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Abstract

The increasing energy demand and the
pressure for a sustainable development
impose the transition to carbon-neutral
power generation. Photovoltaic solar cells
are at the forefront of the transition,
and improvement of their e Lciehcy re-
quires going beyond the standard tech-
nologies. Among the diLerent proposed
solutions, few-layered transition metal
dichalcogenides (TMDs) show the ideal
characteristics and might, ultimately, sub-
stitute the conventional cells.

The present work is inserted into this
perspective. By means of quantum me-
chanical approaches we study how to engi-
neer the electronic band gap in two- and
three-layered transition metal dichalco-
genides. To this aim, we investigate on
the e [edt that the cation substitution has
onto the electronic structure. We deter-
mine that the number of layers (geometric
factor) and the kind of anion forming the
structure (electronic factor) play the ma-
jor role in the determination of the width
of the band gap. Instead, the kind of
dopant and its position within the lay-
ered environment might serve as a “knob”
to fine tune the final value of the gap.
Interestingly, we observe that, when the
tellurium anion is present in the structure,
the e [edt of the dopant is mitigated.

These preliminary results constitute the
starting point of a future work in which
more detailed analyses will be performed;
such work will identify the guidelines for
the selection of suitable dopants and lo-
cal geometrical arrangements to achieve
targeted values of the electronic band gap
in TMD-based photovoltaic cells.

Keywords: few-layered transition metal
dichalcogenides, ab initio, Density
Functional Theory, band gap tuning,
doping
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Abstrakt

Rastuci dopyt po energii a tlak na udr-
Zatelny rozvoj vyzaduju prechod na ulhli-
kovo neutralnu vyrobu elektrickej energie.
Fotovoltaické ¢lanky st napopredi tohto
prechodu. Zvysenie ich efektivity vyZaduje
hladanie rieSeni nad ramec Standardnych
technoldgii. Okrem inych navrhovanych al-
ternativ niekolkovrstvové dichalkogenidy
prechodnych kovov (DPK) maju idealne
vlastnosti na tento Gcel a napokon mézu
nahradit’ konvenéné solarne ¢lanky.

Nasledujuca Studia je realizovana v
ramci tejto perspektivy. Za pomoci kvan-
tovej mechaniky su skimané moznosti
Upravy Sirky zakazaného pasu dvoj a troj
vrstvych DPK. Preto sme skumali efekt
katidénovej substitlcie na elektrénovu pa-
sovU Struktaru. Bolo zistené, Ze pocet vrs-
tiev a typ anionu v Struktare maju naj-
vacsi vplyv na Sirku zakazaného pasu. Na-
opak, typ dopantu a jeho pozicia v urcitej
vrstve sa da pouzit na jemné ladenie Sirky
pasu. Zaujimavé je, Ze pritomnost’ anionu
telGru v Struktdre spdsobi potlacenie efek-
tov dopantu.

Na tychto predbeznych vysledkoch
bude stavat’ nasledujlca praca s detail-
nejSimi analyzami. Vystupom préace budu
konkrétkne spo6soby ziskania vybranych
Siriek zakazaného pasu vo fotovoltaickych
¢lankoch zaloZenych na DPK bud vybe-
rom urcitych dopantov alebo zmenou geo-
metrického usporiadania.

Klicova slova: niekolkovrstvové
dichalkogenidy prechodnych kovov, ab
initio, teoria funkcionalu hustoty, ladenie
zakazaného pasu, doping

Pieklad nazvu: Kvantové-mechanicka
studie elektronickych vlastnosti systém(
odvozenych od dichalkogenid(
prechodnych kov(
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Chapter 1

