electronic band structure of WS, supercell

After a review of the structure of 3x3 supercell (SC) of WS, monolayer and after we
found the optimized structural parameters, we discuss the electronic structure of WS,
supercell. We expected the conduction band minimum (CBM) and valence band max-
imum (VBM) to coincide at the K point, giving a direct gap semiconductor. Based on
the results of the structure of WS, supercell, for the optimized supercell lattice pa-
rameters a=9.442A, u=0.619 (dss =3.144A), c=12A, we perform DFT calculation for
the electronic band structure. The Brillouin zone is a hexagon as we discussed in sub-
section 3.1.2 (Figure 3.5). In this electronic band structure calculation of WS,
supercell we selected the M-K-G path in Brillouin zone to represent the result as
shown below.

Figure 3.10
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Figure 3.10: Bandstructure of WS, supercell.

The electronic band structure for the WS, supercell on the above diagram must be
exactly the same with WS, monolayer, as we discussed in subsection 3.1.2. However,
we observe a large number of electronic bands which give a confusing and unrealistic
electronic band structure picture for the WS, monolayer. The explanation comes from
the periodicity of SC (3x3 PC in this case) as well as the large number of valence
electrons which of this system.

The quite messy electronic band structure of WS, supercells is resolved with the band
structure unfolding method. This method described in section 2.2 aims to unfold the
band structure of the SC to the PC. For this unfolding electronic band structure calcu-
lation of the WS, supercell we selected the same M-K-G path in Brillouin zone and
the is shown below (Figure 3.11).
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Figure 3.11: Unfolding bandstructure of WS, supercell.

As we can see above, is clarified confusing picture for the electronic band structure
calculation for the WS, supercell. In this electronic band structure diagram, we got
1.949eV direct band gap in K-point and Fermi level was set to zero (E-Efemi = 0eV)
with Fermi energy Efemi = -1.177eV which is almost the same with the WS,
monolayer. In conclusion, this method proved a useful tool to produce the real elec-
tronic structure picture for WS, supercell and also gave reliable results which agree
with the PC WS, monolayer calculation (Figure 3.6).

3.2 Graphene

Graphene is made of sp? hybridized carbon atoms arranged in a hexagonal honey-
comb latticel* % as seen in see Figure 3.12. The sp® hybridizations between the s or-
bital and two p orbitals lead to a trigonal planar structure with a formation of ¢ bond
between carbon atoms. Graphene is a semi-metal with a characteristic electronic
structure which is band gap free. It exhibits outstanding electronic, optical, mechani-
cal and thermal properties. This makes it interesting for a multitude of applications,
such as flexible electronics and to replace rare elements used as transparent conduc-
tors, for example in displays®®Y. In this section, we will introduce the theoretical re-
sults from DFT calculations for the atomic and the electronic structure of graphene
and compare them with experimental results.
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Figure 3.12

Figure 3.12: Shows the hexagonal structured carbon atoms of monolayer graphene.

3.2.1 Structure of Graphene

In monolayer graphene, three of the four valence electrons hybridize in an sp? config-
uration to form the strong o bonds while the last electron of the carbon atoms forms
the half-filled 2p, orbital normal to the plane of hexagonal carbon lattice, resulting in
n covalent bonds. There are three atomic orbitals of sp? covalent bonding for each
carbon atom, 2s, 2px, and 2py. The strong ¢ bonds are the main reason for the me-
chanical strength and structural robustness of the lattice structure in carbon allotropes.
Governed by the Pauli principle, these lower energy levels form a deep fully filled
valence band. These strong covalent bonds make graphene the thinnest, and yet the

strongest material ever measured, being at least five to ten times stronger than
stee| 41058,

In this subsection, we build the structure of graphene with a PC consisting of two at-
oms of carbon (C, C) as seen in Figure 3.13. We performed DFT calculations in order
to find the optimal structural parameter which is the lattice constant as well as the
minimum total (ground state) energy of system. We define for graphene in cartesian
coordinates the real space unit vectors a;, a,, az and the atom position vectors R¢
within the unit cell:

a1 =a (V3/2, 1/2,0),a, =a (—/3/2, 1/2, 0), a3 = ¢ (0, 0, 1)
where a is the lattice constant and c is the parameter of hexagonal lattice.

Now the position vectors for two carbons (C):
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Rc=0a;+0a,+1/4 a3

Rc=1/3a; +2/3a, +1/4 a3

Figure 3.13

4

Figure 3.13: Unit cell of graphene consist of two atoms of carbon C.

We performed some iterations with DFT for calculating the total energy of the system
around of lattice constant of a = 2.46A*? while keeping the parameter c=8A stable.

The iterations started with lattice constant a of 2.40A to 2.50A with step 0.01A and
for each value, the calculation of total energy is presented in Table.5.

Table.5
Energy (eV) Lattice constant (A)
-20.136 2.40
-20.157 2.41
-20.173 2.42
-20.183 2.43
-20.189 2.44
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-20.190 2.45
-20.186 2.46
-20.178 2.47
-20.165 2.48
-20.149 2.49
-20.128 2.50

The energy curve E (eV) (axis -y) as a function of lattice constant a (&) (axis -x) is
fitted with a second degree polynomial of the form (31).
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Figure 3.14: The energy curve E (eV) as a function of lattice constant a (&) of
graphene.

Determining the minimum,

dy/dx = 2ax + b=0 => x= - b/(2a) =>x=2.447 we find a=2.447A, E nin=-20.190eV

According to these results, the optimized unit cell lattice parameters a=2.447A and
c=8A for the graphene. We have a percentage error only 0.520% are comparing to the
experimental value of the lattice constant 2.46 A% and that means we have reliable
results for the description of the structure of graphene.