Introduction

Based on the statistics provided by NASA, 2016 and 2020 were the warmest
years on record since 188(8]. Furthermore, carbon dioxide emissions have
increased by 170% from before 185@]. In 2016, 73% of greenhouse gasses
were generated by energy production], while in 2019 renewable energy
sources comprised about 27% of the total electricity production §]. To
counter the e ects of climate change, the European Union has created a
vision of a carbon-neutral economy by 20507], and an energy transition to
carbon-neutral power generation is proposedd]. Renewable energy sources
play a major role in the transition. Wind energy is a mature technology which
is thought to become the primary source of power in the EU by 2030 supplying
about 30% of the total energy production B]. Geothermal power generation
is another well established renewable energy source contributing 14.6 TWh
of electric power per year 8. Both wind and geothermal power sources
are technologies that already reached satisfactory e ciency; on the other
hand, photovoltaics still have room for improvement, the main advantage
being the availability of the solar resource and low maintenance. Drawbacks
include weather-dependent performance, high initial cost and low e ciency
[8]. Therefore, enhancing the performance and lowering the production price
of photovoltaic cells are viable ways to advance the transition to green power.

Photovoltaic solar cells convert sunlight into electricity [8]. The cells
are generally based on silicon elements, perovskites, organic materials or
multi-junction architectures. Each type could be enhanced or made cheaper
by incorporating layered transition metal dichalcogenides (TMDs) like, for
example, MoS or WS, [9, 10, 11]. Single or few layered TMDs exhibit
properties unparalleled by their bulk counterparts [12], since they display
sizeable and direct band-gaps [9, 12].

Enhancement of a perovskite heterojunction solar cell by using a conductive
polymer has been demostrated by using PEDOT:PSS (polystyrene sulfonate)
blend with MoS, as a hole transport layer. Concretely, the enhancement in
power conversion e ciency (PCE) is from 14.69% to 16.47%, accompanied by
an increase of the short circuit current and open circuit voltage from 23.874
mA/cm 2 and 0.984 V to 24.035 mA/cn? and 0.998 V, respectively [13].

An enhancement in dye sensitised solar cells was shown using a vertically
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1. Introduction

sensitised Mo$ substitute for a platinum counter electrode, while MoS, was
deposited directly onto uorine-doped tin oxide glass. In this case, the PCE
was increased from 7.28 % with Pt to 7.50 % by using an MoSelectrode f14].

The examples brie y mentioned above show how transition metal dichalco-
genides may improve the e ciency of photovoltaic cells. In this respect, the
present work aims to study TMD-based structures by means of ab initio
simulations, in order to identify new phases with potential applications in
the renewable energy eld.



Chapter 2

Theory and computational techniques

The rst mandatory step to start the atomistic simulation of our interest is

to assess which level of theory is necessary to use for our purposes. Since
we want to describe the material structures with atomic detail, two major
atomic simulation techniques may be considered, namely molecular dynamics
and quantum mechanics. Molecular dynamics technique is built on Newton's
classical mechanics which neglects the quantum e ects, and every interaction
between the atoms is approximated by a set of predetermined potentials
(force eld). On the other hand, quantum mechanical simulations are able
to describe the quantum nature of the system, by explicitly describing the
electron interactions and how they determine the system properties. Unlike the
classical mechanics, the guantum mechanical description does not introduce
any ad hoc parameterization of the system; for this reason, this approach is
called ab initio, that is, without any a priori description. Quantum mechanical
simulations enable us to calculate the electronic properties of the system,
among them the electronic band gap about the Fermi level, which is the
central quantity of interest of the present study. Such band gap is the energy
di erence between the highest bound state and the lowest conduction state.
In other words, it states the lowest energy a photon must have in order to
excite an electron to the conduction band (free electron state). In order to
evaluate the electronic band gap, the Schrédinger equation for the system
of electrons must be solved. Therefore, the level of theory that meets our
need is the quantum mechanics and is the one that we choose for the present
study.

B 21 The Schrdédinger equation

In guantum mechanics the time evolution of the state of a system is described
by the Schrédinger equation:

_e(rin _
@t
where the solution ( r;t) is said to be thewave function of the system, and

depends on the positions of the particles and the time t, while H is the
Hamiltonian operator, which represents the total energy of the system.