3.2.2 Electronic band structure of Graphene
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After studying the atomic structure of graphene and having found the optimized
lattice constant where the system has minimum total energy, we investigated the
electronic structure. Based on modern band structure studies of graphene, the material
demonstrates typical properties as a semimetal. The electronic excitations however
exhibit a unique linear dispersion with properties resembling to “relativistic” particles.
The conduction band and the valence band in pristine graphene meet at a single point
around which the wave functions of electrons are described by the Dirac equation, in
contrast with conventional 2D systems which a hyperbolic dispersion relation®®.
According to the results for the structure of graphene we set the optimized unit cell
lattice parameters a=2,447A and c=8A to performed DFT calculations for the
electronic band structure. The basis vectors of the corresponding reciprocal lattice are

hy = 2n/a*(=, 1, 0), h, = 2n/a*(—%, 1, 0)

*(%’

The Brillouin zone for the graphene is the hexagon seen in Figure 3.15.

Figure 3.15

Figure 3.15: The 2D Brillouin zone of graphene.

In this electronic band structure calculation of graphene, we selected the M-K-G path
of the Brillouin zone to represent the results, as seen below (Figure 3.16).

Figure 3.16
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Figure 3.16: Bandstructure of graphene.

The electronic band structure for graphene on the above diagram was calculated by
LDA. The results show as zero band gap at the K-point and Fermi level was set to
zer0 (E-Efermi = 0eV) with Fermi energy Efemi = -0.928eV. This band structure
description is supported by most existing experimental data.

3.2.3 Structure of Graphene supercell

In this subsection, we define the structure of graphene supercell (SC). The SC consist
of PC with the same lattice vectors a;, az, as as in the subsection 3.2.1 that are repeat-
ed in two dimensions x and y and produces the required monolayer structure and also
the atom positions in the cell. In this case, we produce and study a 4x4 supercell (SC)
of graphene which consists of 32 atoms of carbon C as seen in Figure 3.17. We follow
the same procedure to perform DFT calculations as in section 3.2.1 to find the optimal
structural parameters as well as to minimum total ground state energy of the system.

Figure 3.17
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Figure 3.17: 4x4 supercell of graphene consist of 32 atoms of carbon C.

We performed some iterations with DFT for calculating the total energy of the system
around the lattice constant a=9.788A (4x2.447A) while keeping the parameter c=8A
fixed. The iterations started with a lattice constant of 9.74A to 9.83A with step 0.01A
and the total energy is seen in Table.6.

Table.6
Energy (eV) Lattice constant (A)
-323.201 9.74
-323.220 9.75
-323.235 9.76
-323.244 9.77
-323.249 9.78
-323.249 9.79
-323.246 9.80
-323.236 9.81
-323.223 9.82
-323.204 9.83

The energy curve E (eV) (axis -y) as a function of lattice constant a (A) (axis -x) is
fitted with a second degree polynomial of the form (31).
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Figure 3.18
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Figure 3.18: The energy curve E (eV) as a function of lattice constant a (A) of
graphene supercell.

Determining the minimum,

dy/dx = 2ax + b=0 => x= - b/(2a) =>x=9.785 we find a=9.785A, E nin=-323.250eV

According to these results, the optimized lattice parameters are a=9.785A, c=8A for
the 4x4 SC of graphene. The value of lattice constant a=9.785A is close to 4x2.447A
as expected because of the periodicity of PC by 4 in x and y direction. These results
mean that we have successfully constructed SC to describe the graphene structure.

3.2.4 Electronic band structure of Graphene supercell

After a review of the structure of 4x4 supercell (SC) of graphene and after we found
the optimized structural parameters, we discussed the electronic structure of graphene
supercell. The Brillouin zone is a hexagon as we discussed in subsection 3.2.2 (Figure
3.15). We expect the conduction band minimum (CBM) and the valence band maxi-
mum (VBM) to meet at a single point K, where the wave functions of electrons are
described by the Dirac equation.

Based on the results of the structure of graphene supercell with optimized supercell
lattice parameters a=9.785A and c=8A we performed DFT calculation for the elec-
tronic band structure. In this electronic band structure calculation of graphene
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supercell, we selected the M-K-G path in Brillouin zone to represent the result as
shown below (Figure 3.19).

Figure 3.19

k-points

Figure 3.19: Bandstructure of graphene supercell.

The electronic band structure for graphene supercell on the above diagram should
must be exactly the same with graphene, as we discussed in subsection 3.2.2. Howev-
er, we observe many other electronic bands which give a confusing and unrealistic
electronic band structure picture for graphene. The explanation comes on from the
periodicity of PC (4x4 in this case) as well as the many valence electrons which has
this system. Applying the unfolding method described in section 2.2 the result is
shown below (Figure 3.20)

Figure 3.20
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Figure 3.20: Unfolding bandstructure of graphene supercell.

As we can see above, the confused picture is clarified for the electronic band structure
for graphene supercell. In this electronic band structure diagram, we got OeV band
gap in K-point and Fermi level was set to zero (E-Efrmi = 0eV) with Fermi energy
Efermi = -0.926eV which is almost the same with the graphene. In conclusion, this
method proved a useful tool to produce the real electronic structure picture for
graphene supercell and also gave reliable results which agree with graphene PC. At
this point, upon completion of chapter 3 we see that DFT calculations within LDA,
describe very well the atomic and electronic structure of WS, monolayer and
graphene. Moreover, the band structure unfolding method gave us the right infor-
mation about electronic structure of supercells and will help us to understood the
physical meaning of these. With these tools, we move on to the next step to described
the WS,/Graphene heterostructures, which we will discuss in chapter 4.

Chapter 4
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WS,/Graphene heterostructures

The 2D materials, which includes WS, monolayer and graphene, can be fabricated
into atomically thin films since the intralayer bonding arises from their strong cova-
lent character, while the interlayer interaction is mediated by weak van der Waals
(vdw) forces. The weak electron coupling at the interface of vdW heterostructures
offers the possibility of combining the intrinsic electronic properties of the individual
2D layers.

In particular, WS,/Graphene vdW heterostructures are remarkable because of the high
carrier mobility™” and broadband absorption™® of graphene, as well as the direct
bandgap®!UC and extremely strong light matter interactions® of monolayer WS..
For this reason, these unique WS,/Graphene heterostructures are candidates for many
potential applications such as solar photovoltaics. Based on these, in this chapter 4 we
will theoretical investigate for WS,/Graphene heterostructures. We studied two dif-
ferent sizes of supercells (SC) WS, (3 x 3)/Graphene (4 x 4), which consists of 59
atoms, and WS, (4 x 4)/Graphene (5 x 5), which consists of 98 atoms. We performed
DFT calculations for the atomic structure and electronic band structure in these vdW
heterostructures. This theoretical investigation has led to a pressing need for a full un-
derstanding of the electronic structure as well as to explain the behavior of band
alignment of strained WS,/Graphene vdW heterostructures.

4.1 Heterostructure of WS, (3x3)/Graphene(4x4)

In this section, we will discuss the SC of WS, (3 x 3)/Graphene (4 x 4)
heterostructure which is consist of 59 atoms on TW (Top Tungsten) configuration,
that means the layers stacked in specific orientation with fifth tungsten (W) atom is
over of twelfth carbon (C) atom as we see in Figure 4.1. We performed DFT
calculations for the WS, (3 x 3)/Graphene (4 x 4) heterostructure to find the optimal
structural parameters which minimize the total ground state energy. Based on these
theoretical results we will discuss also the lattice mismatch in the supercell and its
crucial role in the stability of the heterostructure.

Furthermore, we will examine and discuss the theoretical results from DFT
calculations. In the electronic structure of the WS, (3 x 3)/Graphene (4 x 4)
heterostructure to is examined if the behavior of miss-crossing band alignment of the
heterostructure is connected directly with the lattice mismatch. The strain in WS, (3 x
3)/Graphene (4 x 4) heterostructure affects dramatically the electronic band structure
picture and that is confirmed with our results.

Figure 4.1
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Figure 4.1: Side and top of view of the WS, (3x3)/Graphene(4x4) heterostructure on
TW configuration.

4.1.1 Structure of WS,(3x3)/Graphene(4x4) supercell

As seen in Figure 4.2, the method we followed to constructed the heterostructure is to
put the already discussed (in chapter 3) 3x3 SC of WS, monolayer over the 4x4 SC of
graphene on TW configuration. The reason we chose TW configuration is because it
exhibits the lowest total energy compared to others configurations. This
heterostructure has hexagonal lattice structure and we performed DFT calculations in
order to find the optimal structural parameters which minimize the total ground state
energy of system. In this work, the geometry was defined by the following configura-
tion for the lattice vectors ai, az, as:

a; =a(-1/2,+/3/2,0),a,=a(1,0,0),a3 =c (0, 0, 1)

Figure 4.2
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Figure 4.2: WS, (3x3)/Graphene(4x4) supercell consist of 59 atoms 9W, 18S, 32C.

In order to define the optimal structural parameters for WS, (3x3)/Graphene(4x4)
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heterostructure we followed two calculations steps. In the first step we relaxed with
stress tensor method the SC in TW configuration until the system converged to the
minimum total energy and we obtained the structural parameters. We found lattice
constant a=9.690A and parameter u=0.621 (dss = 3.096A)%! which determines the
distance between sulfurs in the WS,(3x3)/Graphene(4x4) heterostructure while
keeping the parameter c=12A fixed. Furthermore, we determined for the
heterostructure the parameter z which describes the interlayer distance between the
carbon atoms with the closest sulfur atoms plane according to the relation,

dc_s=(u—%+z)*c—%*c (32)

In this case we found the parameter z=0.408 that means interlayer distance of
heterostructure d.s=3.348A%!. Afterwards, we got these initial structural parameters
for WS,(3x3)/Graphene(4x4) heterostructure and continued with DFT calculations for
each parameter to confirm and improve the accuracy. Specifically, we performed
some iterations with DFT for calculating the total energy of the system around lattice
constant a=9.690A while keeping the parameters u=0.621 (dss = 3.096A), z=0.408
(dc-s=3.348A) and c=12A stable. The iterations started with lattice constant a of 9.65A
to 9.73A with step 0.01A and done for each value the calculation of total energy as we
seen in Table.7.

Table.7
Energy (eV) Lattice constant(A)
-541.910 9.65
-541.937 9.66
-541.956 9.67
-541.968 9.68
-541.972 9.69
-541.970 9.70
-541.959 9.71
-541.941 9.72
-541.917 9.73
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The energy curve E (eV) as a function of lattice constant a (A) was fitted with a
second degree polynomial of the form (31).

Figure 4.3
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Figure 4.3 The energy curve E (eV) as a function of lattice constant a (A) of
WS, (3x3)/Graphene(4x4) supercell.

Determining for minimum,

dy/dx = 2ax + b=0 => x= - b/(2a) =>x=9.690 we find a=9.690A, E ni,=-541.972eV

According to that result we determined the optimized lattice constant a=9.690A for
the WS, (3x3)/Graphene(4x4) heterostructure. In order to make this equilibrium
heterostructure we observed we have 2.60% the 3x3 SC of WS, monolayer stretched
from the equilibrium state (a= 9.444A) and also, we have compressed by 0.97% the
4x4 SC of graphene (a=9.785A), respectively.

Afterwards, we followed the same procedure for the WS,(3x3)/Graphene(4x4)
heterostructure and we performed some iterations around of parameter u=0.621 (ds-s =
3.096A) while keeping lattice constant a=9.690A, parameter z=0.408(d..s=3.348A)
and c=12A stable.
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The iterations began with u parameter of 0.618 to 0.625 with step 0.001 and done for
each value the calculation of total energy as we seen in Table.8.