H(r;t) (r;t) (2.1)
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2. Theory and computational techniques

When the Hamiltonian does not depend on the time, it is possible to sepa-
rate the Schrodinger equation into a time-dependent and a time-independent
part. To see this, let us consider a Hamiltonian operator of the form:

2

H= 5+ V() 2.2)

where is the Laplace operator, representing the kinetic energy of the system
particles and V (r) is the potential representing the interactions between the
particles. Let us consider a solution of the form:

(rit)= (r) (1) (2.3)
After plugging equation (2.2) and equation (2.3) into equation (2.1) and
dividing by we obtain
i~}i . 71
dt ~ 2m
Since the left hand side and the right hand side are invariant under any
change inr and in t, respectively, equation (2.4) can be split into:

+V(r) (2.4)

. d
|~a =E (2.5)
;2 +V() =E (2.6)

2m
The solution of the time-dependent equation (2.5) is proportional to a complex
exponential function. The time-independent equation (2.6) has the form of
an eigenvalue-eigenvector equation for the Hamiltonian operator:

H (r)=E (r) (2.7)

where (r) is the time-independent wave function andE is the total energy
of the system [L5]. By comparing equation (2.4) and equation (2.7), we can
appreciate that the latter allows a simpler search for the solution (the time
derivative is absent as is the time dependence). It is important to note the
Hamiltonian was assumed to be time independent. The assumption constrains
the potential V, ensuring its time invariance. In other words, external forces
which vary with the time (e.g. time-varying magnetic elds) are not expected
to act on the system. When this assumption holds, the equation (2.4) can
be separated and the solution simpli ed so that the eigenvalue-eigenvector
equation (2.7) is enough to calculate the wave function (r). The resulting
wave function allows for a calculation of any physical property that can be
observed on the system.

B oo Born-Oppenheimer approximation

The only case where equation (2.7) can be solved analytically is the hydrogen
atom without the spin-orbit interaction; the wave function of any other system
has to be evaluated numerically [15].

4



2.2. Born-Oppenheimer approximation

Obtaining a numerical solution of the Schrodinger equation is not as
straightforward as it may seem, because the process implies the use of algo-
rithms and approximate expressions, which produce results within a limited
accuracy. Besides the many technical aspects of the modelling process such
as number truncation, numerical noise or the approximation of integrals or
derivatives, let us consider rst those approximations related to the physical
properties of the system. Such approximations neglect or approximate a
complicated part of the physical description. Speci cally, equation (2.7) is an
equation for the system as a whole. Therefore, equation (2.7) solves the wave
functions of nuclei and electrons at the same time. Separating equation (2.7)
into an equation for the nuclei and for the electrons would help us nd the
solution. Since the mass of a nucleus is signi cantly larger than the mass of an
electron, it is possible to assume that the motion of the nuclei is much slower
that that of the electrons. In other words, electrons can react almost instantly
to any change of position of the nuclei, and the latter can be considered
still. Therefore, a time invariant potential created by the nuclei clamped to
their position is used to solve the electronic part of the Schrédinger equation.
This approach is called the Born-Oppenheimer approximation and allows
the separation of equation (2.7) into an electronic and a nuclear equation.
However, neglecting the motion of nuclei causes an inaccuracy for systems
not in the ground state; this inaccuracy is increasing with increasing energy
of the nuclei.

The expression of the Born-Oppenheimer approximation starts with a
Hamiltonian in form:

2 2
* Q+ V(r;R) (2.8)

H=Te+ Tn+V=

where T, and Ty are the kinetic energies of the electrons and the nuclei,
respectively, andV is the potential; R is a 3n-dimensional vector formed
by the coordinates of then atoms forming the system, whileR; refers to
the triplet relative to the j-th atom. Within our assumption, the nuclear
positions R act as parameters for the electronic Schrédinger equation:

H(r;R)=E(Tr;R) (2.9)

wherer is the multidimensional vector for the electron positions. We consider
a tentative solution  in the form

(r;R)= (;R) (R) (2.10)

where (r;R) is the electronic wave function and (R) is the wave function
for the nuclei. Plugging equation (2.10) into equation (2.9) yields

H =Te + Ty +V +W=E (2.11)
where W is the mixing term

X 2 @ @ @
W = 2
LM, TR R R

J

(2.12)
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2. Theory and computational techniques

which is usually neglected because the mass of the nucl®l; is large and
appears at the denominator of each term of the sum. However, when the
kinetic energy of the nuclei is large,W cannot be neglected. Following this
approximation, equation (2.11) can be separated into an equation for the
nuclei and for the electrons respectively:

Tn +Ee =E (2.13)

He =Te +V = EoR): (2.14)

. 2.3 Self Consistent Field

The result of the Born-Oppenheimer approximation o ers a simpli cation of
the Schrodinger equation of a system. Even though the number of variables
has been decreased (the nuclear positiorR are parameters after applying the
Born-Oppenheimer approximation), the equation (2.14) is still complicated
enough that further approximations to solve the electronic wave function
are necessary.The Hartree-Fock method [15] introduces an approximation of
the electron-electron interaction, which assumes that each electron is moving
in a spherical average potential of all the other electrons. Furthermore, the
solution is found by an iterative scheme which is stopped when speci c criteria
are satis ed.

The iterations proceed according to the following steps:

1. An initial tentative electronic wave function is assumed as a function of
hydrogenic orbitals

2. The spherical average potential is constructed
3. The wave function solution of the equation is evaluated

4. The resulting wave function for all the electrons is used as a new input in
item 2, unless the convergence criteria have been satis ed; in the latter
case, the iterations are stopped and the resulting wave function is the
solution of the Schrédinger equation.

A possible convergence criterion can be speci ed as a maximal di erence of a
chosen quantity between two subsequent iterations. The quantity governing
the termination of the procedure can be the total energy of the system, the
maximum force on the atoms or others. When the convergence criterion
is satis ed, then the wave function is said to beself-consistent as it is the
solution of the self-consistent eld iterative scheme just outlined.

The steps listed above give a qualitative description of the procedure. Let
us take a closer look at each of them. In item 1 in the list, the Hamiltonian
of the system is approximated by a hydrogeniccore Hamiltonian for each

electron: 0 ) ,
. ~ Ze
H= ' hi j hi= me 2 o (2.15)




2.3. Self Consistent Field

where s the Laplacian, r; is the distance of the electroni from the nucleus
and Z is the atomic number of the nucleus. This allows for a separation of
the Schrédinger equation into one-electron equations of the form:

hi 2()= E3 a() (2.16)

The solution of each equation yields a one-electron wave function 3(i) and a
corresponding energyE 2.
The second step (item 2) corresponds to the sum over all the orbitalsi:

X
[Fu(i)  Ku(®)] (2.17)

where Jy(i) is the Coulomb operator and K (i) is the exchange operatorfor
the i-th electron, respectively. The former describes the electron-electron
repulsion while the latter describes the change in energy due to the spin
correlation. Both are calculated as an interaction between two electrons and
evaluated by integration. Equation (2.17) is part of the de nition of the Fock
operator: X
fi=hi+ [Ju(i) Ku@) (2.18)
u

The Item 3 is the evaluation of the Hartree-Fock equationswhich have the
form
fi a(i)= a a(i) (2.19)

where f; is the Fock operator, (i) is the spinorbital (a modi ed type of
one-electron wave function 2(i)) and , is the energy relative to a given
spinorbital 5. For each electron, the corresponding equation (2.19) is solved,
and produces new spinorbitals which are substituted as an input of the next
iteration - item 4.