Table.8
Energy (eV) Parameter u
-541.672 0.618
-541.820 0.619
-541.919 0.620
-541.972 0.621
-541.964 0.622
-541.905 0.623
-541.790 0.624
-541.618 0.625

The energy curve E (eV) (axis -y) as a function of parameter u (axis -x) was fitted
with a second degree polynomial of the form (31).

Figure 4.4
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Figure 4.4 The energy curve E (eV) as a function of parameter u of
WS, (3x3)/Graphene(4x4) supercell.
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Determining for minimum,
dy/dx = 2ax + b=0 => x= - b/(2a) =>x=0.621

we find u=0.621 (ds.s=3.096A), E in=-541.972eV

According to these results, were determined the optimized super cell lattice
parameters  a=9.690A,  u=0.621  (dss=3.096A), c=12A  for  the
WS, (3x3)/Graphene(4x4) heterostructure. We observe that in the heterostructure we
have smaller distance dss=3.096A between sulfurs than in the 3x3 SC of WS,
monolayer which is dss = 3.144A. That happened because the sulfur in WS,
monolayer experienced van der Walls interactions with carbon atoms in graphene.

Finally, we repeated the same procedure to decide for the last parameter z which
described the interlayer distance of heterostructure. We performed some iterations
around of parameter z=0.408 (d..s=3.348A) while keeping lattice constant a=9,690A,
parameter u=0.621 (dss=3.096A) and c=12A stable. The iterations began with
interlayer distance z of 0.405 to 0.410 with step 0.001 and each value the calculation
of total energy is seen in Table.9.

Table.9
Energy (eV) Distance z
-541.9711 0.405
-541.9723 0.406
-541.9728 0.407
-541.9726 0.408
-541.9723 0.409
-541.9714 0.410
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The energy curve E (eV) as a function of parameter z was fitted with a second degree
polynomial of the form (31).

Figure 4.5
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Figure 4.5: The energy curve E (eV) as a function of parameter z of
WS, (3x3)/Graphene(4x4) supercell.

Determining for minimum,
dy/dx = 2ax + b=0 => x= - b/(2a) =>x=0.407

we find z=0.407 (d¢s=3.336A), E nin=-541.9728eV

We found the optimized interlayer distance z=0.407 (dc.s=3.336A)C34E7T qf
WS,(3x3)/Graphene(4x4) heterostructure. That value of interlayer distance of
heterostructure agrees with other works. In conclusion, we have found all the
optimized structural parameters of the heterostructure, and we calculate the binding
energy based on the relation below:

Ebinding = EWSZ(3x3)/Graphene(4x4) 'EWSZ(3x3) - EGraphene(4x4) (33)

The binding energy of the WS, (3x3)/Graphene(4x4) heterostructure was found to be
0.121eV. As we expected we have small binding energy because of weak interactions
between layers. However, we have a positive value of the binding energy and this
probably happened because we have a 2.60% lattice mismatch in the heterostructure.
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4.1.2 Electronic band structure of WS, (3x3)/Graphene(4x4) supercell

After studying the structure of WS,(3x3)/Graphene(4x4) heterostructure and after we
found the optimized structural parameters, we will discuss the electronic structure.
We examine the results from DFT calculations for the electronic structure of the WS,
(3 x 3)/Graphene (4 x 4) heterostructure to explain the behavior of the combined gap-
less semi-metallic graphene on the direct gap (1.945eV) WS, monolayer semiconduc-
tor. The Brillouin zone is a hexagon as we discussed in subsection 3.2.2 (Figure 3.15).
We use the optimized supercell lattice parameters a=9.690A, u=0.621 (ds.s=3.096A),
z=0.407 (dc.s=3.336A), c=12A and we perform DFT calculation for electronic band
structure. In this electronic band structure calculation of heterostructure, we selected
the M-K-G path in Brillouin zone to represent the results, as shown below (Figure
4.6).

E-Ef(eV)

K G

k-points
Figure 4.6: Bandstructure of WS,(3x3)/Graphene(4x4) supercell.

As we see in the above band structure diagram we got zero band gap of the K-point
and Fermi level was set to zero (E-Efrmi = 0eV) with Fermi energy Efermi = 0.556eV.
We have the conduction band minimum (CBM) and the valence band maximum
(VBM) meeting at a single point K for graphene, as expected. On the other hand, we
expected for the WS, monolayer the conduction band minimum (CBM) and the va-
lence band maximum (VBM) to coincide at the K point. However, we observed the
CBM and the VBM for WS, monolayer shifted to the G-point!®!®!. The reason for
this band alignment is due to 2.60% lattice mismatch of heterostructure and this re-
sults in a dislocation in the hexagonal Brillouin zone. In order to further investigate
the band structure of the heterostructure and since we have many number of electronic

50



bands due to repeated periodicity of PC, we proceeded to the band structure unfolding
of WS, (3 x 3)/Graphene (4 x 4) heterostructure.

This method as we described in section 2.2 aims to unfold the band structure of the
SC to the PC. These band structure unfolding calculations help to fully understand the
electronic structure as well as to explain the behavior of band alignment of the
strained heterostructure. We start by calculating the electronic band structure unfold-
ing of the WS, (3x3)/Graphene(4x4) supercell with respect to the WS, monolayer PC.
We selected the same M-K-G path in Brillouin zone to represented the result as
shown below (Figure 4.7).

Figure 4.7
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Figure 4.7: Bandstructure of the WS, (3x3)/Graphene(4x4) supercell unfolded in the
PC of WS, monolayer.

As we see in the above unfolded band structure diagram of the
WS,(3x3)/Graphene(4x4) supercell to the WS, monolayer PC, we observe a quite
different electronic structure comparing to the unfolded band structure diagram of
WS, supercell (subsection 3.1.4). In the case of the heterostructure we have an
indirect band gap 1.672eV between VBM (G-point) and CBM (K-point) and we also
observe a decreased gap (by 0.516eV) between VBM and CBM in M-point. That
happened because of in order to made this equilibrium heterostructure we have 2.60%
strained on 3x3 SC of WS, monolayer.
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In order to complete the investigation of the electronic structure of the heterostructure
we proceeded to another calculation for the unfolding electronic band structure of the
WS, (3x3)/Graphene(4x4) supercell to the graphene PC. We selected the same M-K-G
path in Brillouin zone and the result is shown below.

Figure 4.8
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Figure 4.8: Bandstructure of the WS, (3x3)/Graphene(4x4) supercell unfolded in the
PC of graphene.

At this unfolded band structure diagram of the WS, (3x3)/Graphene(4x4) supercell to
the graphene PC, we observe the same characteristics compared to the unfolded band
structure diagram of graphene supercell (subsection 3.2.4). In this equilibrium
heterostructure the compression by 0.97% of the 4x4 SC of graphene does not influ-
ence the electronic structure. Based on these results we predict that the magnitude of
lattice mismatch affects the electronic properties of the WS, monolayer of the
heterostructure. In contrast, for lattice mismatch less than 1%, as is the case of
graphene the electronic properties have not been influenced. In order to present more
realistic electronic structure for the WS,/Graphene heterostructure it is necessary to
study a supercell with lattice mismatch less than 2.60%, as we do in the next section.
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4.2 Heterostructure of WS, (4x4)/Graphene(5x5)

In this section, we will move on to examine one more system of WS,/Graphene
heterostructure in order to achieve lattice mismatch less than 1%. We investigate the
SC of the WS, (4 x 4)/Graphene (5 % 5) heterostructure which consists of 98 atoms as
we see in Figure 4.9. We performed DFT calculations for the WS, (4 x 4)/Graphene
(5 x 5) heterostructure to find the optimal structural parameters. We will discuss the
theoretical results from DFT calculations for the electronic structure of the WS, (4 x
4)/Graphene (5 x 5) heterostructure and compare some results with the heterostructure
of WS, (3 x 3)/Graphene (4 x 4) already studied.

Figure 4.9

Figure 4.9: Side and top of view of the WS, (4x4)/Graphene(5x5) heterostructure.

4.2.1 Structure of WS, (4x4)/Graphene(5x5) supercell

In this subsection, we describe the structure of the WS, (4 x 4)/Graphene (5 x 5)
heterostructure that we will study. We build a supercell of 4x4 unit cells of WS,
monolayer on top of a supercell of 5x5 unit cells of graphene which consists of 98
atoms (16W, 32S, 50C) as we see in Figure 4.10. We investigated different configura-
tions of the WS, (4 x 4)/Graphene (5 x 5) heterostructure like as TW (Top Tungsten)
and TS (Top Sulfur) but the system exhibited the lowest total energy in another con-
figuration after relaxed. This heterostructure has hexagonal lattice structure as ex-
pected and we performed DFT calculations in order to find the optimal structural pa-
rameters which minimize the total ground state energy of system.
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The geometry is defined by the following configuration for the lattice vectors a;, as,
as.

a; =a(-1/2,+/3/2,0),a,=a(1,0,0),a3=c (0, 0, 1)

Figure 4.10

ai¥)

Figure 4.10: WS,(4x4)/Graphene(5x5) supercell consist of 98 atoms 16W, 32S, 50C.

In order to define the optimal structural parameters of the WS, (4x4)/Graphene(5x5)
heterostructure we followed the same procedure as in subsection 4.1.1. We relaxed the
SC of heterostructure until the system converged to the minimum total energy and
then we measured the structural parameters.

We found lattice constant a=12.350A and parameter u=0.617 which determines the
distance between sulfurs (dss=3.192A)% in the WS,(4x4)/Graphene(5x5)
heterostructure while keeping the parameter c=12A stable. Furthermore, we
determined the parameter z which describes the interlayer distance between the
carbon atoms with the closest sulfur atoms according to the relation (32) as we said in
subsection 4.1.1. In this case we found the parameter z=0.414 which means that
interlayer distance in the heterostructure is dc.s=3.372A54E7] Afterwards, we used
these initially structural parameters for WS,(4x4)/Graphene(5x5) heterostructure and
continued with DFT calculations for each parameter to confirm and improve the
accuracy. Specifically, we performed some iterations with DFT for calculating the
total energy of the system around lattice constant a=12.350A while keeping the
parameters u=0.617 (ds.s = 3.192A), z=0.414 (d.s=3.372A) and c=12A stable.
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The iterations started with lattice constant a of 12.32A up to 12.36A with step 0.01A
and the results for the total energy as seen in Table.10.

Table.10
Energy (eV) Lattice constant (A)
-894.265 12.32
-894.284 12.33
-894.296 12.34
-894.300 12.35
-894.296 12.36

The energy curve E (eV) as a function of lattice constant a (A) was fitted with a
second degree polynomial of the form (31).

Figure 4.11
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Figure 4.11: The energy curve E (eV) as a function of lattice constant a (A) of
WS, (4x4)/Graphene(5x5) supercell.

Determining for minimum,
dy/dx = 2ax + b=0 => x= - b/(2a) =>x=12.350
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we find a=12.350A, E yin=-894.300eV

According to that result, we determined the optimized lattice constant a=12.350A for
the WS, (4x4)/Graphene(5x5) heterostructure. We observe that we have 1.92%
compressions of the 4x4 SC of WS, monolayer from the equilibrium state (a=
12.592A) and also, we have stretched by 0.96% the 5x5 SC of graphene (a=12.2324),
respectively. That lattice mismatch of the heterostructure, will hopefully give a good
description of the binding energy and electronic properties.

Afterwards, we followed the same procedure for the WS,(4x4)/Graphene(5x5)
heterostructure and we performed some iterations around u=0.617 (dss = 3.192A)
while keeping lattice constant a=12.350A, parameter z=0.414 (d..=3.372A) and
c=12A stable. The iterations began with u parameter of 0.614 to 0.620 with step 0.001
and done for each value the calculation of total energy as we seen in Table.11.