The solution of the above equation proceeds from the basis expansion:

= - Gi j (2.20)

where ¢ are the coe cients of the expansion and ; are the basis functions
(Slater-type orbitals or Gaussian-type orbitals) [15]. This expansion is then
plugged into the equation (2.19) giving the Roothaan equations

Fc= Sc (2.21)

where F is the Fock matrix, Sis the overlap matrix, c isthe M M matrix
of the coe cients ¢ (M is the number of basis functions in equation (2.20))
and is a diagonal matrix of the orbital energies. By using the properties of
the matrix equations, equation (2.21) has non-trivial solution only when

detjF  §=0: (2.22)

However, it is not possible to solve the equation directly, because the elements
of the matrix F depend on the wave functions 5 which we have to obtain
in the rst place. This circular dependence is the reason for the iterative
approach used to solve the electronic Schrodinger equation.

7



2. Theory and computational techniques

B 24 Density functional theory

The Hartree-Fock method struggles with systems with a large basis. The
struggle lies in the calculation of the exchange and Coulomb operators. The
interaction among whole set of orbitals is decomposed into two-electron
interactions and evaluated as two integrals, one for the Coulomb and one
for the exchange operator. The resulting calculation time is proportional
to the fourth power of the number of basis functions. Moreover, the major
drawback of the Hartee-Fock approach is the lack of the correlation energy in
the Hamiltonian [16]. The Density functional theory (DFT) [ 17, 18] solves
both issues: it reduces the computational load by considering theslectron
probability density as the central quantity to be evaluated and includes the
correlation e ects in the expression for the total energy of the system. The
electron probability density (r) describes the ground state electron density
at a given point r in the space; it is de ned as

X1 - -
= jiMi (2.23)
i=1

where the sum runs over all the occupied orbitals ;(r), the latter named
Kohn-Sham orbitals Note that, in equation (2.23), the number of variables is
reduced from 3 to 3 for a system ofn electrons. The Kohn-Sham orbitals
are obtained by solving the Kohn-Sham equations, which are derived by the
application of the variational principle on the equation for the total energy
[15]. The total energy of a system is written as a functional of the electron
probability density  (r):

E[]1=Tal I+ 1n al 1+ Icoul 1+ Excl ] (2.24)

where Tg is the kinetic energy of all the electrons,l, ¢ is the interaction
between nuclei and electrons) cqy is the coulombic interaction and Exc is
the exchange-correlation energy

To calculate the density (r), the Kohn-Sham orbitals are needed.

This is achieved by the following iterative approach

An initial guess for the density is provided
An Approximate form for Exc is chosen

The Kohn-Sham equations are solved to obtain the Kohn-Sham orbitals

P w N R

The Kohn-Sham orbitals are used to create an improved guess for the
density

The calculation continues until the convergence is reached by satisfying
selected criteria as for the Hartree-Fock method (section 2.3).

Within the DFT framework, several approximations exist for the explicit
form of the Hamiltonian. In the local density approximation (LDA), the
electron distribution is estimated by considering a homogeneous electron

8



2.5. Direct and reciprocal lattice

gas of constant density. Additionally, a uniform, continuous, positive charge
distributed over the whole space is considered in order to ensure the elec-
troneutrality. The exchange-correlation functional Exc is then calculated
by assuming that the electrons interact with each other as if they were in
a homogeneous electron gas. Although it seems a rough approximation of
the real interaction, the LDA can be used to calculate structural properties
with satisfactory accuracy in speci c systems [L9]. However, the accuracy
decreases with decreasing homogeneity of the electron density; in this case,
the generalised gradient approximation(GGA) is used [20, 21, 22, 23]. The
GGA makes use of the gradient of the density which accounts for signi cant
variations of the electron distribution across the system.

B 25 Direct and reciprocal lattice

A crystalline solid is a 3D periodic structure of repeating groups of atoms,
the latter referred to as the basis This type of structure is but an idealization
of the corresponding real structure.

B 25.1 Direct lattice

The mathematical description of a crystal is provided by the concept ofdirect
lattice. The direct lattice is de ned by three linearly independent vectors aj.2:3.
Two equivalent positions r and r ® are connected by a linear combination of
vectors ai.:3:

rO=r + uay+ Upas+ugag=r+T (2.25)

where uy.2:3 are integers de ning the translation vector T. The points in the
space which satisfy equation (2.25) are calledttice points. To illustrate the
geometrical signi cance of equation (2.25), let's imagine a photographer with
the size of an atom. If he takes one 360photograph standing exactly on the
point r and one on the pointr % then the two photos will be identical.