Table.11
Energy (eV) Parameter u
-893.929 0.614
-894.146 0.615
-894.271 0.616
-894.300 0.617
-894.230 0.618
-894.059 0.619
-893.783 0.620
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The energy curve E (eV) as a function of parameter u was fitted with a second degree
polynomial of the form (31).

Figure 4.12
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Figure 4.12: The energy curve E (eV) as a function of parameter u of
WS, (4x4)/Graphene(5x5) supercell.

Determining the minimum,
dy/dx = 2ax + b=0 => x= - b/(2a) =>x=0.617

we find u=0.617 (ds.s = 3.192A), E min=-894.300eV

According to these results, the optimized super cell lattice parameters are a=12.350A,
u=0.617 (ds.s = 3.192A), c=12A for the heterostructure. We observe that for the
WS, (4x4)/Graphene(5x5) heterostructure we have bigger distance u=0.617 (dss =
3.192A) between sulfurs atoms than WS, (3x3)/Graphene(4x4) heterostructure, which
has u=0.621 (ds.s=3.096A). The interlayer distance is bigger z=0.414 (d..s=3.372A)
than z=0.407 (d..s=3.336A), respectively.

Finally, we repeated the same procedure to decide for last parameter z which
described the interlayer distance of heterostructure. We performed some iterations
around of parameter z=0.414 (d..s=3.372A) while keeping lattice constant a=12.3504,
parameter u=0.617 (ds.s = 3.192A) and c=12A stable.
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The iterations began with interlayer distance z of 0.411 up to 0.416 with step 0.001 as
seen in Table.12.

Table.12
Energy (eV) Parameter z
-894.297 0.411
-894.299 0.412
-894.300 0.413
-894.300 0.414
-894.299 0.415
-894.297 0.416

The energy curve E (eV) as a function of parameter z was fitted with a second degree
polynomial of the form (31).

Figure 4.13
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Figure 4.13: The energy curve E (eV) as a function of parameter z of
WS, (4x4)/Graphene(5x5) supercell.
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Determining the minimum,
dy/dx = 2ax + b=0 => x= - b/(2a) =>x=0.414

we find z=0.414 (d¢s=3.372A), E nin=-894.300eV

We found the optimized interlayer distance z=0.414 (d.s=3.372A) of
WS, (4x4)/Graphene(5x5) heterostructure and that is close to the interlayer distance
dcs=3.336A of the WS,(3x3)/Graphene(4x4) heterostructure. Based on these
agreements we determine that the WS, (4x4)/Graphene(5x5) heterostructure are built
successfully. In conclusion, according to these results we have found all the optimized
structural parameters of the heterostructure. The binding energy of the
WS, (4x4)/Graphene(5x5) heterostructure was found to be -0.159eV. We have small
binding energy because we have van der Waals interactions between the layers. The
negative value of binding energy means that the heterostructure is stable.

4.2.2 Electronic band structure of WS, (4x4)/Graphene(5x5) supercell

After determining the atomic structure of the WS,(4x4)/Graphene(5x5)
heterostructure and after we found the optimized structural parameters, we will dis-
cuss the electronic structure. We examined the theoretical results from DFT calcula-
tions in electronic structure for the WS, (4x4)/Graphene(5x5) supercell to explain the
behavior of combined gapless semi-metallic graphene on direct gap 1.945eV semi-
conductor WS, monolayer. The Brillouin zone is a hexagon as we discussed in sub-
section 3.2.2 (Figure 3.15). Based on the results of the structure of supercell
WS, (4x4)/Graphene(5x5) heterostructure we defined the optimized supercell lattice
parameters a=12.350A, u=0.617 (dss=3.192A), z=0.414 (d.s=3.372A), c=12A and
we performed DFT calculation for electronic band structure. In this electronic band
structure calculation of heterostructure, we selected the M-K-G path in Brillouin zone
to represented the result as shown below (Figure 4.14).

Figure 4.14
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Figure 4.14: Bandstructure of WS,(4x4)/Graphene(5x5) supercell.

As we see in the above band structure diagram we measured zero band gap at the K-
point and Fermi level was set to zero (E-Efermi = 0eV) with Fermi energy Efemi =
0.581eV of heterostructure. We have the conduction band minimum (CBM) and the
valence band maximum (VBM) meeting at a single point K that describes the behav-
ior of graphene in the heterostructure, as expected. Additionally, we observe for the
WS, monolayer the conduction band minimum (CBM) and the valence band maxi-
mum (VBM) band alignment with graphene at the K point®®. This electronic struc-
ture of the WS,(4x4)/Graphene(5x5) heterostructure is quite different from the
WS, (3x3)/Graphene(4x4) heterostructure. The explanation comes from the 1.92%
lattice mismatch of the WS, (4x4)/Graphene(5x5) heterostructure resulting in we have
smaller dislocation in the hexagonal Brillouin zone and this allows us to reproduced
more efficient and reliable the electronic structure for WS,/Graphene
heterostructures.

In order to a deeper understanding of the band structure of heterostructure because we
have many number of electronic bands due to repeated periodicity of PC, we proceed-
ed to the band structure unfolding method of the WS, (4 x 4)/Graphene (5 x 5)
heterostructure. This method as we described in section 2.2 aim to unfolding the band
structure of the SC to the PC. This band structure unfolding calculation we helped to
clearly understanding how influence the electronic structure of each monolayer on
heterostructure if we have lattice mismatch less than 1%. We calculated electronic
band structure unfolding of the WS,(4x4)/Graphene(5x5) supercell to the WS,
monolayer PC. We selected the same M-K-G path in Brillouin zone to represented the
result as shown below.

Figure 4.15
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Figure 4.15: Bandstructure of the WS, (4x4)/Graphene(5x5) supercell unfolded in the
PC of WS, monolayer.

As we see in the above unfolding band structure diagram of the
WS, (4x4)/Graphene(5x5) supercell to the WS, monolayer PC we observed small
differences of the electronic structure compared to the unfolding band structure
diagram of WS, supercell (subsection 3.1.4). In this case of heterostructure we have
an indirect band gap 1.992eV between VBM near to K-point and CBM where it is
between K-point and G-point. We also, observed opened a gap by 0.295eV between
VBM and CBM in M-point. The small differences on unfolding band structure
diagram we happened because of in order to made this equilibrium
WS, (4x4)/Graphene(5x5) heterostructure we have 1.92% compressed on 4x4 SC of
WS, monolayer. These results confirm that the magnitude of tensile strain or
compression is very sensitive quantity and affects to the pure electronic properties of
WS, monolayer on heterostructure even though we have lattice mismatch less than
1%.
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Chapter 5
Excitons in monolayer WS,

In this chapter, we use the approximation methods RPA, BSE and BSE-truncated as
we described in section 2.3, in order to find the macroscopic dielectric function
em(w) as well as to extract the optical ABS from imaginary its part. We absorption
calculated the longitudinal part of 2D polarizability to we determine the excitation
effects for monolayer of WS,. Based on these, we investigated firstly the excitation
effects in the optimal equilibrium structure of WS, monolayer (determined in subsec-
tion 3.1.1) and then we performed these calculations with isotropically stretching and
compressing the WS, monolayer. The reason we did these calculations is to see how
strain on a monolayer WS, affects the optical ABS. We performed DFT calculations
and used the approximations methods RPA, BSE and BSE-truncated to calculate the
longitudinal part of 2D polarizability to investigate excitons of monolayer WS,, the
results are shown in Figure 5.1. We used the optimal equilibrium structure of mono-
layer WS, with unit cell lattice parameters a=3.148A, u=0.619 (ds.s=3.144A), c=12A,
as determined in subsection 3.1.1. In our calculation, we use the computational details
as we discussed in section 2.4 but for k-points sampling we replaced with large densi-
ty of k-points (kx, ky, k,) = (30, 30, 1)I"* which are required for the BSE spectrum of
2D systems to converge. The noninteracting response function x° was constructed
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from LDA wave functions and the PW cutoff for the response function (local-field
effects) was set to 50eV.

Figure 5.1
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Figure 5.1: Polarizability of monolayer WS, calculated with the RPA, BSE and BSE
truncated.

The resulting spectrum for monolayer WS, is shown above in Figure 5.1. We ob-
served that for BSE polarizability with Coulomb truncation we obtain the A exciton in
2.130eV but for BSE polarizability without Coulomb truncation we measure 2.350eV,
whereas RPA does not show an exciton peak (due to the RPA calculation neglecting
electron hole interactions). The excitonic effects are much stronger due to the reduced
screening in 2D. In particular, we can identify a distinct exciton well below the band
edge. We saw that without Coulomb truncation, the BSE spectrum is shifted upward
in energy due the screening of electron-hole interactions from periodic images. Exper-
imentally, the absorption spectrum of monolayer WS, exhibits for A exciton peak
around 2.02eVI". According to these, the theoretical results from BSE spectrum,
(and specifically for Coulomb truncated) we represent show a reliable approximation
method to describe and predict the excitation effects for 2D materials, with good
agreement of experimental results. After we investigated the excitation effects for
equilibrium structure of monolayer WS,, we move on to studied the excitons in
strained monolayer WS,. We applied isotropic stretching by 5% and 10% in the equi-
librium structure of monolayer WS,. We performed for each case DFT calculations
and used the approximations methods RPA, BSE and BSE-truncated to calculate the
longitudinal part of 2D polarizability. In the case of 5% stretched monolayer WS,, the
lattice constant is a=3.198A and for 10% stretched a=3.248A. The other unit cell lat-
tice parameters as well as computational details for RPA and BSE methods are the
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same as in the equilibrium structure. The resulting spectra for 5% and 10% stretched

monolayer WS, are shown below in Figure 5.2 and Figure 5.3, respectively.

Figure 5.2
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Figure 5.2: Polarizability of 5% stretched monolayer WS, calculated with the RPA,

BSE and BSE truncated.
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Figure 5.3: Polarizability of 10% stretched monolayer WS, calculated with the RPA,
BSE and BSE truncated.

For the cases of the stretched monolayer WS, the results for the A exciton for each
approximations method are shown below in Table.13.

Table.13
Monolayer of WS, Stretched 5% Stretched 10%
Exciton A A
RPA - -
BSE 2.182eV 2.034eV
BSE truncated 1.965eV 1.818eV

We observe that for stretched by 5% and 10% monolayer WS,, the energies of
excitons decreased compared to the equilibrium structure. In the case of stretched by
5% in monolayer WS, (Figure 5.2) we saw that the BSE spectrum with Coulomb
truncation, is shifted downward 0.165eV for A exciton compare to the ABS of mono-
layer WS, at equilibrium (Figure 5.1). On the other hand, in the case of stretched by
10% in monolayer WS, (Figure 5.3), we see that the spectrum for BSE-truncated is
shifted even further downward by 0.312eV for A exciton. Furthermore, again in both
cases without Coulomb truncation, the BSE spectrum is shifted upward in energy due
the screening of electron hole interactions from periodic images, whereas RPA does
not show any exciton peak. These results are clues that the stretching of monolayer
WS, affect directly in the optical ABS. A reasonable explanation for that is quantum
confinement!™ as discussed later. In this case, the size of the unit cell increases in
monolayer WS, this means increased to confining dimension makes the motion of
randomly moving electron less restricted.

We examined the excitation effects for the case of stretched monolayer WS, we
move on to study the excitons in the case of compressed monolayer WS,. We applied
isotropic compressive strain by 5% and 10% in the equilibrium structure of monolayer
WS,. We performed for each case DFT calculations and used the approximations
methods RPA, BSE and BSE truncated to calculate the longitudinal part of 2D
polarizability. In the case of 5% compressed monolayer WS, the lattice constant is
a=3.098A and for 10% compressed was set in a=3.048A. The other unit cell lattice
parameters as well as computational details for RPA and BSE methods are the same
as in the equilibrium structure. The resulting spectra for 5% and 10% compressed
monolayer WS, are shown below in Figure 5.4 and Figure 5.5 respectively.