The vectors aj.2.3, which are a basis of the 3D-space, de ne therystal
axes and the parallelepiped formed by the basis vectors is called thenit cell.
If the unit cell has a minimal volume, then it is called primitive cell; it is
not possible to nd a smaller unit that reproduces the whole structure. The
primitive cell contains exactly one lattice point and its choice is not unique
[24].

Equation (2.25) de nes a translation vector, which translates the lattice onto
itself, creating translational symmetries. All the possible three-dimensional
lattice translational symmetries de ne 14 crystallographyc families called the
Bravais lattices. Associating a group of atoms to each lattice point creates
more symmetry operations that can transform the lattice into itself, such
symmetries including rotations or mirror planes among others 24]. The set of
such symmetry operations, excluding the translational symmetries, is called
the lattice point group. By combining the Bravais lattices with the point
groups, a full description of the lattice symmetry is obtained, namedspace

group.



2. Theory and computational techniques

B 252 Reciprocal lattice

The reciprocal lattice provides a convenient way to describe the physical
properties of a crystal. Physical properties are represented by functions,
which in the case of a crystal are periodic; in this conditions, the use of the
Fourier analysis is the natural way to exploit such periodicity. The Fourier
analysis transforms a function into a weighted sum of complex exponential
functions representing plane waves. Each plane wave is characterised by a
wave vector, which can be expressed as a linear combination bf.,.3 basis
vectors de ned in this way:

dz as az aix a; az
bhh=2 ——= bh=2 — Pbg=2 —F
a; az as a; az as a; az as
(2.26)

where aj.2.3 are the crystal lattice vectors. The by.2.3 vectors de ne the
reciprocal lattice, which is the Fourier transform image of the direct lattice.
The primitive unit cell in the reciprocal space, corresponding to the trans-
formed primitive cell of the direct lattice, is called Brillouin zone. The
Brillouin zone of the systems considered in this study is reported in gure 2.1.

Figure 2.1: The Brillouin zone of the hexagonal lattice. The capital letters label
the high symmetry points. Adapted from Ref. [1].

l 2.6 The Bloch functions

The periodic structure of a crystal, owning a periodic atomic potential,
intuitively suggests that the electronic wave function is also periodic. This
hypothesis is proved by the Bloch's theorem, stating the form of the electronic
wave function (r):

(r) = ug(r) €’ (2.27)

where the electronic wave function is labeled by a wave-vectok, €X' repre-
sents a plane wave andig (r) is a periodic function with the periodicity of
the crystal: ux(r) = ux(r + T).

The decomposition of the electronic wave function, solution of the Schrédinger
equation, by means of the Bloch's functions of the form equation (2.27) is a
convenient choice. Indeed, multiple energy values correspond to each wave
vector k as a result of the eigenvalue-eigenvector equation (2.14). The set of
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2.7. Geometry optimisation

all the possible energy values corresponding to a set of chosen wave vectors is
referred as theelectronic band structure

Similarly, there can be severalk-points corresponding to a single energy
value. A histogram mapping the count of all k-points corresponding to a
single energy value is calleddensity of states The k-points corresponding
to energy values are obtained in the same way as for the electronic band
structure. However, the sampling of the Brillouin zone is homogeneous in the
whole volume in contrast to the set ofk-points chosen for the electronic band
structure.

The inspection of all the energy values satisfying equation (2.14) provides
information about the energy gaps, which are the energy ranges that are not
accessible to the electrons in the system. In fact, the electrons are described
by states represented by linear combinations of Bloch's functions: no states
are available to the energy values forming the energy gaps of the system. The
energy gap between the last occupied state and the rst unoccupied state
is the most relevant gap as it determines the conductivity and most of the
optical properties [24]. For this reason, such gap is the subject of the present
study.