Figure 5.4
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Figure 5.4: Polarizability of 5% compressed monolayer WS, calculated with the RPA,
BSE and BSE truncated.

Figure 5.5
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Figure 5.5: Polarizability of 10% compressed monolayer WS calculated with the
RPA, BSE and BSE truncated.

For these cases of compressed monolayer WS, the results for the A exciton for each
approximation method are shown below in Table.14.

Table.14
Monolayer of WS, Compressed 5% Compressed 10%
Exciton A A
RPA - -
BSE 2.53%eV 2.749eV
BSE truncated 2.316eV 2.522eV

According to these results, we observe that for 5% and 10% compression of monolay-
er WS, the energies of excitons increase compared to the equilibrium structure of
monolayer WS,. In the case of 5% compression (Figure 5.4), we see that
the BSE spectrum with Coulomb truncation, is shifted upward 0.186eV for A exciton
compared to the equilibrium monolayer WS, (Figure 5.1). On the other hand, in the
case of 10% compression of monolayer WS, (Figure 5.5), we see that the spectrum
for BSE-truncated is shifted even further upward with 0.392eV for A exciton com-
pared to the equilibrium monolayer WS,. Furthermore, we see again in both cases
that without Coulomb truncation, the BSE spectrum is shifted upward in energy due
the screening of electron hole interactions from periodic images, whereas RPA does
not show any exciton peaks. These results show that compression of monolayer WS,
influence the spectrum. The explanation is the same such as in case of the stretched
monolayer WS, and is due to the quantum confinement effect.

In conclusion, in this chapter we saw that the BSE spectrum with Coulomb truncation
for monolayer WS, produced the best results to describe and predict the excitation
effects in agreement with experimental results. We observed also, that the strained
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(stretch or compress) monolayer WS, influence significantly the photoluminescence
as well as the excitation effects due to quantum confinement effect.

Chapter 6

Conclusions
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In this work, we performed first principles calculations in order to investigate the
electronic properties of WS,/Graphene bilayers. We used GPAW, an open source py-
thon code based on projector-augmented wave (PAW) method and the atomic simula-
tion environment (ASE). In the DFT calculations for the atomic and electronic struc-
ture we chose LDA for the exchange-correlation functional and the parameter “setups
= {'W'" '6'}”, that is six valence electrons for W atom, which proved vital to provide
the best description for the structural and electronic properties of monolayer WS,
graphene, and WS,/graphene heterostructure.

More specifically, we achieved percentage error less than 0.6% for the atomic struc-
ture parameters, such as lattice constants, comparing with experimental values for
both graphene and WS, monolayer. With our electronic band structure calculations,
we confirmed the semiconducting (direct band gap) characteristics for the monolayer
WS, and for graphene we observed the Dirac cone in the Brillouin zone which de-
scribes the semi-metallic (band gap free) behavior, as expected. Furthermore, we used
the electronic band structure unfolding method for supercell calculations, which
proved an extraordinary and reliable process to reproduce the true electronic band
structure of monolayer WS, and graphene supercells.

Our theoretical investigation of different WS,/Graphene heterostructures showed that
lattice mismatch plays a crucial role in these hetero-bilayers. For the
WS, (3x3)/Graphene(4x4) supercell in its equilibrium configuration, we found that the
WS, monolayer was stretched by 2.60%, with important consequences for the stabil-
ity of the heterostructure and its electronic band structure. We observed an indirect
band gap transition (G-K) with a value of 1.672 eV compared to the direct (K-K)
1.945eV band gap in equilibrium monolayer WS,. However, the compression by
0.97% of graphene in the equilibrium heterostructure does not have any visible influ-
ence on the electronic band structure. On the other hand, we found that in the equilib-
rium WS, (4x4)/Graphene(5x5) supercell there is a 1.92% compression of monolayer
WS,. Although we obtained a stable heterostructure in this case, the electronic band
structure was affected showing an indirect transition with a 1.992eV band gap be-
tween the valence band maximum near the K-point and the conduction band mini-
mum shifted near to the I'-point. We also observed a gap widening by 0.295eV be-
tween valence band maximum and conduction band minimum at the M-point compar-
ing to the electronic band structure of the equilibrium free-standing monolayer.
Graphene was stretched by 0.96% in the equilibrium heterostructure but this had not
influence on the electronic structure of the WS, (4x4)/Graphene(5x5) heterostructure.
Based on these results, it is clear that the indirect transitions as well as the miss-
crossing band alignment in the electronic band structure of WS,/Graphene
heterostructures is due to the strained supercells of monolayer WS,. Our results are in
agreement with previous theoretical studies on strained monolayer TMDs and indicate
that the graphene substrate may modify monolayer WS band structure through strain.
Moreover, the small strain on the graphene layer has no effect in its semi-metallic
properties inside WS,/Graphene heterostructures.

In this work, we also studied excitonic effects in monolayer WS, by following differ-
ent approximation methods such as RPA, BSE and BSE-truncated. We obtained the
best description from the BSE spectrum with Coulomb truncation due to the reduced
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screening in 2D. We find a peak at 2.130eV for the exciton and at 2.732eV for the
band gap. We observed that for strained monolayer WS, by 5% and 10%, the absorp-
tion spectrum changes significantly in a way which is totally consistent with quantum
confinement effects.

Theoretical investigation of 2D materials, such as monolayer WS, and graphene as
well as WS,/Graphene heterostructures in our case, gives fascinating results for the
atomic and electronic structure which may lead to the controlled manipulation of elec-
trical and optical properties in these 2D materials. These materials, single layers as
well as vdW heterostructures, are great candidates for technological applications.
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