B o7 Geometry optimisation

The theoretical framework that we presented above is the basis for the
construction of a model of a quantum system; in parallel to such framework,
other assumptions must be done in order to build a reliable representation of
the real compound. In general, the geometry of the systems can be faithfully
modeled by considering the atom con guration which realizes the minimum
of the system energy. Therefore, nding such con guration is an important
part of the atomic simulation. The nuclei contribute to a major part of the
potential energy of the whole system, and manipulating their arrangement
may be used to minimize the total energy.

The term geometry optimisation refers to a procedure that obtains the
minimum of the potential by varying the position of the nuclei. Firstly, the
Born-Oppenheimer approximation separates the wave function of the whole
system into electronic and nuclear parts. Then the electronic part is solved by
the self consistent eld cycle, so that the total electronic energy is obtained.
Now the positions of the nuclei have to be adjusted in order to lower the
energy. The atomic coordinates are modi ed along the direction that realizes
the opposite of the energy potential gradient with respect to the nuclear
positions; in this way, the structure evolves towards the minimum of the
potential energy. The forces acting on the atoms are then calculated by means
of the Hellmann-Feynmann theorem P5]. The whole procedure is repeated
until the forces are minimized below a certain tolerance set at the beginning
of the optimisation cycles.
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2. Theory and computational techniques

l 2.8 Used software

The present study is conducted by using the quantum mechanical ab initio
packageabinit [26, 27, 28, 29]. abinit is a free simulation software which
allows to nd the solution of the Schrédinger equation and obtain the related
quantities such as the total energy, the optimised geometry, the charge density
and electronic structure of the considered system. Imbinit , the Schrédinger
equation is solved in the framework of the Density Functional Theory by
means of a plane-wave basis decomposition.
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Chapter 3

Systems derived from Transition Metal
Dichalcogenides

The transition metal dichalcogenides (TMDs) are compounds with general
formula MX », where M is a transition metal and X is a chalcogen atom 12];
in this study, we select M = Mo, W and X = S, Se Te. TMDs are crystalline
structures formed by layers of atoms coupled by covalent bonds9]; each layer
is formed by a transition metal cation coordinating 6 chalcogen anions in
a prismatic fashion. The layers are held together by Van der Waals forces,
which are weak enough to reduce the bulk material into few- or single-layer
thin Ims [ 30, 31]. A schematic example of the TMD atom geometry is
reported in Figure 3.1.

The starting geometry for the simulations of the pristine compounds is
the experimentally determined unit cell of the corresponding bulk material
[32, 33, 34, 35, 36, 37]. From the bulk structure, two and three layers have
been isolated by adding a vacuum slab of about 50A; this procedure ensures
us that no interactions are present between image replicas along the-axis
in our setting. In this way, we build the two and three layer MX , models
for the pristine systems which we name 2L-MX and 3L-MX, where M and X
specify the kind of cation and anion, respectively.

To simulate doped systems, we conside2 2 1 supercells of the pristine
structure. In the 2L-MoX systems, we substitute one Mo atom with one W
atom, thus obtaining what we name the W:2L-MoX models; by doing the
analogous substitution in the 2L-WX systems, we obtain the Mo:2L-WX
models. We will refer to both as Z:2L-MX, where Z is the substituting cation
and Z6 M. In the 3L-MX models, the substitution is performed in one of the
two external layers or in the middle layer, thus building the Z:3L-L1-MX and
the Z:3L-L2-MX systems, respectively; here Z has the same meaning as for
the Z:2L-MX models. A schematic representation of the geometries of the
doped compounds is reported in Figure 3.2.

An initial benchmark is performed on the pristine systems in order to
determine the optimal parameters for the simulations. According to the
benchmark, we choose 41 11 1 Monkhorst-Pack [38] grid division for the
integration in the Brillouin zone, and select 750 eV and 850 eV as plane wave
and PAW energy cuto, respectively. The Perdew-Burke-Ernzerhof GGA
functional [21] is used to describe the interatomic interactions, while the
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